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PREFACE

Probability theory deals with phenomena whose outcome is affected by random events,
and therefore they cannot be predicted with certainty. For example, the result of throwing
a coin or a dice, the time of occurrence of a natural phenomenon or disaster (e.g. snowfall,
earthquake, tsunami etc.) are some of the cases where “randomness” plays an important
role and the use of probability theory is almost inevitable.

It is more than five centuries ago, when the Italians Luca Pacioli, Niccolo Tartaglia,
Galileo Galilei and the French Pierre de Fermat and Blaise Pascal started setting the
foundations of probability theory. Nowadays this area has been fully developed as an
independent research area and offers valuable tools for almost all applied sciences. As a
consequence, introductory concepts of Probability Theory are taught in the first years of
most University and College programs.

This book is an introductory textbook in probability and can be used by majors
in Mathematics, Statistics, Physics, Computer Science, Actuarial Science, Operations
Research, Engineering etc. No prior knowledge of probability theory is required.

In most Universities and Colleges where an introductory Probability course, such as
one that may be based on this textbook, is offered, it would normally follow a rigorous
Calculus course. Consequently, the Probability course can make use of differential and
integral calculus, and formal proofs for theorems and propositions may be presented to the
students, thereof offering them a mathematically sound understanding of the field.

For this reason, we have taken a calculus-based approach in this textbook for teaching
an introductory course on Probability. In doing so, we have also introduced some novelties
hoping that these will be of benefit to both students and instructors.

In each chapter, we have included a section with a series of examples/problems for which
the use of a computer is required. We demonstrate, through ample examples, how one

xi



Xii PREFACE

can make effective use of computers for understanding probability concepts and carrying
out various probability calculations. For these examples it is suggested to use a computer
algebra software such as Mathematica, Maple, Derive, etc. Such programs provide excellent
tools for creating graphs in an easy way as well as for performing mathematical operations
such as derivation, summation, integration, etc; most importantly, one can handle symbols
and variables without having to replace them with specific numerical values. In order
to facilitate the reader, an example set of Mathematica commands is given each time
(analogous commands can be assembled for the other programs mentioned above). These
commands may be used to perform a specific task and then various similar tasks are
requested in the form of exercises. No effort is made to present the most effective
Mathematica program for tackling the suggested problem and no detailed description of
the Mathematica syntax is provided; the interested reader is referred to the Mathematica
Instruction Manual (Wolfram Research) to check the, virtually unlimited, commands
available in this software (or alternative computer algebra software) and use them for
creating several alternative instruction sets for the suggested exercises.

Moreover, a novel feature of the book is that, at the end of each chapter, we have
included a section detailing a case study through which we demonstrate the usefulness of
the results and concepts discussed in that chapter for a real-life problem; we also carry out
the required computations through the use of Mathematica.

At the beginning of each chapter we provide a brief historical account of some pioneers
in Probability who made exemplary contributions to the topic of discussion within that
chapter. This is done so as to provide students with a sense of history and appreciation of
the vital contributions made by some renowned probabilists. Apart from the books on the
history of probability and statistics that can be found in the bibliography, we have used
Wikipedia as a source for biographical details.

In most sections, the exercises have been classified into two groups, A and B. Group A
exercises are usually routine extensions of the theory or involve simple calculations based
on theoretical tools developed in the section and should be the vehicle for a self-control
of the knowledge gained so far by the reader. Group B exercises are more advanced,
require substantial critical thinking and quite often include fascinating applications of the
corresponding theory.

In addition to regular exercises within each chapter, we have also provided a long list
of True/False questions and another list of multiple choice questions. In our opinion, these
will not only be useful for students to practice with (and assess their progress), but can also
be helpful for instructors to give regular in-class quizzes.

Particular effort has been made to give the theoretical results in their simplest form,
so that they can be understood easily by the reader. In an effort to offer the book user
an additional means of understanding the concepts presented, intuitive approaches and
illustrative graphical representations/figures are provided in several places.

The material of this book emerged from a similar book (Introduction to Probability:
Theory and Applications, Stamoulis Publications) written by one of us (MVK) in Greek,
which is being used as a textbook for many years in several Greek Universities. Of course,
we have expanded and transformed this material to reach an international audience.

This is the first volume in a set of two for teaching probability theory. In this volume,
we have detailed the basic rules and concepts of probability, combinatorial methods
for probabilistic computations, discrete random variables, continuous random variables,
and well-known discrete and continuous distributions. These form the core topics for an
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introduction to probability. More advanced topics such as joint distributions, measures
of dependence, multivariate random variables, well-known multivariate discrete and
continuous distributions, generating functions, Laws of Large Numbers and the Central
Limit Theorem should come out as core topics for a second course on probability. The
second volume of our set will expand on all these advanced topics and hence it can be used
effectively as a textbook for a second course on probability; the form and structure of each
chapter will be similar to those in the present volume.

We wish to thank our colleagues G. Psarrakos and V. Dermitzakis who read parts of
the book and to our students who attended our classes and made several insightful remarks
and suggestions through the years.

In a book of this size and content, it is inevitable that there are some typographical
errors and mistakes (that have clearly escaped several pairs of eyes). If you do notice any of
them, please inform us about them so that we can do suitable corrections in future editions
of this book.

It is our sincere hope that instructors find this textbook to be easy-to-use for teaching an
introductory course on probability, while the students find the book to be user-friendly with
easy and logical explanations, plethora of examples, and numerous exercises (including
computational ones) that they could practice with!

Finally, we would like to thank the Wiley production team for their help and patience
during the preparation of this book!

March, 2019 N. Balakrishnan
Markos V. Koutras
Konstadinos G. Politis



CHAPTER 1

THE CONCEPT OF PROBABILITY

Andrey Nikolaevich Kolmogorov Regarded as the founder of modern probability theory, Kolmogorov
(Tambov, Russia 1903-Moscow 1987) a5 a Soviet mathematician whose work was also influential in several
Source: Keystone-France / other scientific areas, notably in topology, constructive logic, clas-
Getty Images. sical mechanics, mathematical ecology, and algorithmic information

theory.

He earned his Doctor of Philosophy (PhD) degree from Moscow
State University in 1929, and two years later, he was appointed a
professor in that university. In his book, Foundations of the Theory of
Probability, which was published in 1933 and which remains a classic
text to this day, he built up probability theory from fundamental axioms
in a rigorous manner, comparable to Euclid’s axiomatic development
of geometry.

Introduction to Probability: Models and Applications, First Edition. 1
N. Balakrishnan, Markos V. Koutras, and Konstadinos G. Politis.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.



2 1. THE CONCEPT OF PROBABILITY

1.1 CHANCE EXPERIMENTS — SAMPLE SPACES

In this chapter, we present the main ideas and the theoretical background to understand
what probability is and provide some illustrations of the way it is used to tackle problems
in everyday life. It is rather difficult to try to answer the question “what is probability?”
in a single sentence. However, from our experience and the use of this word in common
language, we understand that it is a way to deal with uncertainty in our lives. In fact,
probability theory has been referred to as “the science of uncertainty”; although intuitively
most people associate probability with the degree of belief that something may happen,
probability theory goes far beyond that as it attempts to formalize uncertainty in a way that
is universally accepted and is also subject to rigorous mathematical treatment.

Since the idea of uncertainty is paramount when we discuss probability, we shall first
introduce a concept that is broad enough to deal with uncertainties in a wide-ranging
context when we consider practical applications. A chance experiment or a random
experiment is any process which leads to an outcome that is not known beforehand. So
tossing a coin, selecting a person at random and asking their age, or testing the lifetime of
a new machine are all examples of random experiments.

Definition 1.1 A sample space Q of a chance experiment is the set of all possible
outcomes that may appear in a realization of this experiment. The elements of  are
called sample points for this experiment. A subset of € is called an event.

An event A = {w}, consisting of a single sample point, i.e. a single outcome w € €, is
called an elementary event. We use capital letters A, B, C, and so on to denote events.! If
an event A consists of more than one outcome, then it is called a compound event.

The following simple examples illustrate the above concepts.

Example 1.1 Perhaps the simplest example of a chance experiment is tossing a coin.
There are two possible outcomes — Heads (denoted by H) and Tails (denoted by 7). In
this notation, the sample space of the experiment is

Q={HT).

If we toss two coins instead, there are four possible outcomes, represented by the pairs
HH,HT,TH, TT. The sample space for this experiment is thus

Q = {HH,HT,TH,TT}.

Here, the symbol HH means that both coins land Heads, while HT means that the first
coin lands Heads and the second lands Tails. Note in particular that we treat the two
events HT and TH as distinguishable, rather than combining them into a single event.
The main reason for this is that the events HT and TH are elementary events, while

IWe shall avoid being too pedantic and, for typographical convenience, we shall often use the expression “the
event @” instead of “the event {w}” in the sequel.
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the event “one coin lands Heads and the other lands Tails,” which contains both HT
and TH, is no longer an elementary event. As we will see later on, when we assign
probabilities to the events of a sample space, it is much easier to work with elementary
events, since in many cases such events are equally likely, and so it is reasonable the
same probability to be assigned to each of them.

Consider now the experiment of tossing three coins. The sample space consists of
triplets of the form HHT,HTH, TTH, and so on. Since for each coin toss there are two
outcomes, for three coins the number of possible outcomes is 2° = 8. More explicitly,
the sample space for this experiment is

Q = {HHH,HHT,HTH,HTT,THH, THT,TTH, TTT }. (1.1

Each of the eight elements of this set forms an elementary event. Note that for events
which are not elementary, it is sometimes easier to express them in words, by describing
a certain property shared by all elements of the event we consider, rather than by listing
all its elements (which may become inconvenient if these elements are too many). For
instance, let A be the event “exactly two Heads appear when we toss three coins.” Then,

A = {HHT,HTH, THH}

On the other hand, the event
B ={HHH,TTT}

could be described in words as “all three coin outcomes are the same.”

Example 1.2 Another very simple experiment consists of throwing a single die. The
die may land on any face with a number i on it, where i takes the values 1,2,3,4,5,6.
Therefore, this experiment has sample space

Q=1{1,2,3,4,5,6)}.

The elementary events are the sets

A1={1}’ A2={2}7 A3={3}, A4={4}, A5={5}’ A6={6}~
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Any other event may again be described either by listing the sample points in it, such as
B=1{1,3,5,6}
or, in words, by expressing a certain property of its elements. For instance, the event
C=1{2,4,6}

may be expressed as “the outcome of the die is an even integer.”

For the experiments we considered in the above two examples, the number of sample
points was finite in each case. For instance, in Example 1.2, the sample space has six
elements, while in the experiment of throwing three coins there are eight sample points as
given in (1.1). Such sample spaces which contain a finite number of elements (possible
outcomes) are called finite sample spaces. It is obvious that any event, i.e. a subset of the
sample space, in this case has also finitely many elements.

When dealing with finite sample spaces, the process of enumerating their elements, or
the elements of events in such spaces, is often facilitated by the use of tree diagrams.
Figure 1.1 depicts such a diagram which corresponds to the experiment of tossing three
coins, as considered in Example 1.1.

From the “root” of the tree, two segments start, each representing an outcome (H and
T, resp.) of the first coin toss. Thus, at the first stage, i.e. after the first throw, there are
two nodes. From each of these, in turn, two further segments start corresponding to the
two outcomes of the second toss. At the end of the second stage (after the second toss
of the coin), there are four nodes. Finally, each of these is associated with two further

2nd coin toss | 3rd coin toss | Final outcome

H

| 1st coin toss

I
|
| HHH
|

HHT

HTH

HTT

THH

THT

ITH

Figure 1.1 Tree diagram for the experiment of tossing three coins.
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nodes, which are shown at the next level (end of the three coin tosses). The final column
in Figure 1.1 shows the eight possible outcomes for this experiment, i.e. it contains all the
elements of the sample space Q. Each outcome can be traced by connecting the endpoint
to the root and writing down the corresponding three-step tree route.

Example 1.3 (An unlimited sequence of coin tosses)

Let us consider the experiment of tossing a coin until “Tails”” appear for the first time.
In this case, our sample space consists of sequences like T, HT, HHT, HHHT, ...; that
is, Q = {T,HT,HHT,HHHT, ...}. The event “Tails appear for the first time at the fifth
trial” is then the elementary event

A = {HHHHT),

while the set
B={T,HT,HHT)

has as its elements all outcomes where Tails appear in the first three tosses. So the
event B can be described by saying “the experiment is terminated within the first three
coin tosses.” Finally, the event “there are at least four tosses until the experiment is
terminated” corresponds to the set (event)

C = {HHHT,HHHHT ,HHHHHT, ...}.

In the previous example, the sample space Q has infinitely many points. In particular,
and since these points can be enumerated, we speak of a countably infinite sample space.
Examples of sets with countably? many points are the set of integers, the set of positive
integers, the set of rationals, etc. When a sample space is countably infinite, the events of
that sample space may have either finitely many elements (e.g. the event B in Example 1.3)
or infinitely many elements (e.g. the event C in Example 1.3).

In contrast, a set whose points cannot be enumerated, is called an uncountable set;
typical examples of such sets are intervals and unions of intervals on the real line. To
illustrate this, we consider the following example.

Example 1.4 In order to monitor the quality of light bulbs that are produced by a
manufacturing line, we select a bulb at random, plug it in and record the length of
time (in hours) until it fails. In principle, this time length may take any nonnegative
real value (however, this presupposes we can take an infinitely accurate measurement
of time!). Therefore, the sample space for the experiment whose outcome is the life
duration of the bulb is

Q={t:1r>0} =][0,00).

The subset of Q
A={r:0<1t<500} =10,500]

2In mathematics, a countable set is a set which has the same cardinality (number of elements) as the set of natural
numbers, N = {1,2,3,...}. This means that there exists a one-to-one correspondence between the elements of
this set and the set N.
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describes the event “the life time of the light bulb does not exceed 500 hours,” while
the event “the light bulb works for at least 300 hours” corresponds to the set

B={t:t>300} =[300, o).

The sample space Q in the last example is the half-line of nonnegative real numbers,
which is an uncountable set. If Q is uncountable, then it is usually referred to as a
continuous sample space. Typically, the study of such sample spaces requires different
treatment compared with sample spaces which are either finite or countably infinite.
The latter two cases, however, present several similarities and in probability theory the
techniques we use are very similar. As a consequence, there is a collective term for sample
spaces which have either finitely many or a countably infinite number of elements, called
discrete sample spaces.

At this point, it is worth noting the difference between an “ideal” continuous sample
space and the one we use in practice. With reference to Example 1.4 regarding the
lifetime of electric bulbs, such a lifetime does not, in practice, take values such as \/E or
(3 + In20)/2. Since time is measured in hours, it is customary to record a value rounded to
the closest integer or, if more precision is required, keep two decimal places, say. In either
case, and in contrast to the one used in the example above, the sample space is countable.
Moreover, if we know that a lifetime of a bulb cannot exceed some (large) value a, the
sample space becomes Q = {0,0.01,0.02, ..., a} so that it is then in fact finite. However,
the number of elements in that space is 100a + 1, so that when a is a large integer, this
can be very large. It is often the case that it is much simpler mathematically to assume that
Q is continuous although in practice we can only observe a finite (or infinitely countable)
number of outcomes. This convention will be used frequently in the sequel, when we study,
for example, weight, age, length, etc.

We conclude this section with an example which demonstrates that for the same
experiment, we can define more than one sample space, depending on different aspects we
might be interested in studying.

Example 1.5 (Different sample spaces for the same experiment)

Suppose that a store which sells cars has two salespersons. The store has in stock only
two cars of a particular make. We are interested in the number of cars which will be
sold by each of the two salespersons during next week. Then, a suitable sample space
for this experiment is the set of pairs (i,j) for i,j € {0, 1,2}, where i stands for the
number of cars sold by the first salesperson and j for the number of cars sold by the
second one. However, since there are only two cars available for sale, it must also hold
that i +j < 2, and we thus arrive at the following sample space

Q; ={(0,0),(0,1),(0,2),(1,0),(1,1),(2,0)}.
Notice that we treat again the pairs (7, /) and (j, f) as being distinguishable; if, however,
the store owner is only interested in the total number of cars sold during next

week, then we could use as a sample space the set

Q, = {0,1,2}.
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In this case, an element @ € €, denotes the total number of cars sold. It is worth noting
that a specific event of interest is expressed in a completely different manner under
these two different sample spaces. Consider, for example, the event

A @ the number of cars that will be sold next week is 2.
Viewed as a subset of Q,, the event A is a compound event which can be described as
A =1{(0,2),(1,1),(2,0)}.
However, when we consider the sample space €,, the event A is an elementary event,

A={(2).

EXERCISES
Group A

1. Provide suitable sample spaces for each of the following experiments. For each
sample space, specify whether it is finite, infinitely countable or uncountable.

(a) Two throws of a die

(b) Gender of the children in a family that has three children
(¢) Random selection of a natural number less than 100

(d) Random selection of a real number from the interval [0, 1]

(e) Number of telephone calls that someone receives on a mobile phone during a
day

(f) Number of animals living in a certain forest area
(g) Life duration of an electronic appliance
(h) Change in the price of a stock during a day

(i) Percentage change in the price of a stock during a day.
2. John throws a die and subsequently he tosses a coin.

(i) Suggest a suitable sample space that describes the outcomes of this experiment.

(i) Let A be the event that “the outcome of the coin toss is Heads.” Which elements
of the sample space are included in the event A?

3. We toss a coin until either Heads appear for the first time or we have five tosses
which all result in Tails. Give a suitable sample space for this experiment, and then
write explicitly (i.e. by listing their elements) each of the following events:

A: the experiment terminates at the third toss of the coin;
B: the experiment terminates after the third toss of the coin;

C: the experiment terminates before the fourth toss of the coin;
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D: the experiment terminates with the appearance of H (Heads).

Which, if any, of the events A, B, C, D are elementary events in the sample space that
you have considered?

. A digital scale has an accuracy of two decimal places shown on its screen. Each time
a person steps on the scale, we record his/her weight by rounding it to the closest
integer (in kilograms). Thus, if the decimal part is 0.50 or greater, we round up to
the next integer.

(i) Give an appropriate sample space for the experiment whose outcome is the
rounding error during the above procedure.

(i) Write explicitly each of the events
A: the rounding error is at most 0.10;

B: the absolute value of the rounding error is at least 0.20.

. We throw a die twice. Give a suitable sample space for this experiment and then
identify the elements each of the following events contains:

Ay: the outcome of the first throw is 6;
A,: the outcome of the second throw is a multiple of 3;

Aj: the outcome of the first throw is 6 and the outcome of the second throw is a
multiple of 3;

A, the sum of the two outcomes is 7;

As: the sum of the two outcomes is at least 9;

Ag: the two outcomes are identical.

. A company salesman wants to visit the four cities a, b, ¢, d wherein his company has
stores. If he plans to visit each city once, give a suitable sample space to describe

the order in which he visits the cities. Then identify, by an appropriate listing of its
elements, each of the following events:

A,: the salesman visits first city b;
A,: the salesman visits city b first and after that visits city d;
Aj: the salesman visits city a before he visits city d;

A, the salesman visits the cities a, b, ¢ successively.

. A box contains 3 red balls and 2 yellow balls. Give a suitable sample space to
describe all possible outcomes for the experiment of selecting 4 balls at random, in
each of the following schemes:

(i) For each ball selected, we note its color and return it to the box so that
it is available for the next selection (such a scheme is called selection with
replacement).

(i1) Every ball selected is subsequently removed from the box (which is called
selection without replacement).
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8. Iréne has four books that she wants to put on a library shelf. Three of these books
form a 3-volume set of a dictionary, so that they are marked as Volumes /, II, and
111, respectively.

(i) Find an appropriate sample space for all possible ways she can put the books on
the shelf.

(ii) Identify the elements of this sample space that each of the following three events
contains:

B,: the three volumes of the dictionary are put next to one another;

B,: the three volumes of the dictionary are put in the right order (but not
necessarily in adjacent places), so that Volume 7 is placed to the left of
Volume 11, which in turn is placed to the left of Volume II7;

Bj;: the three volumes of the dictionary are placed next to one another and in
the right order.

9. Mary has in her wallet three $1 coins, one $2 coin and four coins of 25 ¢. She selects
four coins at random from her wallet.

(i) Write down a sample space for the possible selections she can make.
(i) Express the following events as subsets of the above sample space:
C,: exactly three 25 ¢ coins are selected;
C,: the total value of the coins selected is $2.50;

C;: the total value of the coins selected is $3.50.
Group B

10. Bill just visited a friend who lives in Place A of the graph below and he wants to
return home, which is at Place 7 on the graph. In order to minimize the distance he
has to walk, he moves either downwards (e.g. from Place A to Place D) or to the
right (e.g. from Place E to Place F on the graph). At each time, he makes a choice
for his next movement by tossing a coin.

A B C
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(i) Give a sample space for the different routes Bill can follow to return home.

(i) Write down explicitly the following events, representing them as subsets of the
sample space given in (i):

A,: he passes through Place E on his way back home;
A,: he does not pass through Place D;
A5 on his way back, he has to toss the coin only twice to decide on his

next move.

A bus, which has a capacity of carrying 50 passengers, passes through a certain bus
stop every day at some time point between 10:00 a.m. and 10:30 a.m. In order to
study the time the bus arrives at this stop, as well as the number of passengers in
the bus at the time of its arrival, we use the following sample space

Q={(kn):0<k<50and 10 <7< 10.5},

where k above denotes the number of passengers in the bus and 7 denotes the arrival
time at the bus stop (in hours, expressed as a decimal number).

(i) Is the sample space € for this experiment countable or uncountable
(continuous)?

(i) Write down explicitly each of the events below:
A,: the bus arrives at the stop at 10:10 a.m. carrying 25 passengers;
A,: the bus arrives at the stop at 10:10 a.m. with less than 25 passengers;
Aj: the bus arrives at the stop between 10:10 a.m. and 10:15 a.m;

A,: the bus arrives at the stop between 10:10 a.m. and 10:15 a.m., carrying at
most 40 passengers.

(iii)) Which, if any, of the events in part (ii) is a countable set?

(iv) Suppose now that, in order to describe the experiment of the bus arrival at the
bus stop, we use pairs (i, 7), where i is the number of passengers that may get
on the bus when it arrives, while 7 represents the time after 10:00 a.m. that
the bus arrives at the stop. Write down a sample space Q' for this experiment.
Express each of the events in part (ii) as subsets of this new sample space.

At a car production line in a factory, each engine produced is tested to examine
whether it is ready for use or has some fault. If two consecutive engines that are
examined are found faulty, the production process stops and is revised (in such a
case, the experiment is terminated). Otherwise, the process continues.

(i) Provide a suitable sample space to describe the inspection process of the
engines.

(i1) Find an expression to describe each of the following events
A;: the production line will be revised after i engines have been examined

fori =2,3,4,5,6.
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13. In a water supply network, depicted below, the water is transferred from point A to
point F' through water tubes. At the positions marked with the numbers 1, 2, 3, and
4 on the graph, there are four switches which, if turned off, stop the water supply
passing through the tube.

D |T| E

L=

[-]

(1) Find a sample space for the experiment which describes the positions of the
four switches (ON or OFF).

(ii) Identify each of the following events as a suitable subset of the sample space
given in part (i):

A,: there is water flow from point D to point E;
A,: there is water flow from point B to point C;

Aj: there is water flow from point A to point F.

1.2 OPERATIONS BETWEEN EVENTS

In the preceding section, we made a distinction between discrete (i.e. finite or countably
infinite) and continuous sample spaces. When a sample space € is discrete, then any subset
of Q is an event. For continuous sample spaces, however, some theoretical difficulties
appear if we assume that all subsets of Q are events. There are cases where certain® sets
have to be excluded from the “family of events” related to a sample space Q. The treatment
of such technical difficulties is beyond the scope of the present book and in all applications
we will consider, we assume that any subset of the sample space is an event.

Suppose that Q is a sample space for a chance experiment and A C Q is an event. If,
in a realization of the experiment we are studying, we observe the outcome @ € Q which
belongs to A, then we say that A has occurred or that A has appeared. For example, if
we toss a coin three times and we observe the outcome HTH, then (with reference to
Example 1.1) we may say that

e the event A = {HHT,HTH, THH} has occurred, but

e the event B = {HHH, TTT} has not occurred.
For the study of events associated with a certain experiment, and the assignment of

probabilities to these events later on, it is essential to consider various relations among
the events of a sample space, as well as operations among them. Recall that each event is

3Such sets are studied in a specific branch of mathematics called Measure Theory. Subsets of Q which cannot be
considered as events for the sample space are called “nonmeasurable” sets.
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mathematically represented by a set (a subset of Q); thus, it is no surprise that the relations
and operations we consider are borrowed from mathematical set theory.

To begin with, assume that A and B are events on the same sample space Q. If every
element (sample point) of A is also a member of B, then we use the standard notation for
subsets and write A C B (A is a subset of B). In words, this means that whenever A occurs,
B occurs too. For instance, in a single throw of a die (see Example 1.2), consider the events:

A the outcome of the die is 4,

B: the outcome of the die is an even integer.

Then, expressing A and B as sets, we have A = {4}, B = {2,4,6} and it is clear that A C B.
On the other hand, if we know that the outcome is 4 (A has occurred), then necessarily the
outcome is even, so that B occurs, too.

If A C B and B C A, then obviously A occurs iff (if and only if) B occurs in which case
we have the following definition.

Definition 1.2 Two events A and B, defined on a sample space €, are called equivalent
if when A appears, then B appears, and vice versa. In this case, we shall write A = B.

The entire sample space Q itself is an event (we have trivially Q C Q) and, since Q
contains all possible experiment outcomes, it is called a certain event. On the other hand,
if we are certain that an event cannot happen, then we call this an impossible event for
which we use the empty set symbol, @.

Coming back to the experiment of throwing a die, consider again the event A = {4}
and, instead of B, the event

C: the outcome of the die is 5.

Suppose now that Nick, who likes gambling, throws a die and wins a bet if the outcome of
the die is either 4 or 5. Then, the event

D: Nick wins the bet

occurs if and only if at least one of the events A and C occur. The event D is the same as
the event “at least one of A and C occur” (more precisely, and according to Definition 1.2,
these two events are equivalent), and so, using set notation, we can write D = {4,5}. We
thus see that, expressed as a set, D coincides with the union of the two sets A and C.

Definition 1.3 The union of two events A and B, denoted by A U B, is the event which
occurs if and only if at least one of A and B occur.

The union operation can be easily extended when more than two sets are involved.

More specifically, if A|,A,, ..., A, are events on a sample space, then the event “at least
one of the A;’s occur” is called the union of the events A;,A,, ..., A, and is expressed in
symbols as

A UAU---UA, = A,

To illustrate the next concept, viz., the intersection between two events, we return to the
example of throwing a die. Suppose we have two gamblers who play against an opponent.
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In particular, each of them throws a die: the first player wins if the outcome of the die is
greater than or equal to 4, while the other one wins if the outcome is an even integer. How
do we describe the event that “both players win their bets?”

Let A be the event that the first gambler wins his bet, B the event that the second gambler
wins, and C the event that they both win their bets. Then, clearly, C occurs if and only if
both A and B occur. In order to find C explicitly, we resort to set notation again; A and B
can be written as follows:

A=1{4,5,6}, B={2,4,6}.

It is now apparent that the event “both A and B occur” contains exactly those elements of
the sample space Q = {1,2,3,4,5,6} which belong to both A and B, that is,

C = {4,6).

In set theory, the set which contains exactly those elements which are common to two other
sets A and B is called the intersection between A and B. We thus arrive at the following
definition.

Definition 1.4 The intersection between two events A and B is the event which occurs
whenever both A and B occur. For the intersection between A and B, we write A N B or
simply AB.

It should be mentioned that in most probability books, in contrast to set theoretic books,
the notation AB is more common than A N B and this is the notation which will largely be
followed in the present book.

As with the union before, we can extend the last definition to cover more than two sets;
in particular, assume again that A, A,, ..., A,, are events defined on a sample space. Then,
the event “all the events A; occur” is called the intersection of the events A;,A,, ... ,A, and
we denote it by

A NAyN---NA, = ﬂAi,
i=1

or, more commonly,

AjAy---A, = HAI’
i=1

where the product symbol [] is used as a generic symbol for the intersection among the
A/’s.
When we consider an infinite sequence of events A}, A,, ..., their union and intersection

are denoted by
UAi and ﬂAi = HAi’
i=1 i=1 i=1

respectively. When two events cannot occur simultaneously, then they are called disjoint
or mutually exclusive events. An equivalent definition of this concept is the following.

Definition 1.5 Two events A and B, defined on a sample space Q, are called disjoint or
mutually exclusive events if their intersection is the empty set (impossible event), i.e.
AB = .
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In the case where we have more than two events, A|,A,, ..., A,, and that
AA; =@ foranyi#j(i,j=12,...,n),

then the events A; are said to be pairwise disjoint. A similar definition applies when the
number of the A;’s is infinite.

Two further important concepts useful in probability theory, which arise again from
similar concepts in set theory, are given in the next two definitions.

Definition 1.6 Let A be an event on a sample space. The complement, or the
complementary event of A, is the event which occurs if and only if A does not occur.

An equivalent definition is that the complement of A contains exactly those elements of
the sample space which are not elements of A.

For the complement of an event A, there are at least three different symbols which are
used quite commonly, and they are

A" or A or A
In this book, we prefer to use the first of these three symbols.

Definition 1.7 The difference of an event B from an event A refers to the event which
occurs when A occurs but B does not. The symbol we use for the difference of B from
AisA — B.

Two useful expressions, which link the above concepts and follow easily from the
definitions above, are the following:
A'=Q—-A and A-B=AB.
Example 1.6 (Emission of digital signals)
A digital signal is a stream of numbers, usually in binary form (0 or 1). Such signals

are used, for example, in electrical engineering, telecommunications, biomedicine, seis-
mology and so on. Assume that a source emits a sequence of four binary digits, such as

0010, 0001, 1010, 1100,

As can be seen from the following tree diagram, for each 4-digit emission, the sample
space consists of 16 elements, given explicitly in the final column (which has been
labeled as “result”) of the diagram (Figure 1.2).

Suppose we are interested in the following events:
A;: the signal contains exactly i “0” digits, fori =0, 1,2, 3,4;
B: the signal contains at least two “0” digits;
C: the signal contains exactly three digits which are the same;
D: the signal has at least one “0” digit and one “1” digit;
E

: the signal contains exactly three successive digits which are the same.
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Figure 1.2 Tree diagram for the emission of a signal consisting of four binary digits.

| Lst digit | 2nd digit I 3rd digit I 4th digit I Final outcome
| | | |
0000
| | o :
| | | | 0001
| | L | 0 0010
| o 1
| | | | 0011
| | o
1 0100
| | o 1
| | | | otor
. | o
0 0110
| | | i
| | | 0111
| | | | 0 1000
RN | | 0 !
| | | 1001
| | . | 1 | 0 1010
| | | 1
| | | 1011
| | | | | 0 1100
| | | : 1 1101
| | |
| | | ! | 0 1110
| | | : 1111
| | |
[ [ [

After a careful look through the tree diagram, we conclude that the events A;

(i=0,1,2,3,4) can be written explicitly as follows:
Ay = ({1111}, A, ={0111,1011,1101, 1110},
A, = {0011,0101, 0110, 1001, 1010, 1100},
A; = {0001, 0010, 0100, 1000}, A, = {0000}.
It is apparent that the A;’s are pairwise disjoint, i.e.

AA; = ¢ foranyi#j(i,j=0,1,2,3,4).
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Note that, in addition, we have
AO UAI UA2 UA3 UA4 = Q

(a family of events with these two properties is called a partition of the sample space
Q). The events B, C, D can then be expressed in terms of the events A; as follows:

B=A,UA;UA,, C=AUA;, D=AUA UA;=AA].
Finally, from the description of the event E, it is obvious that
ECA UA;.
More precisely, the event E contains the following elements
E ={0111,1110,0001, 1000}

and there seems to be no simple way in which it can be expressed in terms of the events
A;,i=0,1,2,3,4, by employing the usual operations between events.

Another tool from set theory that is useful often to describe and understand better
relations between events is a Venn diagram. In such a diagram, the sample space € is
represented by a rectangle and, in it, we plot circles or other geometrical shapes to represent
certain events in that space (see Figure 1.3).

Figures 1.4-1.11 illustrate graphically the various concepts (relations and operations
among events) which have been discussed so far.

\
Sample space

7 Events

Figure 1.3 A Venn diagram.
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Q
Figure 1.4 A CB.
Q
A/
Figure 1.5 Complement of an event.
Q

Figure 1.6 Union of events.
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Figure 1.7 Intersection of events.

Figure 1.8 Disjoint events.

Figure 1.9 Difference between two events.
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Q
Figure 1.10 (A—-B)UC.
A B
Q A B
Event A
—>
A B
Q
— Event AB’
Q
Event B’

Figure 1.11 Venn diagram for the event AB’.

The use of such diagrams offers, typically quite useful, visualizations of the various
relations among events, and enables us to depict graphically rather complicated events. For
example, let A, B, C be three events on a sample space and consider the event

C: either A occurs but not B, or else C occurs.

From the definitions given earlier, we see that this event corresponds to the set
(A — B) U C; this event is represented by the shadowed area in Figure 1.10.

Considering the various operations among events that have been introduced, we may
state numerous properties that are particularly useful when we wish to simplify complicated
expressions. Some of these properties are listed in the following proposition.
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Proposition 1.1 The following properties hold true for the operations among events:

SPl. AUA=A AA=A

SP2. Aufi=A Af=0

SP3. AuQ=Q AQ=A

SP4. AUB=BUA AB=BA

SP5. AUBUC)=(AuB)UC A(BC)=(AB)C
SP6. AUMBC)=AUB)AUC) AMBUC)=(AB)UMAO)
SPT. AUA'=Q AA' =

SP8. (A" =A

SP9. IfACBandB C C, thenA C C

SP10. IfA C B, then B' C A’ and vice versa

SP11. IfAC B, then AB=A and AUB = B.

Property SP5, known as the associativity property, allows us to omit the brackets and
use a notation like A U B U C or ABC, because the order in which the unions or intersections
are performed is immaterial. Also, SP4 in the above proposition (commutative property)
shows that when the union or intersection operators are used, we can change the order of
the events considered.

We further note that, those properties in Proposition 1.1 which are not immediate, can be
verified easily with the use of a Venn diagram; such diagrams can also be used to discover
and study a number of additional relationships among events. As an illustration of this,
which is of particular interest, we demonstrate the force of an identity concerning the inter-
section between the complements of two sets. Let A and B be these two sets (events). The
shaded area in the two Venn diagrams on the left of Figure 1.12 present their complements,
A’ and B, respectively, while the graph on the right shows their intersection, A’B’.

From the diagram shown in Figure 1.13, it is apparent that the same result could be
obtained if we consider the complement of the union, A U B.

It therefore seems from Figures 1.12 and 1.13 that the following identity holds:

(AuB) =A'B'.

However, we stress that, no matter how illustrative they might be, Venn diagrams alone
do not offer a rigorous mathematical proof for an identity like the one above. In order to
prove such an identity formally, we must show that the sets on the two sides of an equation
contain exactly the same elements. As an illustration of how this can be done, we present
a detailed mathematical proof of the following proposition.

Proposition 1.2 (De Morgan formulas) Suppose A and B are events on the same
sample space Q. Then, the following identities hold:

(AuBY =A'B', (AB) =A'UB'.

These identities are known as De Morgan identities or De Morgan formulas.
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AUB

A
A B
Event A’
A
Q
Event A'B’
Event B’
Figure 1.12  Venn diagram for the event A’B’.
B
A
Q

(AuB)

Figure 1.13  Venn diagram for the event (A U B)'.
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Proof: To prove the first identity, it is sufficient to show that both (A U B) C A’B’ and
A’B’ C (AU B)Y hold. To begin with, let @ be a sample point which belongs to the set
(AU B). This means that @ & A U B, and since the set A U B contains all elements which
are either in A or in B, we conclude that @ does not belong to any of them. Thus, w belongs
to both A’ and B’, and therefore it is also a member of their intersection, A’B’. The above

arguments show that (A U B) C A’B’.

Next, to establish the reverse relationship, suppose now that @ € A’B’. Since the set
A’B’ contains exactly those elements of the sample space which belong to both A" and B’,
we see that w is not a member of either A or B. Thus, it does not belong to their union,
A U B, which shows immediately that @ € (A U B)'. We therefore see that A’B’ C (A U B),
and this completes the proof for the first assertion of the proposition.

The proof of the second identity is carried out in a similar fashion.

]
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De Morgan identities can be generalized for the case when more than two sets are
involved. More specifically, if A|,A,, ..., A, are events on a sample space, then we have
the following identities:

(AJUA U---UA,) = AAL - Al

n»

(AjAy---A) = A UALU- - UAL

A similar result holds true if we have an infinite number of events.

We close this section with an example to demonstrate how we can use the various
properties we have discussed so far in order to simplify complicated expressions involving
sets and their operations.

Example 1.7 Suppose A, B, and C are three events on the same sample space Q.
Using the properties of the operations among events, simplify the expression
A'B"Y u@AB'C'Y.
SOLUTION Using the second De Morgan identity from Proposition 1.2 (applied to
the sets A’ and B’) and Property SP8, we obtain
ABY =@)Yu®B)Y=AUB.
In a similar fashion, we get
AB'CY =A'uB)Y u(Y =A"uBUCO).

Inserting these two relations into the expression given in the statement of the example,
we obtain
A'B"Y UAB'C"Y =(AUuB)U (A’ U (BU C))
=AUBUA'UBUC
=(AUA)UBUB)UC (Properties SP4, SP5)
=QUBUC (Properties SP1, SP7)
=QUBUCOC)
= Q. (Property SP3)

EXERCISES
Group A
1. Let A, B, and C be three events in a sample space Q. Express each of the following
events by the use of the operators (unions, intersections, complements) among sets:
(i) all three events occur;
(i1) at least one of the three events occur;

(iii) A occurs, but not A and B;



1.2 OPERATIONS BETWEEN EVENTS 23

(iv) A and C occur, but not B;
(v) at least one of the three events occur, but C does not occur;

(vi) exactly two among the three events A, B, and C occur.

2. Consider the experiment of throwing a die twice, and define the following events:

A: the sum of the two outcomes is 6;
B: the two outcomes are equal;
C: the first outcome is an even integer;

D: the first outcome is an odd integer.
Write down the 36 sample elements for this experiment, and then identify which
of these elements each of the sets A, B, C, D contains. Then describe the following

events, both by expressing in words what each of them represents and by listing
their elements:

AB, AC', AB'C’, ACUAD, AU (CD), BC' UBD, (BUC)BUD).

3. For each of the following graphs (a)—(d), express the event in the shaded area in
terms of the events A, B, and C and state, in words, what this event represents.

A B A B
cC o cC 0
(a) (b)
A B A B
c Q cC o
(©) (d)

4. What conclusions can we draw about the events A and B if the following relations
hold?

(i) AUB =A; (i) A= B=A;
(iii) AB = A; (iv) A— B=B—A.
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5. Suppose for the events A, B, C, D, we have A C B and C C D. Then, arguing as in
the proof of Proposition 1.2, show that

AUuCCBUD and AC CBD.

6. If, for the events A and B, we know that A C Band A C B’, show that A = §J. (Hint:
Use the result of Exercise 5.)

7. Suppose the events A and B of a sample space Q are such that A C B and A’ C B.
Then prove that B = Q. (Hint: You may use the result of Exercise 5.)

8. Let A, B, and C be three events on a sample space Q. Examine, possibly with the
aid of Venn diagrams, which of the following results are always true:

(i) (A—AB)B = AB;
(i) (AUBYC =A'B'C;
(iii) (AB)'C' = (ABC)';
(iv) ABCACAUBUC;
(v) AABUC'B=(AUC)B;
(vi) A—B)—C=A—-(B-C).

Group B

9. A box contains 15 balls numbered 1,2, ..., 15. The balls numbered 1-5 are white
and those numbered 6—15 are black. We select a ball at random, and record its color
and the number on it.

(i) Write down a suitable sample space for this experiment.

(i1)) We define the events

A;: the ball selected has a number less than or equal to i, for 1 <i < 15;
B;: the ball selected has a number greater than or equal to i on it, for I <i < 15;
C: the selected ball is white;
D: the selected ball is black.
Examine which of the following assertions are correct and which are false:
(a) A5 =C;
() A, CC
(c) A;B;=@foranyi=1,2,...,15;
(d) A,_B;=f@foranyi=2,3,...,15;
(e) A;B;,, =@ foranyi=1,2,...,14;
(f) the events C and D are mutually exclusive;

(8) AjpBs € C;
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(h) A,D = @;

(i) AL = D;

() A;jUB,  =A;foranyi=1,2,...,14;
k) Aj CA, C---CAs;

) A;UuB;,=Qforanyi=1,2,...,15;
(m) By €B, C---CBys;

(n) A;UB;,  =@foranyi=1,2,...,15;
(0) A;:BiJrl fori=1,2,...,14;

(p) (Alo_C)Bﬁ=¢;

(@ (A, — D) C Bs;

(1) D—=By; =Ay—As.

Express each of the following events in terms of the events A;, B;, C, D defined in
Exercise 9.

(i) The number on the ball selected is greater than 4 and less than 10.
(i) The ball selected is either white or has a number greater than 10 on it.
(>ii1) The ball selected is black or has an even number on it.
(iv) The ball selected is black and has an odd number on it.
(v) The selected ball is either white with a number less than 3 on it, or else it is

black with a number less than 10.

In order to describe a chance experiment, we have used the following (continuous)
sample space
Q={(xy :-5<x<5and -3<y<7}.

On this space, we define the following events:

A={(x,y) €Q 1 x=y}, B={(xy €Q:x =y},
C={x,ye: :x+y=0}, D={xy) eQ:x<y},
E={xy e€eQ:: x>y}

Which of the following statements are correct and which are false?
(a) B=AC;

(b) ACCB;

(¢) D and E are mutually exclusive events;

() A={(xx:[x] <5}

(e) A =DE;

(f) D' =E—-A;

(@ A={(x) :-3<x<3}.
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12.

13.

14.

15.

16.
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Let A;,i=1,2,...,n, be events on the same sample space Q. Express in words
what conclusions can be drawn about these events in each of the following cases:

(i) AfjUA,U---UA, =A;

(i) AjA,---A, =A;

(iii) AjUA,U---UA, =A|UA,;
(iv) AjA,---A, = AA,.

Simplify each of the expressions below by the use of properties among event
operators:

(i) A’B'AB;
(ii) (A’ UB') UAB;
(iii) (A UB)A UB')A’ UB);
(iv) (A’B')AUB);
(V) (AUB)AUB)U[A" UB)A UBI;
(vi) AUBUC)AUBUC')AUB):;
(vii) AU (B —AB)U (C — AC);
(viii) (AUBU C)AUBC');
(ix) [ABCAUBU C")]U(AUB).

From an ordinary card deck with 52 cards, we select n cards successively. We
consider the events

A,: the first card drawn is an ace;

A,: inthe first n — 1 selections (n > 2), neither an ace nor a face card is drawn and
in the nth selection an ace is drawn,

where n = 2,3, ... Write down an expression, in terms of A, A,, ..., for the event
that an ace is drawn before a face card.

Let A, B, and C be three events in a sample space Q. In each case below, find
an event X such that the union operator on the right hand side is applied between
events which are disjoint (for example, in (i) we seek X such that AB and X are
disjoint sets):

(i) B=(AB)UX;

(il) AUB=A'B)UX;
(iiil) AUBUC=AUAB)UX.

For any events A, B, and C in a sample space, verify the truth of the following
relations:

HA-B)-C=A-0O-B-0)
(i) (B—A)U(C—-A)=(BUC)—-A;
(i) A-(B-C)=(A-B)U(AOC);
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(iv) A-B)UB=AUB;
(v) AB—C)=AB - AC;
(vi) AUBUC=A-B)UB-C)u(C—-A)U(ABC).
17. For any events A and B in the same sample space €, we define the symmetric

difference of A and B to be the event (see next figure)

AAB=(A-B)U(B-A).

Q

(i) Express in words what this event represents;

(ii) Show that the following hold:

AAB =BAA, AAB=(AUB)—AB, (AAB)AB = A.

1.3 PROBABILITY AS RELATIVE FREQUENCY

As already mentioned, the main feature of a chance (random) experiment is that we do
not know what its outcome will be in each realization of it. We therefore do not know
whether a specific event, A, associated with this experiment will occur in a particular
realization of the experiment. Yet, however, we very often want to know how likely it
is for A to occur. For instance, what are the chances that it will rain tomorrow, or that
I will pass a certain University exam, or that a political party will win the forthcoming
elections? Today, hundreds of decisions are made on a daily basis, using the “degree of
belief” we have that something will happen, or not, at some future point; just imagine
plainly the persons who purchase stocks, or other financial products, hoping that their
prices will go up. Probability theory emerged from the need to put this “degree of belief”
in a proper mathematical framework, so that the concept of “how likely” an event is can
be quantified on one hand, but on the other hand to be able to make logical deductions and
draw conclusions about complicated events. More generally, probability theory enables
us not only to make decisions but to deal with uncertainty in everyday life, and for this
reason it has been referred to as “the science of uncertainty.” From this viewpoint, it may
seem paradoxical that the entire history of probability theory and its development, until the
nineteenth century at least, is entangled and motivated by games of chance and gambling.
Even so, it is curious that, although the origins of games of chance seem to have been lost
in history,* the first systematic use of mathematics to deal with the uncertainty in games

4 An archaeological excavation in south-eastern Iran unearthed a backgammon, which dates back to 3000BC.
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occurs in fifteenth century, while the first worthwhile achievements were established in
mid-seventeenth century. And, since then, it took nearly three centuries until a sound
and coherent theory was developed so that probability theory became recognized as an
independent branch of mathematics.

The first definition of probability to be widely used is attributed to the French
mathematician Pierre Simon Laplace (1749-1827) and is usually referred to as the
classical definition of probability. In his words, it is as follows:

“The probability of an event is the ratio of the number of cases favorable to it,
divided by the number of all cases possible when nothing leads us to expect that any
one of these cases should occur more than any other, which renders them, for us,
equally possible.”

Thus, when we throw a die and consider the event
A: the outcome is an even integer,

it seems plausible to assume that all six faces of the die are “equally possible.” The number
of possible outcomes (the number of elements in the sample space, to conform with the
terminology used in the previous sections) is 6, while the “favorable” outcomes are all
those in which an even integer results in the throw. These are the elements of the set
{2,4,6} and we therefore obtain from the definition that the probability of the event A is
3/6, that is, a half.

Although the definition seems to give plausible answers which agree with our intuition,
it has at least two serious drawbacks:

(1) What happens if all the “cases” that may occur (that is, the elementary events in the
sample space) can not be considered as being “equally possible?”’

(i) The definition assumes that the number of possible outcomes is finite. What happens
if this is not the case for the experiment that we consider?

In view of the above problems, mathematicians searched for alternative ways to define
probability. The first serious attempt to do this was made by R. von Mises in 1917. This
attempt relies on the notion of a relative frequency which is discussed in the rest of this
section. The approach taken by von Mises was rather empirical in nature, and this has been
considered both as an advantage and a disadvantage; on the one hand, it is nice to link our
“degree of belief” with our experience from the past. However, relying on experimental
data to define probability has several drawbacks, as we shall see in the next section.
Thus, and with the increasing recognition of the importance of probability theory in early
twentieth century, scientists felt that there was a need to “axiomatize” probability theory,
in the same way as was done with geometry for example. That is, to find a set of axioms
which would seem universally acceptable and, from these, derive a chain of theoretical
results and also the answer to practical problems encompassing uncertainty. In the next
section, we present an approach which followed this path, due to the Russian probabilist
A. N. Kolmogorov.

Let us agree, to begin with, that certain events are intuitively more likely than others;
for instance,
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* when two basketball teams, which are more or less at the same level, play against
each other, we typically think that the home team has better chance to win the game;

* our experience suggests that it is “a lot more likely” to rain on a winter day in England
than on a summer day in Las Vegas.

Both these assertions seem to be universally accepted, and this can be attributed to
our common experience from what has happened in the past. This is more obvious in the
second case above, wherein if we collect data say from the last 50 years, we may see for
instance that the number of winter days with rain in England is 20 times as much as the
number of rainy days in summer in Las Vegas. The same argument may work for the first
case since if we select at random a large number of basketball games, it is very likely
that home wins occur more often than away wins. For example, looking at the 2010-2011
NBA regular season, we see that among the 1230 matches which were played, there were
743 home wins and 487 away wins.

When the classical definition of probability cannot be used, it seems reasonable to use
past experience to assign a degree of credibility to an event. To begin with, we may say that
an event A is more likely than another event B, both associated with the same experiment,
if in a large number of realizations of this experiment, A occurred more often than B. At a
next level, we may attempt to quantify this difference, saying for instance that if A occurs
twice as often as B does, then A is twice more likely to occur than B. However, we would
wish to use a single number to tell us how likely an event is, rather than considering this
always in relation to some other event. Following the above, it seems plausible that, if an
experiment is conducted n times and A occurs n, times out of them, then the ratio n, /n
can be used as a measure of our degree of belief for its appearance. Of course, for this to
be valid, and consistent, all n repetitions have to be performed under the same conditions.
We thus arrive at the following definition.

Definition 1.8 (Relative frequency) If in n repetitions of an experiment, under
identical conditions, the event A occurs 1, times, the ratio

Ny

fa=—

n

is called the relative frequency of A (in these n experiments).

From this definition, we have immediately the following properties for a relative
frequency.

Proposition 1.3 (Properties of relative frequencies) Let Q be a sample space for a
chance experiment. Then:

(1) f4 = 0 for any event A defined on €;
(i) fo =1,
(@iii) for any disjoint events A and B, we have

Jaus =4 + 13-
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Clearly, the third property can be generalized to more than two events. Thus, if
AA,, ..., A, are pairwise disjoint events, we have

k
JTA,uA U UA, =Tay H o+ = ZfAl»
i=1

Furthermore, if A = {w,, w,, ..., @, } C Qs a (finite) event on Q and we denote by
fi =fw,-’ i=1,2,...,k,
the relative frequencies of the elementary events {w;}, i = 1,2, ..., k, then we may write

I
fa=h+th+ - +fi= Zfz
i=1

Example 1.8 (Repetitions of a chance experiment)

Table 1.1 gives the results of 100 realizations for the random experiment of throwing a
die twice. In the last three columns of this table, we have recorded the relative frequency
(based on the first i trials, i = 1,2, ..., 100) for each of the events

A: at least one of the two outcomes is 6;
B: the outcome of the first die is 4;

C: the sum of the two outcomes is 7.

We see from Table 1.1 that the relative frequency for each of the three events A, B, C
varies along with the number of throws and, in fact, changes at each step. However,
it seems that as the number of throws gets larger, the fluctuations of the values for the
three relative frequencies tend to become smaller. Further, throughout Table 1.1, it is
apparent that event A occurs more often than the other two, which have about the same
rate of occurrence.

Based on the total of 100 throws, we have the following relative frequencies for
A,B, C:

f1 =029, fz=0.16, f-=0.15.

Suppose now we define the events

B.

;. the outcome of the first throw is i

for i = 5, 6. Taking into account the result for the event B, it seems reasonable to state
that
fB5 =0.16, fB6 =0.16.
Further, for the event
E : the outcome of the first throw is greater than 4,

since E = B5 U B¢, we expect to have (by Proposition 1.3(iii)) that

fE =f35 +fB6 =0.32.
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Throw no. Outcome Frequency Relative Frequency
First Second  ny ng ne Ja I fc
throw throw

1 5 4 0 0 0 0.0000  0.0000  0.0000
2 6 3 1 0 0 0.5000  0.0000  0.0000
3 4 4 1 1 0 0.3333  0.3333  0.0000
4 5 2 1 1 1 0.2500  0.2500  0.2500
5 3 3 1 1 1 0.2000  0.2000  0.2000
6 1 3 1 1 1 0.1667  0.1667  0.1667
7 5 6 2 1 1 0.2857  0.1429  0.1429
8 2 1 2 1 1 0.2500  0.1250  0.1250
9 2 4 2 1 1 0.2222  0.1111 0.1111
10 3 2 2 1 1 0.2000  0.1000  0.1000
11 2 3 2 1 1 0.1818  0.0909  0.0909
12 4 4 2 2 1 0.1667  0.1667  0.0833
13 5 4 2 2 1 0.1538  0.1538  0.0769
14 6 2 3 2 1 0.2143  0.1429  0.0714
15 2 5 3 2 2 0.2000  0.1333  0.1333
16 3 3 3 2 2 0.1875  0.1250  0.1250
17 6 3 4 2 2 0.2353  0.1176  0.1176
18 1 1 4 2 2 0.2222  0.1111 0.1111
19 4 3 4 3 3 0.2105  0.1579  0.1579
20 2 3 4 3 3 0.2000  0.1500  0.1500
21 1 4 4 3 3 0.1905  0.1429  0.1429
22 3 2 4 3 3 0.1818  0.1364  0.1364
23 6 5 5 3 3 0.2174  0.1304  0.1304
24 3 4 5 3 4 0.2083  0.1250  0.1667
25 4 5 5 4 4 0.2000  0.1600  0.1600
26 2 2 5 4 4 0.1923  0.1538  0.1538
27 4 5 5 5 4 0.1852  0.1852  0.1481
28 6 6 6 5 4 0.2143  0.1786  0.1429
29 6 3 7 5 4 0.2414  0.1724  0.1379
30 1 1 7 5 4 0.2333  0.1667  0.1333
31 5 3 7 5 4 0.2258  0.1613  0.1290
32 5 5 7 5 4 0.2188  0.1563  0.1250
33 4 3 7 6 4 0.2121  0.1818  0.1212
34 1 1 7 6 4 0.2059  0.1765  0.1176
35 4 3 7 7 5 0.2000  0.2000  0.1429
36 6 1 8 7 6 02222 0.1944  0.1667
37 3 5 8 7 6 0.2162  0.1892  0.1622
38 5 2 8 7 7 0.2105  0.1842  0.1842
39 6 3 9 7 7 0.2308  0.1795  0.1795
40 1 5 9 7 7 0.2250  0.1750  0.1750

Table 1.1 Dice outcomes of two throws (100 repetitions).
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Throw no. Outcome Frequency Relative Frequency
First Second  ny ng ne Ja /3 fc
throw throw

41 4 6 10 8 7 0.2439  0.1951 0.1707
42 5 4 10 8 7 0.2381 0.1905  0.1667
43 1 3 10 8 7 0.2326  0.1860  0.1628
44 1 3 10 8 7 0.2273  0.1818  0.1591
45 6 4 11 8 7 0.2444  0.1778  0.1556
46 2 2 11 8 7 0.2391 0.1739  0.1522
47 6 1 12 8 8 0.2553  0.1702  0.1702
48 1 3 12 8 8 0.2500  0.1667  0.1667
49 5 3 12 8 8 0.2449  0.1633  0.1633
50 4 2 12 9 8 0.2400  0.1800  0.1600
51 6 5 13 9 8 0.2549  0.1765  0.1569
52 2 6 14 9 8 0.2692  0.1731 0.1538
53 3 3 14 9 8 0.2642  0.1698  0.1509
54 1 4 14 9 8 0.2593  0.1667  0.1481
55 5 1 14 9 8 0.2545  0.1636  0.1455
56 3 6 15 9 8 0.2679  0.1607  0.1429
57 5 1 15 9 8 0.2632  0.1579  0.1404
58 3 4 15 9 9 0.2586  0.1552  0.1552
59 3 6 16 9 9 0.2712  0.1525  0.1525
60 6 1 17 9 10 0.2833  0.1500  0.1667
61 2 3 17 9 10 0.2787  0.1475  0.1639
62 1 4 17 9 10 0.2742  0.1452  0.1613
63 4 5 17 10 10 0.2698  0.1587  0.1587
64 6 4 18 10 10 0.2813  0.1563  0.1563
65 3 4 18 10 11 0.2769  0.1538  0.1692
66 2 6 18 10 11 0.2727  0.1515  0.1667
67 4 2 18 11 11 0.2687  0.1642  0.1642
68 4 1 18 12 11 0.2647  0.1765  0.1618
69 6 6 19 12 11 0.2754  0.1739  0.1594
70 6 3 20 12 11 0.2857  0.1714  0.1571
71 3 2 20 12 11 0.2817  0.1690  0.1549
72 2 5 20 12 12 0.2778  0.1667  0.1667
73 5 5 20 12 12 0.2740  0.1644  0.1644
74 5 1 20 12 12 0.2703  0.1622  0.1622
75 6 1 21 12 13 0.2800  0.1600  0.1733
76 4 4 21 13 13 0.2763  0.1711 0.1711
77 1 3 21 13 13 0.2727  0.1688  0.1688
78 5 6 22 13 13 02821.  0.1667  0.1667
79 6 5 23 13 13 0.2911 0.1646  0.1646
80 3 4 23 13 14 0.2875  0.1625  0.1750

Table 1.1 (continued)
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Throw no. Outcome Frequency Relative Frequency
First Second  ny ng ne Ja I fc
throw throw

81 5 1 23 13 14 0.2840  0.1605  0.1728
82 6 5 24 13 14 0.2927  0.1585  0.1707
83 5 4 24 13 14 0.2892  0.1566  0.1687
84 4 4 24 14 14 0.2857  0.1667  0.1667
85 2 4 24 14 14 0.2824  0.1647  0.1647
86 4 1 24 15 14 0.2791 0.1744  0.1628
87 4 3 24 16 15 0.2759  0.1839  0.1724
88 1 2 24 16 15 0.2727  0.1818  0.1705
89 5 4 24 16 15 0.2697  0.1798  0.1685
90 3 2 24 16 15 0.2667  0.1778  0.1667
91 3 6 25 16 15 0.2747  0.1758  0.1648
92 2 4 25 16 15 0.2717  0.1739  0.1630
93 3 3 25 16 15 0.2688  0.1720  0.1613
94 4 2 25 16 15 0.2660  0.1702  0.1596
95 1 5 25 16 15 0.2632  0.1684  0.1579
96 1 1 25 16 15 0.2604  0.1667  0.1563
97 6 4 26 16 15 0.2680  0.1649  0.1546
98 5 6 27 16 15 0.2755  0.1633  0.1531
99 6 5 28 16 15 0.2828  0.1616  0.1515
100 3 6 29 16 15 0.2900  0.1600  0.1500

Table 1.1 (continued)

Looking at the relative frequencies of the events A, B, and C in Table 1.1, we observe
that, although these tend to fluctuate initially a lot, as the number of trials performed
grows, they seem to be concentrated around a fixed value. If we assume for now that the
relative frequency converges to a certain limit, then this limit is called the limiting relative
frequency of the event. It should be mentioned here that the fact that relative frequencies
do converge to a limit is a consequence of one of the key theorems in probability theory,
the “law of large numbers” (a visual illustration of this is given in Figure 1.14).

In the beginning of the twentieth century, the limit of the relative frequency was used
by mathematicians for the definition of probability. In particular, Richard von Mises
(1883-1953) gave the following definition of probability, known as the statistical, or
frequentist, definition of probability.

Definition 1.9 (Frequentist definition of probability) Let Q be a sample space for
a chance experiment and A be an event on that space. If n, denotes the number of times
that A has appeared in 7 repetitions of the experiment (0 < n, < n), then we define as
the probability of the event A the limit

N .
P(A) = lim — = lim f,.
n—oco N n—oo
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Figure 1.14 Long-run behavior of relative frequencies.

It is worth noting that, although not explicit in the notation, the quantities n, in the
above definition, depend on the number n of repetitions which have been carried out for
the experiment that we consider.

We may assume for now that Definition 1.9 can be used to associate probabilities to
events on a sample space. Then, by an appeal to the properties listed in Proposition 1.3,
and in particular by taking the limit n — oo there (that is, assuming that the number of
experiments grows indefinitely), we obtain the following properties for probability:

FPI. P(A) > 0 for any event A on the sample space Q;
FP2. P(Q) =1;

FP3. For any pair of events A, B which are disjoint, we have

P(AUB) = P(A) + P(B).

As we will see in the next section, these three properties form the basis on which a rigorous
mathematical framework can be built; this framework enables us to tackle both theoretical
and practical problems associated with chance experiments.

Example 1.9 In a small city, there are just two local newspapers, called “The Weekly
News” and the “News Herald.” We asked 2000 inhabitants of this city which, if any,
of these newspapers they read regularly. 460 persons answered they read “The Weekly
News,” 580 answered they read the “News Herald,” while 140 answered that they read
both. Assuming that the number of repetitions, n = 2000, is large enough so that the
relative frequency of an event has approached its true value (limit), find the probability
that if we select a person at random from this city, then he or she will

(i) be areader of “The Weekly News”;

(i) be a reader of “News Herald”;
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(iii) read both newspapers;
(iv) read at least one newspaper;
(v) read the “The Weekly News” only;
(vi) be areader of “News Herald” only;
(vii) will be a reader of exactly one local newspaper.

SOLUTION We consider the experiment of asking a person at random which
newspaper(s) he/she reads. Let us define the events

A: aperson is a reader of “The Weekly News”
B: aperson is a reader of “News Herald.”

The data in the example come from 2000 repetitions of the experiment. Based on this
information, we have for the frequencies of the events A, B and their intersection

and
nyp = 140.

For the relative frequencies, we have

fo= 200 _023=23%, f,= 39 _029=29%, 140

2000 2000 Jas 2000 0.0 %

Since we have assumed that n = 2000 is a sufficiently large number of repetitions, we
may estimate the various probabilities by the corresponding relative frequencies. We
thus have the following results:

(1) The probability that someone reads the “The Weekly News” is P(A) = 0.23.
(ii) The probability that someone reads the “News Herald” is P(B) = 0.29.
(iii) The probability that someone reads both newspapers is P(AB) = 0.07.

(iv) Here we seek the probability of the event A U B. We use again the relative
frequency as an estimate for this. The number of people who read exactly one
newspaper, out of the 2000 persons we asked, is

g = 460 + 580 — 140 = 900

(because when we add 460 + 580 we have counted the persons who read both
newspapers twice). Thus,
naop 900

P(AUB) =fAUB = T = m = 0.45;
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(v) The number of persons who read “The Weekly News” only equals the number
of persons who said that they read that newspaper minus the 140 persons who
read both newspapers. Consequently,

_ g 460 — 140

PAB) =f,m = 28 =22~ 2 _o.16.
AB) =faw = =, 2000 0-16

(vi) Similarly, we have for the number of persons who read the “News Herald”
oy 580 — 140
Ny —1
PA'B)=fyp= 22 =———— =022
(A'B) = furp " 2000

(vii) The event “someone reads only one of the two newspapers” is expressed
as (AB") U (A’B). Since the events AB’ and A’B are disjoint, we obtain from
Property FP3 that

P(AB' UA’B) = 0.16 + 0.22 = 0.38.

A B

EXERCISES

In the following exercises, assume that the number of repetitions is large enough to secure
that the probability in question can be found using the associated relative frequency.

1. Use the first 50 throws from the data in Table 1.1 to calculate the probabilities of
the events A, B, and C in Example 1.8. Then, repeat the same calculations using the
second half of the throws (numbered 51-100 on the table). What do you observe?

2. For the experiment of throwing a die twice, use the results from Table 1.1 to calculate
the probabilities of the following events:
D: at least one of the two outcomes is 3;
E: the outcome of the second throw is 5;

F: the results of the two throws are the same.

How do the probabilities of the events D and E compare to those of the events A and
B in Example 1.8?
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3. In a study of religious habits of persons living in a city, 500 persons were asked
whether they go to church regularly. 240 of them were men, out of which 40 said that
they attend a church service regularly, while among women, 80 said that they attend
a church service regularly. Consider the following events, related to a randomly
selected person among the persons who took part in this study:

A: the person selected is male;

B: the person selected goes to church.

Express, in terms of the events A and B, each of the following events, and calculate
their probabilities:

(a) the person selected is male and attends church services regularly;
(b) the person selected is female and attends church services regularly;
(c) the person selected does not go to church.
4. In a survey conducted to examine whether there is correlation between gender and
physical exercise, 700 persons were selected at random and their gender and whether

they did some form of physical exercise at least twice a week or not were recorded.
The outcomes are given in the following table:

Physical exercise?
Gender | Yes No
Male 80 300
Female 75 245

Consider the following events, associated with the experiment of selecting randomly
a person among the 700 persons who took part in this survey:

A: the person selected is a man;

B: the person selected does physical exercise at least twice a week.

Based on the data from the above table, calculate the probabilities of the events

A,B,AB,A’,B',A'B',AB',A'B,A’'BUAB',ABUA'B'.

5. In a University class, there are 200 students, who at the end of the last semester took
three exams: Algebra (A), Calculus (C), and Probability (P). The numbers of students
who obtained a first class mark were 24, 12, and 33 for A, C, and P, respectively.
The numbers of students who obtained a first class mark in both A and C was 7, 10
students got a first class mark in A and P, and 6 students got a first class mark in
C and P. If we select a student at random, find the probability that this student will
have a first class mark

(i) only in Algebra;
(ii) only in Probability;
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(iii) in both Probability and Algebra, but not in Calculus;
(iv) in both Calculus and Probability, but not in Algebra;
(v) in all three courses;

(vi) in none of these courses;

(vii) in exactly one of the three courses.

6. When Jenny returns home from her local supermarket, she has to pass through three
sets of traffic lights. During the last 50 times she did that, she had to stop her car at
the first set of traffic lights on 30 occasions, while 10 times the first traffic light was
green but she had to stop at the second one. Furthermore, 6 times when both the first
and the second lights were green, she had to stop at the third. Next time she returns
from the supermarket, what is the probability that she has to stop in at least one of
the three sets of traffic lights?

1.4 AXIOMATIC DEFINITION OF PROBABILITY

We have seen in the previous section that Definition 1.9 overcomes the difficulties
encountered with Laplace’s definition of probability. However, the approach by von Mises
could not form the basis for a formal mathematical development of probability theory,
as it is based on experimental data. Some of the problems which may arise if we use
Definition 1.9 to define probability are as follows:

e On several occasions, the nature of the experiment is such that it may not be
reasonable or even possible to repeat it a large number of times. Consider, for
instance, the probability of the event that a political party wins the forthcoming
election; or that a new spacecraft will land successfully on Mars. In some other
occasions, when repetitions of an experiment are possible, it may be too costly or
time consuming.

e When it is feasible to have a large number of repetitions, there appears to be no
systematic way to control the error which arises when we use a relative frequency as
an approximation for the probability of an event.

* In Definition 1.9, probability is defined as a limit as n — co. How do we know that
such a limit always exists? One way to get around this is to assume that the limit
exists, as part of that definition; however, this is a rather strong assumption to be
used as an axiom. Moreover, in practice, we can never have an infinite number of
experiments and, especially when precision is essential, it may not be easy to “guess”
what the value of the limit "

lim f, = lim =

n—oo n—oco n

is, when we have at hand only a finite number of repetitions n for the experiment.

The aforementioned concerns initiated a search for alternative definitions of proba-
bility. In fact, in a famous lecture delivered in 1900 at the International Congress of
Mathematicians held in Paris, the German mathematician David Hilbert (1862—-1943),
who was perhaps the leading mathematician of his time, proposed 23 problems whose
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solution presented a major challenge and would form a breakthrough for mathematics of
the twentieth century. One of these problems concerned the axiomatic foundation of prob-
ability theory. It was only in 1933 when the Russian mathematician Andrei Kolmogorov
(1903-1989) developed a consistent framework within which any problem regarding prob-
abilities could be, if not solved, at least formulated. In Kolmogorov’s work, three “obvious”
and “undoubtable” properties of probability are taken as axioms. Based on them, the entire
theory of probability can be developed, making a series of mathematical and logical
deductions. It is worth noting at this point that, using tools from Kolmogorov’s axiomatic
foundation of probability, we can prove the existence of the limit (in an appropriate sense)
for the relative frequency of an event when the number of repetitions tends to infinity.
Thus, Kolmogorov’s theory does not contradict the statistical definition by von Mises;
rather, it incorporates it by providing a formal reasoning for its validity.

We are now ready to give the definition of probability, based on Kolmogorov’s
approach, which will be used throughout this book.

Definition 1.10 Assume that Q is a sample space for a chance experiment. Assume also
that to each event A in Q, there corresponds a real number, P(A). If the function P(-)
satisfies the following three axioms, then P will be called a probability on the sample
space Q, while the number P(A) will be referred to as the probability of the event A:

P1. P(A) > 0 for any event A defined in the sample space Q;
P2. P(Q) = 1;

P3. If A|,A,, ... is a sequence of events in £ which are pairwise disjoint (that is,
AA; =0 for any i # j), then

p <[°JA,.> = i PA). (1.2)
i=1 i=1

According to this definition, the probability is considered as a set function, i.e. a function
which associates any event A defined in Q to a real number. Looking at Kolmogorov’s
axioms, and comparing them with Properties (FP/-FP3) stated in the previous section as
direct consequences of von Mises’ definition of probability, we see that they are not that
different! In fact, the first two are the same, while P3 in Definition 1.10 includes FP3 as a
special case (just take A3 = A, = - -+ =0).

Property P3 is known as the additivity property of probability. More precisely, as it
involves an infinite summation (a sum of countably many terms), it is usually called the
countable additivity axiom of probability. If we putA; = A, = A; =--- =@ in (1.2), we
obtain immediately

P(@) =P@)+P@)+P@)+---,
so that subtracting P(@) on either side yields
0=P@+P@B+--- .
Since P(#) is finite and uniquely defined, it has to be zero, that is,

P(@) = 0.
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Next, if we put
An+l :An+2 ==

in (1.2), we arrive at the following result, known as the finite additivity property.

Proposition 1.4 If A|,A,, ... ,A, are n pairwise disjoint events in a sample space Q
(that is, A;A; = @ for any i # ), then

P (OA,-) = Z P(A)). (1.3)
=1 =1

For n =2, as already mentioned, we obtain Property FP3 of the previous section;
namely, if A and B are disjoint events, then

P(AUB) = P(A) + P(B). (1.4)

We have already seen some examples of obtaining new results with the aid of the three
axioms in Definition 1.10. However, the definition seems to offer no obvious way to
calculate the probability P(A) associated with a certain event A. This will be studied and
illustrated in great detail in subsequent chapters of the book.

In the next propositions, we develop some useful properties for probabilities, which are
easily deduced from the axioms of Definition 1.10.

Proposition 1.5 Let A = {a,, a,, ...} be a countably infinite subset of the sample space
Q. Then, the probability of the event A is

P(A) = ) P(4)),
i=1

where P(A;) denotes the probability of the elementary event {a;}. If A has finitely many
elements, so that A = {a,,a,, ... ,a,}, then

P(A) =) P(A).
i=1

Proof: The first statement is obvious from (1.2) by putting A; = {q;} fori = 1,2, ..., and
observing that

JAi=A and a4;=0 fori#).

i=1

For the second statement, put similarly A; = {a;} fori = 1,2, ..., n in Proposition 1.4.
O

Applying the previous proposition to the case A = Q, when Q is a finite or countably
infinite sample space, we immediately obtain the following.
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Corollary 1.1 Let Q = {w,,®,, ...} be a countably infinite sample space. Then the
probabilities p; = P({w;}) associated with the elementary events {w;} satisfy the

condition
[ee]
i=1

For the case when Q is finite so that Q = {®,,®,, ... ,®,}, this reduces to

Zpi =1
i=1

There are certain cases where it is rather complicated to calculate the probability for an
event A, but is easier to find the probability of its complement, A”. The following result is
then useful.

Proposition 1.6 Let A be an arbitrary event in a sample space Q. Then, the probability
of its complement, A’, is given by

PA") =1 - P@A). (1.5)
Proof: This is obvious from (1.4) and the fact that
P(Q)=PAUA") = P(A) + P(A"),
which holds since A UA’ = Q and A and A’ are disjoint sets. O

Example 1.10 Suppose the probability of an event A is larger by 0.5 than the probability
of its complement. Find P(A).

SOLUTION We are given that
P(A) = P(A") + 0.5,
and replacing P(A") by Proposition 1.5 gives
PA)=1-PA)+0.5=15—-P@A).

Solving this, we immediately obtain P(A) = 0.75.

Example 1.11 Suppose the possible outcomes of an experiment are all the positive
integers, while for i = 1,2, ..., the probability that the outcome of the experiment is i
is twice as much as the probability that the outcome is i + 1. Then, calculate

(i) the probabilities of all elementary events of this experiment;
(i1) the probability that the outcome is an even integer;

(iii) the probability that the outcome is an odd integer.
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SOLUTION The sample space for this experiment is the set Q = {1,2, ...}, and so
an elementary event is a set {i}, where i is a positive integer. For any such i, we are
given that
P({i}) =2P({i+1}).
Denoting p; = P({i}) for simplicity in notation, this reads
pi=2pi+1, i:1,2,....

Thus, we have, for example, p; = 2p,, p, = 2p5, and so on.

(i) Applying the last equation recursively, we can express the probability of any
elementary event, p;, in terms of p,. More specifically,

P1=2p, =2(2p;3) = 4p; = 4(2py) = 8py = ...,

and in general p; = 2=l p;fori=1,2,..., which can be rewritten as
D B O
pi_ pl_ 2 p], 0= 1 Ay oo o

Since Q is countably infinite, we may use the first part of Corollary 1.1.
Replacing the probabilities p; there by the last expression, we deduce that

[ o0 il Y]
5B 5 Q)
i=1 i=1 i=1

i-1

The quantity

> (5)

is the sum of a geometric series,’ and so we obtain

o 1\ 11 1 1
pli=21<§> =<1+§+§+2—3+"'>P1=—1P1=ZP1~

- =
2

=

Since this must equal 1, we get p; = 1/2, and the probabilities of the elementary
events are then given by

iy 1\ .
pl=(§> pl=(§>, l=1,2,....

5The main results for a geometric series, for readers not familiar with it, are listed in the Appendix A, along with
some other formulas from calculus which are needed for the discussions in this book.
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(i) The probability that the outcome of the experiment is an even integer is given

by the sum
Zri=2(3) =Z(3):

This is another sum of a geometric series, and so is equal to

(ii1) If A denotes the event considered in part (ii), viz., that the outcome is an even
integer, then the event that the outcome is an odd integer is simply A’, and so
we immediately have

12
PA)Y=1-PA)=1--="=.
(A" (4) 3-3
Alternatively, the probability of the event A’ could be obtained directly as
follows:
1 /1 1\
PA)=p +ps+ps+-- =3 < >+(§> oo

1

+
2<1+—+—+ > —(1+P(A))

We close this section by a brief reference to a rather subtle issue of the axiomatic
foundation of probability, stemming from Definition 1.10. We have mentioned already
that if the sample space Q has at most countably many elements, then we can safely
associate a probability to any subset A of Q; for sample spaces with uncountably many
elements, there may be subsets of Q for which this is not possible. Such subsets are called
nonmeasurable and are not considered here. Excluding such sets from the domain of the
probability function P(-), we see that this set function is defined on a family of subsets of Q,
say A, the members of which are events on the sample space. The minimum requirements
that .A must satisfy so that Definition 1.10 can be applied are the following:

21: Qe A;
¥2:IfA € A, thenA’ € A;

T3:1fA; € Afori=1,2,...,then | J4, € A.
i=1

A family of subsets of the sample space  with the above properties is called a o-field
or a c-algebra. Many advanced books on probability theory begin by considering such
families in order to introduce probability in a more rigorous manner from a mathematical
viewpoint. Several such textbooks can be found in the list of references at the end of this
book, and the interested reader may refer to any of these books for more details.
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EXERCISES
Group A

1.
2.

If for the event A we have 2P(A) = P(A") + 0.5, find the probability P(A).

At 08:00 a.m., the probability that John is in bed is 0.2, while the probability of him
having breakfast is 0.5. What is the probability that on a particular day he is neither
in bed nor having breakfast at 08:00 a.m.?

. The probability that the price of a certain stock increases during a day is 50% higher

than the probability that the price of the stock decreases, while it is also three times
as much as the probability that the price remains the same. Find the probability that,
during a day, the price of the stock (i) increases; (ii) decreases; (iii) does not change.

. When a salesman visits a certain town, he stays in one of three available hotels, H,,

H,, H5. Let A, be the event that he stays in Hotel H;, for i = 1,2, 3. If it is known that

P(43)
2 b

P(A, UA,) = 2P(A3) and 3P(Ay) =1-

find the probability that he stays in Hotel H;, fori = 1,2, 3.

. Let Ay,A,,...,A, be a finite collection of events on a sample space Q such

that Ay UA,U---UA, = Q and the A;’s are pairwise disjoint. If it is known that
P(A;) =3P, fori=1,2,...,n—1, find P(A;) and P(As) (assuming n > 5).

. Let A and B be two disjoint events in a sample space Q. Prove that

PA'B"y=PA"Y+P(B) - 1.

. Let A, B, and C be three events in a sample space Q such that AB = J. Then:

(i) Verify that the events AC and BC are disjoint.
(ii) Calculate the probability of the event

A'ucHB uc)

in terms of the probabilities P(AB) and P(AC).

Group B

8. Consider the infinite countable sample space Q = {0,1,2,...}. On this space,

assume that the probabilities of the elementary events {i}, fori =0, 1, ..., are given
by

PUIN= 25 =012

(i) Show that the probability that the outcome of the experiment is at least k, for
k=1,2,...,1s given by (3/4)k.

(i) What is the probability that we get an outcome less than k for k = 1,2, ...7
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9. LetA,,A,,A;, and A, be four events in a sample space € that are pairwise disjoint
and such that

A =Q.

l

-

I
—_

If it is known that

P(A,) =2P(A)), P(Ay) =3P(A,), P(A)) =4P(Ay),
calculate the probabilities of the union of any two and any three events among
A],Az,A3,A4.

10. For two disjoint events A and B in a sample space, suppose
P(AUB) = % 3PA") +2P(B) = 3.

Then, find the probabilities P(A) and P(B).

11. Consider the continuous sample space Q = [1, 1000]. For each event A in Q
(A C Q), we define the probability P(A) to be k/1000, where k is the number of
integers included in the set A. Then:

(1) Show that P(-) satisfies the three properties of Definition 1.10.

(i1) Calculate the probabilities of the events

9
A =[100,200], B=[1,100]uU[900,1000], C = U [1001', 100i + %] .

i=1

1.5 PROPERTIES OF PROBABILITY

In this section, we look at various properties of probability. We have already seen, in the last
section, results which follow from the conditions we set in Definition 1.10. Further results
in this section, which are important for subsequent developments in this book, may illustrate
the development of a chain of results from Kolmogorov’s axioms. A major tool for the
proofs in this section is the additive property of probability, given in Proposition 1.4. Note,
however, that this applies to pairwise disjoint events. Therefore, in order to use that proposi-
tion, we must first express our event of interest as the union of two or more events which are
pairwise disjoint. This is in fact the technique used in the proofs of the ensuing propositions.

Proposition 1.7 For any events A and B in a sample space Q, we have
P(A — B) = P(AB') = P(A) — P(AB). (1.6)
For the special case where B C A, we have that

P(A — B) = P(A) — P(B).
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Proof: Recall that the set A — B contains all elements of A which are not contained in B.
This means that the events A — B and AB’ are identical, and so they must have the same
probability, and this establishes the first part of (1.6). For the second part, note that the
events AB and AB’ are disjoint, while their union equals

(AB) U (AB) = A.

BN

In view of the finite additivity property, we thus have
P(AB) + P(AB') = P(A),
and the second equation in (1.6) is now obvious.
Turning to the case where B C A, we then have AB = B, and so (1.6) immediately
implies that P(A — B) = P(A) — P(B). ]
Proposition 1.8 (Monotonicity of probability)
(1) Let A and B be events in a sample space Q such that B C A. Then,
P(B) < P(A).

(i) For any event A on Q, we have

PA) < 1.

Proof:
(1) When B C A, Proposition 1.7 yields

P(A — B) = P(A) — P(B).
Since the left-hand side is nonnegative, so must be the right-hand side. Thus

P(A) — P(B) > 0, that s,
P(B) < P(A).

(i) This is obvious from Part (i), the fact that for any event A on the sample space we
have A C Q, and Property P2 of Definition 1.10. O
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The following result is a key identity which generalizes (1.4), as it enables us to calculate
the probability of a union of two events which are not necessarily disjoint.

Proposition 1.9 For any events A and B on a sample space, we have
P(AUB) = P(A) + P(B) — P(AB). (1.7)
Proof: As stated above, we know how to deal with the probability of the union between
two events only when these events are disjoint. We therefore try to express A U B as the
union of two such events. This is easily accomplished by considering the events B and

AB'; these have no common element between them, while

AUB=AB UB.

=

From the additivity property, we readily have
P(AUB) = P(AB' UB) = P(AB') + P(B).
Upon replacing P(AB’) from the result stated in Proposition 1.7, we get
P(AUB) = P(A) + P(B) — P(AB),

as required.
Example 1.12 A store for women’s clothes sells both shoes and handbags. The store
manager has estimated that 20% of the customers who enter the shop buy a pair of

shoes, 30% purchase a handbag while 10% of the customers buy both a pair of shoes and
a handbag. Based on these assertions, estimate the proportions of customers who buy

(1) a pair of shoes only, (i11) at least one of these two items,
(i1) a handbag only, (iv) exactly one of these items.
SOLUTION Let us define the events

A: aperson buys a pair of shoes from the store,

B: aperson buys a handbag from the store.
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Then, based on the manager’s assertions, we have
P(A) =0.20, P(B)=0.30, P(AB)=0.10.
The required probabilities are thus found as follows:

(i) P(AB') = P(A) — P(AB) = 0.20 — 0.10 = 0.10 = 10%;

(ii) P(A'B) = P(B) — P(AB) = 0.30 — 0.10 = 0.20 = 20%;
(iii) P(AUB) = P(A) + P(B) — P(AB) = 0.20 + 0.30 — 0.10 = 0.40 = 40%;
(iv) P(AB' UA'B) = P(AB') + P(A'B) = 0.10 + 0.20 = 0.30 = 30%.

Proposition 1.9 enables us to calculate the probability that at least one of two events
occurs. Often, in practice, we have more than two events and we are interested in the prob-
ability that at least one of them occurs. When we have three events, say A, A,, and A5, we
may apply Proposition 1.9 twice to obtain the corresponding result. More explicitly, we have

PA; UA,UA3) = P[A; U (A, UAy)]
= P(A;) + P(A, UA;) — P[A|(A, UAj3)] by Proposition 1.9
=P(A|) + P(A, UA3;) — P(A|A, UA|As) by SP6 of Proposition 1.1
= P(A)) + P(Ay) + P(A3) — P(AyA3)
—[P(A|Ay) + P(A,A;) — P(A;A,A,A5)] by Proposition 1.9
=P(A)) + P(A,) + P(A3) — [P(A|A,) + P(A A3) + P(A,A5)]
+ P(A|A,A5).

For the general case when we have n events, the following result, known as the Poincaré
formula® or the inclusion—exclusion formula, holds.

Proposition 1.10 (Inclusion—exclusion formula) Let A, A,, ... A, be n events in a
sample space Q. Then, the probability that at least one of them occur is given by

! n
P<UA,-> =85 —-85+8—---+ (_1)n—1Sn _ Z (—l)r_lSr,
i=1 P

where ;
S; = ) PA),
i=1
n—1 n
S, =Y Y, PAA),
i=1 j=i+1

0The formula is named after Jules Henri Poincaré (1854-1912), a French mathematician, physicist, engineer as
well as a distinguished philosopher of science and mathematics.



1.5 PROPERTIES OF PROBABILITY

n—2 n—1 n

S3=2, ), D, PAAAY,

i=1 j=i+1 k=j+1

n—r+1 n—r+2

S,= 2 D ), PAA,--A,

=1 =i+l =i +1

Sn = P(A1A2 . 'An).
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Proof: The proof can be established by induction, using the result of Proposition 1.9. You

may try proving it!

]

Example 1.13 An insurance company offers its clients coverage against three different
risks, labeled 7, 11, and II1. The following table shows the percentage of insured clients
who had opted to insure against one of these risks (diagonal elements in the table), as
well as those who had insured against more than one of these risks (for instance, 17%
of the clients had insured against risks / and /7). We also know that the percentage of

clients who had insured for all three risks is 5%.

1 11 1
1 32% | 17% | 12%
i 23% | 9%
i 18%

Calculate the percentage of clients who had insured

(i) for at least one of the three risks;
(i) for none of the three risks;

(iii) for exactly two among the three risks.

SOLUTION We consider the events

A;: a customer is insured against risk i,

fori =1,2,3. According to the values in the table, we have

P(A)=032, P@A,)=023, P(A;)=0.18,
P(A,Ay) = 0.17, P(A;Ay) =0.12, P(A,A;) = 0.09.

In addition, we have P(A;A,A3) = 0.05.
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(i) For this part, we use the inclusion—exclusion formula, since we seek the probabil-
ity P(A; U A, U A3) (of course, this agrees with the formula for n = 3, given just
before Proposition 1.10, so we could have used this formula instead). In this way,

we get
n 3
P (UAi> =) (-1)7'S, =5, -5, +5;.
i=1 r=1
We now find S,, for r = 1,2, 3, as follows:

3
S; =Y P(A) = P(A)+ P(A;) + P(A3) = 0.32+ 023+ 0.18 = 0.73,

i=1
2 3
$,= Y Y PAA) = P(A1A) + P(A A3) + P(AyAy)

i=1 j=i+l

=0.17+0.12 + 0.09 = 0.38,

and finally

We thus find the required probability to be

n
P (U Ai> =0.73 — 0.38 + 0.05 = 0.40.
i=1

(ii) Here, we want to calculate the probability of the event A{A’A’. But, by

De Morgan identity, this is the complement of the event A; UA, UA;, and
consequently

PAIALAY) = 1 — P(A; UA, UA;) = 1 — 0.40 = 0.60.

(iii) The event we are interested in can be expressed as
S NS e

only A; and A, occur  only A; and A3 occur  only A, and A3 occur

This is the union of three events which are pairwise disjoint; therefore,
P(E) = P(AlAzAg) + P(AIA’2A3) + P(A’1A2A3).
From Proposition 1.7, we find the probabilities on the right hand side to be
P(A]AzAg) = P((AIAZ)A'S) =P(AA;y) — P(A1A,A3) =0.17 - 0.05 = 0.12,

P(A,ALA3) = P((A;1A3)A}) = P(A|A3) — P(A AyA3) = 0.12 = 0.05 = 0.07
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and
P(ATA,A3) = P((A,A3)A) = P(AyA3) — P(A A,A3) = 0.09 — 0.05 = 0.04.
We thus obtain finally the required probability to be
0.12 +0.07 + 0.04 = 0.23,

i.e. there is a 23% chance for a client to be insured against exactly two among
the three risks.

EXERCISES
Group A

1. For a specific area, the probability that it is hit by a typhoon during a year is 0.02. For
the same period, the probability that the area suffers severe damage due to excessive
rain is 0.05, while the probability that both these events occur in a year is 0.001. Find
the probability that over a particular year, the area

(1) is hit by a typhoon but there is no excessive rain;
(i1) experiences only excessive rain, but is not affected by a typhoon;
(iii) experiences neither excessive rain nor the occurrence of a typhoon;

(iv) has excessive rain or is hit by a typhoon.

2. When Sandra drives back home from work, she has to pass through two sets of traffic
lights. The probability that she has to stop at the first is 0.35, while the probability
that she has to stop at the second one is 0.40. Finally, the probability that she does
not stop at a traffic light is 0.50. Calculate the probability that she has to stop

(1) at both sets of traffic lights;
(i1) at least at one set of traffic lights;

(iii) at exactly one set of traffic lights.
3. Let A and B be two events in a sample space €. Establish the relationship
P(A")P(B) — P(A'B) = P(A)P(B') — P(AB") = P(A'B") — P(A")P(B)
= P(AB) — P(A)P(B).
4. Suppose for the events A and B we have

2P(A) = 3P(B) = 4P(AB) and P(A’B) =0.05.

(i) Calculate the probabilities P(A), P(B), and P(AB).
(i1) Find the probabilities of the following events

AUB, A'B', AB', AB'UA'B, AuB', A" UB.
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5. Let A and B be two events in a sample space Q with P(A) = a and P(B) = f. Confirm
the validity for each of the following:

(1) PA'BY=1—-a— p+ P(AB);
(i) a+ f—1 < P(AB) < min{a, f};
(iii) max{a,f} < PAUB) <a+ f.

Suppose P(A) = 0.75 and P(B) = 0.80. What is the range of possible values for each
of P(A U B) and P(AB)?

6. Let A and B be two events in a sample space Q such that P(A) = 1 and P(B) = 1.
Use the results of Exercise 5 to show that

PAUB)=1, P@AB) =1, PAB)=0.

7. Let A and B be two events in a sample space Q such that P(A) =0 and P(B) = 0.
Use the results of Exercise 5 to show that

P(AUB)=0, P(AB) =0, PA'B)=1.

8. Let A|,A,, and A5 be three events in a sample space €, which are not necessarily
pairwise disjoint.

(i) Prove that
P(A| UA, UA;) < P(A)) + P(Ay) + P(A3).

(i) Show that the equality
P(A; UA, UAz) = P(A)) + P(A,) + P(A3)
holds if and only if
P(A|A)) + P(AA3) + P(AyA3) = P(A|AyA).
Group B

9. With reference to the out-patient visits to a hospital, we consider the following
events:
A: apatient is over 50 years of age;
B: apatient is under 25 years of age;
C: the condition of a patient upon arrival is considered to be serious;

D: a patient needs to stay at the hospital for at least one night.

We are given the following probabilities associated with the above events:
PA)=0.52, PMB)=0.22, PC)=0.25 PD)=0.24,
P(AC) =0.17, P(AD)=0.12, P(BC)= P(BD) = 0.06,
P(CD) =0.18, P(ACD) =0.08.
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Express in words what each of the following events represents and find the
probability of occurrence for them:

A'B', (AuB)C, AC'uD, (AUB)D.

Suppose A, A,, and A5 are three events in a sample space. Let us consider the sums

S, =P@A))+ P(Ay) + P(Ay),

Sy = P(AAy) + P(AA3) + P(AyA3),

S3 = P(A1A,A3).
Express mathematically, in terms of S}, S,, and S5, the probability for the event
that

(i) exactly one of the A; occurs;
(i1) exactly two of the A; occur;

(iii) none of the A; occur.

Application: Among the customers of an insurance company, the percentages
of those who have home insurance, liability insurance and car insurance are
respectively, 35%, 15%, and 40%. Suppose 8% have both home and liability
insurances, 25% have both home and car insurances, and 10% have both liability
and car insurances. Finally, 3% of the customers have all three types of insurance.

For i =0, 1,2, calculate the percentage of persons who have exactly i types of
insurance with the company.

Let A, B, and C be three events such that C C B C A. Let a = P(A),b = P(B), and
c = P(O).

(i) Calculate the probabilities

PA-B), PA-B-C), P(A-B)-0)

in terms of a, b, c. What do you observe?

(i1) Obtain a numerical answer to the result in (i) fora = 1/2,b = 1/4,c = 1/6.

For the events A, B, and C of a sample space, we are given

P(ABC)=a, PA'BC)=b,, PAB'C)=b,, PABC')=bs,
P(AB'C"Y=c¢,, PA'BC')=c,, PA'B'C)=c;.

Calculate the probabilities of the events A,B, and C in terms of a,b;, and c;.
Similarly find for the events

A-B, B-C, (A-B)-C, A-(B-0C), (AUBC) -AC.
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13. Consider the events A, A,, ..., A, defined in a sample space Q. Show that the
probability that none of them appear is equal to

n
PATAY - Ay = L (=1)'S,,
r=0

where S, S,, ..., S, are the sums defined earlier in Proposition 1.10, and S, = 1.

Application: For n = 3 assume that P(4;) = 1/3 for i = 1, 2,3. Moreover, assume
that P(A;A;) = 1/9 for any i # j, and P(A;A,A3) = 1/27. Then, show that

P(A|ALAL) = P(A)P(AY)PAY).

14. For the events A, A,, and A5 in the same sample space, it is known that
1 .
PA)=—, =123,
21

and |
PAAL) = F i=1,2.

If, in addition, we know that the events A; and A; are mutually exclusive, calculate
the probability that at least one of A, A,, A5 occur.

1.6 THE CONTINUITY PROPERTY OF PROBABILITY

We know from calculus that a real-valued function is continuous if it preserves limits.
More precisely, a real function f : R — R is continuous if and only if for each converging
sequence of real numbers (x,,),», we have

lim f(x,) = f(lim x,).

A similar property holds for the probability as a function. Note, however, that probability is
not defined on the set of real numbers, but according to Definition 1.10, it is a set function.
In order to consider continuity for such a function, we need to introduce the following
concepts:

* A sequence of events A;,A,, ..., defined in a sample space Q, is said to be an
increasing sequence if

A CACA3C---CACA S
(see Figure 1.15);
* A sequence of events A|,A,, ..., defined in Q, is said to be a decreasing sequence if
A 2A; 243224, 24,2

(see Figure 1.16).
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Figure 1.15 An increasing sequence of events.

Figure 1.16 A decreasing sequence of events.
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It is evident that for an increasing sequence {A, },-, we have

Similarly, for a decreasing sequence {A, },, we have
=(Ai=AA A, n=12,...

If a sequence of sets is either increasing or decreasing, it is said to be a monotone
sequence. For such a sequence, we define its limit, as follows:

| lAi, if {A,},5 is an increasing sequence
; =] =
lim A, =

n—o00
ﬂA if {A,},> is a decreasing sequence.

The following example illustrates the above concepts.

Example 1.14 Consider the sample space Q = R, the set of real numbers. In it, we
define the sequences of events

P+—6——] n=123,.

and 1 1
Bn=[4__’4+_]’ n=1,23,....
n n

It is easy to see (see also Figure 1.17) that the sequence {A, },5 is increasing, while
the sequence {B,},s is decreasing. Further, as n — oo, the lower endpoint of the set
A, approaches 2, while the upper endpoint converges to 6. Thus,

kgA_UA [2,6].

n=1

In an analogous manner, we obtain

n—oo

lim B, = (] B; = {4).
n=1

We are now ready to prove the following proposition which shows that, when applied
to a monotone sequence, probability preserves limits. Apart from its own interest, this
is important in proving a number of other important results, as we shall see in later
chapters.
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Figure 1.17 The sequences A, B,,n=1,2,....

Proposition 1.11 For any monotone sequence of events {A, },5 of a sample space Q,
we have

lim P(A,) = P(lim A)).

n—oo n—oo

Proof: Suppose first that the sequence {A, },5 is increasing. Then, the sets

B1:A1, B2:A2_A1, B3:A3_A2,..., Bn:An_A

n—1s++*

are pairwise disjoint, and that they further satisfy the following equalities:

and

In words, each set B, contains those elements of A, which are not contained in any of the
A;, fori=1,2,...,n—1.In view of Property P3 of Definition 1.10, we now obtain

P(n]i—{?oA") =P (O An> =P (O Bn> = i P(B,).
n=1 n=1 n=1

However, for the sequence of partial sums in the series on the right hand side, we observe
that

n

En:P(B,.) =P<OB,~> =P<UA,.> =P@A,), n=12,..,
i=1 i=1

i=1

and, taking the limit as n — oo, we deduce
o0 n
Y P(B,)= lim ) P(B)) = lim P(4,,).
oy n—oo = n—oo

This shows that the result of the proposition is true for an increasing sequence. Assume
now that the sequence {A,},. is decreasing. Then, the sequence of their complements,
{A:’ }, is increasing, so that the previous result applies to them, namely,

lim P(A) = P(lim A}).
n—oo

n—oo
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But,
lim P(A)) = lim (1 — P(A,))

and so

P(}}LTOA;) =P<@A;> =P<<QA,.)’) =1 —P<QA,.> =1 —P(nli_gloAn>.

It now follows from the above that
1 - lim PAA,) =1-P ( lim An) ,

which completes the proof.

Example 1.15 Suppose we have a population (Ist generation) whose individuals
may produce descendants, thus forming the 2nd generation, and so on. We are given
that the probability this population becomes extinct by the n-th generation (since all
individuals of that generation die before they give birth to any descendants), equals
exp [-(3n + 1)/(4n)]. What is the probability that the population will never become
extinct?
SOLUTION Let us denote by A,, forn = 1,2, ..., the events

A, : the population becomes extinct by the n-th generation of individuals.

Then, it is apparent that the sequence of events {A, },. is increasing, that is

A CACA3C---CACA S

The event that the population becomes extinct eventually is described by the union

2= i 4.

n=1

and the probability of this event is given by
P (UA,Z> = P(lim A,) = lim P(A,) = lim exp (-3”—“> — /4
= n— 00 n—o00 n—oo 4n

As a consequence, the required probability equals

1-P (UAn> =1-e/*=0.52763.
n=1
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EXERCISES
Group A

1. Let the sample space for an experiment be the set of positive integers, and consider
the sequence of events {A, },- defined in it, where A, is given by

A, ={nn+1,n+2..}, forn=12,....

Show that {A,},-; is a monotone sequence and find its limit as n — oo.

2. This exercise shows that an arbitrary sequence of events in a sample space can be
written as the union of increasing events. Let {A, },-; be a sequence of events in a
sample space (not necessarily monotone), and define a new sequence {C,},>; by
C,=V_A,n=12...

(i) Show that {C,}, is an increasing sequence of events in €2.
(i1) Verify that

lim C, = A
n—o0o =1
(iii) Show that

lim P(C,) = P <L=J1 Ai> .

3. Let the sample space € for an experiment be the set of real numbers, a be a real
number, and let further the probabilities of the events (in this case, the open intervals)

A, = (a—g,a+g>, n=12,...,
be given by
PAy=1 n=12...
n

Calculate the probability of the elementary event {a}.

4. Let the sample space Q for an experiment be the set of real numbers. In this space,
we define the events
1 1

4——I[, n=1,2,....

A= |24 -

n

Assuming that forn = 1,2, ..., the probability of the event A, is

2" —1

P(An) = W,

calculate the probability of the open interval (2,4).



60 1. THE CONCEPT OF PROBABILITY

Group B

5. Let {A,,} be a decreasing sequence of events on a sample space, for which we have

PA)=q, PA,-A,.1)=4"p, n=12,...,

where)0 <g<landp=1-—-gq.

(i) Show that P(A,) = ¢" foreachn=1,2,....
(i1) Calculate the probability P(A) for the limiting event

A=1limA,.

n—oo

6. (Borel-Cantelli lemma). Let {A,} be a sequence of events in a sample space Q,
such that the sequence of real numbers

a,= ) PA), n=12 ..,
i=1

converges to a real number. Prove that

that is, the probability that infinitely many, among the events A, A,, ..., occur is zero.

(Hint: Apply Proposition 1.11 to the sequence of events {B,},, where B, = U;2, A,

forr=1,2,....)

1.7 BASIC CONCEPTS AND FORMULAS

Sample space Q

The set of all possible outcomes which may appear in a
realization of a chance experiment

An event A in a sample
space Q

A subset of the sample space, A C Q

Intersection AB between
two events

The event which occurs when both A and B occur

Union A U B between two
events

The event which occurs when at least one of the events A
and B occur

Disjoint events A and B

Two events which cannot happen together, AB =

Complement A’ of an
event A

The event which occurs if and only if A does not occur
(AUA’ = Qand A, A’ disjoint)

Difference A — B between
two events

The event which occurs when A does but B does not occur
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Relative frequency f, ny /n, where n is the total number of (identical) repetitions
of an experiment and n, is the number of occurrences of A
in these repetitions

7
Frequentist definition of P(A) = lim A

probability e
Axiomatic definition of P1. P(A) > 0 for any event A on the sample space ;
probability P2. P(Q) =1,

P3. If A, A,, ... are pairwise disjoint events,

P (U,:Ai) =)'" P@A).

Properties of probability P(@) =0, P(Q) = 1;

0 < P(A) <1 for any event A;
P(A") = 1 - P(A);

P(A) < P(B) for any events A C B;
P(A — B) = P(AB") = P(A) — P(AB);

P(A) =Y P(a). forA={aj.a,...};
i=1
P(AUB) = P(A) + P(B) — P(AB),
so that if A and B are disjoint, P(A U B) = P(A) + P(B).

Continuity property of lim P(A,,) = P(limA,),
probability e e

for any monotone sequence of events {A, },.

1.8 COMPUTATIONAL EXERCISES

The die outcomes, as well as the other entries in Table 1.1, were created using the algebraic
package Mathematica. Specifically, with the following sequence of commands, we can
simulate 100 repetitions for the experiment of throwing two dice, and then calculate the
frequencies and relative frequencies for the events of interest.

n=100

a=Table [Random[Integer, {1,6}],{n}];
b=Table [Random[Integer, {1,6}],{n}];
s1=0;s2=0;s83=0;

Print ["Throw Outcome Frequency for Relative Frequency for"];
Print ["nr A B Cc A B crl;
Print [Me-mmm s oo o oo "]
Do [

If[(allill==6 || b[[i]l]1==6),sl=s1+1];

If [ al[[i]l]l==4 , s2=s2+41];
If [ al[il]l+b[[i]1]==7, s3=s3+1];
f1=N[Round [10000*s1/i] /10000,3];
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f2=N[Round [10000*s2/1] /10000,3];
£3=N[Round [10000*s3/1] /10000,3];

Print [i,n n’a[[i]]’u n’b[[i]]’u ",Sl," "152:"
",os3, " ",fl," "1f21" ||’f3]
{i,1,n}]

Working in a similar way, use Mathematica (or any other appropriate software, such as
Maple, R or a programming language) to obtain simulated repetitions of the experiments
described in Exercises 1-7 below, and to find the probabilities of the events A, B, C, ...
defined in these exercises.

1. We toss a coin four times:

A: the first and the third outcomes are “Heads”;

B: exactly two heads appear;
C: the number of heads is 3 or more.
2. We roll a die twice:
the first outcome is 5 and the second one is greater than 2;
the first outcome is at least 4 and the second outcome is an even integer;
the sum of the two outcomes is 5;

the sum of the two outcomes is at least 9;

9 Qx>

the difference between the two outcomes is at most 3.

3. We throw a die until a six appears for the first time:
A: the experiment is completed after exactly 3 throws;
B: the experiment is completed after at least 3 throws;

C: the experiment is completed after at most 3 throws.

4. We throw a die until we get three consecutive identical outcomes (e.g. 111, 222 and
SO on).

A: the experiment finishes after more than 20 throws;
B: the experiment terminates at the 12th throw;

C: the experiment finishes at or before the 20th throw.

5. Each of two boxes contain 20 red balls and 30 black balls. We select a ball from the
first box randomly and place it into the second one. Then, we select a ball from the
second box and place it into the first one.

A: both balls selected were red;

B: the ball selected from the second box was black;

C: at the end of the above experiment, each box contains the same number of balls
from each color as in the beginning.
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Each of five boxes contain 15 red balls and 25 black balls. We select a ball from the
first box randomly and place it into the second one. Then, we select a ball from the
second box and place it into the third one, and so on, until finally we select a ball
from the 5th box:

A: the ball selected from the 5th box is red;

B: the ball selected from the 5th box has the same color with that selected from the
4th box;

C: all five balls selected are of the same color.

We play the following game 50 times. We throw a die and, if the outcome is 1,2,3
or 4 we win, otherwise we lose:

A: we win at least 40 times;

B: we win at most 25 times.

1.9 SELF-ASSESSMENT EXERCISES

1.9.1

1.

10.

True—False Questions

When throwing a die, the event “the outcome is a multiple of 3 is an elementary
outcome.

. For two events A and B in a sample space, the probability that at least one of them

occurs is P(A U B).

. The sample space for an experiment is the closed interval [0,4] of the real line.

Then, € is a finite sample space.

. If A, B are disjoint events in a sample space and we know that A occurs, then B does

not occur.

. If an event A satisfies the condition P(A) = 1 — 3P(A’), then P(A) = 1/4.
. For any events A and B in a sample space, we have (AU B) = A’B’.

. Let A be an event in a sample space such that P(A) = 1, and B be another event

on that space. Then, P(A U B") = 0.

. Let A, B, and C be three events in a sample space. If A C B and the events A and C

are disjoint, then the events B and C are also disjoint.

Assume that A, B, and C are three events on a sample space. If the events A and C
are disjoint, and the events A and B are disjoint, then B and C are also disjoint
events.

We toss a coin 300 times and observe that in 160 of these tosses the outcome is
“Heads.” Based on this, the relative frequency of the event “Heads occur in a single
toss of a coin” is 160.
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. For any events A, B, and C in the same sample space, we have
A(BC) = (AB) U (AQ).

If P(A) =1/4 and P(A") = 5P(B) — 1, then the probability of the event B is also
1/4.

Let A and B be two events in a sample space € such that A C B, and C be another
event in Q. If the events B and C are disjoint, then A and C will also be disjoint
events.

Let A and B be two events in a sample space Q with A C B. Then, A’ UB = Q.
If for the events A and B we know that P(A) — P(B) = 1/3, then P(A — B) < 1/3.

If two events A and B, defined in the same sample space €2, are mutually exclusive,
then A’ UB = Q.

Let A;,A,, ... be a sequence of events defined in a sample space Q, and let a new
sequence {B,}, be defined by

Bn=A1A2"'An, n=1,2,....
Then, {B,},>; is a decreasing sequence of events in €.

Let A, A,, ... be a sequence of events defined in a sample space €2, and let a new
sequence {C, },5; be defined by

Then, {C,},5 is a decreasing sequence of events in £2.

Let A, A,, ... be a monotone sequence of events defined in a sample space Q. If it
is known that

P(A,->=§(§), fori=1.2. ...

then the probability of the event that at least one of the A;’s occur is equal to zero.

Multiple Choice Questions
. The event that exactly one of the three events A, B, and C in a sample space Q
occurs is
(a) (ABCY (b) AuBUCY
(c) AB'C’ (d) (AB'C"Yu(A'BC"YU(A'B'C)
(e) ABUC

. For the events A and B in a sample space 2, we know that

PA) =(1+41/3, PB)=1-4

for some real number A. The admissible range of values for 4 is



1.9 SELF-ASSESSMENT EXERCISES 65

(@ 420 (b) 0<1<1 () -1<a<1
(d 0<41<2/3 (e) —1/3<1<2/3.

. Let A,B, and C be three events in a sample space Q, such that P(A) = 2P(B)
and P(B) = 2P(C). If in addition we have A = (B U C)’, then the probability of the
event A is

(a) 1/7 (b) 2/7 (c) 4/7 @ 1/2 (e) 3/5.

. Marc tosses a coin until “Heads” appear for the second time. He is interested in the
number of “Tails” which appear before the second appearance of “Heads.” Then, a
suitable sample space for this experiment is

(@ {0,1,2,...} (b) {0,1,2} (o) {1,2} (@) {2,3,...} (e) {1,2,...}.

. In a single throw of a die, consider the events A = {1,2,3} and B = {2,4,6}. The
event (B — A)' is equal to

@ {4} (b) {2,4,5,6} (© {1,3}
(d) {4,6} e {1,2,3,5}.

. For the events A and B in a sample space €, we know that P(A U B) = 1/6. Then,
the value of P(A") — P(B) is

(a) always equal to 5/6 (b) equal to 5/6 provided that AB = §J

(c) alwaysequalto 1/6 (d) equal to 1/6 provided that AB =

(e) none of the above.

. Maria is waiting at a bus stop for her friend Sarah so that they meet and go to a
concert together. Maria wants to know how long she will have to wait until the next
bus arrives at the bus stop and whether Sarah will be on it. A suitable sample space
for this experiment is (a “0” below indicates that Sarah will not be on the next bus,

while a “1” indicates she will be; further, ¢ stands for Maria’s waiting time until the
arrival of the next bus):

@ Q ={0,1) (b) Q= {15 : 120}

(©) Q={@G1:i=0,landt >0} (d) Q,={0,1}U[0,c0)

(e) Q5 ={0,1} N[0, ).

. Which of the following statements is correct with reference to the sample spaces
Q,, fori=1,2,3,4,5, defined in the last problem?

(a) €; and Qs are the only sample spaces which are finite

(b) Q, is a discrete sample space, but €, is not

(c) €, is adiscrete sample space, but Q, is not

(d) the set Qs has infinitely many elements

(e) €5 is an infinitely countable sample space.
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. LetA, B, and C be three events in a sample space Q, such that A U BU C = A. Then,
the following is always true:
(a) BUC=A (b) BUCCA (c ACBUC
(d) BC=A (e) A CBC.

We throw a die until a six appears for the first time, at which point the experiment
stops. Let A; be the event that the outcome of the ith throw is a six. The event “a
six appears for the first time in the 3rd throw” can be expressed in terms of the sets
A; as

(a) AjALA, (b) AjALAL (c) AlAJA;
We toss a coin successively. Let B; be the event that the outcome of the ith toss is

Heads. Then, the event “Heads occur for the first time at, or after, the second toss”
can be written, in terms of the sets B;, as follows:

For the disjoint events A and B in a sample space Q, we know that
PAAUB)=5/6, 4PA)+PB)=1.

Then, the probabilities of the events A and B are, respectively, equal to

(@ P(A)=1/6, PB)=2/3 (b) PA)=2/3, PB)=1/6
() PA)=1/3, P(B)=1/2 ) PA)=1/2, PB)=1/3
(e) P(A)=1/18, P(B)=17/9.

At a large University class, there are 140 male students, 40 of whom own a car, and
160 female students, 20 of whom own a car. Let A be the event that “a randomly
selected student is female” while B represents the event “a student owns a car.”
Using the relative frequency as an estimate for the probability of an event, the
probability of the event A’B’ equals

@) 7/15 (b) 1/15 ©) 7/8 d) 5/7 (e) 1/3.

When Carol visits the local supermarket she buys a pack of crisps with probability
0.3, a chocolate with probability 0.4 and her favorite fruit juice with probability
0.6. The probability that she buys both crisps and chocolate is 0.2, that she buys
both crisps and the fruit juice is 0.45, and that she buys chocolate and the fruit juice
is 0.15. The probability that she will buy at least one of these three products in her
next visit is

(a) equalto 0.3 (b) equal to 0.7 (c) equal to 0.5
(d) atleast 0.5 (e) at most 0.5.
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1.10 REVIEW PROBLEMS

1. In a major athletics competition, an athlete has three attempts to clear a certain
height. If he succeeds in his first or second attempt, he makes no other attempts on
this height.

(i) Write down a suitable sample space Q for this experiment and identify which
elements of that space are included in the event
E: the athlete clears the height in one of his three attempts.

(ii) Let E; be the event that “the athlete makes a total of i attempts in this height,”
fori = 1,2, 3. Identify the elements of each event E;.

(iii) Express in terms of the events E|, E,, and E; each of the following events:
A: the athlete fails in his first attempt;
B: the athlete fails in his first two attempts;

C: the athlete clears the height in his second attempt.

Can you do the same for the event E in Part (i)? If yes, explain how; otherwise,
explain why not.

2. Lena, Nick and Tom, who work for the same company, when they arrive for work
one morning, meet at the ground floor elevator of the company building, which has
three floors above the ground floor. Write down a sample space for the experiment
which describes at which floor each person is going to. Then, identify the following
events as suitable subsets of this sample space:

A|: Lena will leave the elevator on the first floor.
A,: Nick and Tom will leave the elevator on the second floor.
Aj: none of the three will get off on the first floor.
A, Lena and Nick will not go beyond the second floor.
As: Nick is the only person to leave the elevator on the first floor.
Ag: all three are going to different floors of the building.
A5 at least two persons are going to the same floor of the building.
3. The claims arriving at an insurance company are classified by the company as

either Large (L) or Small (S) according to their size. The company wants to study
the number of claims arriving prior to the first large claim.

(1) Give an appropriate sample space € which can be used for the above study. Is
Q a finite sample space, a countably infinite or a continuous one?

(i) Write down explicitly each of the following events:

A: the first large claim is the ith claim to arrive at the company, for i =
1,3,5,10;

B: the number of claims until the arrival of the first large claim is an even
integer;

C: the number of claims until the arrival of the first large claim is an odd
integer;
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D: the number of claims until the arrival of the first large claim is at most 5;

E: the number of claims until the arrival of the first large claim is greater than
5.

Which of these subsets of the sample space Q are finite sets and which ones

are countably infinite?

4. Let A and B be events in a sample space Q for which it is known that P(A) > a and
P(B) > b, where a and b are given real numbers.

(i) Show that
PAB)>a+b—1.

@ii) If a + b > 1, what do you conclude about the events A and B?

5. Assume that A, B, and C are three events in a sample space . Show that the
following relations hold:

(i) PAAUBU C) = P(A) + P(B) + P(C) — P(A’BC) — P(AB'C)
—P(ABC") — 2P(ABC);

(i) P(ABC) > P(A) + P(B) + P(C) — 2;
(iii) P(A’BC) + P(AB'C) + P(ABC") <2P(A’ UB' u C');
(iv) P(AB'C")+ P(A'BC")+ P(A'B'C) < 2P(AUBU O).
6. Assume that the probability of each elementary event {i} defined in the sample
space Q = {1,2,3,...} is given by
P({ih)=5"1/7", i=1,2,3,....

Let us define the events

A, ={nn+1,n+2,n+3,n+4}, n=1273, ...

(i) After establishing that the relationship

P(A,) = (%)n_lP(A,), n=1,23 ...,

holds, verify that lim,_, P(4,) = 0.

(i) Can you use the result of Proposition 1.11 to conclude that

P(limAn> =0 9

n—o0o
7. In the experiment of throwing a die twice, consider the following events:
the first outcome is 6;

the second outcome is 4;

the sum of the two outcomes is 9;

S Qv >

the first outcome is greater than the second.



1.10 REVIEW PROBLEMS 69

Provide a suitable sample space for this experiment and then find which elements
of this sample space each of the events below contains:

AB,AB',(AB'Yu D,BD,BCD,BC'D,A U (C'D"),
ABCD,ABC'D,AUBUCUD.

8. For the experiment of throwing a die twice, we consider again the events A, B, C,
and D from the last exercise and denote by E the event “exactly two among the
events A, B, C, and D occur’:

(1) Express the event E in terms of the events A, B, C and D.

(i) Find which elements of the sample space are contained in E.

9. On a particular day, a restaurant has a special three-course menu with the following

choices:
Course Choices
Starter Caesar salad or shrimp cocktail or stuffed
mushrooms
Main course  Roast beef or chicken or fish or vegetarian lasagna
Dessert Ice cream or profiterole or fresh strawberries

Poppy, who is visiting this restaurant with her friends, is to choose one course from
each category above.

(i) How many outcomes does the sample space for this experiment have?

(i) Let A be the event that she chooses stuffed mushrooms for a starter. How
many outcomes are in the event A?

(iii) Suppose B is the event she decides to have vegetarian lasagna as her main
course. List the outcomes of the sample space which the event B contains.

(iv) With A and B as defined above, how many outcomes are there in the event
AB?

(v) How many outcomes are there in the event A U B?

10. We consider the events A|,A,, ..., A, of a sample space Q and, from these events,
we form n new events By,B,,...,B, defined as follows: B, =A,, while for

i=2,3,...,n,
i-1
Bi=Ai—<UAj>.
j=1

(i) Verity that the events By, B,, ..., B, are pairwise disjoint and that they satisfy
the relations

and
P(B) < P@A), i=12,..,n
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11.

12.

13.
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(i) Express the probability of the event

A={]4

i=1
in terms of the probabilities of the events B;, i = 1,2, ..., n;

(iii)) Show that the following inequality holds:

P <0An> < Zn: PA).
i=1 i=1

This is known as the subadditive property of probability (or as Boole’s
inequality), and it is also true for an infinite collection of events A, A,, ....

LetA,A,, ..., A, be an arbitrary collection of n events in a sample space €. Show
that

P(AAy-+A) 2 1= ) PA) =) PA)—(n-1).
=1 =1

This is known as Bonferroni’s inequality.

(Hint: Apply Boole’s inequality from the last exercise to the events Alf, i=
1,2,....n)

Let Q be a sample space and suppose we have defined a set function, P(-), which
satisfies the properties P1-P3 of Definition 1.10, on that space. Examine whether
each of the set functions defined below can be used as a probability on that space;
here, A is an arbitrary event on Q.

(i) Pi(A)=PA)/2 (i) Py(A)=1-P(A)
(iii) P5(A) = |P(A)] (iv) Py(A) = [P(A)]?
(v) Ps(A)=(P(A)+ 1)/2 (vi) Pg(A) = (1 — P(A))/2.

A water network has three connections, C;, C,, C3, as shown in Figure 1.18. For
each connection, at the places marked 1,2,3, some switches have been put and
at a particular instant, any switch can be either ON (thus allowing water to pass
through) or OFF. A connection is considered to be working if water can pass from
point A to point B.

(i) Give a suitable sample space to describe the possible switch positions in the
network.

(i1) For each connection, identify the events that describe the working status of
the connection.

(iii) Let us denote by p;, i = 1,2, 3, the probability that the switch i is in the ON
position and by p;; for i # j the probability that both switches i and j are ON
(i=1,2,3 and j = 1,2, 3). Finally, p,,; denotes the probability that all three
switches are in the ON position. Express the probabilities of the events found
in Part (ii) in terms of py, p,, P3, P12, P13+ P23 and pya3.
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Figure 1.18 Water network with three connections.

1.11 APPLICATIONS

1.11.1 System Reliability

Reliability engineering is a field that deals with the study of the performance of
units/components or systems, i.e. sets of interacting or interdependent components that
have been assembled as an integrated whole to carry out a specific task.

In general, the reliability of a system (or a unit) is defined as the ability of the system
to perform and maintain the function(s) it has been specifically designed for. In probability
theory, the term reliability is traditionally used to describe the probability that a system
is capable of completing its expected function during an interval of time. Reliability
evaluation is of crucial interest in reliability engineering, since it can be used effectively
during the design stage so that its performance is optimized. The theoretical results of
reliability theory have a lot of applications in a wide spectrum of areas such as airplane
industry, nuclear accelerators safety, telecommunications networks, fluid transportation
systems, and so on. It is worth mentioning that the failure of mechanical devices such as
pumps, network relay stations, ships, airplane engines, etc. is similar in many ways to the
death of biological organisms. In this case, the death of the organism should be interpreted
as failure of the unit/system and the reliability corresponds to the death rate.

As an illustration, let us consider the following pipeline system, used for transferring
water from point A to point B (arcs 1-7 represent seven pump stations). This system consists
of 7 units (the 7 pump stations) and each of them can be either working (permits flow of
the water through it) or not working:
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AT

The system as a whole is working if water flow from point A to point B is feasible
through working pumps.

It is clear that if components 1, 2, and 3 work, the system will be functioning no
matter what the other components’ states are (working or not working). If we denote by
I={1,2,...,7} the set of all components of the system, then the subset P, = {1,2,3}
will be called a path set of the system in the sense that it describes a path of working
components that guarantees the functioning of the system. On the other hand, there exists
specific subsets of / with the following property: If all components of the subset are down,
the system will not work no matter what the states of the rest of the components are. As
an example, we mention C; = {1,4} or C, = {3,4,5,6}. These sets are usually referred
as cut sets of the system.

Should one be able to spot out all the path sets (or all the cut sets) of a system, then
he/she could describe its operation (or breakdown) as a union of events and subsequently
calculate its reliability by applying the inclusion—exclusion formula (see Proposition 1.10).

Now, we shall present an illustrative example of reliability evaluation for a specific
structure.

Let n components be linearly connected in such a way that the system fails if and
only if at least k consecutive components fail. This type of structure is usually called
consecutive-k-out-of-n: F system and has a lot of applications in several areas such as
network telecommunication systems and, fluid transportation networks. Let us consider, for
example, a sequence of n microwave stations designed to transmit information from place
A to place B. Assume that the microwave stations are equidistantly spaced between places
A and B and each station is able to transmit information a distance up to k microwave
stations. Then, it can be readily verified that the system fails if and only if at least k
consecutive microwave stations fail.

From the definition, it is clear that, if we denote by I = {1,2,...,n} the set of system
components, the cut sets of the system can be described as follows.

C,={i,i+1,...,i+k—=1}, i=12,...,n—k+1.
Denoting by A;,i =1,2,...,n —k + 1, the event

A.

; - all the components contained in C; are not working,

n—k+1
the probability that the system does not work equals P< U Ai> and consequently the
i=1

reliability R of the system can be expressed as
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R = P(systems works) = 1 — P(system does not work)

n—k+1
=1—P<UA,>.
i=1

As an example, let us consider the special case of n = 5 and k = 3. Such a system consists
of 5 components and fails if and only if 3 consecutive components fail. Therefore,

C, =1{1,23}, C,=1{23,4}, C;3=1{3,4,5}
and A, A,, and A5 are the events

A,: components 1,2,3 do not work,
A, components 2, 3,4 do not work,

A5 components 3,4,5 do not work,
while the system reliability is given by

It should be stressed that, besides the three cut sets given above, one might verify that there
exist some additional cut sets that are supersets of Cy, C,, and C5, suchas C4 = {1,2,3,4},
Cs ={2,3,4,5}, etc. However, these cut sets are not necessary for our analysis since the
inclusion of the associated events in the union appearing in the RHS of the last expression
does not affect the value of the resulting probability.

Exploiting the inclusion—exclusion formula, we get

R=1—S1+S2_S3,

where
S, =P(A)) + P(A,) + P(A3),
S, =P(AAy) + P(A,A3) + P(A|Az),
Let us denote by g; the probability that component i is not working, g; J the probability

that both components i and j are not working (i # j), ¢;; the probability that all three
components i, j, k are not working (i # j # k) and so on. Then, it is clear that

S1 = q123 + G234 + G345
Since the event A A, occurs if and only if all components 1, 2, 3,4 are down, A,A; occurs if

and only if all components 2, 3,4, 5 are down, and A A5 occurs if and only if all components
1,2,3,4,5 are down, we conclude that

Sy = G134 + Go3as + q12345-
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Likewise, the event A;A,A; occurs if and only if all components 1,2, 3,4, 5 are down, and
50 83 = ¢y9345. Therefore, the system reliability is given by

R=1-(q123 + 9234 + 9345) + q1234 + 92345- (1.8)

Let us next consider the case when the components of the system are of the same
quality, i.e. each one of them has the same probability, say p (0 < p < 1), to be functioning
(working) at a specific time point. If, in addition, we assume that the components work
independently of each other, as we shall see later on in Chapter 3, the quantities appearing
in (1.8) can be expressed as Gijk = (1 —p)3 for all i #j # k, and Gijke = (1 —p)4 for
i #j # k # ¢. In this case, the reliability of the system in (1.8) becomes

R=1-31-p +2(1 —g)* =p+3p> -=5p> + 2p*. (1.9)

In Figure 1.19, we present a plot of R as a function of p. Clearly, r = R(p) is an
increasing function of p (for 0 < p < 1) attaining the value O for p =0 and 1 forp = 1. In
Table 1.2, we provide the values of R = R(p) for several values of p.

Based on the above results, one may easily answer the question: What is the quality p
of the components that guarantees a specific reliability level, say R, for the system? More
explicitly, we see that we have to solve the inequality

p+3p*—5p° +2p* >R,

or make use of Table 1.2 and look for the smallest value of p that satisfies the inequality
R(p) > R,. Therefore, if we wish to maintain a system reliability (at least) 95%, we should
use components with functioning probability p = 0.73; instead, if we are satisfied with a
system reliability 90% we can use components with p = 0.65, and so on.

R(p)
1.0 -

0.8
0.6
0.4

0.2

L L L L L L L L L L L L L L L L L p
0.2 0.4 0.6 0.8 1.0

©
o

Figure 1.19 Plot of the system reliability, R = R(p), as a function of p.
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P R(p) P R(p) p R(p) p R(p)

0.01 0.0103 0.26 0.3841 0.51 0.7623 0.76 0.9652
0.02 0.0212 0.27 0.4009 0.52 0.7744 0.77 0.9691
0.03 0.0326 0.28 0.4177 0.53 0.7861 0.78 0.9727
0.04 0.0445 0.29 0.4345 0.54 0.7975 0.79 0.9761
0.05 0.0569 0.30 0.4512 0.55 0.8086 0.80 0.9792
0.06 0.0697 0.31 0.4678 0.56 0.8194 0.81 0.9820
0.07 0.0830 0.32 0.4843 0.57 0.8299 0.82 0.9846
0.08 0.0967 0.33 0.5007 0.58 0.8400 0.83 0.9869
0.09 0.1108 0.34 0.5170 0.59 0.8498 0.84 0.9890
0.10 0.1252 0.35 0.5331 0.60 0.8592 0.85 0.9909
0.11 0.1399 0.36 0.5491 0.61 0.8683 0.86 0.9925
0.12 0.1550 0.37 0.5649 0.62 0.8771 0.87 0.9940
0.13 0.1703 0.38 0.5805 0.63 0.8855 0.88 0.9952
0.14 0.1858 0.39 0.5960 0.64 0.8936 0.89 0.9963
0.15 0.2016 0.40 0.6112 0.65 0.9014 0.90 0.9972
0.16 0.2176 0.41 0.6262 0.66 0.9088 0.91 0.9979
0.17 0.2338 0.42 0.6410 0.67 0.9159 0.92 0.9985
0.18 0.2501 0.43 0.6555 0.68 0.9227 0.93 0.9990
0.19 0.2666 0.44 0.6698 0.69 0.9291 0.94 0.9994
0.20 0.2832 0.45 0.6839 0.70 0.9352 0.95 0.9996
0.21 0.2999 0.46 0.6977 0.71 0.9410 0.96 0.9998
0.22 0.3166 0.47 0.7112 0.72 0.9464 0.97 0.9999
0.23 0.3335 0.48 0.7244 0.73 0.9516 0.98 1.0000
0.24 0.3503 0.49 0.7374 0.74 0.9564 0.99 1.0000
0.25 0.3672 0.50 0.7500 0.75 0.9609 1.00 1.0000

Table 1.2 The system reliability for several values of functioning probability p.

In closing, we mention that the analysis of the system could also be carried out by
working with path sets instead of cut sets. It is not difficult to verify that the path sets of
the system are

Py = {3},

Py ={1,4},

Py ={2,5},

P, ={2.4)

(we have again excluded the path sets that contain — as a subset — any of Py, P,, P3, P,)
and, introducing the events,

fori=1,2,3,4, we may express the system reliability as

. - all components in the path set i are working,
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where

S, = P(B)) + P(B,) + P(B;) + P(B,),
S, = P(B,B,) + P(B,B;) + P(B,B,) + P(B,B;) + P(B,B,) + P(B3B,).
S, = P(B,B,B;) + P(B,B,B,) + P(B,B3B,) + P(B,B3B,),

S, = P(B,B,B;B,).

The probabilities involved in Sy, S5, S5, 54 can be expressed in terms of

p; - component i is working,
pjj - both components i and j are working (i # j),

Ppijx - all three components i, j, and k are working (i # j # k),
and so on. For example,
P(B)) =p3, P(BBy) =pi34, PB3By) =pyys, and P(ByB3By) = pyys.
In the special case of independent components with equal working probability p, we can
make use of the formulas (the proof of which can be easily verified from the theory
presented in Chapter 3)
Pi=P, Dj =7, Pijk = P, Dijke =p, P12345 =p’,

and arrive at the expression (1.9) once again.
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axiom of countable additivity
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CHAPTER 2

FINITE SAMPLE SPACES —
COMBINATORIAL METHODS

Blaise Pascal French mathematician, physicist, and philosopher. From an early age,
(Clermont-Ferrand 1623-Paris 1662)  pe showed exceptional skills in mathematics and physics; at the age
of 11, he wrote an essay on sound waves, while his first scientific
endeavor, Essai pour les coniques (Essay on Conics), written at the
age of 17, drew the attention of René Descartes, one of the leading
mathematicians of that time. While still a teenager, Blaise Pascal
became obsessed with calculating machines. In 1642, he completed
the design of the first computer, which was, however, too expensive
to be put into production.

In 1654, motivated by a gambling problem posed to him by the
French nobleman Chevalier de Méré, he started a correspondence
with another renowned French mathematician, Pierre de Fermat. The
exchange of ideas between the two Frenchmen is now considered by
many historians to have laid the foundations not only of probability
theory but also of modern scientific thinking.

Introduction to Probability: Models and Applications, First Edition. 79
N. Balakrishnan, Markos V. Koutras, and Konstadinos G. Politis.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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2.1 FINITE SAMPLE SPACES WITH EVENTS OF EQUAL PROBABILITY

In this chapter, we deal exclusively with sample spaces possessing a finite number of
elements. Let us assume that o, w,, ..., wy are the elements of our sample space £, that is

Q == {a)l,a)z, e ,a)N}.
Then, every nonempty subset of Q must be of the form
A= {wjl,wjz, ,a)jk},

where ji,j,, ... ,j, are k distinct integers in the set {1,2,...,N}. We shall also use the
simpler notation
pi =P@) =P({w;}), i=12,....N, 2.1)

for the probabilities of the simple (elementary) events {®;},i =1,2,...,N.
Applying Proposition 1.5 for the entire sample space Q (or using Corollary 1.1), we
have

N N
1=PQ) =) P@)= ) p,
i=1 i=1

Thus, the probabilities p;, i = 1,2, ..., N, satisfy the conditions

(@ p;20, i=12,..,N;
N

(b)) Yp, =1
i=1

Moreover, the probability that the event A occurs is easily expressed in terms of p;’s
since, by employing Proposition 1.5 once again (this time for the set A), we readily find

k
PA) = Y P@) =pj +pj, + 1

i=1

As aresult, we see that in a finite sample space, it is relatively easy to find the probability
of an event occurring provided we have first obtained the probabilities of the elementary
events of that space. However, for the latter, we cannot just use the conditions (a) and (b)
above, but we need some further information about their relative chances of occurrence.

Example 2.1 An insurance company classifies the arriving claims into four categories,
depending on the size of these claims. From past data, it has been estimated that the
first two categories, associated with the largest claims, arrive with the same probability,
a claim from the third category is three times as much probable, and a claim from the
fourth category is five times as much probable compared to a claim from the first or the
second group. Then:
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(1) Find the probability that a claim belongs to category i, fori = 1,2, 3,4.

(i) What is the probability that the next claim to arrive at the company will be large
(i.e. it will belong either to the first or to the second category)?

(iii)) What is the probability that the next claim to arrive at the company will belong
either to the second or to the fourth category?

(iv) What is the probability that the next claim to arrive at the company will not be
of the first category?

SOLUTION A sample space that is appropriate for the analysis in the present
example is
Q = {a)lsa)29a)3’w4}s

where {w;}, for i = 1,2, 3,4, denotes the elementary event that a claim that arrives to
the company belongs to category i.

(1) For the probabilities
pi=P)=P({w}), i=1234,
we note first that we must have p; > 0, fori = 1,2, 3,4, and
pr+py+p3+ps=1 2.2)
Moreover, from the given relations among these probabilities, we have
P1=P2» P3=3p1, Pa=3py
Substituting each of these relations into (2.2), we obtain that
p1+p+3p,+5p, =1,

which gives p; = 1/10. Thus, the probabilities for the four categories of the
claims are

S U U T
Pl—lo’ p2_10’ P3—P1—10’ P4—P1—1O-

(i) The probability that, when a claim arrives, it belongs to one of the first two
categories, associated with the large claims, is

1 1



82 2. FINITE SAMPLE SPACES — COMBINATORIAL METHODS

(iii) Similarly, we find

1 5
P({COZ,C()4}) = E + E = E

(iv) Here, the event that a claim is not of the first category is Q — {w,} =
{w,, w5, ®,}, and this has probability

1 3 5
P({Q)z,w3,w4}) = E + 1_0 + E = E

In the above example, the sample space had just four elements, and the associated
probabilities were not all equal. This can make manipulations with probabilities awkward,
or very tedious, if the sample space is large. Fortunately, in finite sample spaces, it is very
common that all the elementary events have the same probability of occurrence. This is
typically a consequence of a symmetry reasoning or it is simply because we have no reason
to suspect that any particular event is more (or less) probable than any other. The following
simple situations illustrate this point:

¢ When someone tosses a coin, it is natural to assume that P(“Heads”) = P(“Tails”) =
1/2 (unless someone has special skills).

¢ In the experiment of throwing a die, we assume that all six faces are equally likely.

* When we consider births of children, it is customary to assume that in each birth, both
sexes have the same probability.

e When we pick a card at random from a pack of 52 cards, each of these 52 different
outcomes represents an elementary event and the assumption is that any such event
has probability 1/52.

When two or more events are equally likely, these are often referred to as equiprobable
events. Finite sample spaces with all elementary events being equiprobable are discussed
at length in this chapter.

In such a space, recall from (2.1) that p; stands for the probability of the elementary
event w;. When all elementary events have the same probability, then all the p,’s are equal,
that is

Pr=pP2="""PNn=P
and since p; + p, + - - - + py = 1, we obtain
p+p+---+p=Np=1,

so that

pi = foralli=1,2,...,N.

1
N
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This readily yields that the probability the event

A= {0, @,.... 0}

occurs to be

k
PA)=p; +p, +--+p,=p+tp+---+p=kp= N
We have thus reached the conclusion that, for finite sample spaces with equiprobable
elementary events, the probability that an arbitrary event A occurs depends only on the
number of elements,! k = |A|, that A contains and not on which elements it contains. More
precisely, we have the following.

Proposition 2.1 (Classical definition of probability) If the sample space Q of an
experiment is finite and all its elementary events are equiprobable, the probability of
appearance of an event A is given by the formula

P(A) = ﬂ _ number of elements zn A ' 2.3)
|Q|  number of elements in Q

It is worth noting that, starting from the axiomatic foundation, the last expression is a
logical deduction of the properties that the set function P(-) satisfies. However, long before
this axiomatic foundation was given by Kolmogorov, Laplace had suggested in 1812 the use
of that formula as the definition of probability (see Section 1.3), and for that reason we often
call this “the classical definition of probability.” Moreover, a very similar expression for
the definition of probability was given earlier by Thomas Bayes in 1763, while it was also
used implicitly even earlier than that by the French mathematicians Blaise Pascal, Pierre
Fermat, Abraham de Moivre, and some others. Often, the elements of an event A are called
favorable cases or favorable outcomes for the event A, while the elements of € are called
possible cases or possible outcomes. Then, the definition of probability of A becomes

P(A) = |Al _ number of favorable outcomes for the event A
||  number of possible outcomes (for the experiment)

Example 2.2 Zog, who is four years old, plays with three cubes. Each of these cubes
has one of the letters J, O, Y written on it.

(i) How many three-letter words (most of them meaningless) can Zog& make, if she

puts one cube next to the other?

(ii) If she puts the three cubes in some order completely at random, what is the
probability that

(a) the word she makes starts with J?

(b) she produces a word that has a meaning?

IFor a set A, we denote by |A| the cardinality of A, which is simply the number of elements in A.
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Ist letter 2nd letter 3rd letter word
(0] Y JOoy

o JYO

- J Y oJY

J oyJ

J o YJO
/

J YoJ

starf —— O

Figure 2.1 Tree diagram for the words that can be formed.

SOLUTION

(1) The set of all possible outcomes, i.e. the sample space for this experiment, as can
be seen from the tree diagram above, consists of six elements. More specifically
(see Figure 2.1),

Q= {JOY,JYO,0JY,0YJ],YJO,YOJ}.

(i1) Since each of these six outcomes has the same probability (equiprobable events),
we can use the classical definition of probability.

(a) Let A be the event that the word she makes starts with J. Then, mathemati-
cally, the set A may be written as

A ={JOY,JYO}
which yields N
P(A) = 4] _2_ l
Q] 6 3

(b) Next, let B be the event that the word that Zo& makes has a meaning. Out
of the six three-letter words in €, only one word (JOY) has a meaning,
so B = {JOY} and clearly P(B) = 1/6.

Example 2.3 A large New York store that sells toys is going to hold a draw and the
winner will receive a free one-week holiday. The store has 6000 tickets for sale to its
customers during a week in the pre-Christmas season. If the tickets are numbered from
1 to 6000, what is the probability that the number on the winning ticket is a multiple of
2or5?

SOLUTION The sample space for this experiment (the draw) is the set
{1,2,...,6000}. Let us define the events
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A: the winning number is a multiple of 2 (an even integer),
B: the winning number is a multiple of 5.

Clearly,

Q| = 6000, |A| = &200 =13000, |B|= @ =

The intersection of the events A and B, i.e. the event AB, has those elements of Q that
are divisible by both 2 and 5. But these are precisely the integers that are divisible by

10, and so 0D

We want the probability of the event A U B, and by using Proposition 1.9, we get

P(AUB) = P(A) + P(B) — P(AB)

_ 3000 , 1200 600 _ 1 .

1 6
T 6000 1 6000 6000 2 5

1
1—0—1—0—0.6.

We should point out that, in order to use the classical definition, we must first ensure
that both conditions for its use are met, namely,

e the sample space Q of the experiment has finitely many elements;

* all elementary events have the same probability (they are equiprobable).

If one, or both, of these conditions is violated, using the formula from the clas-
sical definition may lead to wrong results. This is illustrated in the following two
examples.

Example 2.4 Jean le Rond D’ Alembert (1717—-1783), one of the mathematicians who
dealt with probability theory in its early stages, suggested the following calculation
for the probability that, in a toss of two coins, heads (H) appears at least once. He
considered as the sample space of this experiment the set

Q = {O’ 1’2}’

where each of the elementary events {i}, for i = 0, 1, 2, describes the number of times
H appears in the experiment. Since we are interested in the probability of the event

A=1{1,2},

D’ Alembert claimed that A| 2
PA)=— ==.
Q3
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However, one could argue as follows: the outcomes of the experiment are HH, HT,
TH,TT (here, T stands for tails). Hence, we may take as sample space the set

Q, ={HH,HT,TH,TT}
and the event that at least one H appears is represented by the set
A, ={HH,HT,TH}.

In this way, we have three favorable outcomes out of a set of four possible outcomes,
that is
Al 3
PA)=—="-.
1 4
It is quite clear that between those two solutions, the second is the correct one. Can you
see what went wrong with D’ Alembert’s argument?

Example 2.5 Suppose that we want to find the probability of selecting an even integer
from the set of positive integers, Q = {1, 2, ...}, which is our sample space. In this case,
Q has infinitely many elements, and so we may think of using the following trick. We
consider a finite subset €2, of Q, consisting of just the first n positive integers. We then
calculate the probability of the event

A, . an even integer is selected from the set 2,

n
and, finally, we take the limit lim,_,  P(A,). However, this trick does not work, since,
as we will see, it leads to contradictory results.
Suppose that first we use the sets
Q,, =1{1,2,3,...,2n}, n=1,2,...
Then we get A,, = {2,4,6, ...,2n}, so that

_n_1

and lim P(A,,) = %
Consider now as sample space a set of the form
Q1 =1{1,2,3,....,2n—-1}, n=12,..

In this case, we have A,,_; = {2,4,...,2n — 2}, and so we get

[Asuil  n—1

P(A = —
o) =10, 1= 201

. 1
and lim P(A4,,_;) = =.
n—oo 2
However, suppose that we rearrange the positive integers as

2,4,1,6,8,3,10,12,5, ...
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(in this way, we put two even integers, then an odd one, and so on). Then, by considering
the subsets A3,,A3,_|,As,_p, forn=1,2,..., it is easy to check that

lim P(A;, ;) = lim P(A;, ,) = lim P(A;,) = %

(e.g. A3, has 3n elements, 2n of which are even integers), which does not agree with
the result found previously!

From these examples, it is clear that both a finite sample space as well as equiprobable
elementary events are essential for making use of the classical definition of probability to
obtain the right result.

Moreover, when our sample space is infinite, then applying the classical definition
to a suitable finite space and then passing to the limit is inappropriate, as Example 2.5
demonstrates.

EXERCISES
Group A

1. For the experiment of tossing two coins, find the probability that at least one
head appears using the sample space Q = {0, 1,2}, suggested by D’ Alembert (see
Example 2.4).

(Hint: Keep in mind that the events {0} and {2} have the same probability, while the

probability of the event {1} is twice as much.)

2. When throwing a die once, find the probability that the outcome is
(i) an even integer;
(ii) at least 5;
(iii) at most 3;
(iv) divisible by 3.

3. The sample space of an experiment is Q = {5,6,7,...}. If the probability that the
event {i} occurs is three times the probability that the event {i + 1} occurs, calculate

(1) the probability of any elementary event, {i}, in this experiment;
(ii) the probability that the outcome is an even integer;
(iii) the probability that the outcome is an odd integer;
(iv) the probability that the outcome is a multiple of 3.

4. The cholesterol level of a person, after a blood test, can be classified as normal,
acceptable, or high. From the data of previous blood tests in a hospital, it has been
estimated that the probability a patient has acceptable cholesterol level is twice as
much as the probability of having normal cholesterol level and three times as much as
the probability of having high cholesterol level. Find the probability that a randomly
selected patient in this hospital belongs to each of these three groups according to
their levels of cholesterol in their blood.
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5. When tossing a coin three times, find the probability of each elementary event and
then calculate the probability that
(i) all three outcomes are the same (i.e. either three heads or three tails);
(i1) exactly two heads appear;
(iii) at least two heads appear;
(iv) at least two successive outcomes are the same.

6. Consider the situation in Example 1.6 with the emission of digital signals. In this
case, calculate the probabilities of the events

A, fori=0,1,2,3,4,

L

as well as those of the events B, C, D, and E. For this calculation, assume that all 16
possible outcomes are equiprobable.

7. In the experiment of throwing a die twice,

(i) write down all 36 possible outcomes that may appear;

(i) assuming that these outcomes are equiprobable, calculate the probability that
(a) at least one outcome is a 4,
(b) the first outcome is a 4,

(c) the sum of the two outcomes is 6.

Compare your results above with those found empirically in Table 1.1, using the
frequentist definition of probability.

8. A building has two elevators: one for the first two floors only, and the other for floors
three to five. Two persons enter the building and they both take the second elevator.

(i) Write down all nine possible outcomes in the form (i,j), where i denotes the
floor that the first person will exit the elevator and j denotes the floor that the
second person will exit the elevator.

(i) Assuming that all nine outcomes are equiprobable, what is the probability that
the two persons will exit the elevator in different floors?

Group B

9. An urn contains 2000 lottery tickets, numbered from 1 to 2000. If we select a ticket
at random, find the probability that the number on the ticket

(1) is a multiple of 6;
(ii) endsin 3 or 7;
(iii) does notendin0,2,4,6, or §;
(iv) is divisible by at least one of the numbers 3, 5, 6.
10. We consider the random experiment of selecting a real number from the interval

Q = (0, 1). Such a selection corresponds to a nonterminating process during which
we successively select the first, second, third, ... decimal digit of the number.
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For instance, the number /4 = 0.785 498 ... is produced by selecting the digits
7,8,5,4,9,8, ..., while the number 0.4 arises from the selection of the digits
4,0,0,0,0, ...

We define the events
A, : the first n decimal digits of the number drawn are equal to 1,
forn=1,2,...

(i) Show that the sequence of events {A,}, is decreasing, i.e. A, CA,, for

anyn=1,2,....

n’

(ii)) Assuming that all digits 0,1,2,...,9 have the same probability of being
selected at each step, verify that

1

P@A,) = 10>

n=1,2,....

(iii) Using Proposition 1.6 (continuity of probability) show that the probability of
selecting the number 1/7 = 0.142 857 ... equals zero. Observe that the same
is true for every real number in the sample space Q = (0, 1).

2.2 MAIN PRINCIPLES OF COUNTING

According to the description in the last section, in order to find the probability of an event
A, which is defined on a finite sample space Q, it is sufficient to enumerate the elements
of A and those of Q. At first sight, this seems to be a straightforward task; we record each
element of A and Q and then simply count them. In practical terms, however, this can be
cumbersome if the number of elements in Q is very large.

When considering real-life problems, it is often the case that Q is a very large set,
and recording each element in € may be impractical. Suppose that, for example, we toss
a coin (with just two outcomes in a single toss) 32 times, and we want to write down
all possible realizations of these experiments. Even if we record possible outcomes at a
speed of one per second, we would require more than a century to write down all of them!
It is therefore imperative for such cases to find a systematic way of counting possible
outcomes of experiments, exploiting the particular structure of the problem, and then
conveniently decomposing the experiment in question into simpler ones. In this way, there
will be no need to record each possible outcome but simply count their number, along
with the number of favorable outcomes for the event of interest. A general term for this
approach is counting principles, and such principles are the object of a particular branch
of mathematics, known as combinatorial methods or simply combinatorics.

In the ensuing sections of this chapter, we describe some results and tools from
combinatorics. The reader should bear in mind that the exposition in this chapter is only
introductory and so it only serves as a vehicle for tackling problems in probability theory.
Further results and more advanced techniques of combinatorial analysis may be found in
specialized texts on the subject, such as those given in the bibliography of this book.

The most important principle of counting is the so-called multiplicative principle (or
basic principle of counting). To introduce this informally, suppose that we have two
experiments, the first of which has m possible outcomes, while the second one has n
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different outcomes. Then the total number of outcomes, for the combination of these two
experiments, is mn.

More generally, assume that the following conditions are satisfied for the enumeration
of the elements of a certain set:

e the enumeration procedure may be split into k steps, which can be executed succes-
sively;

 the number of possible choices (outcomes) at each step is completely determined
once the results of the previous steps are known.

Then the enumeration can be carried out by exploiting the following multiplicative
principle (or multiplicative law).

Proposition 2.2 Suppose that an element (object) a, can be chosen with n, different
ways, and for each choice of a;, the element a, can be chosen in n, different ways, and
so on, so that for any selection of the elements a,,a,, ... ,a,_,, the element a;, can be
chosen in ny different ways. Then, the k-tuple (ay, a,, ..., a;) can be chosen successively
and in that order in n\n, - - - n;, different ways.

The above result is fundamental and is used throughout without further reference.
An equivalent, and somewhat simpler, formulation of the multiplicative principle is the
following:

Assume that E|, E,, ..., E, are sets so that E; contains n; elements. Then, there are
nin, - - - ny different ways to choose first an element of £}, then an element of E,, and so
on, until finally an element of E, is chosen.

Example 2.6 Lucy has in her wardrobe five handbags, four dresses, three pairs of
gloves, and six pairs of shoes. How many different outfits are possible for Lucy to wear
for a ball that she has been invited to?

SOLUTION Assuming that each handbag may be combined with any dress, pair of
gloves, and pair of shoes (although Lucy may not agree with that!), we see from the
multiplicative law that there are

5:4.-3.6=360

different ways for her to be dressed for the ball.

Example 2.7 A city A is connected to city B through two different routes, while
another city, C, can be reached from city B through four different routes.
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(i) In how many different ways one may reach city C from city A?

(ii) If the choice of routes from city A to city C is completely at random, what is the
probability that someone uses a specific route?

SOLUTION

(i) We denote by r; and r, the two routes from city A to city B and by R, R,, R5,
and R, the four routes from B to C, as shown in Figure 2.2.

The choice of the route from A to B (element a;) can be made in n; =2
different ways. When someone has reached city B, there are n, = 4 ways to select
the route (element a,) to travel to city C. Therefore, there are njn, =2 -4 =8
ways to select a route (with the above notation, this amounts to selecting the
elements a;, a, and in that order) from A to C. The above description can be
seen diagrammatically in Figure 2.3.

(i1) Since the choice of the route from A to C is made completely at random, and
there are eight possible choices (the sample space  of that experiment has
eight elements), each route, which corresponds to an elementary event of €, has
probability 1/8.

Figure 2.2 Diagram with the routes from city A to city C.

City A City B City C Route

B :
N

% "R
\ R,
r Ry
r R,
% 2R

r R;

o 7 Ry

Figure 2.3 Tree diagram showing all possible routes from City A to City C.
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Example 2.8 1In a certain country, license plates in cars have seven places, the first
three of which are letters and the other four are digits.

(1) How many different plate numbers are possible?

(ii)) How many different plate numbers are possible so that no digit appears twice?

SOLUTION

(i) For each of the three letters there are 26 different choices, while for each of
the four digits there are 10 choices. Thus, the total number of different plate
numbers that can be formed is

26-26-26-10-10-10- 10 = 175 760 000.

(i) This time, there are 10 choices for the first among the four digits, but 9 choices
for the second digit, since the digit which appears first needs to be excluded from
selection in the following places. Similarly, there are eight choices for the third
one and, finally, seven choices for the fourth. Consequently, the multiplicative
law yields now the number of different plate numbers to be

26-26-26-10-9-8 -7 =88 583 040.

Example 2.9 At the end of an academic year, the best two students in a class consisting
of 25 students will receive a prize from their school. Find how many different choices
are possible for the prize recipients.

SOLUTION Here, we have 25 choices for the first student to be selected as a prize
recipient, and for any such choice, there are 24 students remaining (so that one of them
wins the second prize), thus giving a total of

25 -24 = 600

different pairs of students.

It is important to note, however, that all these pairs are distinguishable only if we
treat the two prizes offered by the school as being distinguishable (i.e. the best student
wins the first prize, which is more important than the second one). If we treat the two
prizes as being identical, so that it does not matter who wins the first and who wins
the second prize, then the answer to the example is different. Essentially, this means
that it does not matter whether a student is chosen first or second in the two stages of
this experiment. Therefore, if the order within each pair of winners is irrelevant, in the
total of 600 pairs that we found above, we have counted each pair twice; for example,
if Anna (A) and Laura (L) are the prize winners, the two pairs (AL) and (LA) are in
this context identical and both pairs may not enter the sample space together. If we are
interested in the pair of prize winners but not in their respective order, then the answer
to the example is that there are

25.24

—— =300
2

different pairs of students.



2.2 MAIN PRINCIPLES OF COUNTING 93

The point here is that when we apply the multiplicative law, we treat each possible
outcome as being ordered. The distinction between ordered and unordered outcomes in
an experiment involving successive selections is one of the main themes of this chapter,
and we shall discuss it in detail in the following sections.

Finally, we note that a special case wherein the multiplicative law applies is for the
calculation of the cardinality (i.e. the number of elements) for the Cartesian product among
ksetsA|,A,, ..., A;. More specifically, given the sets A|, A,, ... , A, their Cartesian product
is defined by

Al XA2X"‘><Ak = {(al,az,...,ak) : a; EA],az EAz,...,ak EA](}

Proposition 2.3 For k > 2, let A|,A,, ..., A, be k finite sets and denote by A X A, X
... X Ay, their Cartesian product. Then,

k
A XAy X X Ag| = A ] - |As] - - 14| = T 1A
i=1

In particular, when A; = A for i = 1,2, ..., k, denoting by A* the Cartesian product of
A with itself k times, we readily have the formula

|A¥| = |AI%.

EXERCISES
Group A

1. For the council of the International Mathematical Society, there are 6 candidates
for President, among whom 2 are women, 5 nominations for Vice President, 3 of
whom are women, and 10 candidates are for Executive Secretary, with 5 women
among them. Assuming that for each position all candidates have equal probabilities
of being elected, what is the probability that all three members of the council elected
will be women?

2. A University exam consists of n multiple choice questions. For the first question
there are k; possible answers, and for the second one there are k, answers and so on,
and finally for the nth question there are k, answers to choose from.

(i) If a student does not know the answer to any question and chooses her answers
completely at random, how many different selections she has in total? What is
the probability that she answers all questions correctly?

(i) Assuming again that the student gives her answers at random, what is the
probability that she does not answer any questions correctly?

3. Peter and Wendy have applied for a job in two different posts that have been
advertised; including them, for the first post there are 12 applicants, while for the
second there are 9 applicants. Assuming that all applicants in each post are equally
likely to be offered the position, what is the probability that both Peter and Wendy
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get a job? We assume that if both posts are offered to the same person, she/he will
accept only one of them while the other will remain vacant.

4. A car manufacturer offers three versions for a certain type of car: normal (N), luxury
(L), and executive (E). Each of the three versions of this type may be equipped
with any of the four engine capacities (in liter): 1.8,2.0,2.5, and 3.0. Finally, the
interested buyer may choose among six different colors that are available for this
car.

(i) How many different versions are available in total for the car in question?

(i) Assuming that all different versions have the same probability of being chosen,
what proportion of cars that will be sold will have an engine capacity of at least
2.5 liter?

5. In a certain country, vehicle registration plates consist of three letters and four digits
(e.g. ABC1234). What is the probability that a randomly chosen license plate

(i) starts with A, E, or I?
(i) ends with a 4 or 57
(iii) starts with A, E, or I and ends with a 4 or 5?

6. A telecommunications channel transmits digits that are either 0 or 1. A sequence of
four digits is transmitted.

(i) Identify the sample space € for this experiment.
(i) Assuming that the elements of the sample space are equiprobable, what is the
probability that
(a) all transmitted digits are the same?
(b) no two consecutive digits are the same?
(c) there are three successive 1’s transmitted?

(d) there are exactly three successive 1’s transmitted?
Group B

7. A psychologist is carrying out a memory test using three-letter “words” (either
meaningful or not). For the first letter, she chooses among the letters G, H, D, L,
the second letter can be one of A, O, I, E, while the third can be one of the letters
D, X, W,P,R.

(i) What is the total number of three-letter words available for this experiment?
(ii) If all words are equiprobable, what is the probability that the word chosen
(a) begins with G?
(b) ends with either D or X?
(c) begins and ends with the same letter?
(d) includes the letter D?
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8. Nick throws a die four times in succession.

(i) What is the probability that the first three outcomes are 3,2, and 5 (in that
order)?

(i) What is the probability that at least two of the four outcomes are the same?

9. Maria wants to select a number that has four digits and all these digits belong to
the set {1,2,3,4,5,6}. Assuming that all selections are equally likely, what is the
probability that the number she selects

(i) is the number 65437?

(i1) has at least two digits that are the same?

10. Suppose that we wish to make a three-letter word in the following way. The first
letter is chosen among the first nine letters of the Latin alphabet (A, B, ..., H, I),
the second letter among the next nine letters (J, K, ..., Q, R), and the third letter
among the last 8 letters of the alphabet (S, T, ..., Y, Z).

(i) How many different words (not necessarily meaningful) are possible?

(ii) If all three letter words are equiprobable, what is the probability that the
three-letter word contains at least one of the letters A, E, I, O, U, Y?

11. Consider the sample space
Q={xy :xye{l,2,.. k}}
where £ is a positive integer. We define the events
A ={(,yeQ y<i}, =273, ..,k

and
A={(xy) eQ:y<ux}.

(i) Using either the multiplicative law or the result of Proposition 2.3, find the
number of elements of Q.

(i1) Verify that the events A; are pairwise disjoint and that

(iii) Assuming that all elements of Q have the same probability, calculate the
probability of each event A; and consequently the probability of the event A.

12. Consider now the sample space

Q={(y2 :xy,z€{1,2,...,k}},
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where k is a positive integer. We define the events
A={(,y,20)€Q  y<iandz<i}, =23,..,k

and
A={(xy,20€Q :y<xandz<x}.

(i) Arguing as in part (i) of the previous exercise, find the number of elements of
Q.

(i1) Verify that the events A; are pairwise disjoint and that

=2

(iii) Assuming that all elements of Q are equiprobable, calculate the probability of
each event A; and, hence, find the probability of the event A.

2.3 PERMUTATIONS

The multiplicative law, introduced in the previous section, enables us to enumerate
ordered k-tuples, say (a,,da,,...,qa;), where the element a; is chosen from a set A;, that
isa; €EAj,a, €A,,...,a, € A;. In many practical applications of the multiplicative law,
all the elements a; are chosen from the same set with or without further restrictions. For
mstance,

e when we throw a die k times, the results of the successive throws always belong to
the set X = {1,2,3,4,5,6};

 from a lottery with 49 balls numbered from 1 to 49, in each draw 6 balls (numbers)
are selected from the set {1,2,3,...,49}.

Although the two examples above look similar, they differ in an important aspect that
becomes crucial in statistics, notably as to how a sample is selected from a population. In
the first example above, if the first outcome is 3, then 3 might very well be the outcome
of the second and the third throws as well. This means that the successive throws of a die
are identical repetitions of the first throw, i.e. of the same experiment, and thus the result
of the first throw has no impact on the subsequent ones. We therefore see that the single
experiment of throwing a die k times can be considered to be the same as k independent
repetitions of an experiment involving just throwing a die once. But, the situation differs
in the second example above since if the first number drawn is 17, this number cannot turn
up in any of the five remaining selections. Thus, although conceptually all six numbers
are drawn from the set {1,2,3,...,49}, as mentioned above, in fact only in the first
selection there are 49 possibilities, since the second number drawn would be selected
from the set {1,2,3,...,16,18,19,...,49}. Similarly if the second number that appears
is 23, for the third selection there are only 47 choices left, all natural numbers up to 49
except 17 and 23.
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The difference between the two situations is perhaps best understood when phrased in
terms of sampling: in the first case, we sample (from the set X = {1,2,3,4,5,6}) with
replacement, while the lottery example is typical of a sampling plan without replacement.
Generally, when we have a (finite) population of size n, and we wish to draw a sample
of size k, we speak of sampling with replacement when each unit selected for inclusion
in the sample is put back for the subsequent selection and may appear as a sample unit
again. Otherwise, when each unit selected is removed from the next selection, we have
sampling without replacement. Note that in the second example above, the sample size k
cannot exceed the population size n (49, in this case). Probabilistic arguments for the case
wherein the sampling is without replacement are typically more subtle and are discussed
in more detail in this chapter, since in this case the experiment of choosing k units from a
population cannot be thought of as (probabilistically, identical) experiments involving the
selection of a single unit; moreover, these single selections are not independent.

Another distinction that is important and we must be aware of when selecting k units
successively from a population of size n is whether the order these units are chosen matters
or not. To illustrate the difference between these two cases, we present the following
example.

Example 2.10 In a cooking competition, candidates for the prizes are eliminated suc-
cessively until four contestants remain: Nicky, Liz, Chris, and Tony. Three of them
will win the prizes. Assuming that all arrangements for the final classification of the
four contestants are equally likely, how many different arrangements are possible for
the three winners if

(i) The three prizes of the competition are in descending order, so that the first
prize wins the largest amount of money, followed by the second which in turn
is followed by the third prize?

(i) All prizes are of equal value (so that it does not matter who finishes first, second,
or third, but only which contestant is eliminated from the prizes)?

SOLUTION Initially, we observe that both parts (i) and (ii) of the example involve
sampling without replacement from a population of size n =4 (the same contestant
cannot win more than one prize). Next, it is clear from the statement that in part (i)
the actual positions of the three prize winners are important while in part (ii) they are
not. For instance, the arrangement (N, C, L), which means that Nicky wins the cooking
contest, Chris finishes second, Liz third, and Tom is fourth is identical, under the
assumptions of part (ii), with the arrangement (L, C, N-with the obvious interpretation
for the letters) whereas for part (i) these two arrangements are not identical.

(i) Here, we have an application of the multiplicative law (Proposition 2.2). There
are clearly four choices for the first prize of the competition. For each of these
choices, there are three choices for the second prize (for example, if L wins
the first place, the candidates for the second place are N, C,T). Similarly, if
the first two places have been decided, then there are two options available for
the third place, and finally, when the three prize winners have been selected,



98 2. FINITE SAMPLE SPACES — COMBINATORIAL METHODS

there remains only one contestant who necessarily will be placed fourth. As a
consequence, the multiplicative law immediately yields the number of different
arrangements to be

4.3.2.1=24.

(i1) Under the assumptions for this part, we simply have to select three out of the
four contestants, irrespectively of their order. But this can be done in four ways,
because each selection of three persons is the same as selecting one who will not
win any prize. Thus, the four choices available for the three prize winners are

{N,C,L}, {N,C,T}, {N,L, T}, {C,L,T}.

The arrangements that arise when we select a set of k units from a larger set of n units
are called

e permutations if the ordering in which these k units are drawn is important, as in part
(i) of the example above;

+ combinations if the ordering is irrelevant, as in part (ii) of the example.?

In the remainder of this section, we deal with permutation arrangements, while in the
following section we consider combinations.

Definition 2.1 Let X = {x;,x,, ...,x,} be a finite set and k be a positive integer such
that k < n. Then, any ordered k-tuple (a;,a,, ...,a;), where a; € X fori=1,2,...,n,
and a; # a; whenever i # J, is said to be a k-element permutation of the n elements.
When k = n, then we simply say that (a;,a,, ... ,a,) is a permutation of the n elements.

The number of k-element permutations for a given set of n elements will be denoted
by (n),. To present a simple example, consider the set X = {a, b, c} consisting of n =3
elements. Then, the two-element permutations of this set are

(a,b),(a, 0),(b,a), (D, c),(c,a),(c, D),
while the (three-element) permutations of the three elements a, b, ¢ are
(a,b,0),(a,c,b),(b,a,c),(b,c,a),(c,a,b),(c,b,a),

so that
(3), =(3); =6.

The next proposition gives a general formula for the number of k-element permutations of
a set of n elements.

2In statistics, when a sample is drawn from a population, to distinguish between these two cases, we speak of an
ordered sample when ordering is important, as opposed to the plain use of the term sample, which means that
ordering of units drawn does not matter.
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Proposition 2.4
(1) The number of k-element permutations among n elements is given by

() =n(n—Dn-2)---(n—k+1), 1<k<n (2.4)

(i1) The number of permutations among n elements is given by

n),=nn—-1n-2)---2-1, n>1.

Proof:
(i) The argument in the proof is essentially the same as the one we used for Part (i) of
Example 2.10.

Suppose that we select, one after the other, k elements from a set of n elements.
For the first element to be chosen, there are n choices. Once we have chosen this,
the remaining n — 1 elements of the set are candidates for the second element that
we choose. For each selection of the first two elements, there are n — 2 ways to
choose the third element, and so on until we have chosen k — 1 elements, so that
any of the remaining n — (k — 1) = n — k + 1 elements may be picked as the final
item in our sample. The required result now follows readily from the multiplicative
law (Proposition 2.2).

(ii) This is a special case of Part (i) when k = n. m|

The quantity n(n — 1)(n — 2) - - - 2 - 1, which appears in Part (ii) of the above proposition,
is a key quantity not only in combinatorial analysis but also in several other areas of
mathematics and a special symbol is used for it. Specifically, we shall use from now on
the symbol n!, where 7 is a positive integer, to denote

n=1-2-3---n

(the symbol n! is pronounced as “n factorial”). In fact, n! can be used even for a noninteger n,
but this will not be considered in the present book.?

Following the above, we can see that the number (n), of k-element permutations among n
elements can be expressed using factorials. Specifically, multiplying (n), by (n — k)! yields

) m=k)'=nhn-1)---m=k+DI[n—-kn—-k=1)---2-1]
=nn—-1)...2-1=nl,
so that we have (n), - (n — k)! = n! and, consequently,

_n!
T (m=k

(m)

In view of this, we can now restate Part (i) of Proposition 2.5 as follows.

3Instead, we shall meet in the last chapter the so-called Gamma function, which can be thought of as a
generalization of the concept of a factorial.
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Corollary 2.1 The number of k-element permutations among n elements is given by

|
(n)k:_n. 1<k<n.

(n—k)!’

The symbol n! is extended for n = 0 with the convention that 0! = 1. Moreover, the
symbol (), is also defined for k = 0 by setting (n), = 1.

Similarly, we mention that the symbol (n), may be extended for negative integers as
follows. Let n be a positive integer. Then, replacing n by —n in formula (2.4), we get

(=n) = —n(=n—=1)(=n—=2)---(=n—k+1)
==D)fnn+ D +2)--(n+k—1).

The product n(n + 1)(n+2)- - - (n + k — 1) is called the ascending factorial (or the rising
factorial) of order k and is denoted by [n];. For k = 0, we once again have the convention
[n]y = 1.

In the arrangements we have considered so far, we have excluded the possibility that
an element can be selected more than once. In the case where this is allowed, so that any
element of the set X may be chosen 0, 1,2, ... times, we speak of an arrangement with
repetitions.

Definition 2.2 Let X = {x;,x,,...,x,} be a finite set and k be a positive integer such
that k < n. Then, any ordered k-tuple (a;,a,, ..., a;), where a; € X fori=1,2,...,n
(with the a;’s not necessarily distinct), is called a k-element permutation with
repetitions of the n elements.

In the following result, we calculate the number of k-element permutations with
repetitions for a set of n elements.

Proposition 2.5 The number of k-element permutations with repetitions of a set with n

elements equals n*.

Proof: From the definition of the Cartesian product, we see that the k-element permutations
with repetitions of the elements from a set X = {x;,x,,...,x,} are precisely the elements
of the Cartesian product A; X A, X - - - X Ay, where A; = A, =--- =A; = X. The result is
then obvious from Proposition 2.3.

Alternatively, we may regard the process of forming an ordered k-tuple as consisting of
k steps. In the first step, we select randomly an element, say a,, among the elements of X.
Since X has n elements, there are n; = n ways to select a,. For each such selection, we then
(in the second step) select a second element of X, say a,. Since replacement is allowed, so
that a; may be selected again, there are n, = n ways to select a,. Continuing in this way,
we reach the kth and final step wherein we select an element, say a,, of X, and for this there
are n;, = n ways. Then, from the multiplicative law, the ways to perform all k steps are

— _ k
nl.nz...nk_n.n...n_n'

S—— O

k terms
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Example 2.11 We ask four friends, who are art lovers, to choose their favorite painter,
among Cézanne, Monet, Picasso, and Dali. What is the probability that each of the four
friends chooses a different painter?

SOLUTION LetA be the event of interest, namely, that each chooses a different artist.
The sample space for this experiment consists of all ordered quadruples (a, a,, a3, a,),
where a; stands for the selection of the ith person and can be any of the four painters
that they may choose from (e.g. a, = “P” if the second person prefers Picasso). Since
two or more of the a; can be the same, € consists of all four-element permutations of a
set with four elements, when repetitions are allowed. Thus, by Proposition 2.5, we have

Q| = 4%,

On the other hand, A contains all quadruples (a;, a,, a3, a,) in Q with a; # a; for any
i,j € {1,2,3,4},i # j. In other words, A contains all permutations (without repetitions)
of a set of elements, so that

|A| = 4!,

and thus the required probability is

Al _ 41 _ 24 _ 3
@) Q] 4% 256 32
The implicit assumption is here that each painter has the same probability of being
selected by any of the four art lovers.

Example 2.12 (The birthday problem.)

Suppose that a class contains k students. Assuming that a year has 365 days (i.e.
excluding the possibility that someone is born on 29th February), show that the
probability that no two students share the same birthday equals

_ (365);
Pr= 365k

(2.5)

Verify that for k = 23, this probability is approximately a half. The value of k = 23
seems to be much smaller than what most people would have guessed, and this is the
reason that this problem (apart from the birthday problem) is also known as the birthday
paradox.

SOLUTION Suppose that X = {1,2,3,...,365} represents the set of all days within
a year, so that 17 represents 17th January, 45 corresponds to 14th February, and so on.
For k students in a class, the sample space for all possible outcomes (birthdays of all
students) is

Q= {(a,ay,....a;) ‘aq;, €X, i=12,.. k}=XXXX---XX.
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With the above notation, a k-tuple (a,, a,, ..., a;) represents the event that the birthday
of the first student is on day a,, that of the second student on day a,, and so on,
until the kth student who has his/her birthday on day a,. This means that the order
of ay,a,,...,a;, matters, but some of the a;’s can be identical, which suggests that
Q consists in fact of all permutations of k elements among the 365 with repetitions.

Therefore,
Q| = 365%. (2.6)

Alternatively, we may see this as follows: the birthday of the first student may be on

any of the 365 days of the year, and for each of these selections, the birthday of the

second student might also be chosen in 365 different ways, as there are no restrictions

for multiple occurrences when considering the set of possible outcomes. Continuing in

this way until the kth student, and applying the multiplicative law, we obtain again (2.6).
We now define the event

A: no two students share the same birthday

and let us now count the number of elements that are contained in the set A. There are
365 ways to choose the birthday of the first student and, for each such choice, there are
364 ways to choose the birthday of the second student. For each choice of these two
birthdays, there are 363 ways to choose the day of the year that the third student was
born, and so on. Finally, for each selection (a;, a,, ..., a;_;) of birthdays for the first
k — 1 students, such that a; # a;, there are 365 — k + 1 days left and any of these may
be chosen for the birthday of the kth student. Thus, we see that

|A] =365 -364-363---(365 — k + 1) = (365),.

This, along with (2.6), yields immediately that

(365), 365364363 - (365 —k+ 1)
PA) = p, = - ., 1<k<365.
@=p == 365 - 365 - 365 - - - 365

Then, the probability that at least two students share the same birthday is

, (365),
PA)Y=1-PA)=1— ——,
@' ) —

1 <k <365.

It is worth mentioning that this probability grows unexpectedly rapidly, as a function of
the number k of students, and this is illustrated in the following table. For example, we
see that with 70 students, it is highly unlikely that we do not have a common birthday.
From the table below, we also see that for k = 23, the corresponding probability 1 — p,
is approximately a half.

k 2 5 10 23 25 50 70
1 -p; | 0.003|0.027 | 0.117 | 0.507 | 0.569 | 0.970 | 0.999
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EXERCISES
Group A

1. A mother of three young children buys three presents for them for Christmas. She
then asks her children to write down, in a piece of paper, which of the three presents
they prefer, so that each one does not know the choices of the other two. What is
the probability that

(1) no two children make the same choice?
(ii) at least two children make the same choice?

(iii) all three children make the same choice?

2. We throw a die three times. What is the probability that

(1) a six does not appear in any of the three throws?
(ii) six appears at least once in the three throws?

3. What is the probability that three randomly chosen persons had their last birthday
on different days of the week?

4. We ask a person to select a nonnegative integer less than 1 000 000. If all numbers
have the same probability to be chosen, find the probability that the number selected
does not contain the digit 5.

5. Let k and n be positive integers such that 1 < k < n. Verify that the following
relations are true:

@O (m+D!'=m+ Dnl;
(i) (n); =n;
(iii) (n),_; =nl;
V) (M =n-(n—1y_y, k=22
V) np=m—k+1)-(n)_;, 22k<n+1;
Vi) (M=), - (n=1r)_, 1<r<k

. n
(vii) (n)kzm-(n—l)k, 1<k<n-1.

6. For any nonnegative integer, n, show that (3n)! is divisible by 2"3".

7. In a company of k students with & < 12, what is the probability that at least two of
them have their birthday in the same month of the year? (Assume that all months
are equally likely for a birthday.)

8. A father of five children has bought seven gifts. How many distinct gift allocations
are possible if each child is to receive exactly one gift (so that 2 gifts will not be
given to anyone)?

9. A bus starts its route with k persons. The number of stops in this route, including
the final one where all remaining passengers get off, is n.
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(i) Calculate the number of different ways the k persons might leave the bus in the
n stops.

(i) For k < n, find the probability that in at least one bus stop, more than one

passenger gets off the bus.

10. A bowl contains nine stones, numbered 1-9. We select successively six stones,
without replacement, and write down the six-digit number that is produced from
the numbers on the selected stones (in the order that they were selected).

(i) Find the probability that this six-digit number does not include the numbers 2
and 5.

(i1)) What would be the answer to Part (i) if the sampling of the stones from the ball
was with replacement?

Group B

11. We have k envelopes numbered 1 to k and n typed letters that are numbered 1 to n.
In each envelope, we may put from O up to n letters.

(i) Under the above assumptions, in how many different ways the letters may be
put into the envelopes?

(i1) For 1 < k < n, and assuming that the allocation of the letters to the envelopes
is completely random, what is the probability that an envelope will contain two
or more letters?

12. A high-school class is attended by 10 boys B, B,, ..., Bjyand 5 girls G, G,, ..., Gs.
After their final exams, all students are graded and ranked from 1 to 15.
(i) How many different rankings are possible?

(i) What is the probability that all 10 boys have consecutive ranks (e.g. from rank
2to 11)?

(iii) Whatis the probability that at least one girl is ranked immediately after another

girl?

13. Suppose that Carol belongs to a class of k students. What is the probability that
at least one of Carol’s classmates has his/her birthday the same day as Carol?
Compare the result with that found in Example 2.12 (the birthday problem).

14. Find the integer k that satisfies the equality

1 1 _ 16

BRI

15. Suppose that n and k are two positive integers with k < n. Verify the truth of the
following identities:

(D) (4 Dy = () + k()
() (n+ D=kl + k(M) + (= 1) + -+ (k)]
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Using the result of Part (ii) for k = 2, prove the well-known formula

_ nn+1)

1+2+4---+ ,
" 2

which gives the sum of the first n positive integers.

16. (The Chevalier de Méré problem*) Which of the following two events is more
likely to occur?

(i) we get at least one six when we throw a die four times;
(i) we get at least one double six when we have two dice and we throw them

24 times.

17. In relation to the second event of the previous problem, suppose now that the
number of throws is not fixed and consider more generally the event

A.: we get at least one double six when we throw two dice k times.

(i) Verify that the probabilities P(A,) increase as k increases.
(if) Find the smallest value of k such that P(4;) > 1/2.

18. In the birthday problem (Example 2.12), use the approximation e* = 1 + x (valid
when x is small) to obtain an approximation for the probability p; in (2.5) as

P e—k(k—l)/(2x365)

Check that with k = 23, the required probability is still about a half.

2.4 COMBINATIONS

In the permutations that we discussed in the preceding section, when selecting a number
of elements from a set, the order in which these elements are selected is important. As
already mentioned in the discussion following Example 2.10, when the order is immaterial,
the resulting arrangement is called a combination. We have the following specific
definition.

Definition 2.3 Let X = {x;,x,,...,x,} be a finite set having n (distinct) elements and
k an integer less than or equal to n. Then, a combination of the n elements per & is any
(unordered) collection of k distinct elements a;, a,, ..., a; from the set X.

With the terminology of set theory, we can say that each combination of the n elements
per kis asubset A = {ay,a,,...,a;} of X with cardinality k.

4Chevalier de Méré (1607-1684) was a French nobleman with a keen interest in gambling. He used to gamble
on the occurrence of both the abovementioned events thinking that they both had the same probability. In fact,
he thought that this probability was 2/3, which is wrong in both cases! De Mére then posed this problem to the
French mathematician Blaise Pascal and this has led to a number of early developments in probability theory.
Although this problem is known as the “de Méré problem,” W. Feller mentions in his book (1968) that the
problem was in fact treated earlier by the Italian mathematician G. Cardano (1501-1576).
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The number of all different combinations of the n elements per k is denoted by < " ) We

have already seen an example wherein we enumerated the number of combinations from
a set of units (Example 2.10). To give another example, consider the set X = {a, b, c,d, e}
and suppose that we want to calculate the number of different combinations of pairs from
the set X. There are five choices for the first element of the pair and, for each of these,
there are four possible selections for the second element to be selected. But in this way,
each pair is counted twice; for example, the pairs (a, c¢) and (c, a) are identical. We thus
find the number of combinations to be

Suppose that we want to find all possible k-element permutations of n elements. One
possible procedure for doing this is the following:

Step 1 We select k distinct elements out of the n elements (i.e. we create a combination
of n units per k).

Step 2 For each combination created in Step 1, we consider all possible arrangements
of the k units in different order.

Following this plan, in Step 1, we create all (n) combinations of the n units per k.
But for each combination, we know from the previous section that there are k! different
permutations of these k elements. Thus, from the multiplicative law, we see that the total
number of k-unit permutations of the n elements is

(})*

Further, we also know from the last section that the number of k-element permutations
among n elements equals
)y =nn—-1---m—k+1),

and so these two quantities must be equal. In other words,

(1)=%.

We therefore have the following proposition.

Proposition 2.6 The number < Z ) of combinations of k elements from a set of n elements
equals

(”)=%_”(”—1)“-(n—k+1)_ .

- = , 1<k<
k k! k! kl(n—k)!
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Number of

Number of
ways to S (@
selth k selzct k Number of
elements elements WIS U
out of n and ol 6 i permute k
place them (order is elements
in order irrelevant)

(g (Z) k!

T T

k-element ..
ati Combinations P ati
permutations of k items out ermutations
among n of n of k items

elements

For k=0, the symbol (Z) = (g) does not have a combinatorial interpretation.
However, by convention we agree that

(5) =T =i-t

Also, in the case k > n, it is not possible to create a combination of k distinct elements,
since the number of elements, n, to choose from is less than k. So, we define

(Z) =0 fork>n.

Moreover, in the special cases n = 1,n = k,n = k — 1, we may easily establish that

(V) =Tz =

()=
n 0'n!

< n )_ n! _ n! _
n-1/"m=Dn—=m-1)  m-DI "

In Table 2.1, we present the values of " forn=0,1,2,...,10and 0 < k < n.

The following result contains two formulas that, among other things, are useful for
calculating numerical values of the quantities (Z) forl <k <n.



108 2. FINITE SAMPLE SPACES — COMBINATORIAL METHODS

k
n o1 (2 |3 4 5 6 7 8 |9 |10
0 |1
1 1)1
2 (1]2 |1
3 |113 1
4 1114 |6 |4 1
S (1|5 [10|10 |5
6 (1|6 [15[20 |15 |6 1
7 1|7 |2135 |35 |21 |7 1
8 |18 (28|56 |70 |56 |28 |8
9 |1]19 |36|84 | 12612684 |36 |9 |1
10 | 111045 | 120|210 | 252|210 | 120 | 45|10 |1

Table 2.1 Valuesof(Z) forn=0,1,2...,10and 0 <k < n.

Proposition 2.7 For the combinations (Z ), 1 < k < n, the following equalities hold:

()=(20)
(Z>=(Z:})+<n;1) @.7)

Proof: The first result is immediate since

and

(nﬁk> - (n—k)!(nni -k k!(nnik)! - (Z)

The result is also obvious from a combinatorial viewpoint, since each selection of
k distinct elements out of n corresponds uniquely to a selection of the remaining n — k
elements (this argument has in fact already been used in Part (ii) of Example 2.10).

In order to prove (2.7), assume first that 1 < k < n. Then, manipulating the right-hand
side of the equality, we get successively

n—1 n—1 n—1)! (n—=1!
(k—l>+( k ): (k—(l)!(n—k)! +k!((n—l)—k)!
_ k(n—1)! + n—k@n-1)!
k!'(n —k)! k!'(n—k)!
_(m=Dk+(n-K] (-1
k!'(n—k)! k!'(n—k)!

= o= (1)
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The result is also true for k = 1 and k = n, since for these two cases we have

<n> _ (n—1>+ (nI 1) (equivalently,n =1+ (n— 1))

1 0
and
(n) = (n— 1) + (n B l) (equivalently, 1 = 1+ 0)
n n—1 n
and the proof of the proposition is thus complete. O

The first part of the last proposition is frequently employed when we want to calculate
the number of ways of choosing k elements out of n, when n is large and the value of k is
close to that of n. For instance, instead of writing

(100) _ (100)94 _100-99-98---5
96 96! 96-95---2-1

and then cancelling out the terms 96 - 95 - - - 5, we can write directly

(100)_( 100 ) <100>_(100)4_100-99-98-97
9/  \100-96/ \ 4 ) 4 =  4.3.2.1

Incidentally, Equation (2.7) is known as Pascal’s triangle. The term triangle is
due to the fact that, when presenting the values of <Z> in an array, the quantities

<Z - i ) , (n ; I ) s (Z) appear as vertices A, B, C of a triangle from a horizontal, a
vertical, and a diagonal side (see also Figure 2.4).

From (2.7), the value that corresponds to point C of the triangle is found by summing
up the values at the points A and B. Pascal suggested the point C to be placed between
points A and B, as shown in Figure 2.4. In fact, the set of numbers that form Pascal’s
triangle was well-known before Pascal (the first explicit reference seems to be in India
during the tenth century AD in commentaries on the Chandas Shastra, an ancient Indian
book written by Pingala between the fifth and second centuries BC). However, Pascal
considered various applications of it and was the first one to organize all the information
together in his treatise, Traité du triangle arithmétique (1653).
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2
1 1
3 3
1 1
4 6 4
1 1
5 10 10 5
1 1
6 15 20 15 6

Figure 2.4 Pascal’s triangle.

Example 2.13 A class teacher gives her class a set of 20 problems and she tells the
students that 7 among these will form the exam. By the day of the exam, Patty has
managed to solve 12 of the problems, but she has no idea as to how to do the rest. What
is the probability that

(1) she will answer correctly five exam questions?

(i) she will answer correctly at least five exam questions?

SOLUTION First, we consider the sample space for this experiment and find how
many elements it contains. The teacher may choose any set of 7 problems among the
20, and since it is clear that no repetitions are allowed, the number of elements of the

sample space € is (270 )

(i) The sample space consists of all 7-tuples among the set of 20 problems. The

favorable outcomes for this part of the example are those seven-tuples that
contain five problems for which Patty knows the answer and two problems
that she does not know. For simplicity, and without loss of generality, assume
that all possible problems for the exam are numbered 1, 2, ..., 20, and those that
Patty has worked out are problems 1,2, ...,12. So, any favorable outcome is
any choice of 7 numbers from 1 to 20 such that

1,2,3,4,5,6,7,8,9,10, 11,12 13,14,15,16,17, 18, 19, 20.

' hd
5 among these 2 among these

This entails making two selections: choosing 5 numbers out of 12, which can be

donein ( 152 ) different ways, and choosing 2 numbers out of 8, which can be done
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in <§ ) different ways. By the multiplicative law, we thus obtain that there are

| | .0. . . .
(12>‘(8)_£.L=8 9.10-11-12 7-8 _ 00 2o _ 29 176
5/ \2) 757 2160 1-2:3-4-5 1.2

favorable outcomes. As a result, the required event has probability

22176 22176 _ 22176
<20> T200 77520
7 1317!

= (.286.

We define the events

A,: Patty answers correctly five exam questions,
A,: Patty answers correctly six exam questions,

Aj: Patty answers correctly seven exam questions.
Then, we seek the probability
P(A; UA, UAj3).
As itis clear that A|, A,, A5 are disjoint events, we have
P(A; UA, UA3) = P(A)) + P(A,) + P(A3). (2.8)

The probability of the event A; was found in Part (i) above. Working in a similar
way, we obtain for the event A,

(12)(8) 12! 8!
A 6161 ! :
P(Az)zgz 6/\1) _ 66! T _924-8 oy

Q| (20) 200 77520
7 1317!

and for the event A,

Pty = B _ (172)@) _ 71'_25"% _792-1

Q (20) 200 77520
7 1317

= 0.0102.

Upon substituting the above results, along with that of Part (i), into (2.8), we
finally obtain the required probability to be

P(A; UA, UA3) = 0.286 + 0.0954 4 0.0102 = 0.3916.
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One of the main themes of the present chapter is that the number of arrangements that
can be formed, when selecting a number of elements from a given set, differs depending
on whether the order in which these elements are drawn is important or not. However,
since this applies equally to the numerator and the denominator in the classical definition
of probability, when it comes to probability questions, it is often the case that the results
are the same, either we treat the order as relevant or not. The next example illustrates this
point.

Example 2.14 In the US parliament, suppose that a three-member committee needs
to be formed for deciding on an important issue. There are 40 parliament members
who are eligible to take part in this committee, 22 of whom are Democrats and 18 are
Republicans. If the three members to participate in the committee are chosen at random
among these 40 persons, what is the probability that the committee will contain exactly
two Democrats?

SOLUTION Suppose that the order in which the three members are chosen for
the committee is important (e.g. the person who is chosen first is the committee’s
chairperson, etc.). In this case, the number of possible outcomes (the cardinality of
the sample space) is 40 - 39 - 38 = 59 280. For the number of favorable outcomes, we
consider three distinct cases:

e the first two persons chosen are Democrats followed by a Republican;

e the first and the third persons chosen are Democrats, while the second one
is a Republican;

e the first person chosen is a Republican, followed by two Democrats.

As these events are mutually exclusive, the total number of favorable outcomes is
the sum of the number of ways that each of these may occur. For the first event, there
are 22 - 21 - 18 distinct ways; for the second, there are 22 - 18 - 21 ways, and for the
third there are 18 - 22 - 21 ways that it may occur (notice that the number is the same
for all three events). Therefore, the number of favorable outcomes is

3.22-21-18 =24 948.

Hence, the required probability becomes

24948 2079
=22 ~0.420 85.
59280 _ 4040 = 42085

Suppose we now regard the order in which the three members are selected for the

. . . . 40
committee to be irrelevant. In this case, the sample space contains elements,

while there are (22 ) ways for the two Democrats and ( 18 ) ways for the Republican
to be chosen. Consequently, the probability that there are exactly two Democrats in the
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committee in this case becomes

(22)(18) 221 18! 22-21 ¢
2 1/ 20120 17'1! 2
(40) B 40! T 40-39-38
3 37131 3:-2-1
=@=@50.42085,
0830 4940

which is exactly the same answer as the one obtained for the other case.

In the last section, we have seen that, when considering the k-element permutations
of kK among n elements, it makes sense to consider such permutations with repetitions. In
analogy with that, we now consider combinations with repetitions. For instance, suppose
we have the set

{x1, %0, X3, %4 }.

Then we can form (4 ) = 4 usual combinations by choosing three elements from the set X.
Specifically, these selections are

{xl’x25x3}, {xlsxz,le}’ {xlsx3sx4}7 {XZ,X3,X4}.

When allowing an element of X to be chosen more than once, then we have additionally
the selections given in Table 2.2, corresponding to three elements from the set X.

In total, using the four combinations with distinct elements and those in Table 2.2, we
see that the number of choosing k = 3 elements from a set of n = 4 elements is 20.

Definition 2.4 Let X = {x;,x,, ..., x,} be a finite set consisting of n elements and k be
a positive integer. Then a k-combination with repetitions (sometimes also called a
k-multicombination) is a finite collection of &, not necessarily distinct, elements of the
set X.

Element of Combinations using an element more than once
the set X

Xy X1 X1, Xy X[, X1, X3 X1, Xp, Xy X1, X1, X
Xy Xy, X9, X1 X, Xp, X3 X9, Xn, Xy X9, X5, Xy
X3 X3,X3, X X3,X3,X X3,X3,X4 X3,X3,X3
Xy X4, X4, X1 X4, X4, X1 X4, X4, X1 Xg5 Xy, X1

Table 2.2 Choosing three elements with repetitions from a set of four
elements.
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Suppose
ap,dy, ..., 4,

is a k-combination with repetitions from the set X. Then, since the @;’s are not necessarily
distinct, we shall not use the notation {a,, a,, ..., a;} of a set; in set theory, the elements of
a set are necessarily distinct. The notation we shall use for the number of k-combinations

with repetitions from a set that has n elements is k

Our next target is to give a general formula for the number of k-combinations with
repetitions. Before this result, however, we present an example to help understanding the
enumeration process in this case. Note in particular that, when combinations are made with

repetitions, kK may be greater than n.

Example 2.15 A small car sales store wants to place an order for five cars of a new
type to the manufacturer. The car is available in three colors: white (W), silver-gray (S),
and red (R). How many different orders for the five cars could be placed?

SOLUTION Here, we have n = 3 different elements to choose from, namely,
X ={W,S,R}
and we want to form combinations with k = 5 elements. Some typical such choices are
W,WWWWwW WWSSW RW,SR,S.
Note that, since we are considering combinations (rather than permutations, as in the
previous section), the order in which the elements appear in a combination is irrelevant;
so, the combinations R, W, S, R, S and W, S,R, S, R are considered to be identical. It is

only the number of cars from each color present in each combination that we have to
consider. Thus, the different selections can be summarized as in Table 2.3.

Number of cars ordered

White Silver-gray Red Total
5 0 0 5
4 1 0 5
3 2 0 5
3 1 1 5
3 0 2 5

Table 2.3 Different selections for the five cars ordered.
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W S R
XXX

XXX °

eoe ')

XX ° °
XX oo

Table 2.4 A different way of presenting
combinations with repetitions.

Representing the presence of a car with a specific color in the sample of five cars by
a dot, an alternative presentation is given by Table 2.4.

If in Table 2.4, we replace vertical lines (separating the different colors) by the
number 1 and dots by 0, each row (combination) corresponds to a seven-unit arrangement
of five 0’s and two 1’s; more explicitly, we will have

0000011
0000101
0001001
0001010
0001100

Conversely, each row of 7 =3 +5 — 1 binary (0 or 1) digits of which k = 5 digits are
0, determines a possible order of cars. For instance, the row

0001010
indicates that the order of five cars to the manufacturer consists of

* three white cars (there are as many zeros before the appearance of the first 1);

* one silver-gray car (there is one zero between the first and the second appearance
of 1);

 one red car (there is one zero after the second appearance of the digit 1).

Notice that, although there are three different colors, we only need two 1’s in each row,
each of them acting as a separator between two consecutive colors.
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From the above, we see that the problem of finding the total number of k-combinations
from a set of n elements reduces to that of enumerating the ways in which we can put
n+ k — 1 =7 binary digits in a row, with the restriction that five of these digits must
be zeros. In view of this, yet another alternative (but equivalent) formulation of the
problem is as follows:

» Consider that we have seven places

U uuuuud
00 0 0 0 1 1
00 0 0 1 0 1
00 0 1 0 0 1
00 0 1 0 1 0
00 0 1 1 0 0

e We choose two of these seven places to put the ones (and this can be done in

(7)o

* We fill in the remaining five places with five zeros.

Therefore, we see that the total number of different five-car color orders that the store

can make is equal to
! .
(7>=L=—7 O — 2.
2 2150 12

By generalizing the procedure in the above example, we arrive at the following
proposition.

k
elements, with repetitions allowed, is given by

n| _ (n+k—=1\_ (n+k—-1\_ @©+k-1)!
[k]_< k )‘( n—1 >_k!(n—1)!
nn+1)n+2)---(n+k—-1)

= I , n>1,k>1.

Proposition 2.8 The number, [ " ] of ways of selecting k elements from a set of n

Proof: Let X = {x|,x,,...,x,} be the set of n elements to choose from. A typical
combination with repetitions will have the form given in Figure 2.5 wherein the number of
e under each x;, fori = 1,2, ..., n, indicates how many times the element x; appears in the
combination.
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X X5 e X,

0 B@D

Figure 2.5 Combinations with repetitions.

Replacing vertical lines by 1°s and each symbol e by a zero gives a row of the form

90...0100...01 100...9.

~-
Number of 1’s is n—1, number of 0’s is k

Each such row has a total of n + k — 1 elements and is uniquely characterized by the places
that the k zeros occur (or, equivalently, the places where the n — 1 ones occur). Thus, there

are exactly L1 o
n+k-— _(n+Kk—
(") =)

different combinations with repetitions and this completes the proof of the proposition. O

Finally, for the combinations with repetitions wherein we select k elements from »
distinct elements, we have the following simple results: first, for k = 0,

R

while for k = 1 and k = n, we have respectively
n (n +1-1 ) <n )
= = =n
1 1 1

n _<n+n—l>_<2n—l)_(2n—1)!
n |~ n "\ T onln—-DY
Another result is that forn = 1,
1 (1+k—l) <k)
= = =1
k k k

(If there is only one element to choose from, all k elements we select must be equal to that
and so there is just one combination with repetitions.)

and

Example 2.16 Each of the two sides on a tile of a domino gaming set has a number
of k spots (or pips), where k is an integer in the set {0, 1,2,3,4,5,6}. Thus, we can
have a double blank tile, a 3—4 tile, a 5-1 tile, etc. We do not distinguish between the
two sides so that a 5—1 tile is identical with a 1-5 tile in the game.



118 2. FINITE SAMPLE SPACES — COMBINATORIAL METHODS

(1) How many different tiles can be formed under the above assumptions?

(ii) If we select a tile at random, what is the probability that the numbers of spots in
the two sides

(a) are equal?
(b) differ by two?

SOLUTION

(i) The sample space Q of the experiment consists of the combinations of k = 2
elements from the set {0,1,2,3,4,5,6}, which has seven elements, when
repetitions are allowed. So, the number of different domino tiles that can be

formed is 7
_ _(7T+2-1\_ 8 _
'Ql‘[z]‘< 2 >_2!6!_28

(i) (a) The tiles where the two sides are equal are the double blank (or a 0-0 tile),
a tile with two 1’s, two 2’s, and so on, until the two 6’s. It is clear that there
are seven such tiles, and so the event A that both sides of the selected tile
are equal has probability

A
P(A) = u = A = l
Q] 28 4
(b) Let B be the event that the two sides of the domino piece selected differ by
two. The favorable outcomes are the pairs 0-2, 1-3, 2—4, 3-5, 46, and this
gives the required probability to be
1Bl _ 5

The following diagram summarizes the main results of this and the previous section.
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1 .
Yes 7Is Ih_c nrdcnng No
in which the units
are drawn
important?
Yes Can an element No Yes Can an element
be selected more

No
be selected more
than once?

than once?

k — element

X k - element k combinations
permutations ermutations
with repetitions P

of a set

K L Combinations
with repetitions
of a set of (or among)
with n elements

of a set with of them
n elements n elements elements
(n>1andk>1) (1<ksn) (nz1landk>1) perk(1<sksn)
g =n(n-1) ... (n—k+1
. (Mg =n( Z' [¢ ) [n]7 +k-1) (n)_ .
! -y LAy

Prop n 2.6
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EXERCISES
Group A

1. In a volleyball tournament, six teams take part and each team has to play every

other team exactly once. How many matches will be played in total?

. At the repair department of a store that sells electric appliances, there are currently

six TV sets and eight DVD players waiting to be repaired. The staff of the store
can repair a total of six appliances on any particular day. If the ones to be repaired
today are chosen randomly, what is the probability that the following items will get
repaired?

(i) Three TV sets and three DVD players;
(i1) at most two DVD players.

. Atthe National Basketball Association (NBA) championships, 30 teams participate,

15 of which belong to the Eastern Conference and 15 to the Western Conference.
At the end of the regular season, the best eight teams from each conference qualify
for the playoffs. How many different selections are possible for the 16 teams to
qualify for the playoffs?

. A company has 12 senior and 20 junior employees. The members of staff in the

company want to form a five-member committee. Find how many different ways
are possible to select the committee, under the restriction that at least two senior
and one junior staff members must take part in it.

. A box has 25 balls numbered 1-25. Suppose four balls are selected randomly

without replacement. What is the probability that the smallest number in the balls
chosen is at least six?

. If nand k are positive integers, reduce the following sums to an expression involving

just one combinatorial term:
2n 2n 2n
() =200+ (1))
n+1 n n—1
(o) (G2
k-1 k k—-1/"

and

. For nonnegative integers n, k, and r, prove the following identities:

04(7)=n(17)). sken

(ii) (Z) ”‘i“(kfl), 1<k<n
(iif) (Z)=T<”;1) 0<k<n
o ()

™) <k>,(zr)=(n>r(2:;), O<r<k<m

V) "(Z)z(k“)(k:l)J“k(Z): <ZI}>+<kil>
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8. (i) For any positive integer n, show that

B)esgee)

2 4

(i) For n > 6, verify that the following inequality holds:

()][6)

2 2

9. In the Mathematics Department of a University, there are 80 freshmen, 65 sopho-
more, 70 junior, and 90 senior students. If five students have been chosen for the
chess team, what is the probability that in the chess team there are

(i) exactly two juniors?
(ii) five students from the same year in their studies?

10. In a forested area, it is known that there exist 300 animals from a protected species.
A scientific team selects 100 of these animals, marks them and sets them free. After
a certain period, so that the marked animals are well mixed in the forest along with

other animals, the scientists selects another set of 100 animals. Find the probability
that exactly 10 of them have been previously marked.

11. Mary has 10 coins in her pocket, of which 4 are gold ones and 6 are silver ones.
She selects four coins at random. Find the probability that exactly two of them are
gold if

(1) the selection of the coins is without replacement,

(i1) the selection of the coins is with replacement,
and compare your results.

12. A company has 25 trucks, among which 5 have fuel emissions above a certain
level. If one of the company’s technicians selects six trucks at random to check for
their fuel emissions, what is the probability that among them there are

(1) exactly three trucks with high emissions?
(i1) at most two trucks with high emissions?
(iii) at least one truck with high emissions and at least one truck with emissions at

normal level?

13. From an usual pack of 52 cards, we select 5 cards. What is the probability that at
least one King is selected if

(1) after each card is chosen, the card is put back for the next selection?

(i) when a card is chosen, it is removed from the pack for the next selection?

14. An usual pack of cards has 26 black cards and 26 red ones. If we split the pack into
two halves with 26 each, what is the probability that each of these parts has exactly
13 black cards?
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15.

16.
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For positive integers n and k, prove the following identities:

k-1
| _n+k-1 [n—l]

N

>

) B

. 2n)! 1 (2n

oy [1] =21y,
| n ] (n' \/5)2 2 n

In a lottery that has 49 numbers, we select six numbers at random and buy a ticket.

What is the probability that we get

b

n—1

N

(1) six winning numbers?
(ii) five winning numbers?
(iii) four winning numbers?

(iv) at least four winning numbers?

Group B

17.

18.

19.

Twenty couples attend a Halloween party and enter a competition for the best
outfit of the night. There are three prizes for the best outfits and prizes are won
individually. What is the probability that among the three winners,

(1) there are only women?
(ii) there are two men and a woman?
(iii) there is no couple?
A committee of 5 people is to be chosen from a group of 12 people. How many

different selections are available if among the 12 persons there are two who do not
agree to serve in the committee together?

In the warehouse of a car tyre factory, there are 1200 tyres of a certain type. Among
these, there are 25 tyres that have a defect, 30 tyres for which the sell-by date has
expired, while the remaining 1145 are suitable for sale. A car tyre retail store orders
20 tyres of this type from the factory. If the 20 tyres are randomly selected (from
the 1200 tyres) and sent to the retail store, what is the probability that among them
there are

(1) exactly five tyres suitable for use?
(i1) exactly 3 tyres with a defect and 15 tyres suitable for use?

(iii) exactly 15 tyres suitable for use and at least 3 tyres for which the sell-by date
has expired?
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20. Suppose that each side of every piece in the domino game (see Example 2.16)
is marked with a number of spots, where this number is chosen from the set
{0,1,2,...,n—1}. For which value of n, 66 different tiles can be produced (at
least)? In that case, i.e. in a domino with 66 different tiles, what is the probability
if we select a tile at random that the numbers of spots on the two sides of the tiles

(i) are equal (e.g. a double 4)?
(ii) differ by one (e.g. 4-5)?
(iii) differ by two (e.g. 3-5)?

2.5 THE BINOMIAL THEOREM

The combinations (n ) which denote the number of ways of choosing k elements among n
identical elements, are perhaps the most important quantities in combinatorial analysis and
they are called binomial coefficients. This term is due to their appearance as coefficients
of powers of a and b in the binomial expansion of the nth power of the sum a + b. To be
specific, we have the following result.

Proposition 2.9 Let a and b be any real numbers and n be a positive integer. Then, the
nth power of the sum a + b is given by the expansion

o= (2 (D)o (1 (2)

_ k;) <Z>akbn_k - Z (Z) a"kpk. (2.9)

k=0

Proof: We shall present two different proofs for the result, one using combinatorial
methods and the other based on the principle of mathematical induction.
Combinatorial proof: Since

(a+b)'=(a+b)-(a+b)---(a+Db),

~
n times

in order to establish the expansion (i.e. to write (a + b)" as a sum of powers of a and b),
we must choose one of two numbers, a or b, from each term (a + b) above and multiply
them together. If from the n terms that are all equal to a + b, a is chosen k times and b is
chosen n — k times, we get the product a*b"* for any k = 0, 1,2, ..., n.

But, choosing k times the number @ among the n terms can be done in (Z) ways,

which means that the coefficient of a*b"~* in the expansion is ( X ), and this completes the
combinatorial proof.
Proof by induction: For n = 0, the formula in the proposition is trivially true, since

0

@+0)’=1=Y (2)a’<b0—’< - (8)a0b0.

k=0
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Assume now that the result is true for n = r, i.e.

(a+b) = Z ( Z) abk. (2.10)

k=0
We shall show that it is also true for n = r + 1, namely,

r+1

(a+by*' = Z <r+ 1 >akbr+l—k.
k=0 k

Using (2.10), we may write

r+1 _ ro__ - r kg.r—k
(@+by*" = (a+b)a+b) _(a+b)k§<k>ab

_ Z <r>ak+1br—k + Z (r>akbr—k+1
=k =k

_(T r '\ 2901 .. r r 7\ r+l
_<o>“b+<1>“b + +<r—1)“b+(r>“

+(r>br+l+(r>abr+'-'+< d )ar_]b2+<r>a’b.
0 1 r—1 r

Now, upon recalling Pascal’s triangle (see (2.7))

(. r )+<r.>=(“fl>, j=12...n
J—1 J J

<>_<I)_
0

(a+b)™*! =b’+1+<r+1>ab’+<r+1)a2b"1+~~-+<r+1>a’b+<r+l>a’“,
1 2 r r+1

and the fact that

or, more compactly,

r+1
(a+b)r+] — 2 (r+1>akb}’+]—k.

k=0 k

The last expression shows that the desired formula holds for  + 1, and by the principle of
induction, this shows that the formula is valid for all nonnegative integer values of n.

By the way, the last equality in (2.9) follows easily since, by a change of variable
Jj=n—k,we get

(a+b)":i(nik>akb”_k:zn:<?>a”_jbj. o

k=0 Jj=0

In Proposition 2.9, we assumed that n is an integer. However, the binomial theorem can
be extended to the case when n is not an integer, but an arbitrary real number. This was
done originally by Sir Isaac Newton around 1665. The proof of the general case, however,
is rather involved and it is therefore not presented here. Instead, we shall give a proof of
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the binomial expansion of (a + b)" when n is a negative integer and a = 1, |b| < 1. Note
that in this case the summation extends over an infinite range of values.

Proposition 2.10 (Binomial expansion for negative integer powers) Let t be a real
number such that |t| < 1 and n be a positive integer. Then, the following formula holds:

(5]

_ 1 n+k—1
(=" = =Z( )rk.
-0 &= k

Proof: Using the identity
1 2
1—t=1+t+t +--- for —1<t<1,

we can write

1 2 2 2
(1—t)”=51+t+t +o ) +t+ 4+ ) (T +t +3 . (2.11)
nl;:ms

Multiplying term by term the quantities on the right-hand side above, we obtain an

expression of the form
_1 2
an,kl
( 1 t)n k=0

for some suitable positive integers a,, ;. The power *,k > 0, may arise from (2.11) in the
following way: among the n factor terms in the brackets there, we select k terms with
replacement and, if a bracket is chosen i times (for i > 0), then from this bracket we choose
the term ',

It therefore follows that the number of ways in which the term ¢* arises on the right
side of (2.11) is equal to the number of combinations with repetitions when we choose k
elements (bracket terms) among n such elements. This shows that the coefficient, a,,; of

the power ¥, equals
n n+k—1
I < k ) ’

which completes the proof. O

The binomial theorem can be used to establish several combinatorial identities, mostly
involving binomial coefficients. We shall give a few typical examples of such identities,
while some others are presented in the exercises of this section.

The methods we use to obtain these identities can be classified as being one of the
following three kinds. In particular, identities that may arise:

I. directly from Propositions 2.9 and 2.10 as special cases for a and b or the variable
t there;

II. after one or more transformations in the part which contains the binomial coeffi-
cients, so that the summation is easier to handle;

III. by differentiating or integrating both sides of a binomial expansion or other
identities that stem from that.
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In the following two examples, we deal with typical situations that best illustrate the
above techniques.

Example 2.17 Calculate the sums

5=2(3) 5=Zer ()

k=0 k=0

as well as the following ones:

SOLUTION Putting @ = b =1 in the formula of the binomial expansion (Proposi-

tion 2.9), we find . .,
arr=50)r-50)

k=0 k=0

which means that

=2 (=) ()2 en

k=0
Similarly, for a = —1 and b = 1, the binomial formula gives
=B ()
(11 = Y DR
k=0
so that, forn = 1,2, ..., we have

5= 5 (1) ()= (e (@) v () =e ey

Adding Equations (2.12) and (2.13) side by side, we see that the binomial coefficients
cancel except those that are in the form ; ,forj=0,1, ..., such that 2j < n. In fact,

each of the remaining binomial coefficients appears twice, so that

o,
_ — /
S, +8, = 22 <2j> =28,
Jj=0
and using the results found above for S; and S, we conclude that

1 1 _
S= 7SI +8)=202"+0) =2" L
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Further, subtracting each side of (2.13) from (2.12), we see that the binomial coeffi-

cients that do not cancel are precisely those of the form <2’j_ 1), with 2j + 1 < n.

J
Consequently, we obtain

n
S -8=2) <2j+1>=2s3,

J=0

and so we finally deduce that

1 1 _
3= 21 =8)=52"-0)=2" I

Example 2.18 Suppose n and r are two nonnegative integers such that r < nand x € R.

Calculate the sum
=30 ()

Use this result to simplify the quantities

So=Yk()ra 85 =Y kk=1 (1) e
4 Z{) )P4 5 k;) k=D, )pr4a
where p and g are positive numbers such that p + g = 1.
SOLUTION We can easily check (see Part (iv) in Exercise 7 of Section 2.4) that
(D) =C)GI)
k/ \r r/\k—r/’
so that the sum S we wish to calculate takes the form
n n
=2 ()2 =G G
kz:; r k—r r ; k—r *
Now, by making the change of variable k — r = j, we get
n—r n—r
MZ () =z (5)"
= RN = RN
Upon employing Proposition 2.9, we obtain the result that

S= (’:)xf(l + X" (2.14)
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It is worth noting that the same result may also be obtained if we start with the identity
n\ k
(1 +x)" = ( )x
2

which is a special case of Proposition 2.9 for a = 1 and b = x, and then differentiate
both sides of it 1,2, ..., r times, so that we obtain the following expressions:

(42 = (k>(xk)' - ,Z{ (k)kx"_l,

n(n = 1)(1 +x)"2 = g{ (Z ) k(1Y = kZ:; <Z) Kk — 12,

n

nn=1)---(n=r+ D1 +0""= Y (Z)k(k— 1) (k= r+2) "y
k=r—1

=zn:(Z)k(k—1)-~-(k—r+2)(k—r+l)xk".
k=r

As a consequence, we obtain

(m), (1 +x)"" = 3 W, () (2.15)
n) (1 +x ; (k)

and by multiplying both sides of Eq. (2.15) by x"/r!, we arrive again at formula (2.14).
Next, in order to calculate the sums S, and Ss, it suffices to put x = p/qg into (2.14)
and consider the special cases r = 1 and r = 2. In this way we obtain, first for » = 1,

n —1
Z<n>k P p (pta\"
_, P (Pt4
k k q

k=1 q q

and for r = 2,

o (n\ kk=1) p* -1 (p\* (p+a\"’
2w () ()

k=2

Using the fact that p + g = 1, it is easy to see from the last two expressions that we get
the desired simplifications for the sums S, and S5, namely,

S4_Zk<>knk Zk< ) gk = np

and

Sszkz::‘)k(k—l)<z> kg = Zk(k—l)( ) Pq* = n(n — Dp?.
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We will revisit the sums S, and S5 in Chapter 5 when they will be particularly useful in
relation to one of the most important probability distributions.

We now close this section by presenting a result that is known as the Cauchy formula.

Proposition 2.11 Let m,n, and r be nonnegative integers such that r < m + n. Then,
the following formula holds:

(m:n)=z(’;:>(rfk)~ (2.16)

Proof: The result can be proved by considering all the distinct ways in which r elements
can be chosen from a set with m + n elements. More explicitly, we define the following
three sets

Y={y1’y2""ym}’ Z={Z1’Z2""Zn}’ X=YUZ’

where y;,y5 ..., ¥ 2122 -+ » %, are m + n distinct elements.
The quantity
(m +n >
r

indicates the number of ways r elements can be chosen among the m + n elements of the
set X. This can be done by choosing k elements from the set Y and r — k elements from the
set Z, for k = 0, 1,2, ... The following table illustrates this point.

Number of elements Number of selections of Number of total selections
chosen from set these elements from set from Y and Z
Y Z Y Z

0 r (5) (7)
T ".1 (T) (r?l) (T)(rfl)

e () (%)
r 0 (") ()

Total number of selections from theset X = Y U Z <m> . ( " )
’
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As can be seen from the table, the number of combinations for which k elements are
chosen from the set Y and r — k elements from the set Z is given by

() (Gle)

and the required result then follows by summing these terms over k. O
EXERCISES
Group A
1. How many different subsets does a set of n elements (such as the set {1,2,...,n})
have?

2. In the binomial expansion of the following quantities, identify the coefficient of the
constant term, i.e. the term which does not involve x:

' FRNE
W (2¢-3)
(i) (43 = 3x72)15.

3. The formula by A.T. Vandermonde (1737-1796) expresses the number of permuta-
tions of m + n elements in terms of the numbers of permutations of m elements and
that of n elements, as follows:

r

mtm), = 3 (1) tmo),

k=0

Show that this formula can be deduced immediately from the Cauchy formula
(Proposition 2.11).

4. By choosing appropriate values for a,b, and ¢ in the binomial expansions of
Propositions 2.9 and 2.10, calculate the following sums (n here is a nonnegative
integer):

(N n—k.
0 % (1)

(if) g(“’;‘l)%;

(i) ;)(—1% (" 2n1+k;

(iv) - _k<n+k—1 ’ > 1.
1v ];)n k > n
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5. Assume that 7 is a positive integer. Then, use the Cauchy formula to calculate the
following sums:

-1

o TG

. n

(i1) Z < .

()
6. Using the identity in (2.15), calculate the following sums:
k(” , k(k—l)(”)
() 2 ‘

and

- n
kgok(k— 1)(k—2)<k).

Group B

7. Let r and n be two nonnegative integers such that » < n and x € R. Using (2.15),
calculate the following sums:

Z( (7). Z( k=1 (1)

and

S (=Dfke— Dk=2) (™).
z (%)

Use these results and those of the previous exercise to calculate each of the
following sums:

) §(3k+2)k<2); (i) é(—l)k(3k+2)(z>;
(iif) k;)kz(Z) (iv) %:,)(—l)ka(Z);

ny. . B _ n
) g{)k(k—@(k), (vi) ;‘)( ¥k 4)(k).

8. Let r and n be two nonnegative integers and p and ¢ be two positive real numbers
such that p + g = 1. Then, show that

Z(k),(””;_l)pkq”+’<=n(n+1)(n+2).--(n+k—1)p’.
k=r

(Hint: Use Proposition 2.9 and then proceed as in Example 2.18.)
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2.6 BASIC CONCEPTS AND FORMULAS

Equiprobable events A, B

P(A) = P(B)

Classical definition of
probability

P(A) = A" _ number of elements of A
~ Q| number of elements of Q
_number of favorable outcomes for the event A

" number of possible outcomes for the experiment

Multiplicative law

Suppose that an element (object) a; can be chosen with n,
different ways and for each choice of a,, the element a,
can be chosen in n, different ways, and so on, so that for
any selection of the elements a,, a,, ..., a;_;, the element
a, can be chosen in n; different ways. Then, the k-tuple
(a;,a,, ..., a;) can be chosen successively, and in that
order, in nyn, - - - n; different ways.

In the above definition, the word “element” can be
replaced by the words “object,” “action,” etc.

Cardinality of a Cartesian
product

|Ap XAy X XA = A ] - [Ay] - - - [A].

A k-element permutation
of n elements

An ordered k-tuple consisting of k distinct elements
chosen among the n elements

Number of k-element
permutations of n elements

() =nn—Dn-2)---(n—k+1)= (ni!k)!,for
1<k<n

Number of n-element
permutations of n elements

n!

A k-element permutation
of n elements with
repetitions

An ordered k-tuple consisting of k elements chosen among
the n elements

Number of k-element
permutations of n
elements with repetitions

Combination of k elements
among n

An unordered k-tuple consisting of k distinct elements
chosen among the n elements

Number of combinations
of k elements among n

n n!
=T 1<k<
(k) K(n— k! "

Properties of combinations
of k elements among n

(=02

. <Z> = (Z: i > + (n; ! > (Pascal’s triangle)

Combination of k elements
among n with repetitions

An unordered k-tuple consisting of k elements chosen
among the n elements (repetitions are allowed)
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of k elements among n
with repetitions

Number of combinations {n| _ (n +k—1 ) _ (n +k—1

Binomial theorem (a+b)" =Y/ (Z ) akph =Y <Z ) a" bk,

where a,b € R and n > 0 is an integer

Binomial expansion for . 1 .
negative integer powers (1-n~"= =0 ko (

where t € R such that |7| < 1 and n > 1 is an integer

r

r<m+n

+n m n
Cauchy form ("7") =2 () ()
auchy formula Do 1

where m, n, and r are three nonnegative integers such that

2.7 COMPUTATIONAL EXERCISES

1. It is apparent that, as n grows large, the factorial n! can be astronomical. For
instance, 20! is about 2.43 x 10'8, while 100! is around 9.3 x 10'%7. Mathematica
can be used to find the binomial coefficients (” ) For the number of combinations

of k elements out of n (i.e. for the binomial coefficients), the command Binomial

can be used directly. For instance,

In[l] := 25!

Out [1]= 15511210043330985984000000
In[2] := 50!/40!

Out [2]= 37276043023296000

In[3] := Binomiall[30,10]

Out [3]= 30045015

2. The following sequence of commands

Do[ a=Binomial [Binomial [n,2],2]; b=Binomiall (n+1),4];
Print[n," ",a," "1b1" ",a_3*b]1

{n,3,10}]

can be used to verify numerically the validity of the identity

()]s

2 4

(see Part (i) Exercise 8 of Section 2.4). Write a set of commands to verify the

second part of the same exercise.

3. Counting of all possible permutations of a set of elements (with or without

repetitions) can be done with the following sequence of commands:
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In[l] := perm=Permutations[{a,b,c}];

Print ["The permutations of {a,b,c} are : ",perm];

Print ["The number of permutations of {a,b,c} equals ",
Length [perm] ]

Out [2]= The permutations of {a,b,c} are
{{a,b,c},{a,c,b},{b,a,c},{b,c,a},{c,a,b},{c,b,a}}
The number of permutations of {a,b,c} equals 6

In[1] := perm=Permutations[{a,b,b}];

Print ["The permutations of {a,b,b} are : ",perm];

Print ["The number of permutations of {a,b,b} equals ",
Length [perm] ] ;

Out [2]= The permutations of {a,b,b} are
{{a,b,b},{b,a,b},{b,b,a}}
The number of permutations of {a,b,b} equals 3

Consider now the following problem: three men and two women wait in a queue at
a bank. If the order that these five persons arrived in the bank can be considered to
be completely random, what is the probability that

(i) men and women alternate in the queue?
(ii) the three men are standing next to each other?
(iii) the two women are in adjacent positions in the queue?

Solve each of the three parts above by a complete enumeration of the elements of
the sample space for the experiment in question and another enumeration of the
favorable outcomes in each case.

. The next program finds all possible outcomes in the experiment of throwing two

dice. Then, it calculates the number of outcomes in which the sum of the dice equals
six as well as the probability of that event.

In[l] := m=6;n=6;

twodice=Flatten[Table[{i,3}, {i,1,m}, {j,1,n}1,1]
total=Length[twodice] ;

s=0;

Do [y=twodice[[i]];

Iflyl[[1]]1+y[[2]]==6,8=s+1],

{i,1,total}]

Print ["Probability=",s/totall

out[2]= {{1,1},{1,2},{1.3},{2,4},{1,5},{1.6},{2,1},{2,2},
{2,3},{2,4},{2,5},{2,6},{3,12},{3,2}, (3,3}, (3,4},
{3.5},{3.6},{4a,1},{4,2},{4,3},{4,4},{4,5},{4,6},
{5,1},{5,2},{5,3},{5,4},{5,5},{5,6},{6,1},{6,2},
{6,3},{6,4},{6,5},{6,6}}

Probability=5/36
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Make suitable modifications to the above program so that the following questions,
relating to the same experiment, can be answered using Mathematica: what is the
probability that when throwing two dice,

(i) the sum of the two outcomes is less than or equal to six?
(i) the difference between the two outcomes is exactly three?
(iii) the sum of the squares of the two outcomes is less than or equal to 367
(iv) the largest of the two outcomes equals five?
(v) the smallest of the two outcomes equals three?

(vi) at least one of the outcomes equals six?

. Working as in the previous exercise, answer the following questions:

(i) An urn contains 10 balls numbered 0-9. We select a ball at random, note the
number on it, and return the ball into the urn. Then, we take out a second ball
and also make a note of the number on that ball. What is the probability that
(a) the two numbers are the same?

(b) the sum of the two numbers equals 10?

(c) the difference between the two numbers is at least 67

(d) the sum of the cubes of the two numbers exceeds 20?

(e) at least one of the two numbers is greater than or equal to 5?

(i1) In the experiment of tossing a coin five times, find the probability that
(a) at least three heads appear;

(b) heads turn up at least once;

(c) the first three outcomes of the coin are all heads;

(d) the first three outcomes of the coin are the same;

(e) heads appear in at least two successive tosses of the coin.

. Recall the birthday problem (see Example 2.12). Let 1 — p, denote the probability

that in a group of k students, at least two share the same birthday. This probability
is found below using Mathematica.

In[l] := k=5;
birth= 1-Product [(366-r) /365, {r,1,k}]
birthl= N[birth]

out [2]= 481626601/17748900625
Out [3]= 0.0271356

(Notice that, if we do not use the operator N[ ], which gives the result in decimal
form, the answer is given as a fraction.) The result above was found for k = 4. If we
want to plot 1 — p,, as a function of k, we have the following series of commands:
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In[4] := n=10;

birthtable= Table[{k,1-Product[(365-j+1) /365,
{3,2.%x}1}, {x,1,n}1//N

ListPlot [birthtable]

out[5]1= {{1.,0.},{2.,0.00273973},{3.,0.00820417},
{a.,0.0163559},{5.,0.0271356},{6.,0.0404625},
{7.,0.0562357},{8.,0.0743353},{9.,0.0946238},
{10.,0.116948}}

0.10
0.08
0.06
0.04

0.02

2 4 6 8 10

(i) Check empirically that, as k grows large, 1 — p, approaches unity.

(ii) Find the least value of k such that the corresponding probability 1 — p, is at
least
(a) 50%;
(b) 90%;
(c) 95%;
(d) 99%.

7. Generalizing the Chevalier de Méré problem (see Exercise 16 in Section 2.3),
suppose p,, denotes the probability that we get at least one six when we throw a die
k times, and ¢, denotes the probability that we get at least one double six when we
throw two dice 6k times.

(1) Verify that

k 6k
pk=1—(§), qk=1—<§), k=12,....

(i1) Use a series of commands similar to those given in the previous exercise
(a) to draw plots of p, and g, for different values of k,
(b) to find the smallest value of k such that p, is at least I. 50% II. 90%
III. 95%.
Find also for which values of k the probability g, exceeds each of these three
values above.

(iii) Find the value of k that minimizes the difference between p; and g.
8. The creation and enumeration of all possible combinations from a set can be done

in Mathematica with the command KSubsets. More specifically, the command
KSubsets [A, k] gives all subsets of a set A containing exactly k elements,
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ordered lexicographically (for old versions of Mathematica, notice that we have
to load the package “Combinatorica” first, as shown below. As of Version 10,
much of the functionality covered by Combinatorica has been implemented in the
Wolfram System.)

The following commands illustrate the use of the command KSubsets:

In[1l] := <«Combinatorica’

comb= KSubsets[{a,b,c}, 2]
Print ["number of combinations = ", Length [comb]]
out [2]= {{a,b},{a,c},{b,c}}

In[4] := comb=KSubsets[{al,a2,a3,k1l,k2}, 3]
Print ["number of combinations = ", Length [comb]]
out [4]= {{a1,a2,a3},{a1,a2,k1},{a1,a2,k2},{al,a3,k1},
{a1,a3,k2}, {a1,k1,k2},{a2,a3,k1}, {a2,a3,k2},
{a2,k1,k2}, {a3,k1,k2}}

In[6] := comb=KSubsets[{a,a,a,k,k,k}, 3]
Print ["number of combinations = ",Length [comb]]
out [6]= {{a,a,a},{a,a,k},{a,a,k},{a,a,k},{a, a,k},
{a,a,k},{a,a,k},{a,k,k},{a,k,k},{a,k,k},
{a,a,k}, {a,a,k},{a,a,k},{a,k,k},{a,k,k},
{a,k,k},{a,k,k},{a,k, k},{a, k, k}, {k, k,k}}

Using a similar set of commands and the classical definition of probability (i.e.
recording both the favorable outcomes for an event and all possible outcomes for
the experiment), solve the following problem. The 20 students in a class are listed
alphabetically, according to their surname, and a number from 1 to 20 is given to
each of them. Then, these numbers are placed in a box and for selecting a class
committee, five numbers are drawn at random. Find the probability that

(1) one of the numbers selected is 4;
(ii) 2,4, 6 are all among the selected numbers;
(iii) none of the numbers 1, 3,5, 7 is selected;
(iv) all five integers selected are even;
(v) the smallest number selected is 7;
(vi) the smallest number selected is greater than 7;
(vii) the difference between the smallest and the largest numbers selected is at least

S.

. A drawer contains six pairs of gloves, each of a different color. A person selects
randomly 4 gloves among the 12. By recording all possible and all favorable events
in each case (as in the previous exercise), find the probability that among the four
gloves selected

(i) there are two pairs;
(ii) there is exactly one pair;

(iii) there is no pair of gloves.
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10.

11.

12.
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Among 15 couples who attend a party, we choose randomly 4 persons. What is the
probability that among them

(i) there are only men?
(i1) there are only women?
(iii) there is at least one couple?

(Remember that if you want to enumerate all possible combinations from a
set and work with old versions of Mathematica, you have to load the package
“Combinatorica” first; see the note on Exercise 8.)

Let X = {x,x,,...,x,} be a finite set and k be a positive integer such that k < n.
We denote
_ (”)k
n nk

for the ratio of the number of k-element permutations among the n elements without
repetitions to the number of k-element permutations with repetitions. We also define

correspondingly
n
(i)

]

for the ratio of combinations instead of permutations. Examine numerically how
P> g, vary as n increases and draw a graph of each of these ratios as a function of n.

For large values of a positive integer n, an approximation which is often used for
its factorial, n!, is the following, known as Stirling’s formula:

n
n! ~ 2nn<ﬂ) .
e

Here, the symbol ~ means that the ratio of the two sides tends to 1 as n — oo, so
that the formula can also be written in the form

e \on

nggo nn+l /2
Calculate the values of the quantity

nle”"
nt1/2

for n = 20, 30, 40, 50, 60, 80,100, 120,150 and plot these points against n on a graph.
Check that even for modest values of n, this gets very close to /2.
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2.8 SELF-ASSESSMENT EXERCISES

2.8.1

1.

10.

11.

12.

True—False Questions

When we toss a coin three times, the sample space with all different outcomes of
the three tosses has eight elements.

. When we throw a die, the probability that the outcome is greater than or equal to 3

is 1/2.

. A box contains 50 lottery tickets, numbered 1,2, ...,50. We select one ticket at

random. The probability that the number on it is a multiple of 3 is 1/3.

. Nick rolls a die twice. The probability that the second outcome is higher than the

firstis 1/2.

. The number of different 5-member committees, consisting of 3 men and 2 women,

that can be formed among 18 men and 12 women is < 138 ) ( 122 )

. We select three digits from one to nine with replacement. The number of all possible

outcomes, in order to form a three-digit number, is (9);.

. We select three digits from one to nine without replacement. The number of all

possible outcomes, in order to form a three-digit number, is 93,

. Five students are ranked in terms of their academic performance. The total number

of possible rankings is 5!

For any nonnegative integer n, we have

(n+1

>=n+l.
n

For nonnegative integers n and r with r < n, it is always true that

()=01)

For nonnegative integers n and r with r < n, it is always true that
n > <n ) '
r r

Let n and r be two integers with r > n > 1. Then both [ Z] and (n) are equal
r

to zero.
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13. A bookshelf contains 30 books. Among them, 12 are fiction and the remaining are
nonfiction books. If we select five books at random, the probability that there will
be exactly four fiction books among them is

4-18

(5)

5

14. Three friends throw one die each. The probability that the sum of the three outcomes
is 17 equals 1/72.

15. The coefficient of x” in the binomial expansion of (x + 3)° is (g

16. The coefficient of x* in the binomial expansion of (1 — )70 s <Z )

17. For nonnegative integers n and k with k < n, the sum
>(2)
par
equals 2",
18. For nonnegative integers m, n, and r with r < n + m, the sum
="
= k/ \r—k

equals 2",

2.8.2 Multiple Choice Questions

1. When we throw a die three times, the probability that no six appears is

1’ 13 53 13 5°
(a) P (b) 3 (c) P d1- P (e)1 - P

2. In two throws of a die, the probability that the sum of the two outcomes equals
three is

3 1 1 1 4
(a) g (b) 8 © % (d E (e %

3. In three throws of a die, the probability that no two outcomes are the same equals

2 20 1 5 4
(@) § (b) 6_3 © § (d 6 (e) 5
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. A high-school offers four language courses: French, Spanish, German, and Italian.
Each student has to select exactly two of these courses. Assuming that all choices
are equally likely, the probability that a student chooses French and Italian is

1 1 1 2 3
(a) 5 (b) 4_1 (© 8 (d 5 (e) g

. If we select 3 cards without replacement from an usual pack of 52 cards, the number
of possible outcomes is

@(Y) oF o <d>53i,3 © (%)

. If we select 2 cards without replacement from an usual pack of 52 cards, the
probability that neither of them is an ace is

(428 > 48121 52! 484! 48?
(a) (5—2> (b) @ (©) M (d) W (e) 5?
2 2

. For nonnegative integers n and k with k < n, the ratio

(M)

(i)

equals
k
@k (b) % ©) % (d) % (e) n—kk

. Suppose that there are five red balls and seven black balls in a box. If we select
three balls at random and without replacement, the probability that none of them is

black equals
6 W G+ G ;)
0 0 3 0 3 3
WO Tm T 00
3 3 3 3 3 0
. Ariadne and Athena are schoolmates. The probability that they will celebrate their
next birthday on the same day of the week is

6 1 2 < g ) 6-7
@) = (b) 5 (©) = (d) —=— (e) —=~

oG Q)

() (d) (e)
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10.

11.

12.

13.

14.

15.

2. FINITE SAMPLE SPACES — COMBINATORIAL METHODS

A mathematics teacher has four ties and each day he selects at random one of them
to wear to work. In a period of three days, the probability that he does not wear the
same tie more than once equals

3 1 1 3 3
2 b) = 2 d) 2 =
(a)4 ()2 (0)4 ()8 (6)16
Marie, as she opens her email, finds out that she has five new messages, of which
three are spam messages. The probability that the two nonspam messages were
received one after the other, without any spam messages between them, is

1 1 2 3 1
2 b) = e d) = —
(a) 5 ( )4 (c) 5 (d) 0 (e) 30
During a hand of poker, a player receives 5 cards out of 52 cards from an ordinary
deck. The probability that, at a given hand, he receives at least one ace is

WE) O (5)
1 5 1 4 1 4 5
(a) 3 (b) 5 (© <52> (d) (52> (e)1 ﬁ

5 5 5
There are six red balls and three black balls in a box. All nine balls are identical
except their color. Nick claims that he can pull out six balls (without replacement)
and that all six will be red. Assuming that he has no magical skills and he chooses
at random, let x be the probability that he will succeed. He then pulls out a ball and
it turns out to be red. At that stage, the probability that he will succeed has been
increased, compared with the original probability x, by

(a) 10% (b) 15% (c) 16.67% (d) 25% (e) 50%

In the parking area of a supermarket, there are 40 parking places, numbered
1-40. At a particular instant, 15 places are occupied. Assuming that all places are
equally likely to be occupied, the probability that exactly one of the parking places
numbered 1 and 2 is occupied equals
(1) ()
1/\14

(0 )G,
G I

The value of the sum

(a)

(©

S (0)(,%)

is

(a)(156) (b)<150>+<2) (C)<150>'<2) CENNCES
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17.

18.
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The value of the sum

is

(a) n(n — 1)2"2 (b) n(n + 1)2"2 (c) n?2"?
(d) n22"2 +1 (e) n22"!

The number of different domino tiles that can be formed if the number on each side
of a tile is chosen from the set {0,1,2,3,4,5,6,7,8,9} is

(a) 45 (b) 55 () 63 @36 ()72

When we throw simultaneously three identical dice, the number of distinguishable
outcomes is

@ () ®) o) @ ©f

2.9 REVIEW PROBLEMS

1.

2.

3.

4.

A sprinter is about to run a 100 m race on lane 3 of a track that has 8§ lanes. If two
other runners from the same country take part in this race, what is the probability
that neither of them will run next to him?

We want to place n mathematics books and k physics books on a book-shelf.
(1) How many ways are there for placing the books on the shelf?

(i1) If k < n + 1, find the probability that no two physics books are put next to one
another.

We ask 15 people about the day of the week they were born. What is the probability
that no one was born on a Sunday?

A company of n students decides to have lunch at the Student Union on a particular
day. Each of the students will go alone as they attend different classes in the
morning. However, there are k restaurants at the Student Union and they have not
specified at which one they are supposed to meet.

(i) How many different selections are possible for the restaurants that the students
will go for lunch?

(i) Assuming that each student chooses a restaurant at random with the
same probability, what is the probability that they all choose the same
restaurant?
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11.
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. A safe box requires a four-digit number to be opened.

(i) Find the number n of different numbers that are possible codes for the safe box.

(i1) If a burglar chooses at random four-digit numbers trying to open the box, find
the probability that he succeeds
(a) at the kth attempt (1 < k < n);

(b) during one of his first r attempts (1 < r < n);
(c) at the nth (and final) attempt.

A computer machine selects at random an even integer which is greater than or
equal to 10 000 and less than 70 000. What is the probability that the number
selected has no two digits which are the same?

Each student, in a class of 50 students, has to choose two optional courses among the
. . 4 .
four optional courses offered by their Department, so that there are ( ) alternative

choices (course combinations) for any of them. What is the probability that there is
exactly one course combination not chosen by any of the students?

In a certain town, the percentage of people with blood type A is approximately the
same to that with blood type O. Moreover, the percentage of inhabitants with blood
type B is about 1/5 compared to that of type A and three times as much compared
to the percentage of persons with type AB. Estimate the probability that the next
child to be born in this town

(1) will have a blood type AB;
(i1) will have a blood type either A or B;
(iii) will not have blood type O.

The coefficients of the quadratic polynomial (a + 1)x> + bx + ¢ are decided from
the outcomes of a fair coin, which is tossed three times. Specifically, if at the first
toss the coin lands heads we put a = 1, otherwise we put a = 0. Similarly, b = 1 if
at the second toss the coin lands heads (b = 0 otherwise) and ¢ = 1 if at the third
toss the coin lands heads (¢ = 0 otherwise). Find the probability that the polynomial
has no real roots.

Consider the following experiment: we ask a computer to select an integer at
random from the set {0, 1,2, ...,99 999}. What is the probability that the number
selected

(1) does not contain the digit 77
(i1) contains both digits 5 and 7?
(iii) contains, at least once, each of the digits 1,3,5,7?
Nick has six mathematics books, five physics books, three chemistry books, seven
French books, and two dictionaries. He buys a new bookshelf and his mother places

the books at random on the shelf. What is the probability that all books of the same
subject are placed together?
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Suppose that n students, say S;,S,,...,S,, apply for a postgraduate program, and
they all receive an invitation to attend an interview. They all arrive in time and they
are called upon one after the other.

(1) Find the number of different ways for the order they will be called for the
interview.

(i1) What is the probability that students S; and S, will be called first and second,

respectively, for the interview?

A bowl contains n lottery tickets numbered 1,2, ..., n. We select a ticket at random,
record the number on it, and put it back in the bowl. The same procedure is followed
a total of k times.

Find the probability that
(i) the number 1 is selected at least once;
(i) both numbers 1 and 2 are selected at least once.

(Hint: Define the events

A.

; - number i does not appear in any of the k selections

for i = 1, 2. Then, the required probabilities are

PA)) and PAJA) =1-P(A; UA,).)

Let X = {x;,x,,...,x,} be a finite set with n > 2 (distinct) elements. Suppose that
we want to use

* r, times the element x,

* 1, times the element x,,

e r, times the element x,,

in order to form a collection (a;, a,, ... ,a,) of runits, where r = r; +r, +-- - +71,.
Such an arrangement is called an r-permutation of n (distinct) elements. Show that
the number of all possible permutations of this type is given by the formula

< r >_ r!
F1aTay sy rilryl-r,!

Application: A part of the human DNA chain is represented as a series with elements
A,C,G,T (the letters stand for the nucleobases adenine, cytosine, guanine, and
thymine, respectively). How many different compositions (sequences) are possible
for a segment of length r, such that r| elements are of type A, r, elements are of type
C, r; elements are of type G, and r, elements are of type T (r = r; + ry + 13 +14)?
Under the assumption that all such compositions have the same probability of
appearing, what is the probability that a randomly selected sequence has the
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15.

16.

17.

18.

19.
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elements corresponding to each of the four bases being adjacent, i.e. we have
compositions as in the following examples

AA...A CC...C TT..T GG...G
—_—— —— —— S —

sl n T4 r3
or
GG..G AA...A cC..Cc TIT..T
—— —— —\— ——
3 r r r4
and so on?

Let X = {x;,x,, ..., x,} and k be a positive integer with k < n. Denote by

n nk

the ratio of the number of k-element permutations among the n elements without
repetitions to the number of k-element permutations with repetitions. We also define

o)
o

which is the corresponding ratio for combinations instead of permutations. What is
the limit of the sequences p, and g, as n — co? Check if your results agree with
the numerical evidence found in Exercise 11 of Section 2.7.

Peter tosses a die k times for some 2 < k < 6. Find the probability that the results
of this die tosses

(i) are all the same;
(i1) contain at least two outcomes which are the same.
In a city with n 4 1 inhabitants, a person tells a rumor to a second person, who then

repeats it to a third person, and so on. At each step, the person who tells the rumor
chooses the next recipient at random among the n people available.

Find the probability that the rumor will be told r times without

(1) returning to the first person;

(ii) being repeated to any person.

There are n couples competing in a dancing competition. Suppose there are n prizes

available in total. What is the probability that exactly one person from each couple
wins a prize?

In Jenny’s shoe rack, there are seven pairs of shoes. She picks six shoes at random.
What is the probability that among these
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(i) there is no pair of shoes?
(ii) there is exactly one pair of shoes?
(iii) there are exactly two pairs?

(iv) there are exactly three pairs?

20. When we throw three dice, which one is more likely: that the sum of the three
outcomes equals 10 or that it equals 9?

(This problem is historically associated with the name of Galileo Galilei
(1564-1642), who calculated the probabilities of both these events and showed
that they were not equal, as it was thought to be so at that time.)

21. In the World Cup of football, there are 32 teams that participate. After a draw is
made, these teams are divided into eight groups with four teams each. How many
different ways there are to form the eight groups?

22. A train has three coaches and when it stops at the first station during its journey, n
passengers embark it, for n > 3. Assuming that passengers embark on a particular
coach of the train independently of one another, what is the probability that at least
one passenger embarks on each coach?

(Hint: Define the events
A.

; . no passenger embarks the ith coach

for i = 1,2, 3, and express the event of interest in terms of A|,A,,A5.)

23. In a tennis tournament, 16 female players will compete for the title. In the first
round of the tournament, the players will form randomly eight pairs and each pair
will play a match. The eight winners of these matches will then form four new
pairs. Each of these new pairs will play a match and the four winners will enter the
semi-final round. There will be another draw to make two semi-final pairs; the two
winners of the semi-final round will enter the final.

Amelia and Iréne are two players who enter the tournament. Find the probability
that they will meet

(i) in the first round;
(>i1) in the second round;
(>iii) in the final.

24. (The Mathematics of poetry’) The Indian writer Acharya Hemachandra (c. 1150
AD) studied the rhythms of Sanskrit poetry. Syllables in Sanskrit are either long (L)
or short (S). Long syllables have twice the length of short syllables. The question

he asked is how many rhythm patterns with a given total length can be formed by a
sequence of short and long syllables?

SThis is cited from the article The Mathematics of Poetry by Rachel Hall, which can be found at http://www.sju
.edu/~rhall/Multi/rhythm2.pdf.
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For instance, the number of patterns that have the length of four short syllables is
4: SSSS, SSL, SLS, LSS.

(i) For 1 <k <7, find the number r;, of patterns with total length k.
(ii) Prove that, for k = 2,3, ..., the following identity holds:®

}"k =T +rk_2.

25. Considering the special case of Pascal’s triangle (k = 5)

JIN_(/=1\_ (/-1 _j>s,

5 5 4
and adding side-by-side the resulting equations for j = 5,6, ..., 10, check that the
following identity holds true:

()= () (-2 (3

j=5

Using a similar method, generalize the previous result to show that for any positive
integers n and k with k < n, we have

n

(r)=2 )

j=k

Apply this result to reestablish the well-known identities

_ nn+1)

n
142+ n= )i 5

i=1
and ;
1"+2°+---+n" = Zl ==
i=1
26. The chess clubs of two schools compete against each other every year. Each
school team has n players and on the day of the contest, each member of the first
team is drawn to play against a member of the second team. In two consecutive
contests between the two teams, each of the two teams has the same members and
two separate draws, one in each occasion, take place. We want to calculate the
probability of the event
B .

.. at least one member of the first team plays against the same opponent of the

second team in the two contests.

®Tn fact, the sequence {rk :k=1,2,...} is known in Mathematics as the Fibonacci sequence, after the Italian
mathematician Fibonacci, although his work was published about 70 years after Hemachandra’s.
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Let us define the events

149

A;: the ith member of the first team plays against the same opponent in the two

l‘ .
contests

fori=1,2,...,n

(1) For the special case n = 3, verify that

P(A)) = P(A;) = P(A3) = %

1
P(AA,) = P(A1A3) = P(A,Az) = 3

1
P(A1AyAz) = 3

and conclude that 1 |
PB;)=1-— + 3

(i) Using the Poincaré formula (see Proposition 1.10), show that, in the general

case,

1 1 (_])n—l

e TR TR

(iii) Verify that, as n — oo, we have
hmP(B)—l—— 63%.

27. Consider the identity

1 5 <
—  =1+t+2+---= Y, |t <.
— 2 I

(1) Verify that the derivative, of order n — 1, of the function

1
f=—
is given by
- (n—1)!
=Dy =
VAOES a—o

(i) By differentiating both sides of (2.17) n — 1 times establish that

=) D1 g < 1
l—f)" ~ (n—1)!

(2.17)

(iii) Making the change of variable j — n 4+ 1 = k on the right-hand side of the last

expression, obtain an alternative proof of Proposition 2.10.
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2.10 APPLICATIONS

2.10.1 Estimation of Population Size: Capture—Recapture Method

We are often interested in estimating the number of inhabitants in a specific area (e.g.
number of animals living in a forest, number of fish in a lake, etc.). If performing a census
is not feasible, like in the two aforementioned examples, a popular technique to proceed at
the estimation of the population size is the method of capture—recapture.

Let us assume that our population consists of N individuals. We randomly select r
of them, place a mark on them, and set them free so that they mix with the rest of the
population. For example, in the case of fish living in a lake, we fish r of them, mark them
by a nonremovable mark, and put them back in the lake. After some time, say a couple of
days, so that the marked fish have mixed well with other living ones in the lake, we catch
randomly 7 fish from the lake (this is usually referred to as the recapture phase) and count
the number of marked ones among the 7 fish.

To start with, let us first calculate the probability that in the recapture phase x out of
the n individuals have a mark on them. Apparently, the sample space of our experiment
contains <N> elements (number of ways to select the n individuals from a population
consisting gf N individuals). The favorable events are formed by selecting x marked
individuals (out of the r marked ones in the population) and » — x unmarked (among the
N — r unmarked). There exist (r) ways to select the marked individuals and <N -7
ways to select the unmarked indi)\cliduals. Consequently, the probability that the sar?lpﬁexof
n individuals contains exactly x marked ones equals

() Go)
x/ \n—x
()
n
for max(0,n — N + r) < x < min(n, r) (these restrictions are necessary so that the proba-
bility does not vanish).

As an illustration, in the next table, we present the values of f(N, r,n;x) for r = 20,
n = 10, and several values of N (the entries with vanishing probability indicate that the
probability is less than 1072).

Let us next assume that N is not known and we address the problem of estimating N
with the aid of available data. Suppose we have marked r = 20 individuals from N (N
is now unknown) and, after some time, we select at random n = 10 individuals, among
whom we observe that x = 5 have been marked. If the size of the population was N = 25,
the probability of observing this specific outcome equals 0.005; if N = 30, this probability
increases to 0.130, while if N = 35 it increases to 0.254, etc. It seems reasonable that, if
we were to choose one of the tabulated values of N, based on the evidence provided by the
experimental outcome (five marked individuals during the recapture phase), the natural
choice is the one that maximizes the probability we are looking at, i.e. N = 40.

The above discussion leads to the following question, which highlights the estimation
method for obtaining a reasonable value for the unknown N: for given values of n,r,
and x, find the value of N that maximizes the probability f(N) = f(N, r, n; x). In statistical

terminology, the last probability is usually referred to as likelihood and the estimator of N
obtained by maximizing it as maximum likelihood estimator (MLE).

fWN,r,n;x) =
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N
X 25 30 35 40 45 50
0 0.000 0.000 0.000 0.000 0.001 0.003
1 0.000 0.000 0.001 0.004 0.013 0.028
2 0.000 0.000 0.007 0.028 0.064 0.108
3 0.000 0.005 0.040 0.104 0.172 0.226
4 0.000 0.034 0.132 0.222 0.269 0.280
5 0.005 0.130 0.254 0.284 0.258 0.215
6 0.059 0.271 0.288 0.222 0.154 0.103
7 0.237 0.310 0.192 0.104 0.056 0.031
8 0.385 0.189 0.072 0.028 0.012 0.005
9 0.257 0.056 0.014 0.004 0.001 0.000
10 0.057 0.006 0.001 0.000 0.000 0.000
Table 2.5 Values of the probabilities f(N, r, n; x) for r = 20, n = 10.
In order to establish a general formula for the MLE of N, we observe that
1=
fN) _ N-nWN-m _ "N
JIN=1) NWN-r—n+x) _"=-X’
N-—-r
which yields " b x r
N)>f(N—1) = = < — = &= x < —.
FW >N =1 &= & < T e a< T

Consequently, the probability f(N) increases for x < nr/N and decreases for x > nr/N.
Taking into account that x takes on only positive integer values, we conclude that the value
of N that maximizes the probability of f(N) equals

-2

([a] denoting the integer part of a).
For r =20, n = 10, and x = 5, we thus obtain

which is the same value we chose based on the probabilities presented in Table 2.5.



152 2. FINITE SAMPLE SPACES — COMBINATORIAL METHODS

KEY TERMS

binomial theorem (or binomial expansion)
classical definition of probability
combination

combination with repetition

combinatorial analysis

enumeration methods (or counting methods)
equally likely (or equally probable) events
factorial

favorable outcomes (or favorable results)
k-permutation

k-permutation with repetitions
multiplication principle

Pascal triangle

permutation

possible outcomes (or possible results)



CHAPTER 3

CONDITIONAL PROBABILITY —
INDEPENDENT EVENTS

Thomas Bayes
(London c. 1701 — Tunbridge Wells,
Kent, England 1761)

An English mathematician and Presbyterian minister, best known for
the theorem that bears his name. He studied theology at Edinburgh
University (1719-1722) and, following his father, became a Presby-
terian minister at Tunbridge Wells, southeast of London. Although
he received no formal mathematical training and published only one
piece of mathematical work in his lifetime, in which he defended the
foundations of Newton’s calculus (published anonymously in 1736),
this work showed him as an able mathematician and presumably on
this account he was elected a Fellow of the Royal Society in 1742.

In his later years, he developed a keen interest in probability,
apparently after reading a book written by de Moivre. After his
death, his relatives asked another Presbyterian minister to examine
the mathematical papers, written by him, which they had found. One
of these papers contained a special case of what is today famously
known as Bayes’ theorem.

In his work, Bayes treated probabilities as quantities expressing
a degree of belief. This interpretation of probability, which is also
known as subjective probability and was popularized in the nineteenth
century by Laplace, has become quite popular in statistics and decision
theory. The term Bayesian statistics (or Bayesian inference) refers to
the statistical field in which the true state of things can be expressed
in terms of degree of confidence (Bayesian probabilities) we have on
different statements.

Introduction to Probability: Models and Applications, First Edition. 153
N. Balakrishnan, Markos V. Koutras, and Konstadinos G. Politis.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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3.1 CONDITIONAL PROBABILITY

In the situations we have encountered so far, when we assigned probabilities to events,
i.e. to possible outcomes of a future experiment, we assumed that we have no knowledge
whatsoever about the outcome that will occur. There are many instances, however, when
we have some knowledge about what will happen or what has already happened, if we are
speculating in the middle of the realization of the experiment.

For example, consider the experiment of throwing two dice one after the other, and we
are interested in the probability of the event

A :both throws result in a six.
It is helpful to define also the events
B the outcome of the first die is a six

and
C . the outcome of the second die is a six,

so that A = BC. Since there are 36 equiprobable events in the sample space, and A contains

just one of them, we have
1

P(A) = P(BC) = %
Now, suppose that we throw the first die and the outcome is a six. What is at this point
the probability of the event A? Common sense dictates that this can no longer be equal to
1/36, as the event “two sixes in the two rolls of the die” is now more likely than it was at
the beginning of the experiment. Moreover, most people would think (and it is true) that
the probability of A after the first trial resulted in a six equals 1/6, since for A to occur we
only require the outcome of a single roll of a die (the second one) to be a six.

Things might become clearer when we are pushed to the extreme: suppose that we roll
the die once and the outcome of the first trial is not a six. What is the probability we assign
to A when we have that knowledge? It is obvious that A is then impossible to occur, and so
this probability must be zero. However, we cannot write P(A) = 0, since we argued above
that the probability of A (without having any partial knowledge about the outcome of the
experiment) is 1/36, and we cannot assign more than one probabilities to the same event.

In both the above cases, we tried to make probability statements about A when we
have some partial information available on the outcome of the experiment that is being
conducted. Thus, we came up with two answers that are both different from the original
probability we assigned to A. To formalize this concept mathematically, we say that, if
some knowledge about the outcome of an experiment is available, then the probability we
assign to an event given that knowledge is a conditional probability.

Therefore, if we know in the example above that the first throw of the die resulted in a
six, then the conditional probability of two sixes in two throws is 1/6. On the other hand,
if the first result is not a six, then the conditional probability of two sixes is zero.

In order to clarify further the above ideas, let us consider another example. Suppose we
have a box that contains four blue balls and six white balls. We select randomly one out of
the 10 balls and then, without returning this to the box,! we take another one.

I'So, we are using here sampling without replacement.
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IOOIO
or I 1010

Let us define the events:

A, : At the ith selection of a ball, the color of the ball taken from the box is white
and
B;: At the ith selection of a ball, the color of the ball taken from the box is blue

fori=1,2.

Before the first selection, there are 10 balls in the box, 6 of which are white. It is then
evident that

6 4
PA)) = 10° P(B,) = 10

Turning to find the probabilities P(A,), P(B,), we face the following problem. After the
first ball is drawn from the box, it is not returned to the box; so, although we know that there
will be nine balls in the box when the second selection is made, we do not know exactly
how many of these will be white. It is clear that the outcome of the second experiment
depends on the outcome of the first; we can, however, consider two possibilities for the
outcome of the first selection and, for each of these, we can find the probabilities of the
events A, and B,. Specifically, we argue as follows:

Initial composition
of the box

@ OO@O
Ol | 0@

A white ball A blue ball
was selected in was selected in
the first draw the first draw

Composition of the
box after the selection
of the first ball

OO@O
Q

@OO®
CO@OO
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* If the first ball selected was white, the probability that the second ball drawn is white
is 5/9, and the probability that the second ball drawn is blue is 4 /9.

* If the first ball selected was blue, the probability that the second ball drawn is white
is 6/9, and the probability that the second ball drawn is blue is 3/9.

Probabilities of this kind, i.e. probabilities of an event assuming that another event has
occurred, are called conditional probabilities. We then write for the above probabilities

5 4
P(Ay]A)) = 5’ P(B,|A)) = >

and, similarly,

6 3

When we write, for instance, P(A,]A,) = 5/9, we say that the probability of A, given A,
(has occurred) is 5/9, and so on.

As we will see in one of the following sections, the four conditional probabilities given
above can be used to calculate the (unconditional) probabilities of the events A, and B,
as well.

We now return to the previous example with two dice being thrown and recall the
definition of the events A, B, C there. We argued that the probability that both dice result
in a six if we know that the outcome of the first die is a six equals 1/6. With the notation
just introduced, we can then write

P(A|B) = é.

In the previous chapter, we have seen that the probability (of an event) is equal to the ratio
of the number of favorable outcomes to the number of all possible outcomes. Let us see
how this translates in the case of a conditional event, such as the event A|B, i.e. the event
that something happens if we know that something else has already happened.

For the combined experiment of throwing two dice, the sample space consists of all
pairs of outcomes

(1,1),(1,2),(1,3),...,(6,5),(6,6),

with the number of such pairs being 36. If we have the information that the outcome of the
first throw was a six, essentially our sample space reduces to only the following six pairs:

(6, 1)(6,2), (6,3),(6,4),(6,5),(6,6),

with all other events (pairs) being impossible. Thus, if we know that B has occurred, the
sample space has only six elements, and only one of them is favorable for A to occur,
namely, the outcome (6, 6). In that sense, conditional probabilities can also be thought of
as being equal to the number of favorable events divided by the number of possible events
(in the reduced sample space).
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Another way to view this is to notice that, out of the possible pairs for the two throws,
only six are favorable for the event B and, among these, just one is favorable for both A
and B. In other words, we observe that

|AB|
AB Q
P L 148 _ 1ol
6 1Bl 1Bl
|€2]
so that we have
P(AB
P(A|B) = g
P(B)

This is not a coincidence, but a fact that can be verified generally in cases where
we can calculate directly both the conditional probability P(A|B) and the unconditional
probabilities P(AB) and P(B). The above answer we get for the probability that A occurs if
we know that B has already occurred agrees with our intuition and it is in fact taken as the
definition of the conditional probability, as given next.

Definition 3.1 Assume that Q is a sample space and B C Q an event in that space such
that P(B) > 0. Then, for any event A defined on that space, the conditional probability
of A given B is defined as

P(AB
P(A|B) = %. 3.1)

It should be clear that the probability of B in the definition must be strictly positive,
i.e. nonzero, since we cannot assume that an event has happened if that event has a
zero probability. This is reflected mathematically in the fact that the denominator on the
right-hand side of (3.1) cannot be zero.

It is worth noting that formula (3.1) is neither an axiom nor a theorem. It is a definition
for conditional probability and its use as such, at least at an intuitive level, might be
justified by a number of examples like the one given before Definition 3.1.

Historically, we have seen that the notion and foundations of probability theory arose
from games of chance. In fact, people interested in such games were tacitly using this
formula before the concept of conditional probability was formalized by Abraham de
Moivre in his book The Doctrine of Chances in 1738.

In analogy with the conditional probability of the event A given B, we can define the
conditional probability of B given A (provided that P(A) > 0) as

P(AB
P(BJA) = %.

A common misconception, even today, is that P(A|B) and P(B|A) are equal. However, a
quick glance at the last expression along with (3.1) reveals that this is generally not true
(it is only true when P(A) = P(B)).
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Example 3.1 In a certain country, the probability that a woman lives at least 70 years
is 0.87, while the probability that she lives 75 years or more is 0.80. Suppose we select
randomly a 70-year-old woman from that country. What is the probability that she will
survive for the next five years, so that she reaches the age of 75?7

SOLUTION Let A and B be the events that a randomly selected woman from the
population lives at least 75 and 70 years, respectively. Then, it is known that

P(A) = 0.80, P(B)=0.87,

and we also observe that AB = A, since A C B. Then the required probability is the
conditional probability P(A|B), which can be obtained as

_PUB) _PA) _ 080
P(A|B) = P(B) ~ PB) 087 =~ 0.92.

Proposition 3.1 Let Q be a sample space and B C Q be an event with P(B) > 0. Then,
the following properties hold:

PCI. P(A|B) > 0 for any event A in the sample space Q.
PC2. P(Q|B) = 1.

PC3. IfA,,A,, ... is a sequence of pairwise disjoint events in L, then

j2 <OAi|B> = i P(A,|B).
i=1 i=1

Proof: Properties PC1 and PC2 are immediate consequences from the definition of
conditional probability and the obvious facts

P(AB)>0, QB=B.

For PC3, we observe that

) ((0)9) ()

P(B) - PB)
P(A.B
= ’; o = iP(A"B) = iP(AlB)
P(B) = PB) & e
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where, in the second step, we have used the associative rule for the union—intersection of
events, while in the third step, we have used the fact that the events A|B,A,B,A3B, ... are
pairwise disjoint; this follows since for i # j,

(A;B)(A;B) = (AjA)B = §B = §. o

The above proposition shows that the set function Qg(-), which is defined by the

relationship
P(AB)

QB(A) = P(A|B) = W,

for all events A in €, satisfies properties P1, P2, P3 of Kolmogorov’s axiomatic definition
(see Definition 1.10). When we considered various properties of probability, all results we
showed emerged from these three axioms; we thus see that the same properties are in fact
valid for conditional probabilities as well.

More specifically, we have the following proposition.

Proposition 3.2 Let Q be a sample space and B C Q be an event in that space with
P(B) > 0. Then, the conditional probability P(-|B) satisfies the following properties:

(a) P@|B) = 0;

(b) For any event A, with complementary event A’, we have P(A’|B) = 1 — P(A|B);
(c) Forany events A and C, we have P(AC'|B) = P(A — C|B) = P(A|B) — P(AC|B);
(d) If C C A, then P(C|B) < P(A|B);

(e) Forany events A and C, we have P(AUC|B) = P(A|B) + P(C|B) — P(AC|B);

(f) For any monotone sequence of events {A, },, in Q, we have

lim P(A,|B) = P(lim A, |B).
n—oo n—oo

In summary, we note that there are generally two ways of calculating a conditional
probability of the form P(A|B):

1. directly, by limiting the sample space of the experiment to those elements that are
contained in the set (event) B and studying, in that space, the favorable events
associated with the event A;

2. calculating the probabilities P(AB) and P(B) and then employing formula in (3.1).

It is advisable that one is aware of these two possibilities when dealing with conditional
events and their associated probabilities. The choice of the best option for a particular
problem depends inevitably on the nature of the problem and the ease with which the
quantities involved can be calculated.

The next example illustrates the above and highlights the importance of identifying the
correct sample space when the original space is limited due to conditioning upon some
event.
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Example 3.2

(1) Suppose Mr. and Mrs. Smith tell you they have two children and that one of
them is a girl. What is the probability that the other is a girl too?

(i1) Suppose instead the Smiths tell you that their eldest child is a girl. What is the
probability that the youngest one is a girl too?

SOLUTION
(i) The answer most people would give intuitively is 1/2, since the other child is
either a boy or a girl, and we assume equal probabilities for either.

There are, however, four possible gender outcomes: BB, BG, GB, and GG,
where B and G denote boy and girl, respectively, and the letters are arranged in
order of birth. Each combination is equally likely and so has a probability of
1/4. In exactly three cases, BG, GB, and GG, the family includes a girl; in just
one of this group, GG, the other child is also a girl. So the probability of two
girls, given that there is at least one girl, is actually 1/3.

The key to understand the solution here is that the information which the
Smiths gave us is not that a specific child between the two they have is a girl, but
that at least one of their children is a girl. With that knowledge, the restricted
sample space of this experiment becomes {BG, GB, GG}.

Notice that with the above reasoning, no calculations were carried out to
obtain the answer.? For those not convinced yet, we can alternatively employ
(3.1) to obtain the same result as follows. We want the probability that “given
that one child is a girl, the other is also a girl.” Let A be the event that at least
one of the Smith children is a girl. Define B as the event that the other child
(the one that the Smiths did not tell us about) is also a girl. Then, the required
probability is P(B|A) and this is

P(AB)

But clearly, assuming that both sexes are equally likely, we have
PA) = 3 and P(AB) = 1
4 4’

since AB is the event that both children are girls. The answer is now obvious
from the last two relations.

(i1) This time, the possible gender distributions are GB and GG, and the younger
child is a girl only for GG. So, the probability becomes 1/2.

2This example is cited from the article “Mathematical Recreations: The interrogator’s fallacy” by Ian Stewart in
the Scientific American, September 1996. For a far-reaching discussion, stressing the importance of the context
(loosely speaking, choosing the right sample space) when calculating probabilities, see the original article.
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Example 3.3 In a hand of bridge, each of the four players receives 13 cards from
a standard deck of 52 cards. Players are divided in pairs so that two players sitting
opposite to one another are partners and play against the other two. Suppose now that
Nick and Leopold are partners. At a given hand, Leopold has no ace. What is the
probability that Nick does not have an ace either?

SOLUTION Let A be the event that Nick has no ace and B be the event that Leopold
has no ace among his cards for the given hand. Then, the required probability is P(A|B),
which by the definition of conditional probability, equals

P(AB
P(A|B) = (—)
P(B)
The event B occurs if none of the 13 cards that Leopold has is an ace. The number of

different ways in which this can occur is < 13 ), since his cards must be chosen from

the 48 cards in the deck (excluding the four aces). Since there are <?§ ) different ways
for Leopold’s cards to be selected at any hand, we have

(48) 438!
~\13/ _ 13135 _ 48!39!
P®B) = (52) T520 T 5213500

13 13139!

Consider now the event AB. This occurs if neither Leopold nor Nick have any aces,
and so their combined set of 26 cards is selected entirely from the 48 cards in the deck
excluding the four aces. Therefore, by a similar reasoning as above,

<48> 48!
_\26/ _ 261221 _ 48126!
PAB) = <52> T 521 T 5210017

26 26!126!

The conditional probability P(A|B) then equals

48126
_ P(AB) _ 521221
P@AIB) = P(B)  48!39!
52135!

_26!35!

T 221391°

which is about 18.2%.

The same answer can be obtained with less effort, however, by the direct argument
suggested before Example 3.2. Arguing in this way, we limit the sample space of the
experiment taking into account the knowledge that the event B has occurred. In this
case, the solution can be formulated as follows: suppose we know exactly which 13
cards Leopold has (obviously, no ace is included in them). The remaining cards are
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52 — 13 = 39 and there are (?g) ways for Nick’s cards to be chosen. Among them,

there are exactly ( 13 ) different ways in which Nick’s 13 cards contain no ace. Thus,

if we know precisely which cards Leopold has, the probability that Nick has no ace
equals

(35) 35!
13 13122! _ 35!26!

(39) 391 221391

13 13126!

(3.2)

which is the same result as the one obtained above. Note, however, that in order to
obtain the result, we assumed that we know exactly the cards that Leopold has (not

just that no ace is included in them). But, for any of the <?2) combinations of cards

Leopold has without an ace, the answer is the same, and therefore, by reasons of
symmetry, it must be the same if we do not know the exact cards, but we simply know
that no ace is included in them. As a consequence, we find again that the probability of
the event P(A|B) is given by (3.2).

EXERCISES
Group A
1. Inthe examination of a Probability I course at a University, 180 students participated

in the exam. Among these students, 80 study for a Mathematics degree, 60 for a
Statistics degree, and 40 are in a joint degree in Mathematics and Economics.

The course examiner selects a script with answers at random, and announces that
this does not belong to a Mathematics degree student. What is the probability that
the script belongs to a

(a) Statistics student?
(b) Mathematics and Economics student?
2. The percentages of people with each of the four blood types (O, A, B, and AB) in

Iceland are as follows:

type O: 56%; type A:31%; type B: 11%; type AB:2%.

For a certain person in Iceland, we know that his red blood cells express A antigen,
so that his blood type is either A or AB. What is the probability that he has blood
type AB?

3. Nicky throws a die three times in succession. Consider the events

A: the outcome of the second throw is a four;
B: two throws out of the three resulted in a four.

Calculate the probabilities P(B|A) and P(A|B). Are these equal?
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. Andrew tosses three coins. Find the probability that all three coins land heads if we

know that

(i) the first of the three coins landed heads;

(ii) at least one coin landed heads.

. Paul selects a card at random from a pack of 52 cards, and then selects a second

one among the 51 remaining cards (i.e. without replacement).

What is the probability that the second card drawn is an ace if we know that the
first card

(i) is aking?

(i1) is an ace?

. Suppose that Paul selects three cards at random without replacement. Find the

probability that the third card drawn is a spade given that the first two cards
included & spades. Give your answer for k = 0, 1, 2. (If, unlike Paul, you do not like
card games at all, there are 13 spades in a regular 52-card pack!).

. Henry throws two dice simultaneously. He observes the outcomes of the two throws

and tells us that the two dice showed different faces.
What is the probability that the sum of the two outcomes is
(1) asix?

(i1) either a two or a twelve?

. The percentage of unemployed women in a population is 14%, while the general

unemployment rate in the population is 11%. Assuming that the two sexes to
be equally likely, we select a person at random and this person turns out to be
unemployed. What is the probability that this person is

(i) male?

(i) female?

. Mary selects three cards at random from a regular 52-card pack without replacement.

Let A; be the event that the ith card drawn is a Queen for i = 1, 2, 3. Calculate the
probabilities

(i) P(A,]A));
(i1) P(A3|AA,);
(iii) P(A,A5lA)).

Let A, B, and C be three events in a sample space €. Assuming that the following
inequalities hold

P(A|B) > P(C|B) and P(A|B") > P(C|B),

verify that P(A) > P(C).

In a large company, there are 500 electronic systems installed. Each of them is
either connected to a network (N) or functions as a separate unit (U). Also, some
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of them have incorporated a new high-speed device (H) while the remaining ones
operate on an older, low-speed device (L). The frequencies for each of the four
combinations above in the set of 500 systems are as follows:

N U
H | 280 | 70
L | 130 | 20

An engineer selects a system at random for inspection.

(1) If she finds out that the system is connected to the network, what is the
probability that it operates on the high-speed device?

(ii) If she finds out that the system operates as a unit, what is the probability that
the system operates on the low-speed device?

(iii) If she discovers that the system operates on the high-speed device, what is the
probability that it is connected to the network?

(iv) If she discovers that the system operates on the low-speed device, what is the
probability that it is connected to the network?

Using your results from the above parts, verify that the following is not true for
two events A and B on a sample space:

P(A|B') =1 - P(A|B).

Give an intuitive explanation for this fact.

Stephie, who is a theater-lover, attends a theater performance every week in one
of the 25 theaters in her city. This year, 11 of these performances are comedies,
while the remaining 14 are dramas. Every week, she selects a theater to visit at
random among those she has not attended. After Stephie has been to five theater
performances, her friend Nancy asks her what kind of shows she has been to.
Stephie replies that the first three shows she went were comedies. What is the
probability that the other two performances she attended were both dramas?

Suppose A and B are two events in a sample space Q such that
PA)=a, P(B)=p.

Show that the conditional probability P(A|B) satisfies the inequality

Pl papy < &

B

Let A and B be two events in a sample space Q. Prove that P(A|B) > P(A) holds
if and only if P(B|A) > P(B). In such a case, the two events A and B are said to
be positively correlated since the knowledge that one has appeared increases the
probability that the other appears, too.
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Verify also the dual statement: P(A|B) < P(A) holds if and only if P(B|A) < P(B)
(in which case, we say that A and B are negatively correlated).

Application: When selecting a card twice in succession, we define the events
A: at least one ace turns up;

B: the first two outcomes are different;
C: the first outcome is not an ace.

Examine whether each of the two pairs of events (A,B) and (A, C) are either
positively or negatively correlated.

Group B

15.

16.

17.

A large department store wants to study the purchasing habits of its customers for
three specific products, a, b, c. The data given in the following table come from a
market research that the store conducted and show the proportions of customers
who purchase one or more among the three products during a specific period.

Product | Percentage of buyers
a 0.25
b 0.40
c 0.12
a&b 0.17
a&c 0.10
b&c 0.07
a,b&c 0.05

Assuming that these proportions reflect the probability for any customer to buy
these product(s), calculate the probability that a customer

(i) buys product a given (s)he has bought at least one of products b and c;
(i1) buys at least one of products b and c if (s)he has bought product a;

(iii) buys product a if we know that (s)he has bought at least one of the three
products a, b, and c.

Paul selects 6 cards from a pack of 52 cards and announces that three of them are
spades. What is the probability that all six cards selected are spades?

A large PC manufacturing unit has 1000 CPU (central processing units) with speed
2.6 GHz. Each unit has been labeled with a number from 1 to 1000. The same
manufacturer has also 1750 CPU with speed 3.0 GHz. Each of those units has
been labeled with a number from 1 to 1750. We choose randomly a CPU, without
knowing its speed, and observe that the number on its label is divisible by 6. What
is the probability that it is also divisible by 87
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19.
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Prove Property (f) of Proposition 3.2 directly using the definition of conditional
probability (Definition 3.1).

Suppose A, A,, and A are three events on a sample space € and let B be another
event such that P(B) > 0. Show that

P(Al UA2 UA3)=SI —S2+S3,

where
Sy = P(A|B) + P(A,|B) + P(A3|B),
S, = P(A|A,|B) + P(A|A;|B) + P(A,A5|B),
and
S; = P(A|A,A5|B).
Then, generalize this result for the case of n events A}, A,, ..., A,,.

(The prisoner’s dilemma) Three prisoners, A, B, and C, are sentenced to death and
they have been put in separate cells. All three have equally good grounds to apply
for parole and the parole board has selected one of them at random to be pardoned.
The warden knows which one is pardoned, but is not allowed to tell. Knowing this,
Prisoner A asks the warden to let him know the identity of one of the others who
is going to be executed. “If B is to be pardoned, give me C’s name. If C is to be
pardoned, give me B’s name. And if I'm to be pardoned, toss a coin to decide
whether to name B or C.”

The warden tells A that B is to be executed. Prisoner A is pleased because he
believes that his probability of surviving has gone up from 1/3 to 1/2, as it is now
between him and C. Prisoner A secretly tells C the news, who when hearing the
news believes that A still has a chance of 1/3 to be the pardoned one, but his chance
has gone up to 2/3.

What is the correct answer? Prisoner C is right, A’s probability of surviving is still
1/3, but prisoner C’s probability of receiving the pardon is 2/3. Explain why.

3.2 THE MULTIPLICATIVE LAW OF PROBABILITY

In many real life problems, we have to study families of events that can be put in some
order such as logical, chronological, and so on. If such an ordering is possible, it is often
easy to calculate conditional probabilities directly, upon conditioning each time on the
events we have observed. To illustrate this, we follow on the example from the previous
section with the box that contains four blue balls and six white balls. Sampling here is
without replacement and we select successively two balls. Suppose we are interested in the
probability that both balls drawn are white.

Define the events A, A,, B, B, as in the previous section, so that for i = 1,2, A, is the
event that the ith chosen ball is white and B; is the event that the ith chosen ball is blue.
Then, we observe that the required probability is P(A;A,).

We have already seen in Section 3.1 that

6
PA) = 15
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and 5

P(A,lA)) = 9
So far, we have used formula (3.1) to calculate the conditional probability P(A|B) when
both the (unconditional) probabilities P(B) and P(AB) are known. However, a second
use of (3.1) is (as in the present example) to move in the other direction so that, using
conditional probabilities, we can calculate the probability of the simultaneous occurrence

of two events. More explicitly, applying (3.1) to the events A, and A, above, we have

P(A1Ay)

P(A,|A}) = Tﬁ)’

which yields

So, we obtain immediately that

_ 1

P(A1Ay) = P(A)DP(A|A ) =

sle
O |

This example illustrates that sometimes it is easier to calculate a conditional probability
P(A|B) rather than the probability P(AB) for the intersection of two events. In this case,
formula (3.1) is used in the form

P(AB) = P(A)P(B|A).

Moreover, if P(B) > 0, the same argument applies when we interchange A and B, so that
we have
P(AB) = P(B)P(A|B).

Therefore, we see that, in order to calculate the probability for the intersection of two
events, it suffices to know the probability of one of them and the conditional probability of
the other, given that the first has occurred. Depending on which of P(A|B) and P(B|A) is
easier to find, we may use either of the last two formulas to obtain P(AB).

Example 3.4 In a University class in Tokyo, 12 of the students own a car. Among
these, seven have a Japanese car while the other five have a foreign car. If we ask two
of these students about the origin of their car, what is the probability that
(1) the first person asked has a Japanese car and the second one has a foreign car?
(i1) the first person has a foreign car and the second one has a Japanese car?

(iii) both persons own a Japanese car?

(iv) both persons own a foreign car?

SOLUTION Consider the events

A;: the ith person asked owns a Japanese car,

B;: the ith person asked owns a foreign car.
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The event in Part (i), namely, that the first person has a Japanese car and the second
one has a foreign car, is the event A B,, and similarly the events in Parts (ii), (iii), and
(iv) are A,B|,AA,, and B B,, respectively.

Then, for the first part we see that

75 35
P(A|B,) =PA)DPB,|A) = —— = —
(A1B,) = P(A)P(B,|A)) 211 - 132
since, if the first person selected owns a Japanese car, among the remaining 11 students
5 own a foreign car, so that P(B,|A;) = 5/11.
Similarly, we find the probabilities for the other three parts to be

57 35
e T

7 6 42
i) = HEEE = 1 = g

5 4 20
PBiBy) = PBOPEAB) = 1511 = 13207

Clearly, the sum of these four probabilities is one since one of the associated four events
must occur (these events are mutually exclusive and collectively exhaustive). Thus, the
last probability could have also been calculated by the formula

P(B|By) = 1 — P(A|B;) — P(B|A;) — P(A}Ay).

It is also useful to note that all four probabilities may be calculated alternatively by
using the classical definition of probability. For convenience, we assign a number from
1 to 7 to each of the 7 students who have a Japanese car while, to each of the students
who have a foreign car, we assign one of the numbers 8,9, 10, 11, 12. Then, the sample
space for this experiment (the selection of the two students among the 12) consists of
all pairs of numbers between 1 and 12, so that it can be written in the form

Q={Gj):i=12..,12,j=1,2,....,12 and i #j}.

The number of elements in €, which is the number of all possible outcomes for the
experiment, is |Q| = 12 - 11 = 132 and since the two students were selected completely
at random, each of these 132 (elementary) events has the same probability, 1/132. It is
now easy to describe each of the events AiBj fori,j € {1,2} and, for each for them, to find
the number of favorable outcomes. For instance, the event A, B, is described by the subset

BA, ={(i,)):i=38,9,...,12and j = 1,2, ..., 7},
while the event BB, by the subset

BB, = {(i,j):i,j=8,9,...,12 and i # j}.
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Consequently, we obtain the probabilities of these two events to be

1BiAl _5-7 _ 35

1Q 132~ 132

and
|BiB,] 5.4 20

Q] ~ 132 132

P(B;B,) =

We can similarly find the probabilities for the other two parts of the example.

We have seen above that the formula
P(AB) = P(B)P(A|B) = P(A)P(B|A)

gives us a very convenient way to find probabilities for intersections of events, and we may

use either of the two equalities above, typically depending on which of P(A|B) and P(B|A)

is easier to get. The same argument applies when we have more than two events; suppose

A, B, and C are three events defined on a sample space Q and assume that P(AB) > 0

(this implies that P(A) > 0). Then, we can write
_ P(AB)

P(ABC
P(B|A)_m, P(C|AB) = ;(AB))

and these two expressions now yield
P(ABC) = P(C|AB)P(AB) = P(C|AB)P(B|A)P(A).

In general, we have the following result, known as the multiplicative law (or the
multiplicative rule) of probability.

Proposition 3.3 Assume that A, A,, ..., A, are events in a sample space Q for which
we have P(A|A, - --A,_;) > 0. Then, we have

P(A1A2 i ‘An) = P(AI)P(AzlAl)P(A3 |A1A2) A 'P(An|A1A2 c ‘An_l).

Proof: We observe first that
P(Al) Z P(AIAZ) Z A Z P(A1A2 i 'An_l) > O,

so that all the conditional probabilities in the formula we have to prove are properly
defined. Thus, using Definition 3.1 for each of these, we obtain
P(A)P(A,|A)DP(A5|1A1Ay) - - P(A,|A 1Ay - -+ A, Ly)
PA1Ay) P(AAA;)  PAA,---Ay)
P(A)) P(AA;) PAAy---A,y)

and noticing that all terms but P(A;A,---A,) on the right-hand side cancel, the result
follows. O
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Example 3.5 A box contains five red (R) balls and eight blue (B) balls. If we select
four balls at random from the box, find the probability that we observe the sequence of
colors RBRB if

(i) the ball selected at each step is not put back in the box (sampling without
replacement);

(i1)) when we select a ball from the box, we observe its color and then put it back in
the box (sampling with replacement).

SOLUTION Let us define the events
A; . the ith ball selected is red

and
B; :the ith ball selected is blue,

for i =1,2,3,4. Then, we require the probability P(A;B,A;B,) that, according to
Proposition 3.3, can be expressed in the form

P(A,B,AB,) = P(A,)P(B,|A,)P(A4]A,B,)P(B,|A,B,A3).

(i) We calculate each of the probabilities on the right-hand side of the last
expression. Specifically, we have

5
PA)=—.
)=
Next, given that A, has occurred, after the first selection, there are 12 balls in
the box, 8 of which are blue; thus
8 2
PB,)|A) = — = =.
(BylAy) 7 =3
Conditioning upon the intersection of events A; and B,, meaning that both A,
and B, have occurred (that is, the first ball we selected was red and the second
one was blue), there are 11 remaining balls of which 4 are red. This means that
the probability to draw a red ball in the third selection is
4
P(A5]A,B,) = 1

Finally, arguing as above we see that

7

Combining all the above expressions, we find the required probability to be

5 2 4 7 28



3.2 THE MULTIPLICATIVE LAW OF PROBABILITY 171

(i1) In this case, since we have replacement, the number of red and blue balls in the
box remains the same before each selection, and this is the same as it is in the
beginning, i.e. five red and eight blue balls. Consequently, we get

5

d
an 8

P(B,|A)) = P(B4|A|B,A3) = 'ER
By employing the multiplicative law in Proposition 3.3, we get the required
probability to be

) )2< L )2 1600 0.056 02,

P(A,ByA;B,) = <_ LR
AiB2AsB) =13 13 28 561
and we see that the answers for the two parts of the question are quite different,

as we might have expected.

Example 3.6 Each pack from a certain brand of cereals has a coupon. There is a total
of six different coupons and a person who collects one from each type wins a prize.
Jimmy has just started collecting coupons and bought three packs of cereals. What is
the probability that all three have different types of coupons?

SOLUTION This problem can obviously be solved by combinatorial methods, but it
is probably easier to think about it in terms of conditional probabilities. We define the
events

A: The first two coupons are of a different type.
B: All three coupons are of a different type.

The probability we want is P(B) but, rather than attacking this directly, it is much
easier to find P(A) and the conditional probability P(B|A). More specifically, the
probability of the event A is simply 5/6; assuming that all coupons are equally likely,
there are five favorable choices for A, which are all types of coupons except that on the
first pack of cereals. Similarly, once we know that the first two packs have different
coupons, then for B to occur we require that the third pack contains one from the four
remaining types out of the possible six, and so

P(B|A) = %.

An appeal to the multiplicative law now yields the answer to the question readily as

P(B) = P(A)P(B|A) = % . % _ % _ %'
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Example 3.7 After a bank robbery, the police have arrested 12 people, 4 of whom are
actually responsible for the robbery. The police investigator selects one person among
the 12 for questioning, then a second and finally a third. What is the probability that
among these three persons,

(i) all three are innocent;

(ii) they are all innocent or all guilty.

SOLUTION We define the events

A;: The ith person chosen for questioning is innocent,
B;: The ith person chosen for questioning is guilty,

fori=1,2,3.

(i) We require the probability of the event P(A;A,A3) and, by the multiplicative
law, this is

P(A|A)A3) = P(A))P(A,|A)P(A5]1AA,)

_8 7 .6 _336 _ 42 55
12 11 10 1320 165

(i1) For this part, we seek the probability of the event A;A,A; U B B,B5 and, since
the events A;A,A; and BB,B; are disjoint, we have P(A;A,A; U B,B,B3) =
P(A|A,A3) + P(BB,B;). The first of these probabilities was found above, while
for the second, we similarly get

P(BB,B;) = P(B,)P(B,|B,)P(B;|B;B,)

_4 3 0224 3 oo0se

Therefore the required probability is

EXERCISES
Group A

1. Kate is in the final year of her studies and she has to choose exactly one of two
optional courses offered this semester. She would prefer to take Course I, which
she likes best, but she feels that this is difficult and estimates that the probability
of getting an A grade in this course is 25%, while in Course II she estimates that
probability to be 40%. She decides to leave the decision in the hands of chance and
throws a die. If the outcome is at least 3, she will choose Course I, otherwise she
will choose Course II.
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(i) What is the probability that Kate chooses Course II and gets an A grade in the
exam?

(i1) What is the probability that Kate gets an A grade in the exam?

2. With reference to Example 3.6, suppose that there are m different types of coupons
and Jimmy buys r packs of cereals (with r < m).

(1) What is the probability that the coupons contained in these r packs are all of a
different type?

(i) Assuming r > 2, find the probability that the r coupons belong to exactly 2
different types.

3. From an usual pack of 52 cards, we select cards without replacement until the first
diamond is drawn. What is the probability that this happens with the 4th card drawn?
(Hint: Let E; be the event that the ith card selected is not a diamond. The event we
seek is then E} E,EE],.)

4. Tom has a bowl that contains four white balls and three red balls. He selects balls
successively from the bowl (at random and without replacement) and puts them one
next to the other.

The following day, Tom has the same bowl with four white balls and three red ones,
but he thinks the previous game was boring, so he tries a variation which he finds
funnier. When he selects a ball from the bowl, if it is white he returns it into the bowl
along with two more white balls. If the ball selected is red, he returns it into the bowl
and puts three more red balls in it.

For which of the two variations of Tom’s game above there is a higher probability
that the first three balls selected are all red?

5. Maria has bought a toy which contains a bag with the 26 letters of the alphabet in it.

(i) Maria selects five letters at random. What is the probability that the letters she
chose can be rearranged so that the word MATHS is produced?

(ii) If she selects seven letters rather than five, what is the probability that five of
the letters chosen produce the word MATHS?

6. During a football season in the English Premier League in football, Manchester
United won 25 games, had 9 draws, and lost 4 games. If we do not know the order
that United faced their opponents, so that the probability that United wins, loses or
draw a game is the same for all 38 matches, find the probability that they drew the
first three games they played.

Group B

7. An insurance company classifies the claims arriving as being either low (L) or high
(H). On a certain day, 21 claims arrived, 12 of which were L. At the end of the
day, a company employee registers the claims in a file without knowing the order
in which they were received during the day. What is the probability that, in the first
four claims registered, there is
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10.

11.
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(i) the sequence LHLH in the claims?
(ii) at least one high claim?

(iii) at least one high claim and at least one low claim?

. A pharmaceutical company produces boxes of tablets for a particular disease. Each

box contains 20 tablets. The quality control unit of the company selects a box at
random and examines the tablets to see if any of them are defective. If a particular
box contains two defective tablets, what is the probability that

(i) the two defective ones are found in the first three tablets examined?
(ii) the third tablet examined is defective?

(iii) the third tablet checked is the second one that is found defective?

. In an oral exam at a University, the course lecturer has to examine r female and

s male students. The order in which the students are examined is assumed to be
random.

Consider the events
A: all female students are examined before the first male student;
B: no two students of the same gender are examined one after the other.
(i) If s = r + 1, show that P(A) = P(B);
(i) If s = r, prove that P(A) = 2P(B).
An urn contains a red and b green balls. We select k balls without replacement with

k < min{a,b}. Show that the probability all selected balls are of the same color

equals
(@) + (b
(a + b)k '

Application: In a lottery with 49 numbers, 6 are selected in each draw. Find the
probability that, in a particular draw, all six winning numbers are

(i) even;

(i1) odd.

A University degree program enrolled this year r female and s male students. If
students are registered at the University in a completely random order, what is the

probability that, for k < min(r, s), during the first 2k registrations no two students
of the same sex are registered successively?

3.3 THE LAW OF TOTAL PROBABILITY

Let A and B be two events on a probability space and suppose we want to find the
probability, P(A), that A occurs. There are many instances where this is difficult to work
out directly, but it is much easier to find the conditional probability of A given that B occurs,
i.e. P(A|B). If we can also find P(B) and P(A|B’), where, as usual, B" is the complement of
B, then the following result, known as the law of total probability, enables us to find P(A).
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Proposition 3.4 Let B be an event defined on a sample space Q such that 0 < P(B) < 1.
Then, for any event A defined on the same sample space, we have

P(A) = P(A|B)P(B) + P(A|B")P(B'). (3.3)
Proof: It is apparent that
A=AQ=ABUB)=ABUAB'.
In addition, we note that AB and AB’ are disjoint events. Consequently,
P(A) = P(ABUAB') = P(AB) + P(AB").

The condition 0 < P(B) < 1 implies that both P(B) and P(B’) = 1 — P(B) are strictly
positive, and so the conditional probabilities P(A|B) and P(A|B’) are both properly defined.
Using the multiplicative law, we can then write

P(AB) = P(A|B)P(B), P(AB') = P(A|B")P(B)
and the result of the proposition follows readily by combining the above equations. O

The above proposition tells us that the (unconditional) probability of an event A can
be expressed as a weighted average of the probabilities P(B) and P(B’) for some other
event B, where the weights are, respectively, the conditional probability that A occurs
given that B occurs and the conditional probability that A occurs given that B does
not occur.

Example 3.8 An insurance company classifies its customers as being of type I (high
risk) or type II (low risk). From the company’s records, it has been estimated that
20% of its customers are type I while 80% are type II. Also, the company estimates
that a type-II customer has a probability 0.25 of making at least one claim in
any given year, while the corresponding probability for a type-I customer is twice
as much.

Calculate the probability that a new customer will make at least one claim for the
first year of being insured.

SOLUTION Let us define the events

A: the newly arrived customer makes at least one claim during the first year of being
insured,

B: the new customer belongs to type I, i.e. he/she is a high-risk customer.
We then have been given that

P(B)=02, PB)=08, PA|B) =05, PA|B)=0.25.



176 3. CONDITIONAL PROBABILITY — INDEPENDENT EVENTS

We seek the probability that the customer makes at least one claim, which is P(A), and
from the law of the total probability, this is given by

P(A) = P(A|B)P(B) + P(A|B")P(B’)
=(0.5)-(0.2) + (0.25) - (0.8) = 0.1 + 0.2 = 0.3,

that is, there is a 30% chance that the new customer will make at least one claim.
The tree diagram in Figure 3.1 illustrates the calculations necessary in order to apply
the law of total probability for this example.

As is apparent from the proof of Proposition 3.4, the key step in establishing that
proposition was writing the event A in the form

A=ABUAP,

which is a union of two disjoint events. This expression and the argument underlying
Proposition 3.4 can be extended to cover the case wherein the sample space Q is written
as the union of more than two disjoint events. To be specific, let us assume that the events
B,,B,, ...,B, are such that
B]U32U"'UBn=Q, BlﬂBj=ﬂ fOI'l;EJ
Under the above assumptions, the family {B,,B,, ..., B, } is called a partition of the
sample space (see Figure 3.2). To illustrate this idea, we present a few simple examples:

* In a single throw of a die, if A; represents the event that the outcome of the die is i,
for 1 <i < 6,itis clear that the events A; are pairwise disjoint and their union covers
the sample space Q = {1,2,3,4,5,6} for this experiment.

0.2 0.8
B B’
(Type I) (Type IT)
0.5 0.5 0.25 0.75
AB A’B AB’ A'B’

(0.2)(0.5)=0.1 (0.2)(0.5)=0.1 (0.8)(0.25) = 0.2 (0.8)(0.75) = 0.6
l l
A=ABUAB’
PA)=0.1+02=03

Figure 3.1 A tree diagram for the law of total probability for Example 3.8.
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Q
Bn
AB
B, -
AB,
A A
B, ABj o
Bj

Figure 3.2 A partition of the sample space Q.

However, there are many more partitions of € for the same experiment. For
instance, if C; denotes the event that the outcome is an odd integer and C, the
event that the outcome is an even integer, then C; U C, = Q and C; N C, = {J, and so
{C,,C,} is again a partition of Q.

¢ In the experiment of tossing a coin three times in succession, the sample space has

the form
Q ={HHH,HHT ,HTH,HTT, THH, THT, TTH, TTT }.

Letnow B;, fori =0, 1,2, 3, be the event that heads turn up i times in this experiment.
Then, {B,, B, B,, By} forms a partition of Q, where the set B, has one element (777,
B, has three elements (HTT,THT,TTH), B, has three elements (THH, HHT,HTH),
and Bj has one element (HHH).

* Suppose that the price of a stock at close on a particular day has a known value, say x.
We want to know whether this stock price will be higher, lower or the same at close
on the following day. Let E| be the event that the price increases, E, that it remains
unaltered and Ej that it goes down. Then, {E|, E,, E5} is a partition of the sample
space for this experiment.

The following proposition uses the concept of a partition of a sample space to generalize
the result of Proposition 3.4. The idea is that if {B,, B,, ..., B, } is such a partition, and we
know the conditional probabilities P(A|B;) as well as the unconditional probabilities P(B;),
then we are in a position to find P(A).

Proposition 3.5 Given a sample space Q, let {B|,B,, ...,B,} be a partition of Q such
that P(B;) > 0, foralli= 1,2, ... ,n. Then, for any A C Q, we have

P(A) = P(A|B)P(By) + P(A|B)P(By) + - - - + P(A|B,)P(B,)

= )’ P(A|B)P(B)).
i=1

Proof: We first write, in analogy with Proposition 3.4,

A=AQ=AB,UB,U---UB,)=AB UAB,U---UAB,
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and since for the events AB,»,ABj, we have, for any i # j,
(ABXAB) = A(B,B)) = A = 0,

it follows from the additive property of probabilities that

P(A) =P (U AB,) - Z P(AB)).
i=1 i=1

The result of the proposition becomes now obvious since from the multiplicative law, for
each summand above, we have P(AB;) = P(A|B;)P(B;); note that we have also used the fact
that P(B;) > 0 for all i, which shows that each conditional probability P(A|B;) is properly
defined. O

When n = 2, it is obvious that Proposition 3.5 reduces to Proposition 3.4. It is also
worth noting that Proposition 3.4 can be generalized for the case in which the partition
{B;} contains not a finite number but countably many events {B;, B,, ...}. In this case, the
following formula holds:

P(A) =) P(A|B)P(B)).
i=1

Finally, we mention that the condition B; U B, U - - - U B,, = Q in Proposition 3.5 could be
replaced by the weaker condition

AQBIUBZU"UB”

(can you explain why Proposition 3.5 still holds in this case?).

Example 3.9 About 14% of men and 2% of women are colorblind. Find the probability
that, if we select randomly a person from a large auditorium attending a lecture, this
person will be colorblind, assuming that in the auditorium there are

(i) 80 men and 60 women:;
(ii) an equal number of men and women;

(ii1) three times more women than men.

SOLUTION We define the events
A: the person selected is colorblind,

B: the person selected is female,

so that B’ is the event that the selected person is male. Then, we are given that

2 14
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(i) Since there are 60 women and 80 men in the auditorium, we have

60 _3 ppy__80 _4

PB= = = =
) 60+80 7’ 60+80 7

(for the latter probability, we could simply use P(B’) = 1 — P(B)). The law of
total probability (Proposition 3.4) now yields readily

P(A) = P(A|B) - P(B) + P(A|B’) - P(B")
-2 3, 14 4_62
100 7 100 7 700
or about 8.86%.
(ii) In this case we have P(B) = P(B’) = 1/2, and so upon using Proposition 3.4,
we obtain
P(A) = P(A|B) - P(B) + P(A|B’) - P(B")
_2 1,14 1_16
T 100 2 100 2 200°

i.e. there is a 8% chance that the person chosen will be colorblind (since there
are as many males as females, this percentage is simply the average of the two
probabilities for males and females, respectively, that is, 14% and 2%).

(iii)) Here, we are given that there are three times more females than males, and so

P(B) = %, P(B') = i.

Upon using Proposition 3.4, we see that

P(A) = P(A|B) - P(B) + P(A|B") - P(B")
2 3+ 4 1 20 1

T 100 47100 4 400 207

so that the required probability is now 5%.

Example 3.10 A computer equipment store sells USB sticks of a certain type. Currently,
there are 45 USB sticks in the shelves of the store of which, due to a manufacturer’s
problem, four are defective. The salesperson, who does not know the existence of the
defective items, each time a customer wants to buy a USB stick, selects one at random
from the shelves and hands it to the customer. Find the probability that

(i) the third stick which will be sold will be defective;

(i) both the second and the third USB sticks that will be sold will be defective.
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SOLUTION We begin by defining the events

D;: the ith USB stick that will be sold is defective,

1

N:: the ith USB stick that will be sold is not defective

7

fori=1,2,3.

(i) We want to find the probability of the event Ds;. Since we do not have any
information about the first two USB sticks sold, we would expect intuitively
that P(D5) = 4/45, that is, the probability that the third stick is defective is the
same as the probability that the first stick is defective.

To verify this formally, we have to consider how many (and which, if
any) of the first two items sold are defective. We observe first that the events
D,N,,D,D,, N,D,,N,N, form a partition of the sample space for the selection
of the first two items sold. Thus, the law of the total probability gives that

P(D3) = P(D5|D,N,)P(D,N,) + P(D5|D,D,)P(D,D,)
+ P(D3|N,D,)P(N, D, ) + P(D3|N,N, PN, N, )

3 2 3 4
= EP(Dle) + EP(Dle) + EP(Nle) + EP(N2N1)~ 3.4)

By an application of the multiplicative law, we find that

4 41
(D>Ny) (D,|N)P(N,) 13
and similarly

3 4

(D,Dy) (D,|D)P(Dy) TR

P(N,D,) = P(N,|D)P(D;) = L . &

2P PRI T 44 g5

40 41

P(N,Ny) = P(N, [N )P(Ny) = o

Upon substituting all the above values into (3.4), we obtain P(D5) = 4/45,
which agrees with the initial guess that we made, before doing these calculations.

(ii) In this case, we want the probability P(D,D5). Another application of the law of
total probability now yields this to be

P(D,D3) = P(D,D5|N|)P(N,) + P(D,Dz|D)P(D,). (3.5)
If we know that the first stick that the store sells is nondefective, the remaining

sticks will be 4 defective and 40 nondefective ones. Therefore

4 3

P(D,D5|Ny) = TR
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In a similar fashion, we find

3 2
P(D,D;s|D,) = — - —.
D:D3lD) =727+ 33
Since P(N;) = 41/45, P(D,) = 4/45, putting all this information into (3.5) we
get

PDDy) = — — . — 4 — .= .
D2Ds) = 77 43 25714 43 2

1
165’

after some straightforward calculations.

EXERCISES
Group A

1.

Sixty percent of the students in a University class are females. If, among the female
students, 25% have joined the University Sports Club to do at least one sport, and
the corresponding percentage for male students is 35%, calculate the proportion of
students who do at least one sport at the University.

. A bowl contains six white and five red balls, while a second bowl contains three

white and seven red balls. We select randomly a ball from the first bowl and place
it in the second. Then, we choose at random a ball from the second bowl. What is
the probability that the ball selected is red?

. From an usual pack of 52 cards, we select a card at random. Then we select another

card from the remaining 51 cards. What is the probability that the second card
chosen is

(a) an ace?
(b) a diamond?

(c) the ace of diamonds?

. Among the drivers insured with an insurance company, 45% made no claims during

a year, 35% made one claim, and 20% made at least two claims. The probabilities
that a driver will make more than one claim during a year if during the previous
year the driver had 0, 1, and 2 or more claims, are 0.1, 0.3, and 0.6, respectively.
Find the probability that a randomly selected driver will make at least two claims
during the following year.

. A factory has three production lines that produce 50%, 30%, and 20%, respectively,

of the items made in the factory during a day. It has been found that 0.7% of the
items produced in the first line of production are defective, while in the second and
third lines the corresponding proportions are 1% and 1.2%, respectively. Calculate
the proportion of defective items produced in the factory during a day.
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6.
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John has a red and a blue die and throws them simultaneously.

(i) What is the probability that the outcome of the blue die is larger than that of
the red die?

(i1) Find the probability that the difference between the two outcomes is equal to 2.

Group B

7.

10.

11.

We throw a die and, if the outcome is i, then we toss a coin i times. What is the
probability that in these coin tosses,

(a) no heads appear?

(b) only one face of the coin appears, that is if we toss the coin i times, then we get
either i heads or i tails?

We throw a die and if the outcome is k£ (1 < k < 6), then we select a ball from an
urn that contains 2k white balls and 14 — 2k black ones. Show that the probability
of selecting a white ball is equal to the probability of selecting a black one from
the urn.

(A generalization of the law of total probability) Let B, B,,...,B, be disjoint
events on a sample space € such that P(B;) > 0, for all i = 1,2, ..., n. Prove that
for any event A on this sample space, the following holds:

PUIB) = 5 3 PB)PAIB).
i=1

where
n

B=|JB8.

i=1
Explain how Proposition 3.5 can be deduced as a special case of this result.

Let Q be a sample space, A an event of that space and By, B,, ..., B, be pairwise
disjoint events in Q with P(B;) > 0 for all i. Assume further that

PA|B)=p foralli=1,2,...,n.

If the event B is defined by

show that the conditional probability of A given B is also equal to p, that is
P(A|B) = p. (Hint: You may find the result of the previous exercise useful.)

Assume that in a lottery, 20 balls numbered 1 to 20 are put in a large bowl and then
3 balls are selected, one after the other, at random and without replacement. What
is the probability that the third ball drawn has the largest number on it?

(Hint: Let E be the event that the third ball has the largest number, and B; be the
event that the maximum of the first two numbers is equal to i for 1 < i < 20. Find
the probabilities P(B;) for each i and apply the law of the total probability.)
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3.4 BAYES FORMULA

A very common problem in probability theory is the calculation of the a posteriori
probabilities P(B;|A), based on the a priori (or unconditional) probabilities P(B;) and the
conditional probabilities P(A|B;). The general expression for that calculation is in fact an
application of the multiplicative law and the law of total probability and is attributed to
Reverend Thomas Bayes.

Proposition 3.6 Let {B,,B,,...,B,} be a partition of a sample space Q such that
P(B;) >0, foralli=1,2,...,n. Then, for any event A of the same sample space such
that P(A) > 0, we have

i P(AIB)P(B,)
Bild) = B @B, PB,) + PAIB,)PB,) + -+ PAIB,PE,)
PAIB)PB) |
i=1,2,...,n. (3.6)

XL PAIB)PB)’

Proof: The proof is immediate if in the expression

P(AB;)
P(A)

P (B[- |A) =
we replace the numerator by using the multiplicative law, namely,
P(AB;) = P(A|B)P(B;) fori=1,2,...,n

and the denominator from the law of the total probability (Proposition 3.4). O

In the form presented above, Proposition 3.6 is due to Pierre-Simon Laplace
(1749-1827), but he called it Bayes’ theorem, to honor the English philosopher and priest
Thomas Bayes (1701-1761). The latter had attempted a systematic study for calculating
conditional probabilities of the form P(B|A) via the conditional probability P(A|B). Bayes’
work was followed up by famous mathematicians such as Laplace, Gauss, and others.
Laplace, in particular, used the above proposition more than two hundred years ago, to
tackle a number of problems in diverse areas such as medicine, celestial mechanics, and
jurisprudence.

Bayes’ theorem has found a large variety of applications in statistics and for this reason
it has attracted a lot of interest (but has also been the subject of debate) among statisticians.
Nowadays, the statistical theory, named Bayesian statistics, has become quite prominent!
In this approach, probability is considered as a degree of belief in something to occur, i.e.
probabilities are treated in a subjective manner. Bayesian statistics has grown enormously
in recent decades and is currently applied to every scientific area which uses statistics.

In the special case of n =2,B; = B, and B, = B, Bayes’ theorem (sometimes also
called Bayes’ rule or Bayes’ formula) takes on the simpler form

P(A|B)P(B)

PBIA) = P(A|B)P(B) + P(A|B"P(B)

(3.7)

and
P(A|B)P(B')

PE14) = PAIB)P(B) + PA|B)P(B')
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These formulas are used when we know, or we can easily find, each of the quantities

P(A|B), P(A|B"), and P(B) and we are interested in one (or both) of the probabilities

P(B|A), P(B’'|A), where the conditioning has been reversed.
In the most common applications of Bayes’ rule, the event A may occur (logically or in

time) after the event B. Therefore, it is typically easier to find the conditional probability

that the most recent event A occurred, given that the (earlier) event B occurred, and then

seek the probability that B occurred given that the later event A occurred.
The following examples aim to clarify the above ideas.

Example 3.11 A contestant on a television show has to answer multiple choice
questions with four possible answers. The probability that the contestant knows the
answer to a question is 75%. If the contestant does not know the answer to a particular
question, she gives an answer at random. If she has answered the first question correctly,
what is the probability that she knew the answer?

SOLUTION We define the events
A: the contestant answers the question correctly,

B: the contestant knows the answer to the question.

This is a case in which we want to find P(B|A) and we know both the unconditional
probabilities of the events B and B’ as well as the conditional probabilities of A given
that either B or B’ has occurred. Specifically, from what is given, we know that

P(B) = %, and so P(B) = 1 — P(B) = %,

and !
PA|B)=1, PA|B)= T

It is now clear that (3.7) applies to yield

P(A|B)P(B) 12

PEIY = s BB + PABPE) 13

In this example, we know that the event B occurs (or not) before we know whether A
occurs; once the contestant hears the question, she either knows the answer or not and,
after she chooses an answer, we find out whether this is correct. The answer to this
exercise, which is 12/13, shows that it is quite unlikely the contestant has replied at
random if the answer to the question she has given is correct.

Example 3.12 A factory has three production lines associated with the production of
an item. The percentage of items produced in each of these three lines is 50% for
the first, 30% for the second and 20% for the third. Assume further that 0.7% of the
items produced in line A are defective, while the percentage of defective items in the
second line is 0.9%, and in the third line it is 1.3%. A sample of the items produced is
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then examined and suppose it is found to be defective. Find the probability that it was
produced in

(1) the first line;
(i1) the second line;

(iii) the third line.
SOLUTION For any particular item produced in the factory, we define the events
A: the item is defective
and
B;: the item was produced in line i (for i = 1, 2, 3).

The required probability for Part (i) is then P(B,]A) and, by Bayes’ theorem, this is

P(A|B)P(By)
P(A|B|)P(B,) + P(A|B,)P(B,) + P(A|B3)P(B3)
B (0.50)(0.007)
= (0.50)(0.007) + (0.30)(0.009) + (0.20)(0.013)

=~ 0.398 = 39.8%.

P(B,|A) =

The probabilities for the second and third lines are, respectively,

P(A|B,)P(B,)

PBAD = B RIB PGB, + PAIB,)PB,) + PAIB,)PBY
~ (0.30)(0.009)
- (0.50)(0.007) + (0.30)(0.009) + (0.20)(0.013)
~ 0.307 = 30.7%
and
PByJA) = P(A|B3)P(B3)

P(A|By)P(B,) + P(A|B,)P(B,) + P(A|B;)P(B3)
B (0.20)(0.013)

~ (0.50)(0.007) + (0.30)(0.009) + (0.20)(0.013)
~0.295 = 29.5%

(the last probability might also have been found by subtracting from one the sum of the
other two).
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Example 3.13 1t has been estimated that about 0.25% of the general population suffer
from a disease. To diagnose whether someone suffers from this disease, there is a
medical examination which has a probability 1% of giving a false result if someone
has the disease and 2% if someone does not have the disease. If we select at random a
person from the general population and he/she tests positive for the disease, what is the
probability that this person actually suffers from this disease?

SOLUTION We define the events

B : the person selected suffers from the disease,
B,: the person selected does not suffer from the disease,
A: the result of the test is positive.

Then, we are given that
P(B,) =0.0025, P(B,)=1-0.0025 = 0.9975

and
P(A|B)) =0.99, P(A|B,) =0.02.

Then, by an appeal to Bayes’ formula, we get
P(A|B)P(B,)
P(A|B,)P(B,) + P(A|B,)P(B,)

_ (0.99)(0.0025) _0.002 475
(0.99)(0.0025) + (0.02)(0.9975)  0.022 425

P(B,|A) =

=~ (.1104.

Notice that, although the medical examination is quite accurate (it gives the wrong
answer only in 1% or 2% of the cases, depending on the patient’s actual status), if a
person is detected as suffering from the disease, the probability that (s)he is actually
ill is just 11%. This might seem paradoxical at first sight; however, it can explained if
one bears in mind that the disease is very rare (only 0.25% of the population suffer
from it). So, when screening a patient with no a priori knowledge of his/her health
status, we should be very cautious even if the result of the test is positive. As the
above calculations show, most of the positive diagnoses are due to the inaccuracy of
the medical examination rather than due to patients actually suffering from the disease.

In statistics, especially when applied to medical sciences, it is important to differ-
entiate between the two types of error associated with a patient’s diagnosis. The case
when the patient does not have the disease but the result of the test is positive is known
as a false positive result, while if the result is negative but the patient does in fact suffer
from the disease is called a false negative result. In the present example, the probability
of a false positive result is

P(B,|A) =1—-0.1104 = 0.8896,

i.e. about 89%, which is obviously very large.
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EXERCISES
Group A

1.

Students at a University take a Probability exam in three classrooms. The number
of students who are well-prepared (W) and poorly-prepared (P) for the exam in
each of the three classrooms are as follows:

Classroom I: 60 W, 20 P;
Classroom II: 50 W, 30 P;
Classroom III: 65 W, 15 P.

Students who are well prepared pass the exam with a probability of 0.85, while
students who are poorly prepared pass the exam with a probability of 0.5.

(i) We select a classroom randomly and then from this room we select a student
at random. What is the probability that he/she passes the exam?

(ii) If the student selected has passed the exam, what is the probability that he/she
took the exam in classroom II?

. A motor insurance company classifies its customers as good drivers (G) and bad

drivers (B). 65% of the company’s customers are classified as G. The probability
that a good customer makes a claim in any particular month is 0.02, while the same
probability for a bad driver is 0.07. What is the probability that the last claim made
to the company came from a good customer?

. A box B, contains 3 red and 6 blue balls, a second box B, contains 7 red and 7 blue

balls, while a third box B; has 5 red and 9 blue balls. We select a box at random
and then from this box we pick a ball at random.

If the ball selected is red,
(i) what is the probability that the ball came from B,?
(i1) what is the probability that the ball came from either B, or B;?

. A box B, contains four red and six black balls, while a second box B, con-

tains seven red and three black balls. We select a ball from B, and place it
in B,. Then, we pick up a ball from B, at random and find out that it is red.
What is the probability that the ball we selected from B; and placed into B,
was red?

. Electric bulbs manufactured in a production unit are packaged in boxes, with each

box containing 120 bulbs. The probability that a box has i defective bulbs is 1/5,
foreachi=0,1,2,...,4. If we choose 10 bulbs from a box and none is defective,
what is the probability that this box contains

(i) no defective bulbs?

(i1) at least two defective bulbs?

. Suppose that in a painting exhibition, 96% of the exhibits are genuine, while the

remaining 4% are fake. A painting collector can identify a genuine painting as such
with a probability 90%, while if the painting is fake the probability that the collector
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finds this out is 80%. If she exits the exhibition having just bought a painting, which
she obviously thinks is genuine, what is the probability that it is not?

. In a certain company, there are three secretaries responsible for typing the mail

of the manager. When she types a letter, Secretary A has a probability of 0.04 for
making at least one misprint, while this probability for Secretary B is 0.06 and for
Secretary C is 0.02. The probability that a letter is typed either by Secretary A or
Secretary B is the same, while Secretary C types three times more letters than any
of the other two secretaries.

This morning, the manager has left a hand-written letter on the secretaries’ box and
when he returned, he found that there was a misprint on it.

(i) What is the probability that the letter was typed by Secretary A?

(i) What would this probability be if the manager knew that Secretary C is on
leave this week?

. Diana is about to go out with her friends and her mother asks her how much money

she has in her purse. Diana says she has either a $10 note or a $20 note, but she
can’t remember. Her mother puts in her purse a $20 note without Diana noticing
it. Later on, when she visits the local cinema, Diana puts her hand in the purse and
takes out a $20 note. What is the probability that the one left in her purse is also a
$20 note?

. Atelecommunications system transmits binary signals (0 or 1). The system includes

a transmitter that emits the signals and a receiver which receives those signals. The
probability that the receiver registers a signal 1 when the transmitter has sent a
signal 1 is 99.5%, while the probability that the receiver registers a signal 0 when
the transmitter has sent a signal 0 is 98%. Signals are transmitted every second, and
so 60 signals are sent during one minute. If the last signal has been registered as
1, find the probability that the original signal transmitted was also 1, if it is known
that

(a) equal numbers of 0’s and 1’s are transmitted every minute;

(b) the number of 0’s transmitted during a minute is four times the number of 1’s.

Group B

10. Among male smokers, the lifetime risk of developing lung cancer is 17%; among

female smokers, this risk is 12%. For nonsmokers, this risk is significantly lower:
1.3% for men and 1.5% for women. Assuming equal numbers of men and women
in the general population, find the probability that

(i) a man who develops lung cancer is a nonsmoker;
(i) a woman who develops lung cancer is a smoker;

(iii) a person who develops lung cancer is a smoker.

11. We have n chips numbered 1,2, ..., n. Tom, who likes fancy experiments, selects

a chip at random and if the number on that chip is 7, he tosses a coin i times
(1 £i < n). Tom has just completed this experiment and he tells us that no heads
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appeared in the coin tossing. What is the probability that the number of coin tosses
was k (fork=1,2,...,n)?

12. Pat takes part in a quiz show with multiple choice questions. There are three
possible answers to each question. The probability that she knows the answer to a
question is 80%. If Pat does not know the answer to a particular question, she gives
an answer at random. If she has answered the first two questions correctly, what is
the probability that she guessed both answers?

3.5 INDEPENDENT EVENTS

If A and B are two disjoint events of a sample space Q such that P(B) > 0, we have AB = @,
and so we have
P(AB)

On the other hand, if two events A and B are such that B C A, then

P(A|B) = Pas) _ P8 _
~ P(B)  PB)

Both these results are easily interpreted in an intuitive way:

* In the first case, since it is impossible for A and B to occur simultaneously, knowledge
that B has occurred means that A cannot occur;

o If B is a subset of A, this means that B may only occur in conjunction with A; thus,
knowing that B has occurred, we are certain that A will occur too.

In the above situations, knowing that an event B occurred makes us certain that
another event, A, has or has not occurred. In the present section, we look at the other
extreme; knowing that B occurs gives us no information about the chances of A occurring.
Intuitively this means that, knowing that B occurs does not change the probability for A to
occur, i.e. the unconditional and the conditional (given B) probabilities of an event A are
the same.

To illustrate this idea, we first present an example. We throw two dice and then consider
the events

¢ A: the outcome of the first die is an even number;

¢ B: the outcome of the second die is an odd number.

One expects here that, if we know that B has (or has not) occurred, this does not have
any impact on whether A occurs or not. In order to verify this formally, we calculate first
the two conditional probabilities, P(A|B) and P(A|B).

It is clear that the sample space for this experiment (throwing two dice) encompasses all
36 pairs of possible outcomes. Then, itis very easy to see that A appears in exactly 18 among
these possible outcomes, and the same is true for B. Further, there are 9 combinations of
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pairs of outcomes in which both A and B occur (all pairs (i, j), where i is 2, 4 or 6 and j is
1,3 or 5), so that

|A| =18, |B|=18, |AB|=9

and, consequently,

P(A) = P(B) = P(A") = P(B) = % P(AB) = % _ i

Thus, we obtain from the above that

_PAB) _1/4 _1
PaiB) = PB) 1/2 2

and ,
PAIB') = P(AB) _ P(A) — P(AB) _ l
P(B) 1 - P(B) 2

so that the two conditional probabilities are equal.
More generally, if for two events A and B, we have

P(A|B) = P(A|B') = p,
then it follows from the law of total probability that
P(A) = P(A|B)P(B) + P(A|B")P(B") = pP(B) + p(1 — P(B)) = p,

so that
P(A) = P(A|B") = P(A|B") = p.

If for two events A and B with P(B) > 0 we have
P(A) = P(A|B),

then we say that event A is independent of event B. In the case where we have also
P(A) > 0, from the last expression we successively obtain

P(A) = P(A|B) = % = P(A) <= P(AB) = P(A)P(B)
P(AB) _ B
= T - P(B) < P(B|A) = P(B),

which means that B is also independent of A. Thus, we see that the relationship of
independence between events is symmetric. For this reason, instead of saying “the event
A is independent of B” or that “the event B is independent of A”, we say that “the events
A and B are independent.” Technically, in order to avoid using the conditions P(A) > 0
and P(B) > 0 (which are needed so that the conditional probabilities P(B|A) and P(A|B)
are meaningful), we use the third of the equivalent conditions above, i.e. the condition
P(AB) = P(A)P(B) in the definition of independence between events, which is as follows.
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Definition 3.2 Let A and B be two events on the same sample space. Then, A and B are
said to be independent if
P(AB) = P(A)P(B).

If, on the other hand, we have
P(AB) # P(A)P(B),
then we say that A and B are not independent, or that they are dependent.

From the definition above it follows that, if for an event A we have P(A) =0 or
P(A) = 1, then A is independent of any other event B defined on the same sample space
(see Exercise 3 at the end of this section).

Example 3.14 1In the experiment of throwing a die twice, we define the events

A :the outcome of the first die is 4,

B the sum of the two outcomes is 6.

Considering all 36 possible outcomes of this experiment and counting how many of
these belong to each of the sets A, B, and AB, we find
6 1 5 1

P(B)= =, P@AB)=—

PA) = > =, :
36 6 36 36

It is then clear that P(AB) # P(A)P(B), and so the events A and B are not independent.
A simple intuitive interpretation of this fact is obtained as follows: if the outcome of
the first die is 6 (in which case A does not occur), then we are certain that B will not
occur; if, on the other hand, the first die lands 4, so that A occurs, the probability that
B occurs is 1/6. Thus, whether or not B occurs depends on the outcome of the first die
which means that A and B are not independent.

Consider, however, a third event C defined as

C': the sum of the two outcomes is 7.

Then, we can easily check that P(AC) = 1/36 and

1 6 1

PAPIC) ==+ — = —,

(APC) 6 36 36

and so in this case the events A and C are independent. Can you explain intuitively why
this is so?

Example 3.15 In order to succeed in a computer science course at a University,
students have to pass two exams: a class test and a computer lab exam. The course
teacher estimates that 87% of the students pass the first exam, 78% of the students pass
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the second exam, while the percentage of those who pass both exams, so that they
complete the course successfully, is 72%. Is the performance of a student in the first
exam independent of that in the second one?

SOLUTION Let us define the events

A the student passes the first exam,

B: the student passes the second exam.

Then, we are given that P(A) = 0.87 and P(B) = 0.78. Further, AB represents the event
that the student passes both exams and we are also given that P(AB) = 0.72. Since

P(AB) = 0.72 # (0.87)(0.78) = P(A)P(B),

we see that the events A and B are not independent.

The next result shows that the property of independence between two events is preserved
if one, or both, of these events are replaced by their complements.

Proposition 3.7 Let A and B be two events on a sample space Q and assume that A and
B are independent. Then, the same is true for each of the following pairs of events:

(i) Aand B';
(ii) A’ and B;
(iii) A’ and B'.

Proof: This follows immediately from the definition of independence and the result of
Exercise 3 in Section 1.5. O

It is worth noting at this point that if an event A is independent of two other events B
and C, then it is not always independent of their union B U C or their intersection BC. A
counterexample for this is given in Exercise 13.

The concept of independence can be generalized when we consider more than two
events. Let us start with the case of three events, A;,A,,As. A natural generalization of
the concept of independence considered above is to suggest that three events A;,A,, A
are independent if the occurrence of any of these three events, or any pair of these events,
does not change the probability that the remaining event(s) occur. In this line of thinking,
Aq,A,,A; would be independent if and only if each of the pairs

{A1, AL} {A1L A5 {Ag, A3 ) {A1LARAS Y, (A, AjAs ), and (A3, A4, }
consist of independent events. This amounts to saying that the following relations all hold:

P(AjAy) = P(A))P(Ay), P(AA3) = P(A))P(A3),  P(AyA3) = P(Ay)P(A3)
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and
P(A[(AyA3)) = P(A)P(A,A3),

P(Ay(A1A3)) = P(Ay)P(A|A),
P(A5(AA,)) = P(A3)P(AA,).

However, the last three relations could be replaced (why?) by the following simpler formula
P(A|A,A3) = P(A))P(A,)P(A3).

We thus arrive at the following definition.

Definition 3.3 Let A;,A,, and A5 be three events on the same sample space 2. Then,
A|,A,, and A5 are said to be (completely) independent if the following relations hold:

P(A1Ay) = P(ADP(Ay), P(A1A3) = P(A)P(A3), P(AA3) = P(Ay))P(4;) (3.8)

and
P(A1AyA3) = P(A))P(Ay)P(A3). (3.9)

In view of the above definition, one might wonder whether the condition (3.9) is
redundant, i.e. if it can be inferred from those in (3.8). The answer is negative, as the
following example demonstrates.

Example 3.16 During a television competition show Peggy, who is tonight’s winner of
the show, enters the final stage where she will win (at least) one of three possible prizes,
say, a;, &y, 3. In particular, she is presented with four boxes; three of them contain one
of the prizes ay, a,, a3, respectively, while the fourth contains all three prizes. Let us
define the events

A;: Peggy wins the prize a;,

for i = 1,2,3. Since she may open each of the four boxes with equal probability, it is

clear that P(A;) = 2/4; further, the chance that she wins any pair of the prizes, or all
three of them is 1/4, that is

P(A14,) = P(A43) = P(AyA;) = i

and :
P(A1AyAz) = T

It is therefore immediate that
P(Al-Aj) = P(Ai)P(Aj), 1<i<j<3, (3.10)

but
P(A1AyAz) = }1 # P(A)P(A,)P(A3).
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Following the above example, three events A, A,, and A5 such that (3.10) holds are said
to be pairwise independent, so that we distinguish them from completely independent
events, the latter being as defined in Definition 3.3. To make the distinction between
these two concepts clearer, we mention that in the case of events which are pairwise
independent, the simultaneous occurrence of two of them may affect the probability
that the third event occurs, something which cannot happen in the case of completely
independent events.

Once we have considered independence among two and three events, we now introduce
the general notion of independence for a finite collection of events. Let A|,A,, ..., A, be
n such events on a sample space. Then, we say that these are (completely) independent if
the (simultaneous) occurrence of any number among them does not affect the probability
that any other event (or combination of the remaining events) occurs.

For this case, if we write down all conditions which must hold for the n events to be
completely independent, we arrive at a rather cuambersome set of equations. As in the case
of three events above, it turns out that this set is equivalent to a neater set of expressions,
which in fact can be written in a simple formula as given in the following definition.

Definition 3.4 Assume that A|,A,, ..., A,, n > 2, are events on the same sample space
Q. Then, these events are said to be (completely) independent if

PA; A, - --A;) = P(A4; )P(A;) - - - P(A;)

holds for any choice of k different indices iy, i, ... , ; in the set of integers {1,2, ... ,n}
and for any k = 2,3, ... ,n.

According to Definition 3.4, in order to verify that the events A;,A,,...,A, are
independent we have to check, for all combinations of indices | <i <j <k < ... < n, that
the following relations are true:

P(AiAj) = P(A,»)P(Aj),
P(AAjA) = P(A)P(A)P(A),

P(A,A,---A,) = P(A))P(Ay) - - P(A,).

It is clear that there are <;> equalities with two indices 7 and j, <Z> equalities with three

indices i,j, and k — and so on — and finally (Z) = 1 equality with all n indices. Thus, we
have to examine the validity of

() (5)++ (=2 ()= (1)~ ()~ () =2 -nm

equations. Obviously, this number grows very quickly with n, and so it can in principle
be very laborious to check whether n events are independent. Fortunately, what happens
usually in practice, is that we do not examine whether n given events are independent, but
we use the independence conditions to calculate probabilities which refer to intersections
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among these events. The reason for this is that in many cases, from the nature of the
experiment and the very definition of the events, we are in a position to determine whether
two or more events are independent or not. For example,

* in an experiment when we throw two dice, any event associated only with the outcome
of the first die is independent from any event associated only with the outcome of the
second die;

* when the experiment involves successive draws of a lottery (e.g. draws in successive
weeks), it is reasonable to assume that any event associated with the draw taking
place in week i is independent from any event associated with the draw taking place
in week j when i # j;

* in experiments relating to the measurement of total lifetimes, or other performance
indices of various industrial products, such as electrical appliances and equipment,
computers, cars, airplanes, and so on, we typically make the assumption that events
associated with different items are independent.

We also note at this point that, in view of Proposition 3.7 and the definition of
independence for more than two events, it is easy to see that the proposition remains valid
when an arbitrary number of independent events are involved. Specifically, we have the
following property.

Assume that the events A[,A,,...,A, are completely independent and let, for j =
1,2,...,n, Bj be either the event AJ- or its complement, A]’. . Then, we have

P(B; B, ---B; )= P(B; )P(B;,)--- P(B;)

for any choice of k different indices i;,i,, ..., in the set {1,2,...,n} and for any
k=2,3,...,n.

Example 3.17 (System reliability)

An electrical system comprises four parts (units), which function independently of one
another and are connected as shown in Figure 3.3. In order that the system works,
we must have either units 1 and 2 working simultaneously or units 3 and 4 working
simultaneously. The probabilities that the four component units of the system work
(known in engineering as “unit reliability”) are, respectively, 0.98, 0.90, 0.95, and
0.85, for units 1,2,3, and 4. What is the probability that at a particular instant the
system works? (As explained in Section 1.11, this is known as “system reliability” and
is usually denoted by R.)

Figure 3.3 An electrical system.
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SOLUTION For the particular point in time we are interested in, let us define the
events
A;:  the ith unit of the system works

1
fori=1,2,3,4. Then, the system works if

e both units 1 and 2 are functioning properly, i.e. the event A;A, occurs, or

e both units 3 and 4 are functioning properly, i.e. the event A;A, occurs.
Consequently, the system reliability R is given by

which gives
R = P(A1A3) + P(A3A4) — P(A1AyA3Ay).

Since we know that the units operate independently, the events A;,A,,A;,A, are
(completely) independent, which yields

P(AA,) = P(A))P(A,) = (0.98)(0.90) = 0.882,
P(A3A,) = P(A3)P(A,) = (0.95)(0.85) = 0.8075,
P(A|A,A3A,) = P(A))P(A,)P(A3)P(A,) = (0.882)(0.8075) = 0.712 215.
These expressions finally give

R =0.882 4 0.8075 — 0.712 215 = 0.977 285,

that is, the reliability of the system is almost 98%.

Example 3.18 (Parallel and serial connections)

Let A;,A,,...,A, be independent events on a sample space Q with P(A4;) = p;,
i=1,2,...,n. Assuming that the probabilities p; are known, find an expression for the
probability of the following events:

(i) none of the events A}, A,, ..., A, appear;

(ii) at least one of the events A;,A,, ..., A, appear.

o— i+ - —f—o

Figure 3.4 Serial connection.
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(=] -]

(]

Figure 3.5 Parallel connection.

Application: In engineering, a connection of n units is called a serial connection
when the system works if and only if all its component units work; on the other hand, a
parallel connection is when a system works if and only if at least one of its units work.
Find the reliability of a serial and a parallel system consisting of n independent units,
when each unit has reliability p (Figures 3.4 and 3.5).

SOLUTION
(i) The event we are interested in here is

A=AAL. Al

n

and by using the independence assumption of the events A; (see also the comment
before Example 3.17), we find that

n n

P(A) = PtAL - - A = [ Pap = TJa - Py = T]a -po.
i=1 i i

i=1 =1
(i) Here, we seek the probability of the event
B=A UAU---UA, =AA]---A) =A,

and from Part (i) this is
n
PB)=1-P@A)=1-]]1 -p).
i=1

Application. Let fori = 1,2, ... ,n, the event A; be
A, the ith unit of the system works.

Then, we are given that the events A, A,, ... ,A,, are independent and P(A;) = p,
for all i. First we find that the reliability R of a serial system is

n n
R =P@A,A,---A) = [[Par=]r="r"
i=1 i=1
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while in the case of a parallel system, applying the results above we see that its
reliability R, is

R,=P@A UAU---UA)=PB)=1-[[a-p)=1-01-p
=1

Many random experiments can be analyzed if we decompose them into simpler ones,
or if we express them as a repetition of the same experiment, say n times. In such a case,
let Q,€,,...,Q, be the sample spaces of these simpler experiments; then, the events of
the whole experiment can be expressed as an ordered n-tuple of events in the spaces €2;.
As aresult, it is reasonable that for the original experiment, we take its sample space to be
the Cartesian product

Q=0Q; X)X - XQ,. (3.11)
If we now have A; C Q;, for i =1,2,...,n, as events in the respective sample spaces Q,,
the set

A=A XA X XA, (3.12)

is an event for the original experiment, and this event occurs if

* the outcome of the first simple experiment belongs to A, and

* the outcome of the second simple experiment belongs to A,, and

* the outcome of the nth simple experiment belongs to A,,.

Assuming that the n individual experiments (or the n repetitions of the same experiment)
are independent, we obtain the probability of event A in (3.12) as

P(A) = P(ADP(Ay) - - - P(A,) = HP(Ai)-
i=1

It is worth noting, however, that there are events defined on Q which cannot take on the
form of a Cartesian product, as above. For instance, the event

Al=Q—-(A XA, x---XA,)

cannot always be written as a Cartesian product of subsets of the spaces Q[, Q,, ...,Q,.
For such events, we usually calculate their probabilities using the standard properties
of probability (see Section 1.4). It is also important to note that not all subsets of the
Cartesian product in (3.11) are events for the original experiment, but only those that can
be written using the set operations of union, intersection and taking complements among
sets of the form A; X A, X - - - X A,. For our purposes in this book, we shall not pursue this
topic further but refer the interested reader to more advanced texts on probability theory.?

3In such texts, spaces of the form (3.11) are called product spaces.
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We also note that the above discussion can be extended to the case where an infinite
number of experiments is considered.

Independent experiments have a central role in probability theory. Beyond cases wherein
the nature of the problem leads naturally to the consideration of successive independent
experiments, it is often useful to adopt this setup although the description of the problem
may not immediately point to this. For example,

* tossing a coin n times, or tossing n coins simultaneously, may be considered
equivalent to an experiment consisting of n independent repetitions of an experiment
which entails tossing a coin once;

* throwing two dice can be regarded, for probability calculations, the same as throwing
a die twice;

 studying the genders of the children in a family with n children, the random
“experiment,” which consists of n births, is essentially the same as n independent
repetitions of the experiment, which involves the single birth of a child.

Proposition 3.8 In a chance experiment with sample space Q, let A and B be two
disjoint subsets of Q.

(a) In n independent repetitions of this experiment,

(i) the probability that the event A occurs in each of the n repetitions is [P(A)]";

(ii) the probability that the event A does not occur in any of the n repetitions is
[1—PAI"

(b) In successive repetitions of this experiment, the probability that A appears before

B equals
P(A)

P(A) + P(B)

Proof:

(a) Fori=1,2,...,n, we define the events

A;: the event A occurs in the ith repetition of the experiment;

B;: the event B occurs in the ith repetition of the experiment.
Then, we have
P(A;)) = P(A), P(B;)=P(B), i=12,...,n.

The result in (i) is an immediate consequence of the formula
n
P(A; x Ay x -+ x A,) = [[ P@ay = P@AT",
i=1
while the result in (ii) is established using that

PA} x Ay x - x Ay = [] Pah =[]0 - PAp1 =11 - PAY".
i=1 i=1
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(b) We now define the events
C, :the event A appears in the 1st repetition of the experiment,
and forn =2,3, ...,

C,: the event A U B does not occur in the first n — 1 repetitions of the experiment

and A occurs in the nth repetition of the experiment.

Then, we have
P(C)) = P(A),

P(C)=[1-PAUBI"'PA), n=2.3,...

The event we are interested in can then be expressed as the union of disjoint events

of the form U C,, so that its probability can be determined as

n=1
P(

s

Cn> =Y P(C,)=P(C)+ ) P(C,)

n=1 n=2

I
-

= P(A)+ Y [1 = PAU B P(4)
n=2

D [1= P@AUBI"PA)
n=1

_ P(A) P
~1-[1-PAUB)] PAUB)
_ P&
" P(A)+ P(B)’
where in the last step we have used the fact that A and B are disjoint sets. O

Example 3.19 Peter throws two dice successively. He wins if he gets an outcome
where the sum of the two dice is at least 10 before an outcome of 1 or 2 appears on any
of the two dice. What is the probability that Peter wins this game?

SOLUTION We shall try to use the result of the previous proposition, since we
want the probability that, in a series of independent trials, “something happens before
something else happens.” We define the events

A the sum of the two dice outcomes (in a single throw of the dice) is 10, 11 or 12,

and
B: 1 or 2 appears on any of the two dice.
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First, we note that A and B cannot occur on the same trial, and so they are disjoint
events. It is then easy to see that

6 1 , 42 20 5
PA)=—=-, PB=1-PB)=1--====2,
(A) 66 (B) (B") 2369

so that, using the result of Proposition 3.8, we obtain Peter’s chance of winning this

game to be
PA) 3

P(A)+P(B) 13’

that is, he has about a 23% chance.

EXERCISES
Group A

1. If A and B are two events on a sample space such that 0 < P(A), P(B) < 1, verify
that each of the following conditions is equivalent to the independence of A and B:

(i) P(AIB)+PA") = 1;
(ii) P(B|A)+ P(B') = 1;
(i) P(B|A") = P(BJA);
(iv) P(A|B) = P(A|B');
(v) P(B'|A") = P(B'|A);
(vi) P(A"|B") = P(A’|B).
2. If the events A and B are independent and A C B, show that P(A) =0 or
PB) = 1.
3. Let A and B be two events on a sample space. Then, show the following:
(i) If P(A) = 0, this implies that P(AB) = 0.
(i) If P(A) = 1, then we have P(A U B) = 1; use this to establish that P(AB) = P(B).

Use the above results to prove that if P(A) =0 or P(A) = 1, then the event A is
independent of any other event B on the same sample space.

4. If for three independent events A, B, and C of a sample space, we know that
P(AB)=03, PAC)=048, PBC)=0.1,

find the probability of the event A U BU C.

5. If an event A is independent of an event B, and B is independent of another event
C, is it always true that A and C are independent? Prove or disprove (using a
counterexample in the latter case) this assertion.
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A manufacturing item exhibits two types of faults, say a and g, which occur
independently of one another. The probability of a fault, which is type-a, is 12%,
while a type-p fault has a probability of 16% of occurring. Find the probability

(1) that an item has both types of faults;

(ii) that an item has at least one type of these faults;

(iii) that the item has a fault which is of type-f, if we know that it also has a fault
which is type-a.

. A company sells laundry machines and refrigerators made by a certain manufacturer.

It is known from this manufacturer that 5% of the laundry machines and 3% of
the refrigerators need servicing before the end of the guarantee period. If someone
buys today both a fridge and a laundry machine, what is the probability that

(1) both need servicing before the end of their guarantee period?

(i1) at least one of these appliances would require servicing before the end of their
guarantee period?

(iii) exactly one of these appliances would require servicing before the end of their
guarantee period?

. For two medical diseases a and b, it is known that the percentage of people in the

general population who suffer from a only is 20%, the percentage of those who
suffer from b only is 12%, while the percentage of people suffering from both
diseases is 4%. Are the occurrences of the two diseases independent? If not, what
is the percentage increase or decrease of the probability that someone suffers from
a once it becomes known that he/she suffers also from b?

. We select at random an integer between 1 and 100 (so that our sample space is

Q={1,2,3,...,100}). We consider the events A, A,, and A; which consist of all
integers divisible by 2, 5, and 7, respectively.

(i) Show that the events A; and A5 are independent, but the events A, and A5 are
not.

(ii) If the sample space changes to the set Q' = {1,2,3, ..., 140}, then show that
A,,A,, and A5 are pairwise independent. Are they completely independent?

John has a red die and a blue die and he throws them together. Consider the events
A: the outcome of the red die is an odd integer;

B: the outcome of the blue die is an odd integer;

C: the sum of the two outcomes is an odd integer.

Prove that the events A, B, and C are pairwise independent. Are they completely
independent?

John has again a red and blue dice and throws them once. For i = 1,2, 3, let the
events A; be

A,: the outcome of the red die is 1, 2, or 5;
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A,: the outcome of the red die is 4, 5, or 6;

Aj: the sum of the two outcomes is equal to 9.

Prove that
P(A1A,A3) = P(A))P(Ay)P(A3)

while each of the pairs {A},A,}, {A;,A;}, and {A,, A3} consist of dependent events.

Suppose that A, B, and C are (completely) independent events. Show that each of
the following pairs consists of independent events:

() {A,BUC):
(i) {A,B-C}.

We select at random an integer from the sample space Q = {1,2,...,20}. Consider
the following three events in that sample space:

A=1{4,5,...,13}, B={9,10,...,18},

and
C=1{4,5,6,7,8}u{14,15,...,18}.

(i) Show that the event A is independent from each of the events B and C.
(i) Prove that the events A and BC are not independent.
(iii) Prove that the events A and B U C are dependent.

Suppose that an event A of a sample space  is independent of B;, i =1,2,...,
where {B;} is a sequence of pairwise disjoint events of the same space. Show that
[s4]

the events A and B = | | B; are independent.
i=1
When tossing a coin n times, let us consider the events

A: heads appears at most once in the n tosses,

B: both sides of the coin appear at least once in the n tosses.

For n = 2 and n = 3, examine whether A and B are independent. Can you interpret
the results?

Let A and B be two independent events on a sample space Q. If P(A) = 0.7 and
P(A’B’) = 0.18, find the probabilities of the events

(i) AB';

(ii) A’B;
(iii)) AUB.
We throw a die six times. If at the ith throw, 1 <i < 6, we get an outcome i, we say
that there is a concordance (between the serial number of throws and the outcome

of the die). What is the probability to have at least one concordance in the six
throws?
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An urn contains n balls numbered 1,2, ...,n. We select balls successively with
replacement. If the ith ball selected from the urn has the number i on it, we say that
we have a concordance (between the serial number of selections and the number
on the ball). What is the probability to have at least one concordance in the first n
selections? What is the limit of this probability as n — co?

Group B

19.

20.

21.

22.

(Generalization of the Chevalier de Mére problem) In the experiment of throwing
two dice n times, for n > 2, let us consider the event

B, : a double six appears at least once in the n throws.

(i) Using the result of Part (ii) of Example 3.18, calculate the probability of the
event B,,.

(i) How many throws are needed so that the probability of B,, is at least a half?

Suppose that A, A,, ..., A, are completely independent events of a sample space
with P(A;) = p;, withp; < 1 fori=1,2,...,n

(i) Verity that the probability that exactly one of the events A|,A,, ..., A, appear
equals

(1=p)(d=py)-- (1—pn)21_p

(ii) If we throw two dice n times, what is the probability that a double four
appears exactly once? What can we say about this probability as n grows larger
(n - 00)?

An electrical system consists of two components that work independently of one
another. We have estimated that the probability both components work properly
is 0.756, while the probability that neither of them works is 0.016. For the proper
functioning of the system, it is required that at least one of its components work
properly. Find the reliability for each of the two components, as well as the overall
reliability of the system (that is, the probability that the system works properly).

The following figures show some electrical circuits with switches on them (labeled
1,2, and so on). Every switch works independently of others and can be at
the position OFF (allowing the transmission of electricity) with a probability p;,
i=1,2,...,orat the position ON, in which case the electricity cannot pass through.
If at the ends of each of the three circuits, we apply some voltage find, as a function
of p;, the probability that electricity is transmitted through the circuit.
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]

[+]

Application: Find numerical results for the case p; = 0.7 + 0.054, fori = 1,2, 3,4, 5.

In the first circuit of the last exercise, assume that the probabilities p; are all equal.
What value should each p; be so that the probability of electricity transmission
through the circuit is 99%?

There are n > 2 shooters who are going to shoot against the same target, indepen-
dently of one another. If the probability that the ith shooter finds the target is p;, for
i=1,2,...,n, find the probability that

(1) none of them find the target;

(ii) exactly one finds the target;

(iii) at least two find the target.
(Hint: Use the results of Example 3.18 and Part (i) in Exercise 20.)

We throw two dice simultaneously until either a sum of 7 or a sum of 9 occurs.
What is the probability that

(i) exactly n throws will be needed?
(i1) the experiment stops with the last throw having an outcome 9?
(iii) the experiment stops with the last throw having an outcome 7?
(iv) the experiment carries on forever?
(The Huygens problem) Tom and Daniel play a game in which they throw

alternatively a pair of dice. Daniel wins if he gets a sum of 6 before Tom gets a sum
of 7. What is the probability that Daniel wins if he plays first?

Three contestants in a quiz show have to answer, in turn, a series of questions. Let
D1.P2, and p; be the probabilities that the first, second, and third player answer
a question correctly. The game ends when the first correct answer is given. For
n=1,2,..., define the events

A, . the first player wins the game at the nth round of questions.
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(a) Show that
P(A,) = [(1 = p)(1 = py)(1 = p)I"'pys

(b) Find the probability that the first player wins the game;

(c) By finding the winning probabilities of the other two players, examine whether
it is possible that the game goes on forever.

Bill, Greg, and John are friends attending the same course in French translation at
University and they prepare for their exam. The course lecturer has recommended
two textbooks, say A and B, to prepare for the exams, and the text they will have
to translate will be either from textbook A or from B. Since none of them are too
keen on spending a lot of time preparing for the exam, they decide to study only
textbook A. The day before the exam they feel that if the exam is based on textbook
A, each of them has a chance of 85% of passing the exam, independently of the
other two, while if the exam is based on textbook B, each of them has a 30% chance
of passing (again, independently of the other two). Further, they think the lecturer
likes textbook A a bit more, and so there is a 60% chance that the exam is based on
that book.

(a) What is the probability that Bill passes the exam, but the other two students
fail?

(b) What is the probability that Bill passes the exam if we know that the other two
students have failed?

(Hint: Let A|,A,, and A; be the events that Bill, Greg, and John pass the exam,
respectively. Define also the events E that the exam is based on textbook A and F
that it is based on textbook B. In Part (i), for instance, we want the probability of
the event AlA’zAg and, in order to find this, we need to condition upon whether £
or F occurs. In fact, this example illustrates the idea of conditional independence
between events. If we know which of F or £ has occurred, then the events A, A,, A3
are independent, but if we do not have that information, they are not independent.)

3.6 BASIC CONCEPTS AND FORMULAS

Conditional probability of P(AB)
the event A, given that the P(A|B) = W for P(B) > 0
event B has occurred

Main properties of PCI. P(A|B) > 0;
conditional probability

PC2. P(QIB) = 1;

PC3. P (UzlAi|B) =Y, P(A|B)
for pairwise disjoint events A, A,, ....
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Other properties of
conditional probability

P(@|B) = 0;

P(A’'|B) = 1 — P(A|B);

P(A — C|B) = P(AC'|B) = P(A|B) — P(AC|B);
If C C A then P(C|B) < P(A|B):

P(A|J C|B) = P(A|B) + P(C|B) — P(AC|B);
lim, . P(A,|B) = P(lim,_, A, |B)

n—oo

for any monotone sequence of events {A, },5;

Multiplicative law for
probabilities

P(A Ay A,) =
P(A)P(Ay)A))- - P(A,|A\A, - - -A,_,), whenever
PAA, A, )>0

Law of total probability

P(A) = P(A|B)P(B) + P(A|B")P(B"), for 0 < P(B) < 1.
More generally,

P(A) = Y|, P(A|B;)P(B,) for any partition
By,B,,...,B, of Qsuch that P(B;) > 0,i=1,2,...,n

Bayes’ formula (Bayes
theorem)

» _ P(A[B)P(B)) .
(B;]A) = , 1=1,2,...,n,
Y1 P(A|B)P(B))

., B, of Q such that

for any partition By, B,, ..
PB)>0,i=1,2,...,n

Independent events A and B

P(AB) = P(A)P(B)

Dependent events A and B

P(AB) # P(A)P(B)

Independence and
complementary events

If A and B are independent, then each of the pairs
(A,B"),(A’,B),(A’, B") consists of independent events

(Completely) independent
events A, A,, ... ,A

n

P(AilAi2 .. -Aik) = P(Ail)P(Aiz)- . ~P(Aik)
for any choice of k different indices iy, i,, ..., i; in the set

of integers {1,2,...,n} and forany k =2,3,...,n

Probability that the event A
occurs before the event B
(in independent repetitions
of an experiment)

PA)

—————— for disjoint events A and B
P(A) + P(B)

3.7 COMPUTATIONAL EXERCISES

1. Consider the following problem with conditional probabilities: we toss a coin four
times and we seek the probability that we get exactly two heads, if we know that

(1) the first outcome is heads;

(i1) the first two outcomes are both heads.
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With the set of commands below, we obtain the desired probabilities. The way to
tackle this in Mathematica is as follows: first, we create the complete sample space
for the problem, then we find the restricted sample space (as it is defined by the
event we condition upon) and, finally, we find the elements of the event of interest
in this restricted sample space. As usual, the required probability is the ratio of the
number of favorable events to the total number of possible events.

In[1l]:=

Print ["Complete sample space'"];

omeg=Flatten[Table[{i,j,k,1}, {i,0,1}, {3,0,1}, {k,0,1},
{1,0,1}1,3]

Print ["Restricted sample space (first outcome heads)"];

omegl=Flatten[Table[{i,7,k,1}, {i,1,1}, {j,0,1}, {k,0,1},
{1,0,1}1,3]

Print ["Number of heads in each outcome of the restricted
sample space"];

vall=Apply [Plus, omegl, 1]

Print ["Restricted sample space (first two outcomes heads)"];

omegll=Flatten[Table[{i,7,k,1}, {i,1,1}, {3,1,1}, {k,0,1},
{1,0,1}1,3]

Print ["Number of heads in each outcome of the restricted
sample space"];

valll=Apply[Plus,omegll, 1]

Print ["Probability of event (i) :" ,Count[vall,2]/Lengthl[omegl]];

Print ["Probability of event (ii) :" ,Count[valll,2]/Length[omegll]];

The output we obtain is given below.

Complete sample space

out[2]= {{o0,0,0,0},{0,0,0,1},{0,0,1,0},{0,0,1,1},{0,1,0,0},
{o,1,0,1},{0,1,12,0},{0,1,1,12},{1,0,0,0},{1,0,0,1},
{1,0,1,0},{1,0,2,2},{2,1,0,0},{2,1,0,1},{1,1,1,0},
{1,1,1,1}

,
Restricted sample space (first outcome heads)

out[3]= {{1,0,0,0},{1,0,0,1},{2,0,1,0},{2,0,1,1},{1,1,0,0},
{1,1,0,1},{2,1,1,0},{2,1,1,1}}

Number of heads in each outcome of the restricted sample space
out[4]1= {1,2,2,3,2,3,3,4}

Restricted sample space (first two outcomes heads)
out [5]= {{1,1,0,0},{1,1,0,2},{1,1,1,0},{2,1,1,1}}

Number of heads in each outcome of the restricted sample space
outlel= {2,3,3,4}

Probability of event (i) :3/8
Probability of event (ii) :1/4

Proceeding in an analogous manner, obtain the conditional probabilities P(A|B;) and
P(B;]A) in each of the following problems:
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(a) We throw a die twice, and consider the events
A: the sum of the two outcomes is 4,
B,: the outcomes of the two throws are equal,
B,: the outcome of the first throw is an even integer,
B;: the outcome of the second throw is an odd integer,
B,: the first outcome of the die is different from the second one.
(b) From a pack of 52 cards, we select two cards at random, and define the events
A: both cards are aces,
Bj: the first card drawn is a diamond, and the second one is an ace,
B,: the first card drawn is a spade,
B;: both cards drawn are spades,
B,: the two cards are not of the same suit.

(¢) From a box with 10 balls numbered from 1 to 10, we select two balls without
replacement, and let

A: the numbers on the two balls drawn differ by at least 2 (in absolute value),
B,: the numbers on the two balls drawn have a sum of squares greater than 10,
B,: both numbers selected are even,

B5: the numbers on the two balls have a sum less than 10.

. With reference to Exercise 22 of Section 3.5, suppose that the probabilities p;,i =
1,2, ..., are all equal, that is,

pr=py=-"=p.

Let R,(p), R,(p), and R;(p) be the probabilities that electricity passes through the
circuits (a), (b), and (c) of that exercise, respectively.

(i) Draw a graph of R;(p),j = 1,2,3, for 0 < p < 1. What do you observe for R;(0)

and Rj(l) forj=1,2,3?
(i) For eachj = 1,2, 3, find the smallest value of p for which

(@) R(p) 2 0.90;

(b) Ry(p) > 0.95;

(©) R;i(p) = 0.99.
. Assume that n > 2 shooters shoot against the same target, independently of each
another. The probability that each shooter hits the target is the same for all shooters
and is equal to p. Let R(p,n) be the probability that at least two shooters hit the
target.
(a) Verify that

R(p.n) =1~ (1=p)" =np(l-p)y'"".
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(b) Draw, on the same graph, the function R(p, n) as p varies inside the interval [0, 1]
and for different values of n. What do you observe?

(c) For n=15,10, and 15, find the smallest value of p for which the probability
R(p, n) is greater than

* 0.90;
* 0.95;
* 0.99.

SELF-ASSESSMENT EXERCISES

True-False Questions

Let A and B be two events on a sample space € such that A C B, with P(B) < 1.
Then P(A|B') = 0.

. If A and B are two events on a sample space Q with P(B) < 1, then we have

PA'|B')=1-P(A|B).

. If A and B are two events on a sample space such that P(A) # 0, P(B) # 0, then we

have
P(A|B)P(B|A) = 1.

. A, B, and C are three events on a sample space Q. If P(AB) # 0, then

P(ABC) = P(B)P(A|B)P(C|AB).

. If A and B are two mutually exclusive events such that P(A) = P(B) = 0.3, then A

and B are independent.

. Suppose that A, A,, and B are three events on a sample space and P(B) > 0. If A,

and A, are independent, then

P(AA,|B) = P(A,|B)P(A,|B).

. The probability for the intersection of two events equals the product of the

probabilities for each event.

. For the events A and B of a sample space €, it is known that P(A) # 0 and P(B) # O.

If A and B are independent, then they are also disjoint (mutually exclusive).

. If A and B are independent events, then the events A’ and B are also independent.

If A and B are mutually exclusive events such that P(A) > 0 and P(B) > 0, then A
and B cannot be independent.

Let A, and A, be two disjoint events on a sample space and assume that B is another
event with P(B) > 0. Then, we have

P(A; UA,|B) = P(A|B) + P(A|B).
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Assume that, for the events A and B of a sample space Q, we have 0 < P(A) < 1
and P(B'|A) = P(B'|A”). Then A and B are independent events.

Suppose that {B;,B,} is a partition of a sample space € such that P(B;) > 0, for
i = 1,2. Then, for any event A in Q, we have

P(A) = P(A|B))P(B)) + P(A|B})P(B)).
For two independent events A and B on a sample space Q, we have
PA'B"y=PA"Y+PB') - 1.

Suppose that A|,A,, A5, and B are events on a sample space with P(B) > 0. If the
events A, A,, and A; are pairwise disjoint, then

P(A; UA, UA;|B) = P(A,|B) + P(A,|B) + P(A;|B).

When throwing a die twice, let A be the event that the first outcome is even and B be
the event that the product of the two outcomes is 6. Then, A and B are independent.

Let A, B, and C be three events on a sample space such that P(B) > 0. Then,
P(AC'|B) = P(A|B) — P(AC|B).

Let A,A,,...,A, be completely independent events on a sample space Q with
P(A;) =p;, for i =1,2,...,n. The probability that none of the events A; occur is

equal to
n
[Ta-ro.
i=1

Multiple Choice Questions

. An exam contains two multiple choice questions. The first question has four

possible answers, while the second one has five. If a student taking the exam
answers both questions completely at random, the probability that he/she gives at
least one wrong answer is

@) 12/20  (6)19/20  (c)1/15 () 1/20  (e) 14/15

. LetA and B be two events of a sample space such that P(A) = 0.5and P(A U B) = 0.8.

If it is known that P(A|B) = 0.25, then the probability of the event B is

(@09 1®O03 ()02 ()04 (e)0.1

. If the events A and B are independent, each having a positive probability of

occurrence, then

() AB=0 (b) P(B'|A)=P(B)  (c) P(AUB) = P(A) + P(B)
(d) P(A|B) = P(B|A)  (e) P(A = B) = (1 = P(B))P(A)
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. Assume that A;, A,, and B are three events on a sample space such that P(B) > 0.

Then,
(a) P(A||B) = P(A A, UAIA;|B) (b) P(A; —Ay|B) = P(A’IA’2|B)
(c) P(A1A,|B) =1 - P(A’lAélB) (d) P(AA)|B)=1— P(A’l UA’2|B)

(e) P(A" UA|B) = P(A)|B) + P(A}|B)

. Let A and B be two independent events on a sample space Q. If P(A) = 3/4 and

P(AB") = 21/40, then the probability of event B is
@3/10 ()7/10 (©2/5 (d)3/5 (e)9/40

. If A and B are independent events with P(A) = 1/5 and P(B) = 1/2, then the

conditional probability P(A|A U B) is equal to
(a)4/10 (b)3/10 (¢)1/2 (d)1/10 (e)1/3

. For the events A and B of a sample space it is known that P(B) = 0.5 and

P(A’B) = 0.2. Then, the conditional probability P(A|B) equals
(a) 0.6 (b) 0.3 (©) 0.5 (d) 0.1 (e)0.15

. From a box that contains 10 balls numbered 1,2, ..., 10, we select randomly 2 balls

with replacement. For the events
A the number on the first ball selected is odd

and
B: the number on each of the two balls selected is even,

which of the following statements is true?

(a) They have the same probability;

(b) They are independent;

(c) They are mutually exclusive;

(d) They form a partition of the sample space;
(e) They are complementary.

. John is going to take two exams for his degree course next week. The first one is

more difficult and he feels that the probability he will pass this exam is 3 /4, while
he is more confident about the second one giving a success probability to himself
of 9/10. The probability that John passes at least one of these two exams is

(@4/5 (1)39/40 (c)19/20 (d)1  (e) none of the above

With the assumptions of the previous question, the probability that John passes
both exams if he knows that he passed at least one is

(2)27/40  (b)39/40 (c)19/20  (d)9/13  (e) 13/40

We select (without replacement) two cards from a pack of 52 cards. The probability
that both cards selected are spades is

13 12-13 132 2-12-13
31.55 (© d &) —/———

@) 51-52 51-52 51-52

(b)

_1
51-52
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We select (without replacement) two cards from a pack of 52 cards. The probability
that the two cards selected belong to different suits is
3.4 3

OE <c)§—? <c1)53—1 (e);—f

) 4

An urn contains six red balls and five blue balls. We select one ball at random
and then, without replacing it, we select another ball. Then, the probability that the
second ball drawn is blue is

265 gl o2

< 11 ) 2 < 11 >

2 2

At a sports club of a University, there are 15 students who play basketball and 13
students who play baseball. We choose successively two students. The probability

that the first student selected plays baseball and the second one plays basketball
equals

5 4
(2) 1 (b) I (©

<13><15> 1 1 1 1 213+ 15 1 1
(a)w OF FEXNE E;;)S @ (<2§> CE N
2 2 2

In a hand of bridge, each of the four players receives 13 cards from a standard pack
of 52 cards. Nick and Leopold are partners. What is the probability that, in a given
hand, Nick has at most one spade given that Leopold has exactly three spades?

<39> + (39) <13>
10 529 1

<13>

W GO
(13)

HERIN
(o)

(o) * (5) ()
(15)

13

(2 (1)
<13>

Pat takes part in a quiz show with multiple choice questions. There are three

possible answers to each question. The probability that she knows the answer to a
question is p. If Pat does not know the answer to a particular question, she gives an

(a)

(©)

(d)

(e)
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answer at random. If she answered the first question correctly, the probability that
she knew the answer is
p 3p

p
vris Yo ©7%

3p
1+2p

(a) bdp (©

17. In a telecommunications channel, transmitted bits are either O or 1 with respective
probabilities 5/8 and 3/8. Due to noise, a O-transmitted bit is received as 1 with
probability 1/5, while a 1-transmitted bit is received as 0 with probability 1/10.

If the last bit received was 0, the probability that it has been received correctly
equals

(@)43/80  (b)4/5 (c)40/43  (d)5/8 (e)7/8

3.9 REVIEW PROBLEMS

1. Let A and B be two events on a sample space such that
P(A)=0.5, PAUB)=0.75.

Find the probability of the event B in each of the following cases:

(i) A and B are disjoint events;
(i1) A and B are independent events;
(iii) We have P(A|B) = 0.3.
2. Let A and B be two disjoint events of the same sample space with P(A) # 0 and
P(B) # 0. Show that

P(AJAUB) _P(BIAUB) _ 1
PA) ~  PB)  PA+PB)

3. For the events A and B of a sample space, it is given that
PA|B)=a, P(B|A)=p, PA|B)=y.

Find the unconditional probability of event A in terms of «, §, and y.

4. The percentage of the population in a city who suffer from a serious disease is 3%.
A person has just taken two medical examinations to see whether he suffers from
the disease. Each of the two tests make the correct diagnosis (whether someone
suffers from the disease or not) with a probability 98% and the results of the two
tests are independent. Calculate the probability that he has the disease

(i) given that at least one of the two outcomes of the tests is positive;

(ii) given that both tests give a positive result.
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. Peter throws three dice and he announces to Mary that the three outcomes are

different. What is the probability that at least one outcome is 4?

. A box contains n lottery tickets, k of which are winning tickets. Frank and Geoffrey

select tickets from the box successively, one after the other and without replacement.
Whoever picks a winning ticket first wins the game. Who has the higher probability
of winning, Frank who chooses first or Geoffrey?

. A store that sells alcoholic drinks has n bottles of white wine and k bottles of red

wine on its shelves. We select a bottle randomly from the shelves and then a second,
without replacing the first. What is the probability that the second bottle contains
white wine if the first one was also a white wine bottle? What is the probability
that the first bottle contains white wine if we know that the second one was also a
white wine bottle? Are these two probabilities equal?

. Among the students who enter a University degree program, 82% of the females

and 71% of the males obtain their degree within the scheduled time. If 52% of the
students in this program are males, what is the percentage of students who finish in
time? What proportion among those who finish in time are women?

. A military aircraft that carries n bombs shoots against a target until the target is

destroyed or the aircraft runs out of bombs. The probability a bomb finds the target
is p;, while the probability that a bomb destroys the target when it has already been
hit by a bomb is p,. If successive bomb shots can be considered as independent
“experiments,” find the probability that

(1) the aircraft destroys its target without using all the bombs;
(i) when the target is destroyed, there are two unused bombs;

(iii) For the destruction of the target, at most two bombs are needed.

Peter throws 10 dice, and he announces to Mary that at least one six appeared.
What is the probability that at least two sixes were observed in total?

A driver responsible for a car accident disappears after the accident. After investi-
gating the case, police believe with 70% probability that the accident was caused
by a car with plate number XYZ 1867. At this point, an eye witness appears and
tells the police that he is certain that the last digit in the number plate of the car was
7, but he did not see or remember any other digits or letters from the plate. Using
this piece of information, what is now the probability that the driver of the car with
plate number XYZ 1867 caused the accident?

Suppose alternatively the eye witness says he is only 90% certain that the last digit
of the plate is a 7; what would be the probability that the accident was caused by a
car with plate number XYZ 1867 in this case?

In both cases, assume that every combination of three letters and four digits has the
same probability of appearing in a plate number.

(Hint: Use Bayes’ theorem.)
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If Steve tosses a coin n times, for n > 2, consider the events

A’ tails appear at most once in the n tosses,

B: each of the two sides of the coin appears at least once.

(i) Find the probabilities of the events A, B, and AB;

(i) Hence, show that A and B are independent only when n = 3.

Jenny starts from point A of the diagram below and, at each node, she selects her
route with equal probabilities among the possible options.
(i) What is the probability that she arrives at point B?

(ii) If it is known that she reached point B, what is the probability that she came
through one of the three middle nodes?

We have n boxes and fori = 1,2, ..., n, the ith box contains #; balls of which r; are
white, and the remaining are black. We first select a box and then choose randomly
one of the balls in that box. What is the probability that a white ball is selected if

(i) the selection of the box is completely random?
(ii) the probability to select the ith box is p;, for i = 1,2, ..., n, where p; > 0 and
prpy+-ctp, =17

We assume that the probability of a family having n children is ap,, forn = 1,2, ...
(where a is a positive real number such that ap, < 1 for all n), and the probability
that a family has no children is

[Se]

1- Zapn.

n=1
We also assume that boys and girls are equally likely to be born.

(i) Show that the probability a family with n children to have exactly k girls is

()7
k)2
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(ii) Establish that the probability a family has k girls, for k > 1, is 2ap* /(2 — p)F*';

(iii) Suppose it is known that a certain family has at least one girl. What is the
probability that this family has two or more girls?

<Hint: For Part (ii), you may use the identity

2 (=3 —i)k“ >

Three darts players have respective probabilities p,, p,, p; of hitting the center of
the dartboard. Each of them shoots against the target once and then we examine
how many of them hit the center. Find the probability that the third player found
the center if the number of darts found there is (i) one; (ii) two.

Give a numerical answer in each case assuming that p; =0.3,p, = 0.4, and
P3 = 0.5.

Two urns labeled I and II contain n; and n, balls, of which r; and r,, respectively,
are green. We select a ball at random from Urn I and place it in the second urn, and
then we take a ball from Urn II. What is the probability that this ball is green?

Three boxes contain b blue and r red chips each. We select a chip at random from
the first box and place it in the second box. Then we select a chip from the second
box and place it in the third. If we now select at random a chip from the third box,
what is the probability that this is a red one?

For a certain make of a car, spare parts are produced by two manufacturers, A and
B. The total production of the manufacturer B is n times as large as that of A. The
proportions of defective spare parts produced by the manufacturers A and B are p,
and p,, respectively.

(i) If we purchase a spare part and find out that it is defective, what is the
probability that it came from A?

(i) What relation must hold between p, and p, so that the probability a defective
item would belong to either of the manufacturers A and B is the same?

An urn contains a > 3 white and k > 1 red balls. Suddenly, a ball disappears from
the urn. We select two balls from the urn and check their color, to find out that they
are both white. What is the probability that the missing ball is red?

A student has to take a multiple-choice exam with n possible answers in each
question (only one being correct in each case). The probability that the student
knows the correct answer to a question is p (0 < p < 1). If the student does not
know the answer to a particular question, he chooses completely at random among
the n possible options.

(i) What is the proportion of correct answers given by the student in the exam?

(ii) If the student gives the correct answer to a particular question, what is the
probability that he knew the answer?
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(iii)) The course lecturer wants to ensure that a student who has studied carefully
with p at least 80%, when he/she answers a question correctly, the probability
that he/she knew the answer is at least 95%. Find the smallest number n of
possible answers the lecturer should assign for each question.

Two boxes contain exactly the same total number of balls, and in each box some
balls are white and the rest are black. Let x and y be the number of white and
black balls in the first box, respectively, and let z be the number of white balls
in the second box. From each box, we pick up n balls with replacement. Find the
conditions under which the following two quantities are equal:

(i) The probability all balls selected from the second ball are white.

(ii) The probability that the balls chosen from the first box are all of the same color,
i.e. they are all white or all black.

Show that finding positive integers 7, x, y, z such that the condition for the above
two probabilities to be equal amounts to finding positive integers that satisfy
the equation x" +y" = 7" (the solution to this problem is very well-known* as
“Fermat’s last theorem.”

A company classifies its customers into k classes according to the frequency
by which they place their orders. The probability that a customer of class j
makes no orders in a period of one month is (n —j)/n, for j =1,2,...,k, where
1 <k < n. The proportion of customers who are classified into class j is p;, so that
pr¥pyt+tpe=1

If a certain customer of the company has placed at least one order during the last
month, find the probability that he belongs to class j, forj = 1,2,...,k.

Application: Consider a motor insurance company which classifies car drivers into
k =5 classes. Suppose the proportion of insured car drivers that fall into class j is
pj =j/15,forj=1,2,...,5, and assume further that a driver that belongs to class
J has a probability 1 — /100 not to make a claim in a given time period. Find the
probability that a driver who makes at least one claim during that period belongs to
classj, forj=1,2,...,5.

If we throw a die 6 times, what is the probability that the number of sixes minus
the numbers of ones we get is equal to 3?

We carry out the following experiment successively: we toss a coin and throw two
dice simultaneously. What is the probability that an outcome of tails occurs before
we get a sum of 3 in a throw of the two dice?

A primary school teacher asks four children what is their favorite season of the
year. If the first two children gave different answers (e.g. summer and autumn),
show that the probability that a season is chosen by exactly three children is 1/8.

4This is one of the most famous problems of all times in mathematics. For n = 2, this is obviously the Pythagorean
theorem that has infinitely many integer solutions. For n > 3, however, establishing whether integer solutions
X, Y,z exist presented unimaginable difficulties when Fermat originally posed the problem and said that there is
no solution in 1637, but gave no proof(!). Numerous great mathematicians attempted to provide a formal proof
since then until this was accomplished by Andrew Wiles in 1995.
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Recall the definition of a parallel system connection from Example 3.18. Consider
now a parallel system that has n components and assume that each of these com-
ponents works, independently of others, with probability 1/2. Find the probability
that the first component works given that the system is functioning.

Isaac and Mary enter a quiz show and reach the final stage in which they will win
the grand prize if they answer a true—false question correctly. Assume that each
of them has a probability p of giving the correct answer. Before the question is
posed, Isaac tells Mary that they should choose one person between them and let
that person give the answer to the question. Mary, on the contrary, thinks that they
should both think about the question and, if their answers agree, they should give
that common answer; otherwise, they should flip a coin to see who answers the
question. Which of the two strategies do you think maximizes their probability of
winning the prize?

Two groups of children decide to make a draw so that a three-member committee is
selected. The first group consists of 7 boys and 3 girls, while the second group has
1 boy and 5 girls. The selection takes place as follows: first, one person is chosen
randomly from each group. In order to select the third person, the names of all the
remaining children (from both groups) are put in a ballot and one name is picked at
random. Find the probability that the person selected in this second draw is a girl.

An amateur meteorologist uses the following, rather primitive, weather forecasting
system. Each day is classified as dry or wet and he then assumes that the following
day will be of the same type (dry or wet, resp.) with probability p (0 <p < 1).
Using statistical data from previous years, he decides that the probability December
31st of a particular year to be a dry day is p, for some p, € (0, 1). Let A, be the
event that the nth day of the following year is a dry day and

@, =P@A,), n=012, ..

(1) Verify that forn = 1,2, ..., we have
an = (2p - l)an—] + (1 _p);

(i1) Deduce that the probabilities a,, are given by the formula

i o,
a=5+@=1"(p=3). n=012.;

(iii) Calculate the probability that the nth day of the year is dry when n is very
large (n — o0).
(Hint: Use induction for Part (ii).)

A coin that does not have equal probabilities of landing heads and tails is said to be
a biased coin. Suppose that we have two biased coins; the probability of landing
heads for the first of these (coin A) is p;, while for the second one (coin B) it is p,.
We select initially one of these two coins at random and we toss it until it lands
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“tails” for the first time. Then we start tossing the other coin, and we switch again
when it lands “tails” for the first time, and so on.

(i) Find the probability that, in the third toss from the beginning of the experiment,
coin A is used.

(ii) If p, = 1 — p,, what can we say for the probability that coin A is used in the
nth toss of this experiment, for n = 3,4, ...7

32. A certain University exam involves True—False questions. Students who take this
exam can be classified into three classes: skilled, who answer each question
correctly with probability 0.95, well-prepared, who answer each question correctly
with probability 0.75, and guessers who simply take a stab at the answers. One of
the students taking the exam has answered the first three questions correctly. What
is the probability that she will give a correct answer to the fourth one, too?

3.10 APPLICATIONS

3.10.1 Diagnostic and Screening Tests

A diagnostic test is any kind of medical test that is utilized in the diagnosis or detection
of a specific disease. On the other hand, screening tests are typically carried out in a
population to identify a disease among individuals without signs or symptoms. Despite the
fact that screening tests may lead to an early diagnosis, their outcomes should be treated
very carefully, especially when carried out for checking the presence of rare diseases.

Let us assume that we are screening people for a specific disease, say tuberculosis, using
a test which is quite accurate, in the sense that it will give a positive result with probability
p1 = 0.95 when the disease is present and a negative result with probability p, = 0.99 when
tuberculosis is not present. If a person tests positive, what is the probability that he/she has
tuberculosis? The naive answer that is usually given by (a strikingly high proportion of)
medical students is 95%. As we shall shortly explain by a careful probabilistic analysis,
this answer is wrong!

Let us first introduce the necessary notation that will enable us to arrive at the required
answer. Denote by B the event that a randomly selected person from the population suffers
from tuberculosis and A the event that a person who is subject to the screening test will
give a positive result. Then, the aforementioned probabilities p; and p, are in fact referring
to the conditional events A|B and A’|B’, respectively. Therefore, we may write

PA|B)y=p,, PA'|By=1-p,, PA'|B)=p,, PA|B)=1-p,.

In order to answer the question whether a person that tests positive suffers from tuberculosis
or not, we need to compute the probability P(B|A) that is clearly different from both P(A|B)
and P(B).

A straightforward application of Bayes’ theorem (see formula (3.7)) yields

P(A|B)P(B) _ p1P(B)
P(A|B)P(B) + (P(A|B")P(B')  p P(B) + (1 —py)(1 = P(B))’

P(B|A) =
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and it is clear that our answer to the question addressed above depends not only on the
probabilities p, and p, but also on the percentage r = P(B) of the people in the population
who suffer from the disease. For example, if we assume that » = 0.1%, we get

3 (0.95)(0.001) B
PBIA) = (0.95)(0.001) + (0.01)(0.999) — 0.0868,

while for » = 10% (which, of course, may be unrealistic for the specific disease we are
referring to), the required conditional probability becomes

(0.95)(0.1)

= =0.913.
(0.95)(0.1) + (0.01)(0.9)

P(B|A)

It is noteworthy that, despite the fact that the test used is very accurate (it guarantees a
correct diagnosis for the presence of the disease with probability 95% and for the absence
of it 99%), a person that is tested positive has a probability of only 8.7% to actually suffer
from the disease if the disease is very rare (r = 0.1%).

The above remarks can be illustrated graphically by creating some plots of the
conditional probability of interest, P(A|B), in terms of the parameters p,,p,, and r. To
make our task easier, let us assume that our test has the same accuracy for both cases of
correctly identifying the presence and nonpresence of the disease, i.e. p; = p, = p. Then,
the quantity of interest becomes

pr
pr+=p)1=r)

P(A|B) =

Figure 3.6 shows how the conditional probability varies with respect to r when p = 0.95.
Evidently, this probability decreases rapidly as r gets close to O (which means that the

P(AIB)
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Figure 3.6 Plot of the probability P(A|B) as a function of r for p = 0.95.
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Figure 3.7 Plot of the probability P(A|B) as a function of p for several choices of r.

screening test is carried out for a very rare disease). Figure 3.7 plots the same probability
as a function of p for several choices of r. From this figure, it is also clear how sensitive
the quantity we are looking at (correct diagnosis of a disease) is to the incidence rate of the
disease (percentage of the people in the population suffering from it).
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Bayes’ theorem

conditional probability

dependent events

independent events

independent experiments

law of total probability

multiplication formula (or multiplication law)
pairwise independent events

parallel system

partition of a set

posterior probability (or a posteriori probability)
prior probability (or a priori probability)
reliability of a system

sampling with replacement

sampling without replacement

series system
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CHAPTER 4

DISCRETE RANDOM VARIABLES AND
DISTRIBUTIONS

Andrey Markov A Russian mathematician best known for his work on stochastic processes
(Ryazan 1856-St. Petersburg  (families of random variables, typically evolving over time). In particular, he
1922) introduced a family of stochastic processes exhibiting a certain “memoryless”

property, nowadays known as the Markov property.

One of the results that bears his name is Markov’s inequality, although it
was apparently first proved by P. Chebychev, who was Markov’s teacher. An
example of an application of Markov’s inequality is the fact that (assuming
incomes are nonnegative) no more than one-fifth of the population can have
more than five times the average income of the population.

In the March to April 2013 issue of the American Scientist (Volume
101, Number 2), Brian Hayes presented an article entitled “First links in the
Markov Chain: Probability and Poetry were Unlikely Partners in the Creation
of a Computational Tool,” which starts as follows:

One hundred years ago the Russian mathematician A. A. Markov founded a
new branch of probability theory by applying mathematics to poetry. Delving
into the text of Alexander Pushkin’s novel in verse Eugene Onegin, Markov
spent hours sifting through patterns of vowels and consonants. On January
23, 1913, he summarized his findings in an address to the Imperial Academy
of Sciences in St. Petersburg. His analysis did not alter the understanding or
appreciation of Pushkin’s poem, but the technique he developed, now known as a Markov chain, extended the
theory of probability in a new direction. Markov’s methodology went beyond coin-flipping and dice-rolling
situations (where each event is independent of all others) to chains of linked events (where what happens next
depends on the current state of the system).

Introduction to Probability: Models and Applications, First Edition. 225
N. Balakrishnan, Markos V. Koutras, and Konstadinos G. Politis.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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4.1 RANDOM VARIABLES

In the discussions until now, we have assigned probabilities to events. An event is
a set that represents a possible realization of an experiment and, as we have seen,
assigning a probability to any such realization offers a suitable formulation of the problem.
Furthermore, it enables us, in many situations, to answer almost any conceivable question
about how likely is something to happen in relation to that particular experiment. However,
although there is a number of operations admissible for sets (unions, intersections, taking
the complement, etc.), which offer the opportunity to define and study complex outcomes
in terms of simpler ones, mathematically it is less convenient to deal with sets rather than
real numbers. It therefore seems highly fruitful to consider a concept that obeys the usual
operations of arithmetic and use this concept to express probabilities of future outcomes.
Moreover, when we pose a question to express our uncertainty about the unknown outcome
of an experiment, the answer to that question is typically a real number. For instance,

e How many children a couple will have?

* What is the annual salary of a school teacher in the United States?

* How many points will a certain basketball player score in his next game?
* How many burglaries occur during a day in the city of London?

e How much does Jim weigh? What is the weight of Nick? What is the combined
weight between the two of them?

The concept of a random variable, which is given next and is fundamental in probability
theory, offers a straightforward formulation to any of the questions above. It is also a more
natural tool compared to the use of sets that we have favored in the preceding chapters.
Further, this concept provides the passage from the sample space of an experiment to the
set of real numbers.

Definition 4.1 Suppose Q is the sample space of an experiment. A function that takes
real values, X : Q — R, is called a random variable, or simply a variable (for this
experiment) if for any interval I C R, the set {® € Q : X(w) € I} is an event of the
sample space Q. The probability that X takes values on I will be simply denoted by
PX el).

Q

(|
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We note that, when the sample space for an experiment is discrete (i.e. it is either
finite or countably infinite), then every subset of Q is an event and therefore any function
X : Q+— Risarandom variable. Even in continuous (uncountably infinite) sample spaces,
however, discussed later in Chapter 6, in the problems and all applications we shall
consider the technical difficulty mentioned in the end of Section 1.4 does not show up. As
a consequence, from now on, we shall freely use the term random variable for a function
that maps a sample space to the real line.

When dealing with probabilities associated with random variables, it is often useful to
have the following representation in mind:

X P
o — X(w) — PX(w)).

Example 4.1 (Number of tails in three tosses of a coin)
Suppose we toss a coin three times and let X be the number of times that tails appear.
The sample space for this experiment is

Q = {HHH,HHT,HTH,HTT,THH, THT, TTH, TTT }
while for the function X : Q — R we can write
X(HHH) = 0,X(HHT) = 1,X(HTH) = 1, ... , X(TTT) = 3.

In a tabular form, the mapping of the elementary events @ to X(w) is summarized
below:

weQ | HHH | HHT | HTH | HTT | THH | THT | TTH | TTT
X() 0 1 1 2 1 2 2 3

Further, by taking into account that the eight elements of Q are equiprobable, we get

PX =0)=P({w € Q : X(w) =0}) = P{HHH}) = %

PX=1)=P{lweQ : X(w)=1})=P{HHT,HTH,THH}) = %,

and so on.

Example 4.2 Consider a random experiment when someone is waiting for a taxi in the
street. Let X be the random variable that stands for the number of occupied (O) taxis
passing by before the first free (F)) one arrives. Since the experiment stops with the
appearance of the first free taxi, the sample space for this experiment is

{F,OF,O0F,00O0F,...}
while for the random variable X defined above, we can write

X(F)=0, X(OF)=1, X(OOF)=2, X(O0O0F)=3, ...,
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Notice that, in contrast to the previous example, here we have a one-to-one corre-
spondence between the sample space elements w € Q and the values of the random
variable X.

Example 4.3 (Random numbers in an interval)

John asks his friend Matt to tell him a (real) number in the interval [0, 10]. Without
telling him, John has decided that if the number that Matt selects is x, he would give him
[x] dollars, where [x] denotes the integer part of x, i.e. the largest integer not exceeding
x. Let us define the quantities

X: the number that Matt picks,
Y: the amount, in dollars, he receives from John.

In this way, we have two random variables
X :[0,10] » Rand Y : [0,10] —» R,
which are defined for w € Q = [0, 10], as
X(w) =0, Y =|[w],

where, since w is real, [w] is its integer part.

We see from above that a random variable depicts the sample space  to a subset of the
set of real numbers. Specifically, this subset is

{x e R : X(w) = x for some w € Q}.

This set is called the range of values (or simply the range) of the random variable X and
we shall denote it by Ry. We may therefore view the range of values of X as a transformed
sample space for the experiment we are studying. While the original sample space
contains the (potentially, nonnumerical) outcomes of the experiment, the elements of the
set Ry are numerical values associated with these outcomes. In the special case X(w) = o,
so that the elementary events in Q are also real numbers, we see that the original and the
transformed sample spaces coincide.
More generally, the sample space Q can be

* finite,
 countably infinite, or

e uncountably infinite.
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However, the “size” of Ry may not always be of the same nature. For instance, in
Example 4.1, we have
Ry =1{0,1,2,3}
while |Q] = 8 (so that both sets are finite); in Example 4.2, we saw that

Ry=1{0,1,2,...}

and € is also countably infinite; and finally, in Example 4.4, Q is an interval of the real
line (which is uncountable) while

Ry =Q =10,10] (continuous sample space),
Ry =1{0,1,2,...,10} (finite sample space).
Example 4.4 Suppose we throw a die twice and consider the random variables

X,: the outcome in the first throw,
X,: the outcome in the second throw,
Y: the sum of the two outcomes,

Z: the difference of the second outcome from the first one,

W: the smallest of the two outcomes.

The sample space consists of the 36 pairs

Q={1,1),1,2),...,(1,6),(2,1),...,(6,6)}

so that, if the outcome of the experiment is, say @ = (4, 2), the values of the above five
random variables are

Xi(4.2) =4, X%“4.2)=2, Y(42)=6 Z(42)=2 W42)=2
Further, the ranges of these variables are
Ry, =Rx, =Ry ={1,2,3,4,5,6},
Ry =1{2,3,...,12}, R, ={-5,-4,....4,5}.
Observe that in Example 4.4, the random variables Y,Z, and W can be expressed in
terms of the variables X; and X, as follows:

Y=X,+X), Z=X, — Xy, W = min{X,. X,}.
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It turns out that in many practical situations, there is a need to build new random
variables using existing ones, and then associate probabilities to, or study the properties
of, these new random variables. More formally, if X; : Q+— R and X, : Q — R are two
variables defined on a sample space Q, the usual operations between functions, such as
aX; +bX, (a,b € R), X|X,,X,/X, (assuming X, # 0), and so on, define new random
variables on the same sample space. Similarly, if f : R+~ R is a real function, the
composition foX; : Q — R defines a new random variable, provided that the condition we
imposed in Definition 4.1 is satisfied. For example, let f(x) = x*. Then, the composition
foX, defines the variable X f Combining the above, we may create more elaborate forms
of random variables, such as

3sinX, +2cosX,, —5InY+e?,  (X;i+X3) - (X;+InX,),

and so on.

Functions of random variables arise in real-life applications in a completely natural
way. Suppose that a darts player aims at a target, and let X and Y represent the coordinates
of a darts throw in a Cartesian system, having its origin at the center of the target. Then the

random variable
R=VX2+7Y?

expresses the distance of the point hit by the darts to the center.
EXERCISES

1. Nick throws a die four times in succession. Define the random variable X: the
number of times that the outcome is heads.

(1) Find the sample space Q for this experiment.
(i) What is the range of values for X?

(iii) Identify the elements that each of the following sets (events) contains:

A ={weQ: X(w) =2},
Ay ={weQ: X(w) >3}.

(iv) Calculate the probabilities of each event in (iii).
2. Find the range of values for each of the following random variables:

(i) the number of successful hits in n throws of a dart against a target;
(ii) the age of a person randomly selected from a population;
(iii) the number of throws of a coin until two successive outcomes are the same;

(iv) the number of throws of a coin until two outcomes (not necessarily successive)
are the same;

(v) the weight of a student selected at random from a class;

(vi) the measurement error when weighing an item on a scale that has a margin of
+0.1 g.
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In each case, state whether the range of the variable in question is finite, countably
infinite, or uncountable.

. When an oil tanker sinks, the radius of the contaminated area by the oil spot is
represented by a random variable X.
(i) What is the range of values for X?

(ii)) Explain how we can define a new variable Y that gives the area of the
contaminated region in the sea. You may assume that the contaminated area
forms a circle whose center is at the ship that sunk. What is the range of values
for Y?

. A building plot has the shape of a rectangle whose length and width are represented
by two variables X and Y. The ranges of these two variables are the intervals
Ry =[5,8] and Ry = [4,6]. Let E be the area of the building plot.
(i) Find the range of values, R, for this variable.
(i1) Explain whether each of the sets Ry, Ry and Ry, is countable.
. A gas station has four pumps with unleaded petrol and six pumps with diesel. For

an arbitrary time instant during a day, find the range of values for each of the
following variables:

X: the number of pumps with unleaded petrol which are in use;
Y: the total number of pumps in use;

Z: the larger number of pumps, between the two types, which are in use.

. We select at random a point A in the interval [—1, 1]. We then select a second point
B, also at random, but now from the interval [—1, A]. Identify the sets representing
the ranges of each of the following variables:

(i) X: the position of the point A in the interval [—1, 1];
(i1) Y: the position of the point B in the interval [—-1, 1];
(iii) Z: the distance between the two points A and B;
@iv) W =[10X];

) V=I[Z];
(i) U=|X-7Y],
where, as usual, | - | denotes the absolute value and [-] the integer part.

. A bullet is shot against a target whose center is located at the point O with
coordinates (0,0) in a Cartesian system. The position of the point that the bullet
hits the target is described by its coordinates (X, Y), which are random variables.
The ranges of values for X and Y are Ry = [—2,2] and Ry = [—3, 4], respectively.

(1) Identify the range of values for each of the random variables |X|, |Y]|, X + Y,
and X — Y.

(i1) If R stands for the distance between the bullet’s position and the center, find
the range of values for R.
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4.2 DISTRIBUTION FUNCTIONS

In the last section, we introduced the concept of a random variable. Using this concept,
we can formulate questions of interest associated with events on a sample space and then
answer these questions by calculating the corresponding event probabilities. Some typical
examples are as follows:

* When throwing two dice, we may be interested in the probability of the event that the
sum of the two outcomes is 7. In such a case, we introduce a random variable X that
represents the sum of the two dice outcomes and then try to calculate the probability
P(X =17). If, instead, we are interested in the probability that the sum of the outcomes
is at least 7, this can be expressed as P(X > 7);

* Suppose we wait for the next train to arrive at a metro station. Since we do not want to
wait for too long we wish to know, for example the probability that our waiting time
at the platform is at most three minutes. The way to formulate this is by defining a
random variable X that represents the time we wait until the next train arrives. Then,
the probability of interest is P(X < 3), with X expressed in minutes;

* Suppose we invest in a stock and we want to estimate our financial earnings (or
losses) from this investment. We define a random variable X that represents our profit
from the investment, noting that this profit can be negative if we suffer a loss. Then
we can calculate probabilities such as P(X > 0), corresponding to the probability that
the investment is profitable, P(X > 0) for the probability that we do not lose from this
investment, or P(10 < X < 20) for the probability that our profit is at least 10 and at
most 20 monetary units;

¢ In a family with n children, assume that we want to find the probability that there is at
least one boy and at least one girl in that family. At first sight, this seems to involve
two random variables, but simplicity is maintained by the observation that if X stands
for the number of girls in the family, then the number of boys is n — X. Thus, the
required probability that the family has children of both genders can be expressed as
P(I1<X<n-1).

More generally, when we are interested in calculating a probability associated with a
random variable X, this typically reduces to the determination of a probability in one of
the following forms:

PX =a), P(X>a), PX>a), PX<b), PX<Db),
P@<X<b), Pla<X<b), P@<X<bh), Pla<X<b). .1

As we will see, all these probabilities can be found once we have an expression for the
probabilities P(X < ¢) for any r € R. We thus consider the function F(t) = P(X < t), which
contains essentially all the information we need for the random variable X.

Definition 4.2 Let X be a random variable defined on the sample space Q. The
real-valued function F' : R — R defined by

FO)=PX <t =PweQ: X) <1

is called the cumulative distribution function, or simply the distribution function of X.
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In experiments where we need more than one random variables, say X,Y,Z, ..., we
typically use the variable as a subscript to denote the associated distribution function and
write Fy, Fy,F,, ...

Although in the definition we have mentioned that the range of values for F is the set of
real numbers R, it is obvious that, since F(7) is a probability for all real ¢, its values must
lie in the interval [0, 1], that is

0L<F@®) <1 foralteR.

The next proposition presents the main properties of a distribution function. These
properties are vital for further discussions and will be frequently used without further
reference.

Proposition 4.1 (Properties of a distribution function)

(1) Ift; < tp, then F(t;) < F(ty), so that F is an increasing function;

(i1) We have
lim F(r) = 1, tli{n F() =0; 4.2)

=0

(iii) Let {t,},> be a decreasing sequence of real numbers such that limt, = t. Then
- n—-oo

we have
lim F(z,) = F(2).
n—oo

Proof:
(1) Let#; < t, be two real numbers. Consider the following events:

A={weQ: X <),
A={weQ: X <t}

Itis clear that A; C A,, and since
F(t)) = P(A), F(1) = P(Ay),

the result readily follows.

(i1) In order to establish the first limiting relationship in (4.2), it is sufficient to prove

that, for every increasing sequence {t,},-; such that lim,_, f, = co, we have

lim,_,F(t,) = 1. This, in turn, is a consequence of the continuity of probability

n—o00

(Proposition 1.11) if we observe that the sequence of events {4}, defined by
A, = {X <1,} is an increasing sequence with

A =

limA, =| A,

n—oo

(X<t} ={X< o0}

s
1C_s

n n
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This gives
lim F(t,) = lim P(A,) = P(lim A,) = P(X < o0) = P(Q) = 1.
n—0o n—co n—co

The proof of the second relationship in (4.2) is identical.

(iii) If {z is a decreasing sequence of real numbers, then the associated sequence
nin>1 g seq q
of events {A, },5; with A, = P(X <1,) is also decreasing. Moreover, we have

Nim A, = 6/"1 = ﬁ{xﬁ%} ={X <1},

n=1 n=1

so that, by appealing again to the continuity theorem of probability (Proposition
1.11), we deduce that

lim F(t,) = lim P(A,) = P(lim A,) = P(X < 1) = F(1),
n—o0o n—oo n—oo
which completes the proof. O

We mention that Property (iii) of Proposition 4.1 means that the function F(r) is a
right-continuous function.

Let us now examine how, with the aid of the last proposition, we can use the distribution
function of a random variable X effectively in order to calculate the probabilities of the
various forms given in (4.1). First, we note that the probabilities P(X < b) and P(X > a)
are obtained immediately via the relations

P(X < b) = F(b),
PX>a)=1-PX <a)=1-F(a).

Regarding the probability of the event {a < X < b}, we have the following result.

Proposition 4.2 Let a and b be two real numbers such that a < b. Then we have
P(a < X <b)=F(b)— F(a).

Proof: Define the events A = {X < a} and B = {X < b}. Since we assume that a < b,
it follows that A C B and AB = A; we further note that the event {a < X < b} can be
expressed as {a < X < b} = B— A = BA’. Consequently,

P(a < X < b) = P(BA') = P(B) — P(AB) = P(B) — P(A)
=PX <b)—-PX La)=F0b) - F(a),

which is the desired result. m|
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Next, in order to calculate a probability of the form P(X < b), we note that the event
sequence {A,}, defined by

1
Ac={X<b-o)

is an increasing sequence while its limit is

n—00 n—oo

lim A, = lim {xgb—l} — (X <b).
n
Thus, from the continuity of probability, we derive
P(X < b) = P(lim A,) = lim P(A,) = lim P (X <b- 1)
n—00 n—o00 n—oo n

= lim F (b= 1) = F(o-),
n—o0o n
using the result in Part (iii) of Proposition 4.1 for the last step and noting that the symbol
F(t—) denotes the left-hand limit of the function F at the point r € R.

For the probability P(X > a), we simply note that

PX>a)=1-PX<a)=1-F(a-)
and, finally for the probability P(X = a), we have
PX=a)=PX <a)—-PX <a)=F(a)— F(a—).

Table 4.1 presents all the events of the various forms listed in (4.1), associated with a
random variable X, and their respective probabilities expressed in terms of the distribution
function F of X.

Recall that a distribution function is always a right-continuous function. If, in addition,
F is left-continuous at any point a, then F(a) = F(a—), and it follows from above that
P(X = a) = 0. Further, we observe that if F(a) = F(a—) for all a, then all the events in the
third column of Table 4.1 have the same probability, namely,

Pla<X<b)=Pla<X<b)=Pa<X<b)=Pa<X<b)=Fb) - F(a).

Event Probability Event Probability
X<b F(b) a<X<b F(b) — F(a)
X<b F(b—-) a<X<b F(b—)—F(a)
X>a 1 - F(a) a<X<b F(b) — F(a-)
X>a 1 —-F(a—-) alX<b F(b—)—-F(a—)
X=a F(a) — F(a-)

Table 4.1 Probabilities of events for a variable X given in terms of its
distribution function F.
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In a similar fashion we see that, if F' is continuous at the point a, then P(X > a) =
P(X > a), and if it is continuous at the point b, then P(X < b) = P(X < D).
On the other hand, if F is not continuous at a, then we have

F(a) — F(a—) = P(X = a).

In this case, we say that F has a jump (or, a discontinuity) of size P(X = a) at the point
a eR.

Example 4.5 Suppose we consider the population of all families with two children in
a city. Selecting a family at random, we define the random variable

X : number of girls in the family.
Find the distribution function of X.

SOLUTION For the random experiment whose outcome is the genders of the two
children in the family, the sample space is

Q = (BB, BG, GB, GG}

(here B and G stand for boy and girl, respectively, and we assume that in each pair
above, the elder child is given first).
The variable X is then expressed as

0, ifw= BB,
X=X(w)=4 1, ifw =BG orGB,
2, ifw=GG.
The range of values for X is the set
RX = {0’ 19 2}

and, considering the distribution function F, we observe the following:
(i) For t < 0, the associated event {X <t} = {w € Q : X(w) < t} is impossible to

occur, and therefore
F(t)=PX <1t)=P@) =0;

(i1) For ¢t = 0, the event {X < 0} may only occur if X = 0 and this has probability
P(X <0)=PX =0)=P{BB}) = i

Also, if ¢t € (0, 1), the probability P(X <) is the same as P(X = 0), since
X cannot take on any values in the interval (0,#]. Thus, we have shown
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thatfor0 <r <1,

F(t) = P(X < 1) = P(X = 0) = P({BB}) = i;

For t = 1, we have

(X<1}={(X=0or X=1}={weQ: X(w) =0 or X(w)=1}
= {BB, BG,GB},

and it is clear that this event has probability 3/4. If ¢ takes values in the
interval (1,2), we see again that this probability does not change, so that for
any 1 <t < 2, we have

3.

F(f)=PX <1)=P(X =0o0rX =1)=P((BB.BG,GB)) = ;

Finally, arguing as above, we see that for # > 2 the event {X < ¢} is the same
as the union of the three events {X = 0}, {X = 1}, and {X = 2}, which is the
entire sample space Q. This gives, fort > 2,

PX<t)=PX=0orX=1lorX=2)=PQ) = 1.

Putting together all four cases for the values of ¢ that we have examined above,
we obtain the distribution function of the variable X as

0, -0 <t<0,
1/4, 0<t<1,

Foy=pPX<t)= 3;4 1<i<?2
L, 22

The graph of the distribution function is given in Figure 4.1. We observe that
F is a step function; it consists of horizontal segments, parallel to the x-axis. It
is worth noting that, if we were only given either this graph or the formula for
the distribution function above, we would be able to calculate any probability
associated with the variable X, using the formulas from Table 4.1. For example,
the probability P(1 < X < 4)is

1_3
PA<X<dh=F@H-Fl)=1-7=7,

the probability P(X > 1.5) is
3 1
PX>15=1-F(15-)=1-F(1.5) =1- i1

and so on.
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Figure 4.1 Plot of the distribution function for Example 4.5.

Example 4.6 (A continuous distribution function)
Suppose a customer’s waiting time at an office (in minutes) is represented by a random
variable X, which has the following distribution function:

0, t<0,
t/4, 0<r<l,

F)=PX <=4 1/4, 1<t<2,
t/8, 2<1t<8,
1, t>8.

F(7)
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Figure 4.2 Plot of the distribution function for Example 4.6.
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Either from this formula or from the graph (see Figure 4.2), we can see that this
distribution function is continuous for any ¢ € R. We also see, for example, that the
probability that a customer waits at the bank for three minutes at most is

PX<3)=3,

while the probability that the waiting time is between one and four minutes equals

&
8

Pl<X<4)=F4) -F(1-)=F4)-F(1) = %;

FNIPe

in the calculation we used the continuity of F at the point ¢ = 1, i.e. that F(1-) = F(1).

Further, suppose that we are interested in the probability that a customer who has
waited for 2.5 minutes, will wait for at most 3 additional minutes. Mathematically, this
is expressed by the conditional probability

P(X <5.5|X > 2.5)

and using the definition of conditional probabilities (Definition 3.1), we then obtain

<5. > 2. D < XL)S.
P(X55.5|X22.5)=P(X_55,X_25)_P(25_X_55)

P(X >2.5) T P(X>25)
_ F(5.5)—F(2.5-) F(5.5)—F(2.5)
1 - FQ2.5-) 1 —FQ2.5)
_(55/8)-(25/8) _ 6
1-(2.5/8) 11’

using again the continuity of F at the point # = 2.5.
A rather striking feature for this, but also for any other distribution function which
is everywhere continuous, is that

P(X = a) = F(a) — F(a—) = F(a) — F(@) = 0

for all real a. So, taking a =5 (say) in the example, we see that the probability that
a customer waits for exactly five minutes is zero(!), although the event {X =5} is
clearly not impossible. We shall not discuss this, rather counter-intuitive, property of
continuous distributions here and shall defer the discussion to the last two chapters of
the book, which are devoted to a detailed study of such distributions.

We have seen in Proposition 4.1 that the distribution function F' of a random variable X
is increasing and right-continuous such that

lim F(r)=0, lim F(z) = 1.
——00 =00
In fact, it can be shown (although the proof is not given here) that these properties

characterize completely the class of functions that may be used as distribution functions
for a random variable. More precisely, a real-valued function F is a distribution function
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(of a suitably defined random variable X) if and only if it is increasing, right-continuous
and its limits as t = —oo and t — oo are 0 and 1, respectively.

Example 4.7 The amount of money, in thousands of dollars, that an insurance company
pays to a policyholder when (s)he makes a claim is described by a random variable X
whose range is the set (0, 4) and has the following distribution function:

0, t<0,
1%/8, 0<r<2,

Foy=PX=<n= c({%z -1, 2<t<4 @3
1, t>4.

(i) Find the value of the constant ¢ in the above formula.

(i1) Calculate the probability that the amount which the company pays to a
customer is

(a) less than $2000,
(b) more than $2000,
(c) exactly $2000,
(d) exactly $2400.

(iii) Let A be the event that, for a particular claim, the amount to be paid is between
$500 and $2500, while B is the event that the amount for that claim is at least
$1500. Calculate the probabilities of these two events and examine whether
they are independent.

F(1)
1.0F

08
0.6
04/

02

Figure 4.3 Plot of the distribution function for Example 4.7.
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SOLUTION

@

(ii)

Since we are given that X takes values in the set (0,4), this means that
P(X < 4) =1, and this in turn implies that

F4=) = lim F() = 1.

But for 2 < t < 4, the distribution function has the formula F(t) = ¢(8¢ — 12),
and so we must have

lim (8¢ - P =c@B-4-4")=1,
—4—

which gives 16¢ = 1, so that ¢ = 1/16. For this value of ¢, the function F is
an increasing, right-continuous function with limits 0 and 1 at —oco and +oo,
respectively. Hence, it is well defined as a distribution function of the amount
paid for an insurance claim.

Using the value of ¢ found in (i), we have

o=l s2_1
@ PX<)=F@)=2-2 =2,
1 F =1L 2y _3_1
(b) PX>2)=1-FQ)=1-2®-2-)=1-2=1,
N ) F(oy =2 L _ 1
() PX=2)=F(Q2) F(2)—4 =1

(d) PX=24)=FQ24)—FQ24-)=0,

the last result being obvious since F is continuous everywhere except at the
point t = 2 (see Figure 4.3). For t = 2, F has a discontinuity (an upward jump)
of size P(X = 2) = 1/4. Let us try to explain how a distribution function of this
form may arise in practice and in this particular context. Since we have seen
above that P(X = 2) = 1/4, this means that a quarter of the payments made for
a claim are exactly $2000. It seems extremely unlikely that this is a result of
pure chance, since from the form of the function F (but also from Figure 4.3)
we see that payments can take any value in the interval (0, 4), yet only for t = 2
there is a positive probability that a payment X equals 7. Further, we have seen
that F(2) = 3/4 and F(2—) = 1/2. This means that 75% of the payments for the
claims are for amounts up to $2000, with 25% being exactly equal to 2000. A
simple explanation for this might be that, for a certain proportion of customers,
the company has a maximum payable amount of 2000; if any of these customers
makes a claim exceeding that amount, the company pays exactly $2000. For
the remaining customers, there is a different deal so that they can claim a
higher amount; this could be either because the claims described by F belong
to two different portfolios, or the company has classified its customers into two
different types.
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(iii) For the event A, we have

P(A) = P(0.5 < X <2.5) = F(2.5) — F(0.5-) = F(2.5) — F(0.5)
1 . (0.5)?
= 78+ (25) = 257"] - = = 0.859 375 - 0,031 25 = 0.828 125,

while for the event B we obtain

PB)=PX>15=1-F(15-)=1-F(.5)=1-

2
% =0.718 75.

For the events A and B to be independent, we must have P(AB) = P(A)P(B).
For the probability of the event AB, i.e. for the simultaneous occurrence of
these two events, we observe first that AB = {1.5 < X < 2.5} and this gives,
upon using the fact that F' is continuous at the point # = 1.5,

P(AB) = P(1.5 < X <2.5) = F(2.5) — F(1.5-) = F(2.5) — F(1.5)
(1.5)%
8

= 0.859 375 — = 0.578 125.

Since P(AB) # P(A)P(B), we conclude that A and B are not independent.

In the three examples of the present section, we have so far seen three different types of
distribution functions, corresponding to three different types of random variables that we
encounter in probability theory.

First, in Example 4.5, the variable X represented the number of girls in a family with two
children, with only three possible values: 0, 1, and 2. Next, in Example 4.6 (waiting time
at a bank), X could take any value in a union of intervals of the real line (see Exercise 2 of
this section). Looking at the graphs of their distribution functions, we see that in the latter
case F is everywhere continuous. Hence, it seems natural to call the associated random
variable a continuous random variable, as we do in the following definition. In the former
case, we observe that F changes values at the points 0, I, and 2 and has a discontinuity
(from the left) precisely at these points.

Finally, in Example 4.7, we have a distribution that is continuous everywhere except at
a single point. The first two types of distributions are the most important ones and they
are defined properly next; they will be the primary vehicle for studying probabilities in
the remainder of this book. Distributions of the third type occur less frequently and are
discussed further in Section 6.5.

Definition 4.3 If a random variable X takes only a finite or at most an infinite but
countable number of values, then X is called a discrete random variable. We then say
that the distribution F of X is a discrete distribution that has jumps at every point x in
the range of X.

If, on the other hand, a distribution function F has no jumps, then it is called a
continuous distribution, while a random variable X with a continuous distribution is
called a continuous random variable.
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The simplest examples for a discrete random variable X are of course those where X
assumes integer values. We should keep in mind, however, that according to Definition 4.3
this is not restrictive in general; the set of all rational numbers for example, or any subset
of it, is also countable.

Although in most cases, it is clear from the context whether a random variable is discrete
or continuous, in case of ambiguity and, in particular, when only the distribution function
F of the variable is given, drawing a picture of F clarifies the situation. If the graph of
F has no discontinuities, then the associated random variable is continuous. If F changes
value (increases) only when an upward jump occurs, so that F is discontinuous at every
such point, then the random variable having distribution F is discrete. The intermediate
case is best exemplified by Figure 4.3; the distribution function F there is continuous for
any real 7 except at the point r = 2 where there is a jump. This distribution is neither purely
continuous nor purely discrete (see Section 6.5 for more details).

EXERCISES
Group A

1. A random variable X has a distribution function F given by

0, t<0,

1/16, 0<rt<1,
3/16, 1<t<2,
1/2, 2<1<3,
11/16, 3<t<4,
1, 4 <t< oo.

F(t) =+

(i) Explain whether X is a discrete or a continuous random variable and identify
the range of its values.

(i1) Using the distribution function, calculate each of the following probabilities:
P(X<3), PX<3), PX=1), PX>2), PRL<XZ4.

2. Identify the range of values for X in Example 4.6. Then calculate the probability
P(1<X<2|X<2).

3. Jenny is waiting at a bus stop for the bus that takes her to work. It is known that the
waiting time (in minutes) for this particular bus, represented by a random variable
X, has the following distribution function:

0, —00<t<0,
t/6, 0<r<?2,
Fy=3 (¢t-1)/3, 2<r<3,
(t+6)/12, 3<t<6,
1, 6<t< 0.

(i) Draw a graph of this distribution function. Are there any discontinuity points
on the graph?
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(ii) Calculate the probabilities P(X = i), fori = 2,3, 6.

(iii) Find the conditional probabilities

PX > 3|X > 2),

P(1 <X <4|X>2).

Explain what these probabilities represent in words.

. At the end of each year, a company gives a bonus to all of its employees. The size

of this bonus can take one of four possible values (in thousands of dollars): 1, 2,
5, 12. Let X be the size of the bonus given to a randomly chosen employee. The

distribution function of X is given by

0, —co<t<l1,
035, 1<r<?2,
F(i) =< K, 2<t<5,
0.85, 5<t<12,
1, 12 <t < o0.

(i) What are the possible values for the constant K above?
(i) Explain whether the random variable X is discrete or continuous.
(iii) For K = 0.6, find the probabilities

P(1<X<5), PX=2), PX>D2).

. Examine which of the functions below can be used as distribution functions of a

random variable X.

. 1—e, >0,
M F(t)_{ 0, t<0.
t
— >
() F@) = t+1° 20,
0, t<0.
(i) F@®=e, —00 <t < 00.
0, —0<t<l,
i) F@) =1 1, 1<t<3 ort>5,
0.5, 3<t<5.
(0, —00 <1<0,
) /8, 0<t<2,
W FO=3 ("1 2<i<4
L1, t>4.
(vi) F(t):% —00 <1< 00.

e~t’

. In a family with four children, let X be the number of girls. Write down the

distribution function of X.



4.2 DISTRIBUTION FUNCTIONS 245

7. The orders for CDs (in hundreds of thousands of units) received daily by a
factory that produces compact discs are represented by a random variable X with
distribution function

0, -0 <t<0,
af?, 0<1<0.5,

Fo= at—12, 05<t<1,
1, r>1.

(i) Find the value of the constant @ above, assuming that the number of CDs
ordered daily is less than 100 000.

(i1) Find the probability that, during a particular day, the number of CDs ordered

(a) 1is at least 25 000,

(b) is at most 70 000,

(c) is larger than 15 000, but smaller than 45 000,
(d) exceeds 50 000,

(e) is exactly 50 000,

(f) is exactly 80 000.

8. The distribution function of a random variable X is given by

0, —c0o<t< -1,

14102

(;), —1<1<0,
F(l)= (1_02

I_T’ 0<r<l1,

1, t>1.

Calculate the following probabilities
1 1
P(|X| > 5) and P (X <2|IX|> 3 ).

9. With reference to Example 4.7, verify analytically (i.e. without the aid of Figure 4.3)
that for ¢ = 1/16, the distribution function in (4.3) is an increasing function on the
real line. At which values of ¢ is F differentiable?

10. From an ordinary deck of 52 cards, we select three cards at random. Let X be the
number of aces drawn. Write down the distribution function of X. Is this a discrete
or continuous distribution function?

11. A University lecturer ends her lecture in a particular course she gives on Wednesdays
between 11:00 a.m. and 11:04 a.m. Suppose that the time X (in minutes) between
11:00 a.m. and the end of the lecture has the following distribution function

0, t <0,
Fi)=< c?, 0<t<4,
1, >4
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for a positive constant c. We assume that the lecture finishes before 11:04 a.m. with
probability one, i.e. P(X < 4) = 1.

(i) What is the value of the constant ¢?
(i1) Find the probability that the lecture finishes

(a) before 11:03 a.m.,
(b) after 11:01 a.m.

(iii) Assuming that on a particular day the lecture has not finished by 11.01, what
is the probability that it will finish within the next two minutes?

Group B

12.

13.

14.

Let F; and F), be the distribution functions of two random variables, and 4 be a real
number such that 0 < A < 1. Verify that the function F defined by

F)=AF, () + (1 = D)F,(1), teR,

is also a distribution function. The distribution F(¢) is referred to as a two-
component mixture distribution.

A company manager has two secretaries, Mary and Joanne. In each page typed
by Mary, the number of misprints can be 0, 1, or 2 with probabilities 0.50, 0.35,
and 0.15, respectively, while the number of misprints in a page typed by Joanne
can also be 0, 1, or 2, but with probabilities 0.60, 0.30, and 0.10, respectively. The
manager uses Mary more often to type his documents, and in fact she types 50%
more pages than Joanne does.

Among the pages typed, we select one at random, without knowing who typed it.
Let X be the number of misprints on that page.

(1) Use the law of the total probability (Proposition 3.4) to calculate the probabil-
ities
PX=0), PX=1), PXx=1.

(i) Obtain the distribution function of X.

Let X be a random variable with distribution function F. The real number m that
satisfies
F(m-) <0.5 < F(m)

is called the median of this distribution function. Assuming that F' is known, and
that it is continuous for any real ¢, explain how m can be found from F.

Application: The rate of increase for the price of oil (per gallon) is described by a
random variable X with distribution function

1
1+e-

F() = -, —oo <7< oo

Find the median of this distribution and interpret its value. The distribution F(¢) is
called the logistic distribution.
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15. In Example 4.7, you were given that the distribution F of the amount paid by an
insurance company for a claim that arrives from one of its customers is given by
(4.3) and that this amount lies in the range (0, 4). Without this last bit of information,
would we able to determine ¢ uniquely? Explain.

16. A random variable is said to be symmetric around zero if we have
PX>1=PX<-1)
for any t € R. Prove that, if X is symmetric around zero with a distribution function
F, then the following hold:
@ P(X| <0 =2F0—1;
(i) PX=1)=F@®) + F(-1) — 1.

If, in addition, the distribution function F is continuous at =0, show that
F0)=0.5.

(Hint: For the last result, use the relations P(X > 0)+ P(X <0) =1 and P(X >
0)=1-F0-)=1-F(@).)

17. The range of values for a random variable X is the interval Ry = (0, 1), while its
distribution function is given by

0, <0,
Fy=< t, 0<r<],
1, t>1.

Find the distribution function of the random variable ¥ = X /(1 + X).

18. Let X be a random variable with distribution function F and Y be another random
variable which is defined as

y = X, ifX<a,
) b, ifX>a,

where a and b are two real numbers. Write the distribution function Fy of Y in
terms of F, and b.

4.3 DISCRETE RANDOM VARIABLES

We have seen that arandom variable X is called discrete if the range of values for X is either
finite or countably infinite; for the latter case, recall that any subset of the set Z of integers
is countable. On the other hand, any (finite or infinite) interval (a, b) of the real line, or
any union of such intervals is uncountable, and a random variable with values in that set
is continuous. For the rest of this chapter as well as in the next chapter, we concentrate
on discrete random variables (and their distributions, called discrete distributions), while
continuous distributions are considered in the last two chapters of this book.

In the preceding sections, we introduced the concept of a distribution function associated
with a variable X that gives us, for any real ¢, the probabilities P(X < t). This function
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characterizes completely the way in which probabilities are “distributed” into subsets of
the real line, i.e. given a set E, knowledge of the distribution function F' of X enables
us to calculate the probability P(X € E); see, for example Table 4.1. Yet, it seems more
natural and useful (and it is also often simpler) to know for each real x, the probability
that X is equal to x (rather than less than or equal to x) and use this as the basis for
calculating probabilities of various sets. This is particularly simple and insightful when X
takes only a small number of values; consider, for example the case where Ry = {0, 1}
and suppose we are given that P(X = 0) = P(X = 1) = 1/2. Then, there is nothing else we
need to know in order to calculate the probability associated with an arbitrary event E.
Moreover, once we have established this mechanism to calculate probabilities associated
with the possible values of X, we no longer need to care about the original sample space
Q of the experiment. Essentially, what matters is how we use this mechanism to calculate
probabilities for values of the variable X and not how these values arose from the elements
of Q. In the example above, where X only takes the values O and 1, these two values
may be associated with the gender of a person selected randomly from a population
(where X({“man”} = 0, X({“woman”} = 1), or with the outcome of a coin toss (where
X({“tails”} = 0, X({*heads”} = 1), and so on.

The main tools for the study of discrete random variables are probability functions.
For any discrete variable X, we associate a real-valued function f : R — R defined by

fX)=PX=x), xeR,

which is called the probability function of X (sometimes also called the probability mass
function associated with X).

Discrete random variables arise naturally in a wide range of practical situations, even in
cases where the original sample space Q involving a random experiment that is continuous.
We give a few examples:

* When we toss a coin n times, the random variable X that counts the appearances of
heads is a discrete random variable whose range is the set

Ry =1{0,1,2,....n};

* Suppose X represents the lifetime, in hours, of a light bulb. Then X is not a discrete
variable, since X may (theoretically, at least) take on any value in the set (0, o).
However, in the same experiment, the variable Y = [X] that emerges from X by
ignoring the decimal part of the value it takes, is a discrete random variable. The
range of Y is the set of nonnegative integers

0,1,2,...},

which is countably infinite;

* Suppose the items produced in a production line are classified as being defective
or nondefective, and let X be the random variable that counts the number of items
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inspected until the first defective item is found. Then, X is a discrete random variable
whose range is the (countably infinite) set

Ry=1{1,2,3,...}.

We may also consider the random variable ¥ = X — 1 that counts the number of
nondefective items inspected before the first defective item is found. Y is also discrete
with range Ry = {0, 1,2, ...}. Finally, suppose that n items are selected randomly
from the production line and the inspection process stops when the first defective item
is found or when all n items have been inspected (without any defective item being
found). Let X be the number of items inspected until the inspection process ends and
Y = X — 1. The variables X and Y have now a finite range, namely,

Ry=1{1,2,3,....n}, R, ={0,1,2,....,n—1}.

We now turn our attention about the properties of a probability function f for a discrete
random variable X. First, since f(x) = P(X = x) represents a probability, we see that f must
be nonnegative. Moreover, the range of values of X is at most countably infinite. This
implies that the set of values x for which f(x) is strictly positive is (at most) countable.

More specifically, if

Ry = {x1,x5,...},

then f(x) = O for any x & Ry.
Further, using the fact that the events

Ai={oeQ  X(w) =x}, i=12,..

form a partition of the sample space Q (explain why!), we can write

1=P@Q)=P (UA,-> = Y PA) = Y PX =x)= ) f(x).
i=1 i=1 i=1 i=1
Summarizing the above, we arrive at the following proposition.

Proposition 4.3 (Properties of a probability function) The probability function f of
a random variable X with range the (possibly infinite) set

RX = {xl,xZ, }
satisfies the following properties:

(PF1) f(x) = 0for any x # x1,%,, ...;
(PF2) f(x;) >0 foranyi=1,2,...;
(PF3) f(x)) +f(x) + -+ +f(x,) + = T2, f(x) = 1.
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)

Foe) e
)

foo) oo

S |-

Figure 4.4 Probability function of a discrete random variable.

We note that the converse of the proposition is also true, that is if a functionf : R —» R
satisfies (PF1), (PF2), and (PF3), then f is a probability function of a discrete random
variable. For this reason, Proposition 4.3 is often taken as the definition of a probability
function. We also mention that, although (PF2) states that f(x;) > 0, sincef(x;) = P(X = x;),
it should be clear that in fact the values f(x;) cannot exceed one,' and so the range of a
probability function is always in the interval [0, 1].

Figure 4.4 is a typical example of a graph for a probability function. Since the values
of the function are zero everywhere except at the points x;,x,, ..., the graph consists of
segments parallel to the y-axis. Each segment starts from the x-axis, so that it links the
point (x;, 0) with the point (x;, (x;)) on the plane. Note that on the graph we have assumed
that the points x|, x,, ..., are in increasing order, so that

X <X <Xz < <X, <o
This obviously entails no loss of generality and the same assumption will also be made in
the sequel without a specific mention of it.

Example 4.8 Let us consider the experiment of throwing two dice and define the
random variables

X: the largest of the two outcomes,
Y: the smallest of the two outcomes,

Z: the absolute value of the difference between the two outcomes.

IThis is guaranteed by the properties of f given in Proposition 4.3, since Fa) < X2 ) =1
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Find the probability function for each of these random variables.

SOLUTION We observe initially that the sample space for the experiment consists
of the 36 pairs (7, ) with 1 < i,j < 6. The following table gives, for each such pair, the
value that the variable X takes:

~.

AN N AW N =

AN N AW N = =
AN AW N NN
AN L A W W W[ W
AN N A~ B~ B~ BB
AN L L L L | D
AN N O & &N O |

Thus, we see that
1
() =PX=1)=P{(,D}) = 36

£(2) =PX =2) = P({(1,2),(2, 1), (2. 2)}) = %

fx(3) =PX=3)="P({(1,3),(3,1),(2,3),3,2),3,3)}) = %

and so on. Continuing in this way, we obtain the probability function of X, as given in
the table below:

x |12 3 4 s 6

1 3 5 7 9 11

fxo‘)‘g 36 36 36 36 36

Note that the values in the table can be expressed concisely through the formula

2x—1
36

Jx() = x=1,2,3,4,5,6.

We work in the same way for the random variable Y, the smaller between the two
dice outcomes. The value of Y in each of the 36 possible outcomes is given in the table
below.
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~.

(=) NS B O S

e T T T T =N (RS
(NS SR SR R )
W W W W N =W
A~ B B WO DO =B
whn L A W N =W
AN N R WD =D

The probability function of Y is then as follows:

y |1 2 3 4 5 6

11 9 7 5 3 1

KO | 36 3% 3 36 36 36

The probability function of Y can then be expressed concisely as

13 =2y

fy(y)= 36’

y=1,2,3,4,5,6.

Finally, for the random variable Z, denoting the absolute difference between the two
outcomes, we have the values of Z in each of the 36 possible outcomes as follows:

~.

AN L A W NN =

wnm A W N = O =
A W N = O =N
W o = O = N W
N = O = N WA
—_ O = N W KW
O = N W kA~

The probability function of Z is then obtained as follows:

: o 1 2 3 4 s

6 10 8 6 4 2

&0 1 3% 3% 3% 36 36 36

Can you try to write this function in a concise mathematical form?
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Example 4.9 Find the value of the constant ¢ such that the function

x—1

f(x)=c-%, x=1,2,...,

is the probability function of a discrete random variable.

SOLUTION We have to find the value of ¢ such that the conditions (PF1) to (PF3)
are satisfied. If we define Ry = {1,2,3, ...}, then it is clear that

f(x) =0, forx¢&Ry.

Generally, when we are given the formula for a probability function, we assume that
it takes the value O at all points not mentioned in the formula. Next, in order to have
f(x) > 0forall x=1,2,..., we must have

3x—l

yE >0, forallx=1,2,...,

@

which means that ¢ has to be nonnegative. Moreover, from (PF3), we see that the values
of f must satisfy the condition

0 x—1
:EZC’ 2—}— = 1,
x=1 4
This gives
c e 3 x—1
- = = 1.
5)

But from the formula for the sum of a geometric series, we know that

< (3! 3 /3\2 1 1
DE) =1eisE) es—5==2
x=1 == Z

and so we must have (c¢/4) -4 = 1, thatis, ¢ = 1.

For a discrete random variable, we have so far defined two functions that can be used
to calculate probabilities associated with its values: the (cumulative) distribution function
F and the probability function f. An obvious question that arises is whether there is a
relationship between them; or, to put it more simply, if we know one of these functions,
can we find the other? The answer is affirmative and the precise relation is given in the
next proposition.

Proposition 4.4 Let F be the distribution function and f be the probability function of
a discrete random variable X whose range is

RXZ{)CI,)CZ,... X ...}.

sVpo
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Here we assume that x| < x, < x3 < - - -, so that the elements of Ry are put in ascending
order. Then, we have the following:

(1) If we know f, then F can be calculated by the formula

0, t<xy,

fxp), x; <t <X,

SO +f(x), x <t <x;,
F(t)=< 00 o0 000

r—1

2 fx), X, <t<X,,
i=1

L

(i1) The probability function f can be calculated from the distribution function F by
using the relations

f@xp) = F(xp),
f&x,)=Fx,)—F(x,_y), r=273,..

Proof:

(i) For t < x;, the event {X < t} cannot happen since x; is the smallest of values that
X can take on. So clearly

Fit)=PX <1t)=P@) =0.

Now, let t be such that x,_; <t <x,forr=2,3,...

|

X1 X2 X1 t Xy

Then the event {X < t} contains all elements w of the sample space Q for which
X(w)=x;, orX(w)=xy,..., orX(w)=x,_.

In other words, the event {X < ¢} occurs if and only if X takes one of the values
X[5 X0 ee s Xy

Since for i =1,2,...,r — 1, the events A; = {w € Q : X(w) = x;} are disjoint,
we obtain

r—1

— r—1 r—1 r—1
UAi) =Y PA) =Y PX=x)= Y fx).
i=1 i=1 i=1

i=1

F(t)=P(XSt)=P<
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(i1) The first relation is immediate by a direct application of

for t = x,. For the second, we notice that for r = 2,3, ...,

r—1 r
FOro) =D f), Fix) = f(x),
i=1 i=1

so that

r—1

Flx,) = Zf(xi) +f(x) = Flx,_y) +f(x,),
i=1

and the result now follows immediately. O

Figures 4.5 and 4.6 illustrate graphically the result of Proposition 4.4. Next, we mention
that the formula in Part (i) of Proposition 4.4, which gives the distribution function F in

f
o /
X1 X2 X3 Xp—1
F(1)
f(xn—l)
|} fixs)
fxp)
}f(xl)
X1 )éz )&‘.3 Xgq X1 t X, t

Figure 4.5 From the probability function to the distribution function.
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F(n)
)
f
X1 Xy X3 X4 Xn—1 Xn !
)
I - , .,
X1 X2 X3 Xp—1 Xn

Figure 4.6 From the distribution function to the probability function.

terms of the probability function f, can be written in a more compact form as follows:

Foy= Y fe)= Y [,

iix;<t XERy 1 x<t

where the index set {i : x; < t} in the first sum means that the summation extends over all
indices i for which the inequality x; < ¢ holds. Similarly, in cases where we want to find
the probability that the random variable X belongs to a certain subset A of its range Ry, we
can write

PXE€A) = Y f0x)= ) f).
XEA

iix;€A

Example 4.10 A bowl contains n artifacts numbered 1,2, ..., n, where the numbering
is according to the date of their origin (1 is the one which was made first, etc.). We
select at random k from these items without replacement. Let X be the largest number
on the artifacts drawn.



®
(ii)

4.3 DISCRETE RANDOM VARIABLES 257

Find the distribution function of the random variable X.

Show that the probability function of X can be written in the form
(i)
k=1
()
k

fx) = x=kk+1,...,n.

SOLUTION

®

(ii)

For integer n, the event {X < x} occurs if and only if the largest number
among the k numbers drawn is less than or equal to x, for x = 1,2, ..., n. Thus,
the favorable outcomes for this event are all outcomes such that the k selected
numbers belong to the set {1, 2, ..., x} and there are clearly *) such selections
(of course, this is equal to zero if k > x). Since the total number of outcomes
in this experiment is the number of combinations of k elements from a set of n
elements, it readily follows that
()
k

Fx)=PX <x) = o forx=kk+1,...,n
k

For t < k, we have F(t) = 0, while for any real ¢ such that t > k and ¢ # £,
k+1,k+2,...,n, the event {X < t} is equivalent to the event {X < x}, where
x is the largest integer not exceeding ¢, i.e. x = [t]. We thus arrive at the formula

0, t<k
t
Fo = < [k] )
(n) , k<t<n

k
Finally, F(r) = 1 if t > n.
Using Proposition 4.4, we find

(1)
k 1

flo = Fly = = =

—
& 3
S—

and

J@)=Fx)-Fx-1)= x=k+1,k+2,...,n
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From Pascal’s triangle (see Proposition 2.7), we now get
(i)
k=1
()

k

Observe that for x = k, we have <x - i ) =1, so that the two cases above can

fx) = forx=k+1,...,n.

be written in a unified way as
(Gio1)
k—1
()
k
It is worth noting that the last expression could also be obtained directly as

follows: the event {X = x}, forx = k,k + 1, ..., n means that one of the numbers
selected is necessarily the number x while the remaining kK — 1 numbers are

fx) = forx=k,k+1,...,n,

as desired.

. x—1
selected from the set {1,2,...,x — 1}. Since there are 1 ) ways to select
these k — 1 numbers, we arrive immediately at the result.

EXERCISES
Group A

1. Explain which of the following functions can be used as probability functions of a
random variable X with the corresponding range Ry given below:

) f0 =222 Re=(1.23);
@mhﬁf,&ﬂu&%
x—1
(i) f(x) = %, Ry = (1,2,...};
2
(iv) f(x) = d Ry={1,2,....n};

nn+DC2n+1)
mmpew%m,&=uk¢w

X
(vi) f(x) =27 (Z) Ry =1{0,1,2,....n).

2. In each of the following cases, find the value of the constant ¢ so that the functions
given below can be used as probability functions of a random variable X on the
range Ry provided for each case:

() f&) =c(x+5), Ry=1{0,1,2,3,4};
(i) f(&) =c@x+1), Ry={1,2,...,10};
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(i) f&x) =cx, Ry={1,2,...,n};
(iv) f(x):C%—jx, Ry ={1,2,...};

V) f(x) =c(x+3)%, Ry={-2,-1,0,1};
vi) fx) =c-2", Ry={-10,-9,...,-2,—1};
. _ () _ )

(vii) f(x) = c (x)z, Ry = (0,12, ....n};
c- 4
x!

(viii) f(x) = Ry =1{0,1,2,...}.

. The probability function of a random variable X is given by

fx) = 1x_0’ x=1,2,3,4.

Find the distribution function F of X and plot this function.

. In the random experiment of throwing two dice, let X be the random variable that
represents the sum of the two outcomes. Show that the probability function of X is
given by
x—1
36
12-x—-1)
36 ’

x=23,...,7,
f) =
x=28,9,..,12.

. Let X be a discrete random variable whose range is the set of positive integers and
which has probability function

4.3

o x=123..

fx) =

(1) Verify that this function satisfies Properties (PF1), (PF2), and (PF3) of
Proposition 4.3, so that it is indeed a probability function.

(i) Find the distribution function F(¢) of the variable X.

(iii) Show that for any positive integers n, k, we have
PXX >n+k|X >n)=PX>k).

(iv) Calculate the probability that X takes on an even value.

. We are going to select at random a family of three children. Let X be the random
variable that denotes the number of girls minus the number of boys in that family.
Find the range of values for X and determine the probability function and the
distribution function associated with it.

. We toss a coin four times in succession. Let X be the number of times that the
ordered pair HT appears in this experiment. Find the probability function and the
distribution function of X.

. From a box that contains 20 balls numbered 1-20, we select 3 balls without
replacement. Let X be the largest number among the balls drawn.
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(i) Find the probability function of X.

(i1) Nick bets that the largest number in the 3 balls drawn will be at least 17. What
is the probability that he wins this bet?

9. Sofia is taking three exams at the end of this semester, one in each of the
following courses: Mathematics, Statistics, and Economics. She estimates that the
probability of passing the Mathematics exam is 0.85, the Statistics exam 0.75,
and the Economics exam 0.90. If the three events “Success in subject i’ are
completely independent, where i takes the values “Mathematics,” “Statistics,” and
“Economics,” find the probability function of X, denoting the number of passes in
her exams.

10. Letf; and f, be the probability functions of two discrete random variables with the
same range Ry and 0 < 4 < 1 be a real number. Verify that the function

fO) =)+ (1 =D L,(x), x€Ry,

defines a probability function on Ry. Observe that this is the probability func-
tion of the two-component mixture distribution mentioned in Exercise 12 of
Section 4.2.

Group B

11. In each case below, find the value of the constant ¢ so that the corresponding
function defines a probability function with the given range of values, Ry:

() fx) = m Ry ={1,2,3,...};
(i) f)=c-27%, Ry=1{0,1,2,...};

(i) f)=c-27M, Ry ={0,+1,+2,...}.

<Hint: for Part (i), observe that f(x) can be expressed as

f==%-— )

x x+1

12. In a population of microorganisms, we assume that each individual can produce
0, 1, or 2 new microorganisms with probabilities 1/5,3/5, and 1/5, respectively.
Starting from a single individual (considered as the zeroth generation), let X; be the
number of microorganisms in the ith generation of this population.

(i) Find the probability function and the distribution function of X, the number
of individuals in the first generation.

(ii) Derive the probability function of X,, the second-generation individuals.
Here, the assumptions are that each individual is reproduced independently of

any other, and that no individual of the ith generation is present in the (i + 1)th
generation.



13.

14.

15.

16.

4.4 EXPECTATION OF A DISCRETE RANDOM VARIABLE 261

Empirical studies have suggested that the number of butterflies in a certain area is
a random variable, denoted by X, with probability function

0, —oc0o<x<1,

Fy=4 W,
c) =, 1<x< o,

where, as usual, [x] denotes the integer part of x and 6 is a parameter such that
0 < 6 < 1. Obtain the value of the constant ¢ and the probability function

f)=PX=x), x=12,...

<Hint: You may use the formula

Y = =-In(1-6), 0<0< 1.)
k=1 k

From a box which contains n lottery tickets numbered 0, 1,...,n — 1, we select
tickets with replacement until the number O appears. Let X be the number of
selections made.

(i) Find the probability function of X.
(i) What is the range and the probability function of the random variable 5X — 3?

After a car accident, a hospitalized patient is in need of blood. Among five blood
donors, only two have a blood type that matches the one needed for the patient.
Find the probability function and the distribution function of the number of persons
that will be examined until the first donor with the suitable blood type is found.

In a TV quiz show, a contestant is given the names of three countries and three
capital cities and she is asked to match every country with its capital. If the
contestant makes the correspondence completely at random, find the probability
function of the correct matches.

4.4 EXPECTATION OF A DISCRETE RANDOM VARIABLE

We have already seen that early developments in probability theory were motivated
primarily by games of chance. The concept of expectation, which is fundamental for
random variables, is perhaps best understood in this context. Imagine that you are offered
the chance to participate in the following game: you throw a die and, if the result is an
even integer, you win $20; otherwise, you lose $10. The first dilemma you face is whether
you should accept this game at all! The choice is clearly subjective, but an obvious
consideration is whether you would be better off “on average” by playing the game.
Suppose for instance we play this game 1000 times. Since there is an equal chance to win or
lose, we expect intuitively to win 500 times and lose the rest. Our total profit would then be

500 - 20 + 500 - (—10)
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dollars. Therefore, we expect our profit per game to be

50020 + 500 - (—10) 1 1
=220+ -(—10) = $5.
1000 045 Cl0=5

Now, suppose that the game above is referred to as Game A and you are offered a second
game, say Game B. In this, you either win $15 if the outcome of the die is 5 or 6; otherwise,
you lose $5. If you had to choose between games A and B, which one would you prefer?
Neither game seems to be “uniformly” better than the other and the choice might depend
on how much you are prepared to gamble. Someone who is afraid of losing $10 might
opt for Game B. In search of a criterion to rank the games from the player’s perspective,
we consider again how much the player is expected to win “on average” from the game.
Since the probability of winning in Game B is 2/6 = 1/3 and the probability of losing is
1—-1/3 =2/3, arguing as we did with Game A, we find that the player’s expected profit
for Game B is 1 5
3 15+ 3 (—5) = $1.667.

Thus, the gain here is smaller than that of Game A and, unless someone cannot afford the
loss of $10, they should choose the first game.

The above idea of an “average” profit is rather heuristic, but seems to agree with our
intuition. In the first case, when winning and losing are equiprobable events, we use the
arithmetic mean of the potential win and loss to find that average. In the second case,
the two events do not have the same probability and so we use the weighted average of
the winning and losing amounts, with the corresponding probabilities of these events as the
respective weights.

The concept of a (possibly, weighted) average is called the expectation of a random
variable. In the examples above, the variable was the financial win or loss from a chance
game. In the following definition, however, this quantity is defined for an arbitrary
(discrete) random variable. The analogous definition for continuous variables is given in
Chapter 6.

Definition 4.4 Let X be a discrete random variable with probability function f(x) =
P(X = x) for any x € Ry, and f(x) = 0 otherwise. Then the expected value (or the
expectation) of X is denoted by E(X) and is defined by

EX) = ), 3 (),

XERy

provided that the series converges absolutely. If the series does not converge absolutely,
we say that the expectation of X does not exist.

Another term that is used for the expectation of a random variable X is the mean
of X. This reminds us of the arithmetic mean used in statistics to find the average
among a number of observations, and is in accordance with the calculation for Game
A presented earlier. In fact, another interpretation of the above definition arises if we
consider the probability as the limit of a relative frequency. Example 4.11 below illustrates
this point.
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Figure 4.7 Physical interpretation of expectation.

Moreover, to parallel the customary notation in statistics, a symbol that is often used for
the expectation of a random variable is the Greek letter y, provided no ambiguity arises. In
the case when we consider more than one random variables in a problem, say X, Y, Z, we
use the notation py, uy, 4, for the means of X, Y, Z, respectively, so that each variable is
represented by a subscript to avoid any confusion.

If the random variable X admits only a finite number of distinct values, say x|, x,, ..., X,
then the expectation of X has the following physical interpretation, which some readers
may find insightful. We assume that at the positions x;,x,, ...,x, of an axis, we place
masses equal to their respective probabilities, i.e. the values of the associated probability
function, f(x;),f(x,), ..., f(x,) (see Figure 4.7).

Then, the expectation of X corresponds to the coordinate u = E(X), where the axis
should be supported so that the entire system is balanced. This is made clear if we denote by

m;=f(x), i=12,....,n,

the n masses and put
=X — U, i=1,2,...,7’l,

for the distances between the locations of each mass and y = E(X). Then we may write the
equality

H= in Sxp)
i=1

in the form "

D 0= wf(x) =0

i=1

or equivalently,

This is, in fact, the balancing condition for the system of the n masses.



264 4. DISCRETE RANDOM VARIABLES AND DISTRIBUTIONS

Example 4.11 In the game of bowling, a player rolls a bowling ball trying to bring
down as many pins (out of a total of 10 pins) as possible. In each frame, a player has
two shots so that if she knocks down six pins with the first ball and three pins with the
second, she scores nine points. In order to monitor their performance, a bowling team
kept records of their scores in a total of 10 000 frames during a month of practice, and
these are as follows:

Score Frequency of that score

399
592
651
707
1023
1114
1085
1251
1307
1123
748

— O 00 1O\ Lt A WIN— O

(=)

To summarize the information contained in the table, and to obtain a measure of the
team’s overall performance, we calculate the average score per frame, which is simply
found as a weighted average of the scores, with the frequency being the weight for each
score. In this way, we find that

0-399+4+1:592+4+2-651+---+10-748 56 987

= =5.70 (4.4)
10 000 10 000

pins were knocked down on average for each frame.

In statistics, this is called the sample mean for this experiment. The interpretation of
this value is not that if a bowler starts a new frame we expect that she will knock down
5.70 pins (which is clearly impossible), but that if a large number, say n, of frames are
played by this team, we expect the average number of pins to be knocked down per
frame to be close (but not necessarily equal) to 5.7.

Suppose now that, based on these data, we want to estimate the probability that in
a future experiment, a bowler knocks down nine pins in a single frame. According to
the frequentist (or statistical), definition of probability that we gave earlier in Chapter
1 (see Definition 1.9), this probability is the limit of the relative frequency of the event

E, : a bowler scores nine points in a single frame

as the number of repetitions of a single experiment (here, a frame) tends to infinity.
Hence, we can give an estimate for the probability of the event Eq to be

1123

10000 =0.1123,
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and since 10 000 is a rather large number of repetitions, we are fairly confident that this
will not be too far from the true value of the probability. The same argument clearly
works if we replace the score of 9 points by any other integer from 0 to 10. Specifically,
let

E; : a bowler scores i points in a single frame

fori=0,1,2,...,10.
Note that the calculation in (4.4) can be written in an equivalent way as

10
399 592 651 748 . g
0- +1- o +..- 410 — = - —

10 000 10 000 10 000 10 000 ; "
where 7 is the observed frequency of the event £ in the total of n = 10 000 repetitions.

Since n is large, we may assume that the relative frequencies

are quite close to the true probabilities P(E;) fori = 0, 1,2, ..., 10, and if this is indeed

the case, the weighted sum
10

H10 000 = 2 i,

i=0

should be quite close to the quantity Zilfo iP(E;); here, the subscript 10 000 indicates
the number of repetitions on which the relative frequencies were calculated. If now
X is a random variable that stands for the number of points scored in a single frame,
replacing i by x in the last expression we see that, as the number of frames played tends
to infinity, the quantity given in that formula approaches the limit >

10
= limp, = Y xPE)= Y, xPX = ).
x=0 XERy

This agrees with Definition 4.4 for the expectation of a discrete variable.

Example 4.12 Diane has an arts and crafts internet home business. A few months after
she had started her business, she estimated that the number of items she sells per day
ranges from one to five, with the respective probabilities as follows.

ZHistorically, this reasoning was essentially used by Christian Huygens (1629-1695) in order to define the
expectation of a discrete random variable in his book “Libellus de ratiociniis in ludo aleae” (“Reasoning on the
games of chance”), published in 1657. This is considered as the first book on probability theory. The French
mathematician Blaise Pascal had in fact used the concept of expectation earlier, but in a less rigorous manner.
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Number of Probability
items sold

1 0.25

2 0.15

3 0.35

4 0.15

5 0.10

What is the expected number of items she sells during a day?

SOLUTION Let X be the random variable that represents the items sold in a
day. Then, X is a discrete random variable whose range is Ry = {1,2,3,4,5}. Let
f(x) = P(X = x) be the probability function of X. Then, from Definition 4.4, we obtain

5
EX) = Y, () =Y xf(0)
x=1

XERy

1-00.25)+2-(0.15)+3-(0.35)+4-(0.15)+5-(0.1) =2.7.

This reveals an important point to keep in mind about expectations of discrete random
variables: even in the case when X is integer-valued, its expectation need not be an
integer.

Example 4.13 For a random experiment with sample space  and an event A C Q, let
the random variable X be defined by

X = 1, if A occurs,
~ ) 0, otherwise

Then X is a discrete random variable (its range of values is Ry = {0, 1}), and the
expectation of X equals

EX)=1-PX=1)+0-PX =0) = PA).

This variable X is often referred to as the indicator function of the set A and is
sometimes denoted by /,. Using this notation, we therefore have

E(,) = P(A).
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Example 4.14 Let X be a random variable that takes on the values a,,a,, ... ,a, with
equal probabilities, namely,

fO=PX=x)=" x€Ry={ana....a,)

(the distribution of such a random variable is called a discrete uniform distribution on
the set Ry). In this case, we have

_ _ _ 1 a1+az+ -+a,
M—E(X)—ZXf(X)—Zx-;——Z :

XERy XERy XERy

that means that the expectation of X coincides with the usual notion of the arithmetic
mean. For this reason, we may regard the expectation of a random variable as a
generalization of the arithmetic mean for a finite set of numbers.

As an application, we consider the random variable X that denotes the outcome in a
single throw of a die. Then clearly Ry, = {1,2,3,4,5,6} and f(x) = P(X = x) = 1/6 for
X € Ry. In this case, the expectation is

14+24+34+44+54+6 7

u=EX)= . = =35. 4.5)

Example 4.15 Let X be a random variable with range Ry = {1,2, ...} and for which
C
PX>x)= ——, =0,1,2,..., 4.6
X >Xx) T (4.6)
where c is a real constant.

(i) Find the value of c.

(ii) Prove that the expectation of X does not exist.

SOLUTION

(1) In order to find the value of ¢, we first obtain the probability function, f, of X
and then use the condition that

Y fw=1. 4.7)

XERy
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For the probability function f, we observe initially that forx = 1,2, ...

) =PX=x)=PX>x—-1)—PX >x)

which readily gives

@

G
=- - —, =1,2,...
f® x x+1 *
Therefore,
n
e @ e ¢ e ¢ c G
= —_ )+ ==+ =-—=)F+ -+ - -
ggf(” (1 2) (2 3) (3 4) (n nt 1
G
=c- .
n+1
By an appeal to (4.7), we then deduce
1=§hﬁﬁ=hm12ﬂ@=c—hm
o n—oo = n—oo n + 1

so that the required value of cis ¢ = 1.
(i1) From Part (i) we have that

11
x+1  x(x+1)

f(x):P(X>x—1)—P(X>x)=)1_C_

and, in order to find E(X), we have to calculate the infinite sum

;xf(x)zlex-f-_l = ZS;’

(4.8)

making a change of variable in the last step. However, it is well known from

calculus that the series

o 1
=

r=1

converges only if p > 1. Thus, the series in (4.8) diverges (the sum is infinite)

and, according to Definition 4.4, the expectation of X does not exist.

The reason why this happens (E(X) is infinite) is that the probabilities f(x) do
not decrease “quickly enough” for large values of x (as x — o). Distributions
with this property are in the class of the so-called heavy-tailed distributions,
although this class also contains some distributions with a finite expectation.
Heavy-tailed distributions occur frequently in a number of applied fields, such

as actuarial science, economics, engineering, and geology.
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Remark A much quicker way to find the value of ¢ in (i) can be provided by the
observation that (4.6) holds for x =0, 1,2, ..., while the range of values for X is the
set of positive integers. This means that the probability P(X > 0) must be equal to one,
so that putting x = 0 in (4.6) we obtain immediately ¢ = 1. In the solution above, we
took the much longer path via finding the probability function f, since we needed this
function for Part (ii).

If a random variable X can take only one value, say ¢, with probability one, then one
expects that its expected value is also c. As shown formally next, this is an easy deduction
from Definition 4.4.

Proposition 4.5 If X is a random variable such that P(X = c¢) = 1 for some real number
¢, then E(X) = c.

Proof: Here we have Ry = {c}, while the probability function of X is

1, =c,
f<x>={ 0 xze

so that we obtain immediately

EX) =) f®=c-flo)=c.

XERy =

Often in probability theory, we are interested in the expectation for a function of a
random variable. For instance, in (4.5), we found the expected value of X, the outcome of
the throw of a die. Suppose that each possible outcome, x, is associated with a potential
gain or loss, and this is represented by a function g(x). For example, if x is 1 or 2, we lose
$3, if it is 6, we win $15, and otherwise we do not win or lose anything. In such a case, and
in order to find our expected gain from this game, we need to consider a random variable
g(X) which represents the gain, and then calculate its expected value.

More generally, let X be a random variable defined on a sample space Q and assume
that g : R +— R is a real function. Since we have seen that, in mathematical terms, X is
also a function, X : Q — R, we consider the composition of the two functions

(goX)(w) = gX(w)), w €,
X g
Q—R—R.

It follows from the definition of a random variable that goX, hereafter denoted by g(X), is
also a random variable whose range is the set {y : there exists x € Ry with g(x) = y}.

Example 4.16 Nick has invested $1000 in each of two products. He expects that each
successful investment will yield a profit of $800, while if an investment is unsuccessful
he will lose his money. A successful outcome in each investment is independent of the
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other investment being successful. If he estimates that the probability of success in each
of the two investments is 0.6, find the probability function and the expected value of
Nick’s profit.

SOLUTION Let X be the number of investments that turn out to be successful. Then,
clearly, the range of values for X is Ry = {0, 1,2} where, for example, X = 0 if both
of Nick’s investments result in a failure. Since the questions in the example are about
his profit, we denote this profit (which is a random variable) by Y and try to find a
relationship between X and Y. For each of the X successful investments, Nick receives
a total of 1000 + 800 = $1800, so that he receives in total 1800X dollars at the end of
his venture. But he has paid $2000 for investing in the two products, and so his profit
will be

Y = 1800X — 2000. 4.9)

In order to find the probability function of Y, we first find that of X. For convenience,
we label the two investments as 1 and 2, and let S; and S, be the events that the first
and the second investments are successful. Then, the event {X = 2} occurs if and only
if both 7 and S, occur and since these two events are independent, we have

P(X =2) =P(5,5,) = P(5))P(S,) = (0.6)(0.6) = 0.36.

Similarly, let F; be the event that the ith investment is a failure, for i = 1,2; then,
F, and F, are also independent events and their intersection, F'; F,, is equivalent to the
event {X = 0}. Thus,

P(X = 0) = P(F,F,) = P(F,)P(F,) = (0.4)(0.4) = 0.16.

There now remains only one possible value for X, namely, X = 1. So, the probability
of that event must be

PX=1)=1-PX=2)-PX=0)=1-0.36-0.16 = 0.48.

(Alternatively, and arguing directly, observe that {X = 1} occurs if and only if exactly
one of the events S;F, and F S, occur, so that {X =1} = (§;F,) U (FS,). Work out
the details to get the same result as above.)

In summary, the probability function of X is as given below:

In order to find the probability function of ¥ (Nick’s profit), we may ask ourselves
first about the range of values for Y. Since X and Y are related through (4.9), and X can
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take on only three values, the number of possible values for Y is also three, and these
values are

1800 - 0 — 2000 = —2000, 1800 - 1 —2000 = —200, 1800 -2 — 2000 = 1600,

so that Ry = {—2000, —200, 1600}. Next, notice that the event {¥ = —2000} occurs if
and only if the event {X = 0} occurs, and so these two events have the same probability.
Similarly, P(Y = —200) = P(X = 1) and P(Y = 1600) = P(X = 2). We summarize the
probability function of Y, denoted by 4(y), in the following table.

y h(y)
—-2000 | 0.16
-200 | 0.48
1600 0.36

It seems apparent from the two tables of probabilities that the distributions of X and
Y are closely related. In fact, the second columns in the two tables are identical. If X
takes the value x with a positive probability f(x), then Y takes the value 1800x — 2000
with the same probability. By a straightforward application of the formula in Definition
4.4, we thus see that Nick’s expected profit is

E(Y) = Z yh(y) = (=2000) - (0.16) + (=200) - (0.48) + 1600 - (0.36) = 160
YERy

dollars.

From the above example we observe that, if we want to calculate the probability function
of the random variable Y = g(X) using the probability function f of the variable X, for
each y € Ry we have to find the values x € Ry for which g(x) =y and then add up the
associated probabilities P(X = x) = f(x), namely,

Sy =P =y)=PEX)=y) = Z P(X=x), y€ERy. (4.10)
XERy :g(x)=y

We can now state the following result, which gives a formula for calculating the expected
value for a function of a discrete random variable.

Proposition 4.6 (Expectation for a function of a discrete random variable) Let X
be a discrete random variable with probability function f and range Ry. Then, given a
real-valued function g, the expectation of the random variable g(X) can be found as

ElgX)]= ) gf (.

XERy
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Proof: LetY = g(X) and denote by f, the probability function of Y. Then, Definition 4.4
gives

E[gX)] = E(Y)= ) yf().

YERy
Replacing fy(y) from (4.10) in the above formula, we obtain

Yoy fm=Y Y yw

YERy xERy:g(x)=y YERy xERx 1g(x)=y

> Y e,

YERy x€Rx 1 g(x)=y

E[g(X)]

and the desired result follows immediately by observing that the two sums in the last
expression can be written as a single sum that extends over all x € Ry; this is because the
set {x € Ry : g(x) = y} includes all x-values associated with a certain y € Ry. Considering
now all y € Ry, we see that any x € Ry must be associated with one of them. m]

The next result is a special case of Proposition 4.6 and it refers to linear combinations
of functions of a random variable X.

Proposition 4.7 Assume that X is a random variable, Ay, A, ..., A, are real numbers
and g1, 8>, ..., 8 are real-valued functions defined on R. Then, we have

ElAg1(X) + -+ g (X0] = L E[g1 O] + - - - + LE[g(X)].

Proof: We define the function
=08+ g+ + A8y
Proposition 4.6 then yields
E[4181(X) + - -+ + 48, (X)] = E[g(X)]
= D () = Y [Ag )+ + g )

XERy XERy
=4 ) @)+ + A Y g ()
XERy XERy

= L E[g O] + - - - + L4E[g(X)],
as required. O

Combining the results of Propositions 4.5 and 4.7, we obtain the following, which is
usually referred to as the linearity of expectation.

Corollary 4.1 For any discrete random variable X and real numbers a and b, we have

E(aX 4+ b) = aE(X) + b.
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Using the results of the present section about the expected value of a discrete variable
X, we have, for example, the following equalities for a, b, c € R:

E(aX? + bX + ¢) = aE(X?) + bE(X) + ¢,
E(InX + 2e*® — cos X) = E(In X) + 2E(e“X) — E(cos X),
E[(X — a)’] = EX? — 2aX + a*) = E(X?) — 2aE(X) + a°,

and so on.
On the other hand, it is important to note that it is generally not true that

E[g(X)] = g(E(X))

for an arbitrary function g, and so in particular the result of Corollary 4.1 does not extend
to non-linear functions g. We note for instance that, if X is a random variable which is not
concentrated on one point, i.e. there is no ¢ such that P(X = ¢) = 1, then

EX?) # [EX)), E(nX)#InEX), E(cosX) # cos(E(X)).

Example 4.17 The number of notebooks sold in a small computer store during a week
is described by a random variable X having probability function

_ 2x+3

) 3 xX€Ry=1{0,1,2,3,4,5,6}.

(1) Find the expected number of notebooks sold by the store in a given one-week
period.

(i1) In order to have enough stock, the store orders every week from its supplier
6 notebooks at a price of $250 each, under the following agreement: the new
notebooks arrive at the store on Monday morning and any notebook not sold
during the week can be returned to the supplier at the price of $210. If the store
sells notebooks at a price of $325, find the store’s expected profit during a week.

SOLUTION

(1) Since X is a discrete random variable, we find its expectation by using the
formula from Definition 4.4. This gives

6 6 6
EX) = fo(x) = é (22)62 +32x>
0 x=0 x=0

_ 1 (,6:7-Q64D) 6.7 _ 35
63 6 2 9

where we have used the formulas

zn:x=zn:x=n(n2+1)’ zn:xzzgxzzw'

x=0 x=1 x=0
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(i) We want to find the expected weekly profit of the store. For this purpose, let Y
be the random variable that represents this profit. It is clear that Y is a function
of X, the number of notebooks sold. More precisely, if X takes the value x € Ry,
then each of the items sold yields a profit of 325 — 250 = $75, while there are
6 — x unsold items, and each of these corresponds to a loss of 250 — 210 = $40
for the store.

In view of the above, we see that Y can be written in terms of X as

Y =75X —40(6 — X) = 115X — 240.

It is now straightforward to obtain the expected value of Y using that of X,
already found in Part (i), and the linearity of expectation. In fact, this is

E(Y) = E(115X — 240) = 115E(X) — 240 = 115 - % —240 = % ~207.22

dollars.

Example 4.18 For a random variable X, it is given that E(X) = 2 and E(X?) = 8.
Calculate the expected value for each of the following random variables:

Y=02X-372 W=XX-1, Z=X>+X+ 1>~

SOLUTION First, we have for the variable Y,

E(Y) = E[(2X — 3)*] = E(4X?> — 12X + 9)
=4EX>) - 12EX)+9=4-8—-12-2+9=17.

Similarly for W we get
EXX-D=EX’-X)=EX>)-EX)=8-2=6,
and, finally, for the variable Z we find

EZ)=EX*+ X+ 1?1 =EX>+X>+2X + 1] = E[2X> + 2X + 1]
=2EX)+2EX)+1=2-8+2-2+1=2I.

The last two examples in this section are devoted to the important idea that a chance
game, played between two competing players, is fair to both of them.
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Example 4.19 (Fair and unfair games)

The concept of a fair game lies at the very heart not only of the theory of expectations
that we consider in this chapter but also to a large extent of probability theory as a
whole. In fact, in the first book on probability theory, which was published in 1657, the
Dutch mathematician C. Huygens used this concept to find how the stakes should be
divided between two competing players if they have unequal probabilities of winning
a game.

To explain the idea of a fair game, we use a very simple example, the one we
discussed in the beginning of this section (called Game A), which we treated rather
informally there. The example we presented was the following: you throw a die and
if the result in an even integer, you win $20; otherwise, you lose $10. The result we
found, which can now be proved formally using the definition of expectation, is that
you have an expected profit of $5 each time you play this game. By the same token,
your opponent has an expected loss of $5 for each game. Obviously, this does not mean
that you win every single time that you play against your opponent. If you play just
once, you may lose. But this result assures you that in the long run you will have more
money than what you started with, and your opponent will be losing. This game is
clearly unfair to him, but it is favorable for you.

More generally, when two players gamble against each other, one’s profit will be
the other player’s loss (negative profit) at each game, so that the total profit of the two
players is certain to be zero. This, in turn, implies immediately that the sum of the
expected profits will always be zero (in the game above, the expected profits are $5 for
you and —5 for your opponent). The game is in favor of one between the two players
unless both expectations are zero, in which case it is called a fair game. For simplicity,
it is sufficient to consider the expected profit for one of the two players; if his expected
profit is zero, his opponent will automatically have the same. If one (hence both) of the
expectations is nonzero, we refer to it as an unfair game.

In the example above regarding the throw of the die, if you win $20 when the
outcome is even, you must be prepared to pay the same amount when the outcome is
odd in order for the game to be fair.

Example 4.20 Danny and Andrew will participate in an important baseball game next
Saturday and they are prepared to bet against each other about the weather on that day.
Andrew agrees to give Danny $10 if it rains at the time of the game. They also agree
that Andrew will receive c dollars if there is sunshine; if anything else happens (e.g. it is
cloudy but no sunshine), there will be no exchange of money. If the probability of rain is
20% and the probability of sunshine is 50%, what should be the value of ¢ so that the game
is fair?

SOLUTION As explained in the previous example, it is sufficient to concentrate on
one player’s profit. Let X be Andrew’s profit from this bet. Then, X can take only three
values, namely, —10, 0, and c. From what is given in the example, we see that the values



276 4. DISCRETE RANDOM VARIABLES AND DISTRIBUTIONS

c and —10 have respective probabilities 0.5 and 0.2, and so the probability that X takes
the value 0 is 1 — 0.5 — 0.2 = 0.3. Thus, the probability function of X is given by

0.2, x=-10
fx)=4 03, x=0
0.5, x=c.

The expectation of X then equals

EX) = Z xf(x) =(=10)- (0.2) +0-(0.3)+ ¢ - (0.5) =c/2 - 2.

XERy

For the game to be fair, we must have E(X) = 0 that yields ¢ = 4. Therefore, Danny
should give Andrew $4 in the event of sunshine so that the expected profit of either
player is zero.

EXERCISES
Group A

1. Find the expected value of the random variable X in each of the three cases below,
where f(x) denotes the probability function of X:

®
X 0 1 2 3
fx) |05 01 03 0.1

(ii)
X 1 2 3 4

fx) |02 03 04 0.1

(iii)
x |2 4 6 8

fx) | 0.1 02 03 04

2. The probability that a technician fixes on a given day 0, 1,2,3,4,5, and 6 electric
appliances is 0.05,0.10,0.20,0.25,0.20,0.10, and 0.10, respectively. What is the
expected number of appliances that the technician fixes in a day?

3. The number of boats that arrive at a Greek island during a day is 0, 1,2, 3, and 4
with probabilities 0.1,0.3,0.25,0.15, and 0.2, respectively. What is the expected
number of boats that arrive during a day?

4. We toss three coins and suppose X denotes the number of heads that show up. Find
the expected value of X.
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Jimmy participates in a TV quiz show in which he is given two multiple choice
questions. In the first one, he has three possible answers and in the second there are
four possible answers.

(1) If he selects his answer to both questions completely at random, what is the
expected number of correct answers he will give?

(ii) If he wins $1000 for each correct answer he gives, what is the expected amount
of money Jimmy will win in the show?

. A gambler pays €10 to enter the following game: he throws two dice and if the

outcomes contain

» exactly one ace, he receives €15;

¢ two aces, he receives €30.

If no ace appears, he receives nothing. Find the gambler’s expected profit from
this game.

. The number of new friends that Jane makes on Facebook during a day is a random

variable Y with probability function

0.15, y=1,

] 025, y=2,
fo) = 0.30, y=3,
0.30, y=4

Obtain the probability function and the expected value for the number of friends
that she makes during a weekend, i.e. in a two-day period.

. The roulette wheel in a casino has 38 slots. Two of the slots have a 0 and a 00,

and the remaining slots have the integers from 1 to 36. Suppose that a player bets
on red or black. Half of the numbers from 1 to 36 are red, the rest are black. The
player places a bet of $10 on red; if the ball stops on a red number, he receives his
$10 back plus $10 more. If the ball stops on a black number, the 0 or the 00 slot,
he loses his bet. Find the player’s expected profit or loss from this game.

At a Christmas bazaar, 6000 lottery tickets were sold at a price of $5 each. There
are 15 prizes to be won from the lottery: a car with a value of $15 000, three trips
to exotic locations, each of which costs $2500, a TV set whose value is $700 and
10 mobile phones each of which costs $250. Helena bought a ticket for this lottery.
What is her expected “net profit” from the lottery draw?

A small store buys every week six 2-1 bottles of milk at a price of $1.25 each. If at
the end of the week a bottle has not been sold, the store returns it to the provider
and receives 30 cents back. The probabilities that the number of 2-1 bottles sold
during a week is 0,1,2,3,4,5, and 6 equal 0.05,0.10,0.10, 0.20, 0.20, 0.20, and
0.15, respectively. What is the expected weekly profit of the store if the bottles are
sold at a price of $1.80?
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In an army camp, a large number, N, of soldiers are subject to a blood test to
examine whether they have a certain disease. There are two ways to carry out this
experiment:

A. each soldier is tested separately, so that N tests take place;

B. the blood samples of k soldiers (k < N) can be pooled and analyzed together.
If the test outcome is negative, this means that none of the soldiers in this
group have the disease. If it is positive, each of the k persons is then sampled
individually, so that k + 1 tests are required for a group of k people.?

Assume that each soldier has a probability p of having the disease and that test
outcomes for different soldiers are independent.

(i) What is the probability that the test for a pooled sample of k soldiers will be
positive?

(i1) Find the expected value of the number, X, of blood tests required under Plan
B above.

A bookstore buys 15 copies of a book at a price of $20 each and sells them at a price
of $30. Suppose that, after a year, the bookstore may return any unsold copies of
the book to the publisher at the original price of $20. Let X be the number of copies
sold during the year and assume that the probability function of X is given by

fo="t2 1215
150

(1) Check that f(x) is a proper probability function.
(i1) Find the expected number of copies sold in a year.

(iii) Find the expected profit of the bookstore from the sales of this particular book.

An insurance company has estimated, using previous data that, during a year, an
insured person has a probability p of making a claim worth x thousands of dollars
(i.e. all claims are of a fixed amount), and probability 1 — p of making no claims.
What is the annual premium the company should charge per person so that the
company’s expected annual profit is $100 for each person insured?

A friend of yours is proposing the following game: you put nine balls numbered
1,2,...,9 in a box and you select one at random. If the number on the ball drawn
is a multiple of 3, he will give you $100. How many dollars should you give him if
the number of the ball is not divisible by 3 so that the game is fair?

Nick throws a die and if the outcome is 1 or 6, he gives Peter $9, while if the
outcome is 3 he gives him $6. What amount should Peter pay Nick if the outcome
is either 2 or 4 so that they have a fair game? (If the outcome of the die is 5, there
is no money exchange between the two players.)

3Feller (1968) mentions that this technique was developed in World War II by R. Dorfman. In army practice, it
achieved savings of up to 80%.
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Bill plays the following game: he flips a coin four times. If the number of times
that heads appear is O or 1, he wins $6, if heads appear 3 or 4 times he loses $12.
What is the amount of money he should receive if heads appear twice so that this
is a fair game?

A company wants to promote two new products, @ and b. For this purpose, the
company sends a salesman to visit a number of houses in order to find buyers for
these products. If someone does not buy either of the two products, the company
gives them a small gift that costs $10. If a person buys product a, the company’s
profit is $150, while for any purchase of product b, the company’s profit is $200.
Finally, if the salesman makes a deal for both products, the profit for the company
is $300 (due to a discount made to the buyer in this case). The company estimates
that the probability someone buys, after a visit by the salesman, product a alone
is 7/30, product b alone is 1/6, and for both products it is 2/15. What is the
company’s expected profit for each visit made by the salesman?

The probability function of a discrete random variable X has the form
f) =c(®+2lx|+1), x€Ry={-2,-1,0,1,2},

for a suitable constant c.

(i) Find the value of c.

(ii) Calculate E(X) and then find the expectation of the random variables ¥ = |X]|
and W = 5X — 3|X]|.

We consider a random variable X whose range is the set {1,2,3, ...} and which has
probability function

f®=P@=ﬂ=%,x=LZm

Consider also another variable Y defined as

Y= 1, if the value of X is even,
1 -1, ifthe value of X is odd.

(1) Find the probability function and the distribution function of the variable Y.
(i1) Calculate E(Y).

Suppose that a discrete random variable X has range {—4,-3,-2,—-1,0,1,2,3,4}
and the following probability function

fx(0) =

—_
Ol’—‘ | —
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(i) Show that the random variable Y = |X| has probability function
1
) = 3 x=0,1,2,3,4.
(i) Find the expectation for each of the variables X and Y and examine whether

|EX)| = E(IX]).

21. A box contains five cyclical discs, with diameters 1,2, 3,4, and 5 cm, respectively.
We select a disc at random.

(i) What is the expected length of the disc chosen?

(i1) What is the expected area of the disc chosen?

Group B

22. A ballot contains N chips numbered 1,2, ..., N. We select k chips with replacement.
Let X be the largest number on the chips drawn.

(i) Find the probability function f(x) = P(X = x).
(i1) Find the expected value of X.

(Note that this is not the same setup as in Example 4.10, because there we had no
replacement.)

23. An urn contains 6 red balls numbered 1, 2, 3,4, 5, 6, and 4 black balls with numbers
7,8,9, 10. We select three balls from the urn randomly and without replacement. For
each of the following variables, find the probability function and its expectation:

(i) the number of red balls selected,
(i) the number of black balls selected,
(iii) the largest number on the balls chosen,

(iv) the smallest number on the balls chosen.

24. The following result is known from calculus:

Suppose X is a random variable whose probability function has the form
f@) =cx2, x€Ry={1,2,3,...}.
(i) Find the value of the constant c.

(i) Show that the expectation of X does not exist.

25. Give an example of two random variables X and Y such that neither of the
expectations E(X) and E(Y) exists, but the expected value of the sum X + Y is
finite.
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4.5 VARIANCE OF A DISCRETE RANDOM VARIABLE

The expectation, which we discussed in the last section, is only one measure that can be
used to summarize properties of the distribution of a random variable. In this section, we
discuss another such measure, namely, the variance of a distribution. We illustrate this
concept with the aid of a familiar example. We recall the example from the beginning of
the previous section; in a single throw of a die, you win $20 if the outcome is an even
integer, otherwise you lose $10. Let X be your profit from this game. We have already
seen that E(X) = 5. Imagine now you are offered an alternative choice; if the outcome of
the throw of a die is even, you win $60. If it is not, you lose $50. Let Y be the random
variable that denotes the profit from this game. It is very easy to see that your anticipated
profit from this game is

1 1
EY)==-60+=-(=50)=5
(¥)=7-60+7-(=30)

dollars again, i.e. X and Y have the same expected value. Yet, it is clear that they are
substantially different, at least in a certain aspect. The second game appears to be more
risky, so that many people (in particular, those who have a conservative attitude toward
risk), would rather avoid it. In terms of random variables, and in order to give a general
definition which may not necessarily be related to financial win or loss, we say that the
distribution of Y has more variability (or dispersion) around its mean value of $5.

The most common measure for the variability of a distribution is given in the following
definition.

Definition 4.5 Let X be a discrete random variable for which the expectation y = E(X)
exists. Then, the quantity

Var(X) = E[(X — p)*] = E[(X — E(X))*]
is called the variance of X.

From the above definition and Proposition 4.6, it follows that if X has probability
function f and its range of values is the set Ry, then its variance is given by the formula

Var(X) = Z (x = W (). 4.11)

XERy

Readers who have some familiarity with statistics should recognize the similarity between
this formula and the formula used for the variance in statistics. Of course, in statistics, we
have (relative) frequencies whereas here we have probabilities since we are not interested
in any data but rather in the mechanism that produces these data, namely, the distribution
function of the random variable in question. However, provided we think of a probability as
the limit of the associated relative frequency (cf. Example 4.11 in the last section), the above
formula parallels, and motivates, the use of a similar formula for the variance in statistics.

Next, from the above definition of the variance, we observe that if a variable X is
measured in a certain unit, then Var(X) is measured in the squared unit. Thus, for example,
if X is a length variable and is measured in meters, then E(X) is also measured in meters,
while Var(X) will be measured in square meters. However, the square of a unit does not
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always have a simple natural interpretation, and so if X measures time and is expressed in
hours, then Var(X) will be measured in hours squared!

In order to express the variability of a random variable X in the same unit as X, which
is often desirable, we use an alternative measure of dispersion, called standard deviation,
which is the positive square root of the variance; that is,

VVar(X) = VE[(X — w)?].

The popular symbol used for the standard deviation is the Greek letter ¢, and when
there are more than one variables involved we use oy, oy, and so on, to avoid confusion.
2 2 2

In analogy, we use o~ or o}, 6y, and so on as a symbol for the variance.

Suppose now X has a finite range
RX = {xl,.xZ, e ,xn}.

Then, the variance of X admits the following physical interpretation. We assume that at
the positions x;, x,, ..., x,, of an axis, we place masses equal to their respective probabilities,
i.e. the values of the associated probability function, f(x,),f(x,), ...,f(x,), and that the
entire system is balanced at the point with coordinate 4 = E(X) (see a similar interpretation
after Definition 4.4 for the expected value). Then, denote by

m;=fx), i=12,...,n,

these n masses and put
ri=x;—u, i=1,2,...,n,

for the distances between the locations of each mass and the system’s center of mass. In
this way, the variance of X takes the form

n
Var(X) = z mir?.
i=1

In physical terms, this quantity is the moment of inertia for the system (with respect to p).

Sxno1)
Sfixp)
e fors) fo)
|
Xy X x3 Xp_1 Xy
TR Ry
> pox —— | TR
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Example 4.21 We calculate the variance of the two variables X and Y discussed at the
beginning of this section. Their probability functions are given by

[ 172, x=20,
fX(-x) - { 1/2, X = _10,

and
1/2, x =60,

fY(y)z{ 1/2, x=-50,

and both variables have a mean y = 5. Using the formula in (4.11), we find the variance
of X to be

(20 — 5)2 . (—10-572 157 4+ (=15)?

V = —_ 2 =] =
ar(X) = ) (x = )’ f) 5 > > 225,
XERy
while that of Y equals
3 ) _(60-5)2%  (=50-52 55"+ (=55 _
Varl¥) = Y 0= 0y () = —5— + ———— = —————— =3025.

YERy

We thus see that the variance of Y is about 13.5 times as much as that of X. Their
respective standard deviations are

oy = VVar(X) = V225 =15, oy = y/Var(Y) = V3025 = 55.

From Definition 4.5 it is clear that, unlike the expectation which can take on any real
value, the variance of a random variable is always nonnegative. In fact, as the following
proposition shows, if a variable assumes more than one value, then its variance is strictly
positive.

Proposition 4.8 Let X be a discrete random variable for which the expectation u exists.
If Var(X) = 0, then X takes only one value (with probability one).

Proof: We shall prove that P(X = u) = 1. Suppose to the contrary that there exists x, € Ry
such that x, # u and P(X = x;) = f(xy) > 0. Then, we obtain

Var(X) = ) (x = (0 = (5 — wf )+ Y, (= wf(x) >0,

XERy XERy xFx)

since the first summand above is strictly positive. This contradicts the assumption that
Var(X) = 0. We thus conclude that X cannot take on any value other than its expected
value, u, with positive probability. O

If a random variable X takes (with probability one) only one value, as in the proposition
above, then we say that the distribution of X is concentrated on a single point; such
distributions are called degenerate. Observe that if a variable X assumes only one
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value, then it follows immediately from the definition of the variance that Var(X) = 0.
Proposition 4.8 says that the converse is also true, and so by combining these two results,
we see that a random variable has zero variance if and only if its distribution is degenerate.

In practice, when we want to find the variance of a random variable X, instead of using
the formula in Definition 4.5, we may use the following result that is much simpler.

Proposition 4.9 The variance of a random variable X is given by
Var(X) = E(X?) — [E(X)].
Proof: Employing Proposition 4.7 and Corollary 4.1, we obtain
Var(X) = E[(X = u)’] = E[X* = 2uX + p*] = EX?) = 2 - EX) + p?
= EXY) = 2p - p+ p* = EX®) = i,
as stated in the proposition. O

Among other things, the last result is useful as a reminder that the quantities E(X?) and
[E(X)]? are not the same (unless X assumes only one value). In fact, since the variance of
a random variable is necessarily nonnegative, we obtain the inequality

EX?) > [EX))

which holds generally. Again, the inequality is strict unless the distribution of X is
degenerate.

Example 4.22 The number of faults found during the quality inspection of a manufac-
turing item is a random variable, X, with probability function

fx)=PX=x), x€Ry=1{0,1,2,3,4},

given in Table 4.2 below:
X S
0 0.29
1 0.23
2 0.21
3 0.17
4 0.10

Table 4.2 Probability function for the number
of faults per item.
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Find the expected value of faults per item, E(X), and the standard deviation oy.

SOLUTION For the expectation, we get

EX)= Y x(x)=0-(029)+1-(0.23)+2-(0.21) + 3 - (0.17) + 4 - (0.10)

XERy

=1.56

faults per item on average.

For the variance, we use the formula in Proposition 4.9. For this, we need to calculate
E(X?). Detailed calculations are given in the following table (interested readers may
verify that calculations using the formula in Definition 4.5 are more cumbersome,
although of course the result for the variance is the same).

Thus, we find

EX?) = Z Ff(x) = 0%-(0.29) + 1% - (0.23) + 2% - (0.21)

XERy
+32.(0.17) + 4% - (0.10)
= 4.20,

as shown in Table 4.3.
From the above, we obtain the variance of X as

oy = Var(X) = E(X?) — [E(X)]* = 4.2 — (1.56)* = 1.7664,

from which we get the standard deviation for the number of faults per item to be

oy = /02 = V1.7664 = 1.329.

x Jfx) xf (x) f(x)
0 0.29 0 0

1 0.23 0.23 0.23
2 0.21 0.42 0.84
3 0.17 0.51 1.53
4 0.10 0.40 1.60
Total 1.00 1.56 4.20

Table 4.3 Calculations for E(X?).
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Example 4.23 (Variance of a discrete uniform random variable)
Let X be a random variable that takes the values a;,a,,...,a,, each with equal
probability, so that

FW=PEX=x)=2, xR ={a.ay...a,).
n
We have seen in Example 4.14 that the expectation of X equals

ayta+---+a
EX) = 1 2 n

For the expectation E(X?), we get

2 1, 2
1 a ta+---+a,
E(X2) = 2 — 2 4 _ ,
XK= Y =) x .

XERy XERy @

and so

Var(X) = E(X?) - [EX)])* =

n

a%+a%+--~+aﬁ_<a1+a2+---+an>2
- .

In particular, for the example that concerns the throw of a fair die, we have
Ry ={1,2,3,4,5,6}

and

1+2°4+...46> _ 91 2_(7)2_35
2

E(X?) = =2 Va(X)= ==
&) 6 g YaX = 12

For the general case we note that, when X has a discrete uniform distribution, the
inequality [E(X)]*> < E(X?) leads to the relation

(a1+a2+---+an)2Sn(a%+a§+---+a5),

which is a special case of the (algebraic) Cauchy—Schwarz inequality

(5) <(2)(27)

forbl=b2=~-~=b :l.

n

In cases where we are interested in the variance for a linear transformation of a random
variable, the following result is useful.
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Proposition 4.10 Let X be a discrete random variable and a and b be two real numbers.
Then, the variance and standard deviation of the variable

Y=aX+b

are given by
Var(Y) = a*Var(X), oy = |a|oy.

Proof: From Corollary 4.1, we know the expected value of Y to be
Hy =E@X+b)=au+b,
where y = E(X). We thus obtain, using Corollary 4.1 again,

Var(Y) = Var(aX + b) = E[(Y — uy)*] = E[((aX + b) — (au + b))*]
= E[d*(X — u)*] = ®E[(X — u)*)
= anar(X).

The result about the standard deviation follows immediately since
oy = VVar(Y) = Va?Var(X) = Va2\/Var(X) = |a|oy

(recall that the standard deviation is the positive square root of the variance of a random
variable). |

In particular, from the last result we see that, adding a constant to a random variable
X does not affect the variance of X at all; to understand why this happens, recall that the
variance is a measure of the variability for the distribution of that variable. This variability
is not affected if all possible values of X are increased by a fixed amount, although the
mean of X will clearly change. Imagine, for instance, how the graph of the probability
function depicted in Figure 4.4 will be affected if we add the value 3 to the variable having
that probability function. The entire graph of the function will be shifted three units to the
right, but its shape and variability around the mean will remain unaltered.

Example 4.24 For arandom variable X, itis known that E(X) = 4 and E[X(X — 5)] = 5.
Calculate the expected value and the standard deviation for the random variables
X-4

Y=-3X+2 and ZzT.

SOLUTION We find first the expectations of the two random variables. For Y, we
see that
EY)=E(-3X+2)=-3EX)+2=-3-4+2=-10,
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while for Z we get, using again the linearity property of expected values,

E(Z):E(X_4> :E(X)—4 _

3 3 =0
Next, we find the variance of X. For this, we note that
E[X(X — 5)] = E(X? = 5X) = E(X?) — 5E(X).
Since we are given that this equals 5, we obtain
EX?)=54+5EX)=5+45-4=25.
Thus, from Proposition 4.9, we immediately get
Var(X) =25 -4> =09,

so that oy = \/5 = 3. For the standard deviation of Y, Proposition 4.10 now yields
(taking a = —3 and b = 2 there)

oy=|-3]-0y=3-3=09.

Similarly, we obtain for Z, putting a =1/3 and b =-4/3 in the result of

Proposition 4.10,

1 3
6Z=§6X=§=1‘

A random variable that has zero mean and standard deviation 1, just as the variable Z
in the last example, is called a standardized random variable.
Generally, assume that E(X) = u and Var(X) = ¢2. Then, for the random variable
_X—H

Z 9
c

it is easy to verify that E(Z) = 0 and Var(Z) =1 (so that the standard deviation of Z is
also 1), and this means that Z is a standardized random variable. Such variables play a key
role in Chapter 7.

As we have seen, for a random variable X, the expected values

u=EX), E[X-u?l, EX?

give us useful information about the distribution of X, that is for the way that X behaves
probabilistically. There are other functions g(X) of the variable X, the expected values of
which give us further insight in the way that X behaves. For instance, if ¢ € R is a constant
and r > 0 is an arbitrary integer, the expectations of the random variables (functions of X)

X, X, =XX-D--X=-r+D, X' X=-0, X=-p', r=12,..,
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(provided they exist) are all important quantities that give information about the shape, the

location, the presence or lack of symmetry and, more generally, about the distribution of

X. We note, in particular, that the quantities E[(X — ¢)"] are called the moments of order

r around the point c of the distribution, while in the special case when ¢ = ¢ we have the

central moments of order r. Table 4.4 gives the customary notation and the name given

to the expectations for each of the five quantities above.
It is obvious that the following relations are true:

ll; =Hay = EX), u; =0,
My = Var(X).

Example 4.25 In analogy with the expectation, which is simply the first moment of
the distribution of a random variable X, we say that the moment of order r exists if the
series on the right-hand side of the equality

EX) = ) xf(x)

XERy

converges absolutely, i.e. if the sum

E(X|) = ), IxI'f(x)

XERy

is finite. With the notation of Table 4.4, this means that X has a finite moment of order
r whenever its absolute moment of order r is finite.
Further, in view of the inequality

IXI"'<1+1X), r=12,... (4.12)

we see that whenever the rth moment of a random variable exists, so does the (» — 1)th
and hence, by induction, all lower-order moments.

g(X) Notation Name

X" u. = EX") Moment of order r (around zero)
X), Ky = E[(X),] Factorial moment of order r

X" E(X|") Absolute moment of order r

X -0 E[(X —-0o)] Moment of order r around ¢

X = u,=E[X -] Central moment of order r

Table 4.4 Notation and terminology for the various types of moments.
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EXERCISES
Group A

1. Find the variance for each of the random variables in Exercise 1 of Section 4.4.

2. With reference to Exercise 5, Section 4.4 wherein Jimmy participates in a quiz
show with multiple choice questions:

(1) Calculate the variance for the number of correct answers that he gives.
(i1) Calculate the variance and standard deviation of Jimmy’s earnings from the
show.

3. Find the variance of the random variable X having a probability function f and
range Ry in each of the following cases:

(i) f0) = #,xe&( = {1,2,3);

G f0 =B e re = 12,3,
(i) f(x) = %,x €ERy=1{-3,-2,-1,0,1,2,3};
(V) f() = 4‘6’“2,xeRX = {1.V2.V/3}.

4. If for a variable X it is known that
EX—-1)=3, EXX+2)]=40,

calculate the mean and standard deviation of the random variable

y=X-4
3

5. With reference to Example 4.16, concerning Nick’s profit from his investment:

(1) Find the standard deviation of his profit.

(i) What is the probability that Nick’s profit is within one standard deviation
either way around its expected value?

6. The probability function of a discrete random variable is given by
fx)=c(B2-x), x=1,2,...,31,

where c is a constant.
(i) Show that ¢ = 1/496.
(i1) Find the expectation E(X).
(iii) Find the expectation of the random variable ¥ = 3(X — 11) and show that
Var(Y) = E(Y?).

7. If, for a variable X it is known that Var(2018 — X) = 2, find Var(-5X + 1).
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11.
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. Calculate Var(2X + 4) if it is known that

EGX—-1)=9 and E[X+2)?%=17.

. Verify the truth of (4.12) in Example 4.25 for any discrete random variable X and

any positive integer r.

Suppose that a discrete random variable X has probability function
f)=PX=x)= %, X € Ry = {-2a,—-a,0,a,2a}.

(i) Show that, regardless of the value of a, we have E(X) = 0.

(ii) Calculate Var(X) as a function of a. What happens with the variance as a
increases? Give an intuitive interpretation of this result.

Letforr=1,2,...,
Hoy = EIX(X = 1)+ (X = r + 1)]

be the factorial moments of the random variable X, and
u=EX-w'1, up.=EX), r=12,..,

be the moments of X around its mean, u = E(X) (central moments), and around
zero, respectively.

Using properties of expectations, show that the following are true:
(i) uy = by iy =0;
(i) ph = Hey + Hry Mo = 1y — ()%
(i) w5 = )+ 3H) + Hays H3 = Wy — 3o + 2(/41)3;
(V) p), = pey + Oy + THay + ey Hy = 1 — 4ubpl + 64 (u))* = 3(u))".
Verify also the truth of the identity

Var(X) = pg) + p — p.

Group B

12.

13.

Walter throws two dice. If the sum of the two outcomes is 10 or more, he receives
$5. If the sum is 8 or 9, nothing happens, while if the sum is less than 8, he loses
¢ dollars. If X denotes Walter’s profit from this game, find the variance of X given
that the game is fair.

Let X be a discrete random variable and assume that it has finite moments of any
order up to a positive integer r, i.e. ,ulf < oo for any i = 1,2, ..., r. Show that the
central moment of order r,

He = [EX = )],
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where u = E(X), is given by the formula
- k
po= Y (=1F (r) Wl
k=0

(Hint: Begin by expanding the power (X — u)" according to the binomial theorem.)

14. Let X be a random variable and ¢ be a real number such that the moment E[(X — £)?]
exists.

(1) Verify that
E[(X — 1)*] = E(X?) — 2E(X) + 1*.

(i) Show that
E[(X — )*] = Var(X) + (u — 1)*.

(iii) Use the result in (ii) to establish that the minimum value of the function
h(t) = E[(X — 1]
is achieved at r = y, and that
Itl’éi[él E[(X - H)*] = Var(X).
15. Consider two random variables X and Y with the same range
Ry =Ry ={ay,ay,a3},

and suppose that
EX)=EXY) and Var(X)= Var(Y).

(i) Prove that E(X?) = E(Y?).
(i) Show that the quantities

x=PX=a)-PY=a). i=123

satisfy a homogeneous linear system of equations, for which the determinant
of the coefficient matrix for the unknowns has the form

I 1 1

a, a, az |#0
2 2 2

a4 4 4

(iii) Explain why the distributions of the random variables X and Y coincide, i.e.
we have
PX=a)=PY =aq;)

fori=1,2,3.
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16. Consider now two random variables X and Y having the same range

RX =RY = {al,a2,... a },

**'n
and assume that

EX)=EY" forr=1,2,....n—1.

Arguing as in the previous exercise, verify again that the distributions of the
variables X and Y are identical.

4.6 SOME RESULTS FOR EXPECTATION AND VARIANCE

When we want to calculate probabilities associated with a random variable X, we need to
know its distribution (i.e. either the distribution function of X or the probability function).
It is often the case, however, that we can find the mean and the variance of a random
variable but we cannot specify completely the distribution of X.

In such cases, although we cannot calculate exact values for the probabilities associated
with X, we will still be in a position to give (upper and/or lower) bounds for these prob-
abilities. Two important general results in this direction are two inequalities, both named
after Russian mathematicians: the Markov inequality and the Chebyshev inequality.

Proposition 4.11 (Markov’s inequality) Let X be a discrete random variable taking
nonnegative values such that E(X) exists. Then, for any t > 0, we have

P(Xz;)g@.

Proof: Lett > 0and A be the subset of the range, Ry, of values for X, which is defined by
A={x€Ry x>t}
Since A C Ry, we can write

EX)= ) xf(x) > ) ) (4.13)

XERy XEA
and, since for x € A we have x > ¢, we obtain
() > 1f(x), x€A.

Summing both sides of this inequality over all x € A, we obtain

202 Y @) =1 f() = PX € A) = 1PX > 1),
XEA XEA

X€EA

the last step following from the definition of the set A. From this and (4.13), we see that
E(X) > tP(X > 1), as required. |
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An immediate application of Markov’s inequality is that for any random variable X with
mean y, the probability that X takes values exceeding the k-fold multiple of y is at most
1/k, ie.

POX2 ko) < 1.

For instance, if a telephone center receives on average 7500 calls per day, the probability
that on any given day at least 15 000 calls arrive at the center cannot be larger than a half,
and we can say this without having any knowledge about the distribution for the daily
number of calls arriving at the center.

Proposition 4.12 (Chebyshev’s inequality) Let X be a discrete random variable with
mean p and variance o. Then, for any t > 0, we have

2
P(X—pu|>0< ‘:—2

Proof: Applying Markov’s inequality to the nonnegative random variable
Y=X-p’
(and putting 7 instead of 1), we get

E[(X — )"

P(X =) 21) < ——
t

The required result then follows upon noting that E[(X — u)?] = ¢ and that
P(X = p)* 2 2) = P(X — pu| 2 1). O

The last result was first formulated by the French mathematician Irénée Bienaymé
(1796-1878), and in many books it is referred to as the Bienaymé—Chebyshev inequality.
Pafnuty Chebyshev (1821-1894), who was a friend of Bienaymé, later gave a new proof
relating this result to the laws of large numbers, a celebrated series of results in probability
theory and, mainly because of that, the result of Proposition 4.12 bears only his name in
most sources.

Example 4.26 The number of butterflies that live in a certain forested area is a random
variable X with mean 200.

(i) Give an estimate for the probability that the number of butterflies is at least 300.

(i) A zoologist believes that the variance of X is 40. What can we say about the
probability that the actual number of butterflies is between 120 and 2807 Can we
now get a better estimate for the probability that there are at least 300 butterflies
in this area?
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SOLUTION

(i) For this part, we have no knowledge of the variance (or the standard deviation)
of X, and so Chebyshev’s inequality cannot be used. Instead, from Markov’s
inequality, we get

PX >300) < 20 _ 2
- ~ 300 3
Note that this is actually an upper bound, not an estimate as required by the
question. In the absence of any further information, however, we cannot give
a better estimate (although we do not know how close this is to the true
probability).

(ii) Here, we have y = 200 and o2 = 40, so that from Chebyshev’s inequality, we
get

P(120 < X < 280) = P(—80 < X — 200 < 80) (subtracting 200 on each side)

= P(IX = 200] < 80) = 1 — P(|X — 200 280)21—%

159
= 160 = 0.994.
This time, the result we have obtained is lot more useful; the probability that
the number of butterflies is between 120 and 280 is higher than 99%, and we
can say this without having any knowledge about the distribution of X. Further,
it might appear at first sight that the result here is somewhat conflicting with
that of part (i); however, this is not so. If the number of butterflies is between
120 and 280 with probability at least 99.4%, then the probability that there are
more than 300 butterflies cannot be higher than 0.6%. More precisely, we have

P(X >300) < P(X>280)=1—-P(X <280)<1—-(P(120 < X < 280)
<1-0.994 = 0.006.

There is no conflict with the result in (i), however, since the result there is
merely an upper bound, and the last result, 0.006, is clearly less than 2/3. The
reason why our answer is much more accurate here, is that in Part (i) we did
not have any information about the variance.

Extending a bit further the idea that is implicit in the solution of Example 4.26, we can
put forward the role of the variance in describing the probabilistic behavior of a random
variable. For this, let us put t = ko in Chebychev’s inequality to get

P(X > ko) < o _ 1
(| —M|_6)_m—k—2
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or, equivalently, 1

P(X — u| <k0')21—k—2.
This says that the probability the values of an arbitrary random variable X are spread within
k standard deviations around the mean of X is at least 1 — 1 /kz. Thus, for instance, the
probability that

e X takes a value within two standard deviations either way of its mean is at least

- % =75%
e X takes a value within four standard deviations either way of its mean is at least
1 — 55 = 93.75%;
e X takes a value within ten standard deviations either way of its mean is at least
I - = =99%,
and so on.

The above considerations should not give the (false) impression that either Markov’s or
Chebyshev’s inequality give always very accurate estimates of the true probabilities. For
Markov’s inequality, we have seen in the last example a case wherein it produces a very
poor bound for the actual probability. In fact, both inequalities are valid under minimal
assumptions and the price we usually pay for such generality in mathematics is lack of
accuracy in individual cases. As one can guess from the statement of both results, the
upper bounds in these inequalities are really useful typically only in cases where ¢ is much
larger than E(X) (for Markov’s inequality) or than oy (for Chebyshev’s inequality). The
next example presents a case where the upper bounds in both inequalities are either useless
or give poor approximations for the true probabilities.

Example 4.27 (Applying Markov and Chebyshev inequalities to a throw of a die)
Suppose that we throw a single die and denote by X the outcome of the throw. We then
have

6 6
1 21 7
= EX) fo(x) Zx6 = =5
x=1 x=1
and
o S 1 9l
EX2: 2 = 2‘—2_-
x?) ;Xf(X) ;x £ =
Thus,

91 (21\*_ 35
2 2 2

— Var(X) = E(X2) — =__(_) R
o i) = BeE) =7 = = 3 T2
(in fact, all three results above have already been obtained in Example 4.23 by observing
that the outcome of a fair die has a discrete uniform distribution). Then, a straightforward
application of Markov’s inequality gives

7/2
P@zDSJL:Z:LB,
2 4
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7/2 7
P(X >6) < — = — = 0.583.
X 20)< 6 12

The first of these results is clearly useless (since we know that P(X > 2) cannot be
greater than one), while the second is a very poor bound for the true probability that is

PX>6)=PX=6)= % ~0.167.

Similarly, applying Chebyshev’s inequality to the random variable X, we find
p(lx 7|53\ <3/2_ 7
2] 2 25/4 15

Note that the event inside the bracket on the left above occurs if either P(X > 6) or
P(X < 1). Therefore, we obtain that

PX>60rX<1)< 17—5 ~0.47.

The upper bound is again quite conservative as it is about 50% higher than the true
probability on the left, which is

PX>6o0or X<1)=PX=1)+PX=6)=~+ -~ ~0.33.

L
6

N

Despite the evidence from the above examples, both Markov’s and Chebyshev’s
inequalities are useful results as they enable us to make probability statements about
a random variable in the absence of any information for the underlying distribution.
Moreover, Chebyshev’s inequality has been used to prove one of the most important
results in probability theory, the weak law of large numbers, which is discussed in detail
in Volume II of this book.

Our final result in this chapter links the distribution function of a random variable to
its expected value. Typically, in order to calculate the expectation of a random variable X,
we use the probability function of X and the formula from Definition 4.4. The next result,
however, shows that when X takes nonnegative integer values, the expectation E(X) can
be found from the distribution function F, of X, in case we want to avoid calculation of the
probability function.

Proposition 4.13 Let X be a discrete random variable with range
Ry =1{0,1,2,...}.

If the expectation E(X) exists, then it can be expressed in terms of the distribution
function F of the variable X using the formula

EX) = 2[1 —F)] = Z PX > x).
x=0 x=0
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Proof: We have

EX)= ) ()= Y 500 = ) yf (.
XERy x=0 y=1

Upon replacing the coefficient y of f(y) by the sum

y=1+14---+1= 1,
%,_J
y times
we get
L y oy
EX) =), <Z l)f(y) = D).
y=1 \x=1l y=1 x=1

Interchanging the order of summation (which is allowed here since the summands are
nonnegative), we may then write

co y co co [ x—1
EX)=) Y fo =) (Zf(y)) = ll - Zf(y)] :
y=1 x=1 x=1 \y=x x=1 y=0

Taking now into account that

x—1
D fO)=Fa -1,
y=0

we arrive at the expression

(S (S

EX)= Y [1 = Fa=D]= Y [1-F)
x=1 x=0
which is the desired result. m]
F(x)
1
P(X>n-1)
P(X>0) P(X>n)
P(X>1) ﬂTn) '
P(X>2) |
o
T P
f2)
. e—0
AD
2 ——)
S0)
0 1 2 3 n—1 n n+1 X

Figure 4.8 Illustration of the result in Proposition 4.13.
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The result of Proposition 4.13 is depicted in Figure 4.8. The expectation of X is
represented by the shadowed area on the graph.

The next example presents an interesting application of the previous result. We further
note that Proposition 4.13 remains valid when the range of values of the variable X is
a subset of the set of nonnegative integers, rather than the entire set. For this case, an
application of the result is given next.

Example 4.28 Let X and Y be two arbitrary random variables and ¢ € R. If, for any
t > 0, we have
P(Y —c| <1) S P(IX —c| < 1),

we understand intuitively that it is more likely for X to be close to ¢ than Y. We may
thus say that X is more concentrated around c than Y.

Suppose now X and Y take on integer values (more specifically, let Ry = Ry C
{0,1,2,...}) and they have the same mean, i.e.

u=EX)=EQ).
Assume further that X is more concentrated around y than Y. Then, if we define the
variables
Y, =Y —p)?, X, =X-u?
we see that
P(Y, <0 =PI(Y — )’ <1l = P|Y — ul < /1]
< PIX - pl < Vi = PIX - w)? <11= P(X, <1)
for any ¢ > 0, which in turn gives

PY, >1t)>PX; >1).

Adding these inequalities over all 7 in their range, we get (note that Ry = Ry, )

Y Py >0> ) PX >0

1E€RYy, t€Ry,
and Proposition 4.13 yields then that E(Y;) > E(X;). Consequently,
Var(Y) = E[(Y — u)*] 2 E[(X — u)’] = Var(X).

We therefore see that the more concentrated around its mean a variable is, the smaller
its variance.
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EXERCISES
Group A

1.

Markov’s inequality (Proposition 4.11) concerns a nonnegative random variable.
An extended version of this inequality that applies to any random variable X is the

following:
E(|X
P(X] 20 < y
for any ¢ > 0. Explain why this is true (no calculations are needed).

A random variable X has the following probability function

3/4, x=0,
f) =5 1/6, x=2,
1/12, x=4.

(i) Find the expected value of X

(a) from Definition 4.4,
(b) using Proposition 4.13,
and verify that the two results agree.

(i1) Find the percentage error in the upper bound obtained from Markov’s inequality
as an estimate for the following probabilities associated with X:

PX>1), PX2=>2), PXZ2=3).

. The number of mail items handled daily by a courier service is a random variable. It

has been estimated that this variable has a mean of 3000 items and variance 40 000.
Obtain a lower bound for the probability that, in a given day, the company handles
more than 2400 but less than 3600 mail items.

For a nonnegative discrete random variable X, we know that
E(X) =125, E[XX-4)]=900.

Find an upper bound for the probability P(X > 50) using
(i) Markov’s inequality;
(i) Chebyshev’s inequality.

. For the discrete random variable X, suppose that

E(X) = Var(X) = p.

What can you infer from Chebyshev’s inequality for the probability P(X > 2u)?
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6. Suppose that X has range {—2,0,2} and probability function

1/8, x=-2,
fx)=4 3/4, x=0,
1/8, x=2.

Examine whether Chebychev’s inequality is exact, i.e. it holds as an equality in this
case.

Group B

7.

9.

10.

For a discrete random variable X with mean u, assume that the central moment of
order 2r,

py, = E[(X — u)™"]

exists for a given integer r > 1.

Show that for any a > 0, we have

P(X —ul > a) < 2.
a2r

. For the random variable X, assume that the expectation E(e®X) exists for a given

a € R. Prove that, for any real ¢, the following holds:

E(eaX)
eat

PX>1<

Let X be a discrete random variable, and a and ¢ be two positive real
numbers. Assuming that the expectation E(e®X) exists, establish the following
inequality

P <x <1 lnt) >1- %E(e“x).
a

(One-sided Chebyshev bound) Let X be a random variable such that £(X) = 0 and
Var(X) = 2. Show that, for any a > 0,
o2

P(X >a) < .
X2 )_0'2+a2

This result is known as Cantelli’s inequality.

(Hint: For b> 0, put W = (X + b)*> and apply Markov’s inequality to W; then
examine which value of » minimizes the quantity on the right.)
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4.7 BASIC CONCEPTS AND FORMULAS

Random variable (r.v.) defined
on a sample space Q

A real function X : Q — R such that the set
{we Q: X(w) €1} isanevent of Q forany I C R

Range of values Ry for the
random variable X

{x e R : X(w) = x for some w € Q}

Properties of a distribution
function (d.f.) F

F is increasing and right-continuous on R;
lim,_ F(H)=1, lim,,_ F()=0

Formulas for calculating
probabilities via the d.f.

P(X < b) = F(b);

P(X < b) = F(b-);

P(a < X < b) = F(b) — F(a);
P(a < X < b) = F(b-) — F(a);
Pla <X <b)=F(b) - F(a-);
P(a < X < b) = F(b-) — F(a—)

Discrete random variable X

A random variable whose range of values Ry is finite
or countably infinite

Probability function of a
discrete r.v. X with

RX = {xl,xZ,...,xn,...}

f(x) =0 forany x & Ry;

f(x) = P(X = x) for x € Ry, or f(x;) = P(X = x;),
i=1,2,...

Properties of the probability
function f

1) f(x) =0forx # x;,x5,...;
(i) f(x;) >0fori=1,2,..;

(iil) ¥ er S0 = T2 f(x) =1

Relationship between the
probability function and the
distribution function of a r.v. X
with Ry = {x}, x5, ...,%,, ...},

where x; <x, <---<x,<---

FO) = e S5 = { i o
l oSG x_ St<x,
forr=2,3,...
Sxp) = Fxp);
f&x)=Fx,)—F(x,_;), r=23,..

P(X € A) for A C Ry

Zineal () = Dieaf)

Probability function of
Y =gX)

fy(Y) = P(Y = y) = 2x€RX:g(x):yf(-x)

Expectation (mean value) of X

H=EX) =3 g XPX=x)=3 p 5f(x)

Expectation for a function of a
discrete random variable

E[gX)] = X e, 8 (x)

Properties of expectation

() E £, 4,00] = Thy 481,001

(i1) E(aX+b)=aEX)+b, a,beR
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Fair game

E(X) = 0, where X denotes the profit of the player in
the game

Variance of X

6% = Var(X) = E[(X — u)*]

Standard deviation of X

o =4/ Var(X)

Alternative formula for the
variance

Var(X) = E(X?) - [EX))?

Properties of variance

(1) If Var(X) = 0, then X is a constant;

(ii) Var(aX +b) = a*Var(X), a,b € R

Standardized random
variable

X =

Z=2"# Where u = E(X), 62 = Var(X).
o

Then, we have E(Z) = 0 and Var(Z) = 1.

Moment of order r around ,u; =EX", r=12,...
0

= E[X,
Factorial moment of o X!
order r =EXX-1---X=-r+0D], r=1,2,...
Absolute moment of E(X|"), r=12,...
order r
Moment of order r E[(X-0"],r=12,...
around ¢
Central moment of order r | y, = E[(X —p)' ], r=1,2,...

EX

Markov’s inequality PX>1n< Q, where X is a nonnegative random

variable, and ¢ > 0

Chebyshev’s inequality

2
P(X=ul20< ‘t’—z where u = E(X), 6% = Var(X) and

t>0

Alternative formula for the
expectation E(X) when
Ry =1{0,1,2,...}

EX) = X2, 1 —Fx)] = X2, P(X > x)

4.8 COMPUTATIONAL EXERCISES

1. Let us consider a discrete random variable X with a probability function of the form

f(x) = ex?,

XERy=1{1,2,...,n},

for a suitable constant c. The following sequence of commands enables us to find
the value of ¢, and subsequently the mean and variance of X.

In[l]:=

fllx 1:=x"2
a=Sum[f1 [x],

{x,1,n}1;

Print ["Constant ¢ should be "];c=1/a
flx_]1:=f1[x]/a
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Print ["The probability function is"];
Print [f [x]]

Print ["The mean of the distribution is"];
mu=Sum [x*f [x], {x,1,n}]

Print ["The variance of the distribution is"];
var=Sum[ (x"2)*f[x], {x,1,n}]-mu"2

Constant c¢ should be
out [3]= 6/(n (1+n) (142 n))

The probability function is
(6 x"2)/(n (1+n) (142 n))

The mean of the distribution is
out[8]= (3 n (14n))/(2 (1+2 n))

The variance of the distribution is
Oout [10]= -((9 n"2 (1+n)"2)/(4 (1+2 n) "2))+1/5 (-14+43 n+3 n"2)

Note that Mathematica finds the sums above using closed-form expressions in terms
of the parameter n. For a specific value of n, we can draw the graph of the probability
function f as follows:

In[1l] := n=20;

Print ["The probability function for n= ", n, " is as
follows"]

pdftable=Table[{x,f[x]}, {x,1,n}]
Print ["Plot of the probability function"]
ListPlot [pdftable]

The probability function for n= 20 is as follows:

out [3]= {{1,1/2870},{2,2/1435},{3,9/2870},{4,8/1435},{5,5/574},
{6,18/1435},{7,7/410},{8,32/1435},{9,81/2870},{10,10/287},
{11,121/2870},{12,72/1435},{13,169/2870}, {14,14/205},
{15,45/574},{16,128/1435},{17,289/2870},{18,162/1435},
{19,361/2870},{20,40/287}}

Plot of the probability function

Out [15]=

0.14
0.12
0.10
0.08
0.06
0.04

0.02




4.8 COMPUTATIONAL EXERCISES 305

Modifying appropriately the sequence of commands above, do the same for each of
the following discrete distributions:

(i) f(x) = c(x + 10), Ry = {0,1,2,...,100};
(i) f(x) = c(x + 15)%, Ry = {-30,-29,-28,...,+10};
(i) f(x) = c-3/4°, Ry = {1,2,3,...};
@iv) fx)=c-5/x!,Ry ={0,1,2,...};
V) f(x)=c/x* Ry ={1,2,...}.

. Let f be the probability function of a discrete random variable X with range
{m,m+1,m+2,...,n}, and let g be a function defined on the same set. Write a
program to calculate the expectation E[g(X)]. As an application,

(i) solve Example 4.17;
(ii) carry out the calculations necessary in Exercise 18 of Section 4.4;

(iii) calculate the expectations E(3X + 7), E(5X3 — 2), E(Y?), E(\/Y), and E(eY) for
the random variables X and Y defined in Exercise 20 of Section 4.4.

. Recall the simulation program of Section 1.8. By suitably modifying this program,
find an approximation for the expected profit per game for a player who participates
in each of the following games:

(1) We throw two dice simultaneously. If exactly one die lands on a 6, we win $10,
if both dice land on 6, we win $30, and if no 6 appears then we lose $5.

(i) We throw two dice and we receive the amount in dollars equal to the sum of
the two outcomes. The cost of entering this game is $7.

(iii)) We throw three dice in succession and the amount we receive, in dollars, is
equal to the sum of the first two outcomes minus the third outcome. If the
difference is negative, then we have to pay an amount equal to that difference.
The cost of entering this game is $3.5.

(iv) We throw three dice in succession and the amount we receive, in dollars, is
equal to X, + X3 — X3, where X,, X,, and X; are the three dice outcomes. If this
sum is negative, then we have to pay an amount equal to that sum.

Decide which of the above games (if any) is a fair game.

. The next program calculates the probability function for the number of times, X, that
the ordered pair TH appears when tossing four coins successively (here, H has been
coded as “1” and T has been coded as “0”):

In[l] := nl=1;n2=1;n3=1;n4=1;
Print ["List of all outcomes of the experiment']
res=Flatten[Table[{il,12,13,14},
{i1,o0,n1},{i2,0,n2},{i3,0,n3},{i4,0,n4}1,3]
total=Length[res];
Print ["Total number of outcomes = ", totall]
Dolal[i]l=0, {i,0,3}]
Do [y=res[[i]];
suc=sum[(1-y[[§11)*y[[§+111,{3,1,3}];alsucl=alsucl+1,
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{i,1,total}]
Print ["Probability function"];
Do[Print [{i,al[i]/total}]l, {i,0,3}]

List of all outcomes of the experiment
out [3]= {{o0,0,0,0},{0,0,0,1},{0,0,1,0},{0,0,1,2},{0,1,0,0},\\
{0,1,0,1},{0,1,1,0},{0,1,1,1},{1,0,0,0},{1,0,0,2},\\
{1

{1,0,1,0},{1,0,1,2},{1,1,0,0},{1,2,0,1},{1,1,2,0},\\
{1,1,1,1}}
Total number of outcomes = 16

Probability function
{o0,5/16}

{1,5/8}

{2,1/16}

{3.0}

Working in a similar way, find the probability functions of the random variables
given below:

(i) We toss a coin six times. The random variable X counts the occurrences of the
ordered pair HT.

(i1) We toss a coin six times. The random variable X counts the occurrences of two
successive tails. Note that for outcomes of the form

HHTTTH, TTHTTH, TTHHTT
the random variable takes the value 2, for the outcome
TTTTHH
X takes the value 3, while for the outcome
TTTTTT

X takes the value 5.

(iii) When we toss a coin six times, X counts the number of times that three
successive heads appear (the enumeration of successive heads is similar to that
in Part (ii)).

(iv) Suppose we have two red dice and two black ones. We throw the four dice 30
times. The random variable X counts the number of times in which the sum of
the two red dice is equal to the sum of the two black dice.

(v) An urn contains 20 balls numbered 1,2, ...,20, while a second urn contains
30 balls numbered 1,2, ...,30. We choose at random one ball from each urn.
We want to find the probability functions of the variables X and Y defined as
follows:
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X: the larger of the two numbers in the balls drawn,
Y: the smaller of the two numbers in the balls drawn.

5. With the following program, we study the distribution of the sum of outcomes
when two dice are thrown in succession. More specifically, we find the probability
function, the expected value and the variance of that distribution, and we draw the
graph of the probability function. Note that the values of the random variables that
are of interest to us are collected in the variable val using the command

Apply[Plus, res, 1]

which finds the sums for the 36 possible outcomes of this experiment.

In[l] := m=6;n=6;

Print ["List of all outcomes of the experiment"];
res=Flatten[Table[{i,j}, {i,1,m}, {j,1,n}1,1]
total=Length[res] ;
Print ["Total number of outcomes = ", totall;
val=Apply[Plus,res,1];
Dol[s[i]=0,{i,2,12}]
Doly=vall[il];

slyl=slyl+1,

{i,1,total}]
Print ["Probability function"];
distr=Table[{i,s[i]/total},{i,2,12}]
mu=Sum[i*s[i] /total, {i,2,12}];
var=Sum[ (1"2)*s[i] /total,{i,2,12}]-mu"2;
Print ["Mean of the distribution = ",mu]
Print ["Variance of the distribution = ",var]
Print ["Plot of the probability function"]
ListPlot [distr]

List of all outcomes of the experiment

out [31= {{1,1},{1,2},{1,3},{1,4},{1,5},{1,6},{2,1},{2,2}, \\
{2,3},{2,4}.{2, 5},{2,6},{3,1},{3,2},{3,3},{3,4}
{3,5},{3,6},{4,1},{4,2}.{4,3}.{4,4}.{4,5}.{4,6}.\
{5,1},{5,2},{5,3},{5,4},{5,5}.,{5,6},{6,1},{6,2},\
{6,3},{6,4}.{6,5}.{6,6}}

Total number of outcomes = 36

Probability function

out [10]= {{2,1/36},{3,1/18},{4,1/12},{5,1/9},{6,5/36},\\
{7.1/6},{8,5/36},{9,1/9},{10,1/12},{11,1/18},\\
{12,1/36}}

Mean of the distribution = 7

Variance of the distribution = 35/6
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Plot of the probability function
Out [16]=

015}
0.10

0.05 :

By a suitable modification of this program, study in a similar way the distributions
for each of the following random variables:
(i) We throw a die twice, and define
X : the absolute difference between the two outcomes,
X, : the difference of the first outcome minus the second one,
X5 : the product of the two dice outcomes,

X, : the sum of the squares of the two dice outcomes.

(i1) An urn contains 10 balls numbered 5,6, 7, ..., 14, while a second urn contains
8 balls numbered 3,4, 5, ..., 10. We then define

X, : the sum of the two numbers in the balls drawn,

X, : the absolute difference between the two numbers in the balls drawn.

(iii) We throw a die three times and let Z,, Z,, Z; denote the respective outcomes.
We then define

X, =12, = 5| +1Z; -7y,

Z +Z,+ 2, 2, +2Z,> Z,
X4 = 0’ leI +ZZ = Z3,
Z,2,Z. ifZ, +2Z, < Zy.

(iv) We throw one die and toss three coins and define
X, : the sum of the outcome of the die and the number of heads,
X, : the difference between the outcome of the die and the numbers of tails,

X5 : the product between the outcome of the die and the number of tails.
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4.9 SELF-ASSESSMENT EXERCISES

4.9.1

10.

True—False Questions

. When we toss a coin five times, and X denotes the number of heads that appear,

then the range of values for X is {0, 1,2,3,4,5}.

. We throw a die repeatedly, and let Y be the number of throws until 5 appears for

the first time. Then the range of values for Y is {0, 1,2,3,4,6}.

. The probability function of a random variable is always a nondecreasing function.

. Let f be a probability function of a random variable X. Then we have that

lim,_ f(x) = 1.

. X is a discrete random variable with distribution function F. Then for any real a,

we have
P(a < X) = F(a).

. If a continuous random variable X has distribution function F, then for any a and b,

P(a < X < b) = F(b) — F(a).

. If X is a discrete random variable with distribution function F, then for any a and b,

P(a < X < b) = F(b) - F(a).

. Let a function f be such that

f(x)=x;1.

Then f can be the probability function of a random variable X with range
{0’ 1929 374}'

A random variable X has distribution function

0, <0,
1
Fity=3 7’ . 0<r<1,
_t_
1—3e , t>1
4

Then X is a continuous random variable.
Consider the probability function of a discrete random variable X defined by

2x—1

f&) ===

Ry =1{1,2,3,4,5}.

The expected value of X is 19/5.
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For any random variable X, we have Var(X) > E(X).

For any random variable X, the standard deviation of X is greater than or equal to
its expected value.

When we toss a coin three times, the expected number of heads that appear is 3/2.
Let X be the number of heads when we toss a coin twice. Then E(X?) = 3/2.
When we toss a coin twice, the variance for the number of tails that appear is 1/2.

For the random variable X, it is known that E(X) = 1 and Var(X) = 2. Then for the
random variable ¥ = 3X2 — 5X, we have E(Y) = 1.

If a random variable X takes two values x,, x, with x; # x,, then Var(X) > [ECD]?.

Let X be a random variable with E(X) = 3 and E(X?) = 9. Then X can only take
one value, i.e. there exists a ¢ such that P(X = ¢) = 1.

Jimmy plays a game for which he wins $4 with probability 2/3, or else he wins $8.
Let X be his profit for this game. Then, an upper bound for the probability P(X > 6)
from Markov’s inequality is 8 /9.

The random variable X takes only the values 10 and 20, each with equal probability.
The upper bound we get for the probability P(12 < X < 18) from Chebyshev’s
inequality is 25/9.

Multiple Choice Questions

. Let f be the probability function of a random variable X, given by

£ = %3 Ry = (1.2.3).

Then the value of ¢ is

(a) 2 (b) 9/14 (c) 4 (d) 1/4 (e) 1/2

X is a random variable that takes only the values 1,2, 3, and 4 in a way such that
the probability of the event {X = x} is proportional to x for x = 1,2, 3, 4. Then the
probability P(X = 3) equals

(a) 3/10 (b) 1/10 ) 1/4 ) 2/5 ) 3/5

. Andrea throws a die three times and let X be the number of sixes that appear. The

range of values for X is
(a) RX:{]52’3} (b) RX:{1?29394’5’6} (C) RX:{O3]7273}

(d) Ry =1{0,1,2,3,4,5,6} (e) none of the above
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. If the distribution function F of a variable X has a jump at the point a, then
(a) X is a discrete random variable (b) X is a continuous random variable

() P(X = a) = F(a) d) PX=a)=0 ) PX=a)>0

. The probability function f of the variable X is defined by

1/8, ifx=1,
fx) =1 cx/16, ifx=2,3, or4,
1/64, ifx=>5.
Then, the value of ¢ is
(a) 9/55 (b) 55/36 (c) 36/55 (d) 55/9 (e) 16/55

. For the random variable X, we know that

PX=1)=03, PX=2)=02 PX=5)=05.

Then, the expected value of X equals

(a) 8/3 (b) 2 (© 1 (d) 3.2 (e) 2.7
. Let f be a probability function of a random variable X defined by

fx) =cx, Ry={1,2,3}.

Then, the expected value of X equals

(a) 7/6 (b) 7/3 () 1/6 @) 7/2 (e) 14/9

. When Nicholas tosses a coin, he has a probability p of getting heads and a
probability g = 1 — p of getting tails. In a single coin toss, let X denote the number
of heads. If Var(X) = 3/16, then the value of p is

(a) 1/2 (b) 1/4 (c) 3/4
(d) either 1/4 or3/4 (e) either 1/2 or3/4

. The probability function f of the variable X is defined by

1/3, ifx=0,
fe) =1 1/6, ifx=1,
1/2, ifx=2.

The distribution function of X is then given by
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(0, <0,

173, 0<i<l,

@ FO=31p 1<i<2,
1, t>2
0, t<0,

1/3, 0<tr<1,

® FO=3 1 1<i<2
L1, t>2
(0, <0,

1/3, 0<t<1,

© FO=31p 1<i<2,
[ 1, >2
(0, <0,

1/3, 0<t<1,

@ FO=1 1/2, 1<t<2,
L 1, t>2
(0, t <0,

1/3, 0<r<1,

© FO=31p 1<i<2
1, t>2.

\

For the variable X, it is known that

EQX —4)=4, E@X>-3)=71.

The variance of X equals
(a) 7/2 (b) 1 (c) 55 (d) 21/2 (e) 5/2
Assume that for a variable X, we have

oy =1/2, EX)=0.

The value of E(6X? + 5) equals
(a) 3/2 (b) 13/2 (c) 13 (d 3 (e) 8

The random variable X takes on only the values 2,4, 6, each with equal probability.
The standard deviation of X equals

56
@ 2 NG \/§ NE 40
3 (b) 3 (© 3 (d) 3 (e) 3

Jimmy plays a game for which if he wins, he receives 2c dollars and if he loses,
he pays ¢ dollars. If his probability of winning the game is 3/5, and his expected
earnings from this game are $2, then the value of ¢ is

(a) 5/2 (b) 3/2 (c) 6/5 d) 2 (e) 5
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Jimmy plays another game for which if he wins, he receives A dollars. If the
probability that he wins the game is 2/3, the amount he should pay if he loses so
that the game is fair equals

(a) A (b) 24 (c) 34/2 (d) 24/3 (e) 4/2
For the random variable X, it is known that

EX*H =50, EQX*>+7)=17.
Then the variance of the variable ¥ = X? equals
(a) 25 (b) 50 (c) 75 (d) 94 (e) 100
For the random variable X, we know that

PX=1)=1/2, PX=2)=1/4, PX=4)=3/16, PX=28)=1/16.

Then an upper bound for the probability P(X > 4) from Markov’s inequality is
(a) 9/8 (b) 1/2 (c) 3/4 (d) 11/16 (e) 9/16
A random variable X has range Ry = {0, 1,2, ...}, and suppose that

PX > k) = l k=0,1,2,...

3k

Then the expected value of X equals

(@) 1/3 (b) 3 (c) 3/2 (d) 2/3 (e) 1/2

REVIEW PROBLEMS

. Let X be a discrete random variable with probability function

—, x==+1,+2,...,+(n—-1),

f) =

(i) Show that the variable Y = |X| has probability function

1
fy()’)= r_l, y=0,1,...,n—1,

i.e. Y has the discrete uniform distribution on the set {0,1,2,3,...,n—1}.
(i) Calculate the mean and variance for X and Y.
A random variable X takes only the values a (with probability p) and 2a (with

probability 1 — p) for some O < p < 1.If it is known that p # 1/2 and that the mean
and the variance of X are E(X) = 3 and Var(X) = 1, find the values of a and p.
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3. A discrete random variable X can take on only four values ay,a,,a;,a, with
respective probabilities

3A—=2 2—4 24—-1 —4A+5
4 7 4 4 7 4
(i) What are the admissible values for the parameter A?
(ii) For a; =i, find the value of A such that E(X) = 13/4. For this value of A,
calculate the variance of X.

4. Let X be the largest outcome in the throws of two dice. In Example 4.8, we found
that the probability function of X is given by

F) = P(X =x) = 2x3; L x=1.23.45.06

(i) Write down the distribution function of X.

(ii) Calculate the expectation of X in two ways: first, using the probability function
in the above formula, and then, using the distribution function found in Part (i),
and check that the results agree.

Can you find the probability function and the distribution function of X in the case
where we have k dice instead of just two dice?

5. A random variable X has its distribution function as

0, 1 <0,

1/5, 0<t<4/3,
Foy=9 1/2, 4/3<t<2,

4/5, 2<t<5/2,

1, t>5/2.

(i) What is the range of values for X?

(i1) Calculate the probabilities
PX=2), PX=2|X<5/2), PX=>3/21X<5/2).

(iii) Obtain the expected value of the variables X, X> — 1, and \/)_( .

6. A small internet company sells ebooks. The company has paid $200 to obtain a
new book electronically and sells each copy of the book at a price of $30. Let X
stand for the number of sales the company will make for this particular book and
suppose that X has a probability function

7x—1
f(x)=?, .X'=1,2,...
(1) Find the probability function of the company’s profit (or loss).

(i) What is the overall probability that the company will make a profit from the
sales of this ebook?

(iii) What is the probability that the company will make a profit but that will be
less than $80?
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. Simon and Paul place n balls numbered 1,2, ...,7n in an urn and agree to play the

following game. Simon pays the amount of a dollars to Paul, he then selects k
balls randomly and receives from Paul an amount of i dollars, where i is the largest
number shown in the k balls he selected.

Show that for the game to be fair, we must have

atk+1) = k(n + 1).

. The weekly demand for a magazine in a news shop can be represented by a random

variable with the following probability function:

fa)=1- )%85 x=17,8,9,10.

The owner of the shop buys each copy of the magazine for $4 and she sells it at a
price of $6. If there is no possibility to return any unsold copies of the magazine,
find the number of copies she should buy every week in order to maximize her
expected profit.

. An electronic system consists of two parts that function independently of one

another. The lifetime 7 (in hours) for each part of the system is a random variable
with distribution function

t
F(t) = —<1 —) —H/1000 4> (.
O=c={1*To00 )¢

(i) Find the value of the constant c.

(i) Suppose the system works only when both parts are functioning properly.
What is the probability that the system works for at least 2000 hours? If it is
known that the system has worked for 2000 hours, what is the probability that
it will break down during the next 1000 hours?

A coin is tossed until either a head or four tails have occurred, and let X stand for
the total number of coin tosses in this experiment.

(1) What is the range of values for X?
(i) Calculate the probability function of X.
(iii) Find the expected value of X.

The probability function of a discrete random variable X is given by

f(x)=%’ x=1,2,...,n—la

for some integer n > 2 and a suitable constant c.

(i) Prove that ¢ = 2.
(i) Find the expected value E(X) and the variance Var(X).
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(iii)) Assuming that n > 5, calculate the probabilities
PX>2), PX<n-2),
PR<X<n-2), PX<n-2|X2>2).

Prove the following, which is a more general form of Markov’s inequality than the
one given in Proposition 4.11. Let X be a random variable that takes nonnegative
values and for which E(X*) exists for some nonnegative integer k. Then, for any
t > 0, we have

k
P> < 2%
tk

The probability function of a variable X is given by

4x—1)

fo)=—,

xERy =1{2,3,4,...}.

(i) Show that

(i1) Verify that the variable X satisfies the inequality
PX>n+klX>k)<PX>k)

for any nonnegative integers n, k.

(Hint: Use the formulas

and
th” <2> .

valid for |f] < 1.)

Let X be a discrete random variable and g be a function such that the expectation
E[g(X)] exists. Show that for the expectation of the random variable |g(X)|, we
have

|E[g(XO]| < ET|g(X)]].

A machine produces metal discs whose diameter D is a random variable with
distribution function

0, t<a,
F(t) = li_—a a<t<b,
1, t>b,

where a < b are two given positive numbers. Find the probability that the area of a
metal disc produced by this machine is at least € (¢ > 0).
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4.11 APPLICATIONS

4.11.1 Decision Making Under Uncertainty

As we all know from our experience, a person has to make thousands of decisions every
day. Decision making can be broadly defined as the choice of action among a set of
alternatives. In most practical situations, decision making is carried out under uncertain
conditions; in that case, each possible action is associated with an unknown outcome. The
outcome may be financial (e.g. when we have to choose where to invest our money) or
otherwise (e.g. whether to take the bus or subway to go to work, or what type of treatment
we should have after an injury). In a scientific context, decision making occurs in nearly
all areas of human thinking and research, and probability theory lies at the heart of its
reasoning. Even from a less formal perspective, probabilistic arguments are a powerful
tool in decisions we have to make in our everyday life and work. Let us illustrate this by
the following example.

A company has 12 members of staff in managerial positions and wants to send eight
of them to a conference so that they become acquainted with new services in their
area of interest. The conference lasts for five days, and so the company needs to book
accommodation for five nights per person that will be attending. The hotel where the staff
members are going to stay offers a discount price of $100 per person per night if the
booking is made at least two months in advance, but charges a cancellation fee of $200
for each person. The director of the company does not know how many persons will be
available to attend the conference, but he estimates from past experience that, if all 12 of
them are asked, the probability that x persons will accept is 1/5 for x = 8,9, 10, 11, 12. If
the regular price for a person per night is $200, should the company make any bookings in
advance? If so, how many reservations should it make?

To answer these questions, one has to compute the cost for the company if

(a) the company makes i reservations, for i = 0 (no bookings are made in advance),
and fori =8,9,10,11, 12;

(b) exactly x persons will be available to attend, for x = 8,9, 10, 11, 12.

Let us denote by X the number of staff members who will be available to attend
the meeting. It is clear that X is a random variable that has a discrete distribution with
probability function

OES é x=8,9,10,11,12. (4.14)

If the company proceeds to i reservations (8 < i < 12) at the reduced rate, the total cost
(for a five-night accommodation) will be

Y. =

l

500X + 200G — X), X <i,
500i + 1000(X — i), X > i,

that is,
Y. =

1

300X 4+200i, X <1,
1000X — 500i, X > i.
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For a given i, the variable Y, is a function of the variable X and, to express this, we write
Y; = g(X). We also write ¢; for the expected cost for the company if i reservations are
made, so that

¢; = E[Y;] = E[g(X)].

Proposition 4.6 now yields

12
=) g@f() =Y (300x+200)f(x) + Y. (1000x — 500i)f(x)
x=8

8<x<i i<x<12

=300 ) () +1000 D xf(x)+200i Y f(x)=500i P fx).

8<x<i i<x<12 8<x<i i<x<12

Taking into account that

Y f@= Y f@- Y f@=1- ) f®

i<x<12 8<x<12 8<x<i 8<x<i

and

D A= Y H- Y @) =EXI— Y o),

i<x<l12 8<x<12 8<x<i 8<x<i

the expression for the expected cost ¢; reduces to

¢; = 1000E[X] = 500i = 700 )" xf(x) +700i Y’ f(x).

8<x<i 8<x<i

Since f(x) is given by (4.14), the expected value of X is

EX]= ) xf(x):% > x=10,

8<x<12 8<x<12

while it is easy to see that

i .
Y f = Z%: =7 fori=8.9,10,11,12,
x=8

8<x<i 5

and

I  ii+1)=56 .
fo(x)=52x=%, fori=38,9,10,11, 12.

Consequently, if i reservations are made, we derive that the expected cost for the
company equals
ii+1)-56
10
= 10000 — 500i — 70i(i + 1) + 70 - 56 + 140i(i — 7)

= 13920 — 1550i + 70i>.

¢; = 1000 - 10 — 500i — 700 -

+700 - ’(’;7)
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The numerical values for ¢; for all possible choices the company can make are as
follows:

i e
6000
9 | 5640
10 | 5420
11 | 5340
12 | 5400

On the other hand, if the company does not make any reservations, the minimum cost
will arise when only eight members of staff attend the conference. This cost amounts to
8 x 1000 = $8000. Combining all the above, we see that the best decision for the company,
in order to minimize its expected cost, is to proceed to 11 reservations.

Clearly, this choice depends critically on the given values of the parameters for the
probability model that we have assumed (that is, accommodation costs and cancellation
charges) as well as the probability function of the variable X. If (at least) one of them
changes, or is misspecified, the optimal choice for the number of reservations might be
altered; the process that examines how the result, or a decision, based on a model may
change if one or more of the model parameters change is known as sensitivity analysis.

Also, in the above discussion, the criterion we have used in order to obtain the optimal
choice for the number of reservations i was the minimization of the expected cost. In
some financial applications, one of the available scenarios may carry a small expected
cost, yet it may involve a huge financial loss. Even if this loss has a very small probability
to occur, it might be so large that the company (or the individual) that has to make the
decision cannot afford it. In such cases, minimizing the expected cost may be inappropriate
and some other criteria may be employed for making the “best decision.”
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KEY TERMS

absolute moments

binary random variable

central moments

Chebyshev inequality

discrete random variable

discrete uniform distribution

distribution function (or cumulative distribution function)
factorial moments

heavy tailed distribution

jump (of a step function)

location parameter

Markov inequality

mean (or mean value, expected value, mathematical expectation)
median

moments

parameter

probability mass function (or probability function)
random variable

right continuous function

standard deviation

standardized random variable

symmetric (around zero) distribution function
variance



CHAPTER 5

SOME IMPORTANT DISCRETE
DISTRIBUTIONS

Jacob Bernoulli He was one of the many outstanding mathematicians in the Bernoulli
(Basel 1654-1705) family; in fact, he initiated the “Bernoulli dynasty” in mathematics.
He was born in 1654 which, incidentally, is also the year that many
people perceive as the birth year of probability theory. For instance,
Tom Apostol (1969) writes “A gambler’s dispute in 1654 led to the
creation of a mathematical theory of probability by two famous French
mathematicians, Blaise Pascal and Pierre de Fermat.”

Along with his brother Johann, he was among the first to understand
and put forward the work of G. Leibniz on calculus. Although he
made profound and extensive advances in calculus, his most important
contribution was in probability theory. In his work Ars Conjectandi (The
Art of Conjecturing) published in 1713, after his death, he derived the
first version of one of the most important theorems in probability theory,
the law of large numbers. This book is among the first publications
that put probability on a sound mathematical basis. He is also the first
who distinguished between objective and subjective probability (the
latter representing the degree of belief about a statement, supported by
evidence which may not be of a statistical nature).

In his book “The History of Statistics: The Measurement of Uncertainty Before 1900,” Stephen Stigler states
The Bernoullis are surely the most renowned family in the history of mathematical sciences. Perhaps as many
as 12 Bernoullis have contributed to some branch of mathematics and physics and at least five have written
on probability. So large is the set of Bernoullis that chance alone may have made it inevitable that a Bernoulli
should be designated father of the quantification of uncertainty. The individual in question is Jacob Bernoulli,

. contemporary and occasional rival of Isaac Newton.

Introduction to Probability: Models and Applications, First Edition. 321
N. Balakrishnan, Markos V. Koutras, and Konstadinos G. Politis.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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5.1 BERNOULLI TRIALS AND BINOMIAL DISTRIBUTION

Jacob Bernoulli (1654—1705) is one of the major early contributors in the development of
probability theory. As many other prominent mathematicians of that time, he considered the
application of probability to games of chance. In his most famous work, Ars Conjectandi,
he considered what is now known as a Bernoulli trial, which forms the basis for some of
the most important discrete distributions that we shall discuss in this chapter.

By the term Bernoulli trial, we simply mean an experiment with only two possible
outcomes; for convenience, these outcomes are often termed “Success” (abbreviated by S)
and “Failure” (denoted by F), although it should be clear from the start that “Success”
does not necessarily mean that something positive or pleasant occurs. Usually, the event
that we term a success is the one for which we wish to make probability statements about.
For instance, when we consider whether or not a certain person (or a group of persons) is
affected by a disease within a certain time span, if the interest lies predominantly on the
probability that the person(s) gets the disease, then we may call the event of the disease
as the “success” outcome for the experiment. Similarly, if we want to see what is the
probability that an item produced by a production line is defective, we may consider as
success the event that the item is actually defective.

The definition of a Bernoulli trial is so simple and general that it represents numerous
practical situations: the gender of a child (girl or boy) to be born, the outcome of a coin
toss (heads or tails), the improvement (or not) of the health status for someone receiving
a certain medical treatment, the future outcome (profitable or nonprofitable) of a financial
investment, the result of a test such as a University exam (pass or failure), and so on.

It is worth noting at this point that there are instances where we have repeated
experiments with more than two possible outcomes, yet by grouping these outcomes we
may arrive at a sequence of Bernoulli trials. A typical example is tossing a die, wherein we
may group the six possible outcomes into two classes: “odd integer” and “even integer.”
Another grouping, in the same experiment, could be obtained if we call the appearance of
6 a success, and the appearance of 1,2, 3,4, or 5 a failure; thus, we create two disjoint sets
of outcomes, {6} and {1,2,3,4,5} in which the first corresponds to S and the second to F.

More generally, and using the notation above, we see that the sample space of a single
Bernoulli trial is

Q={S,F}.

From here on we shall denote the probability of the event we termed “Success” by p and
the probability of the event corresponding to “Failure” by ¢. Since there are only two
outcomes, one of these events must occur and thus

p+g=1, 0<p<I1l, 0<L¢g<l

Definition 5.1 Let X be the number of successes in a Bernoulli trial in which the
probability of success is p and the probability of failure is ¢ = 1 — p. The distribution
of the binary random variable X is called the Bernoulli distribution with parameter p.

It is clear that a variable having a Bernoulli distribution may only take the values 0 and
1 and the probability function of X is given by

_ L D, if x=1,
f(x)—P(X_x)—{ g=1—p, ifx=0.
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Alternatively, the probability function may be written in the form

f)=pq¢™ x=0,1

The (cumulative) distribution function F of X is then given by

0, if r<0,
Fry=4 ¢q, if 0<r<1,
1, if t>1.

323

Figures 5.1 and 5.2 present, respectively, the probability function and the distribution

function of the Bernoulli distribution.
The expectation of X, u = E(X), is

1

/4=ZXf(X)=0-f(0)+1-f(1)=f(1)=P,

x=0
while the second moment around zero is

1

Wy = EQXC) = 3 2f@) = 02 f0) + 17 (1) = f(1) = p.

x=0

Consequently, the variance of X, 6% = Var(X), equals

o2 = Var(X) = EX?) — [EX) = p - p* = pq.

t

Figure 5.2 The distribution function of a Bernoulli random variable.
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Example 5.1 Suppose that one selects a card at random from a pack of 52 cards.
Let success denote the event that an ace is drawn, so that X = 1 if this occurs, and
X = 0 otherwise. Find the probability function, distribution function, expectation, and
variance of X.

SOLUTION Clearly, X has a Bernoulli distribution. Its parameter is the probability
of success (picking out an ace) when selecting a card and, since the pack contains 52
cards of which 4 are aces, this probability equals

4 1
p=PX=D=5=7

Thus, the probability function is

o= (5) (=)™ w=oa

while the corresponding distribution function is given by

0, if <0,
12 .
Ft)y=3 —, if0<tr<1,
®=y 13 1
1, if > 1.

The mean and variance are, respectively,

E(X) = 11—3 Var(X) = (i> (

= 12> 12

13/ 7 169

The Bernoulli distribution appears simple enough to merit further study. When one
considers sequences of Bernoulli trials rather than a single trial, the discussion becomes
more fruitful and the questions that one might ask are much less trivial. We mentioned
above that in a single trial, the sample space consists of two elements, namely, Q = {S, F}.
If we have two trials instead (a simple example is provided by two successive tosses of a
coin), the sample space has four elements, namely,

Q = {SS, SF, FS, FF).

Here, for example, SF stands for a success in the first trial and a failure in the second trial.
For three trials, the sample space has 2% =38 elements, and so on. It is clear from above
that two separate cases may occur, depending on whether we treat the events SF' and FS as
being distinguishable or not. If one is interested in the number of successes only, and not
in the order these successes were obtained, then these two events are not distinguished, so
that there are only three distinct events which may occur: two successes (SS), one success
(SF or FS), zero successes (FF).

More generally, if n coins are tossed successively, we might be interested in the number
of heads (successes) that occurred, but not in the order of appearance of these heads in the
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n trials. This is a first example of n independent repetitions of a Bernoulli trial, and our
main focus here is on the number, X, of successes in these trials.

Definition 5.2 Let X be the number of successes in a sequence of n independent
Bernoulli trials, each having the same probability of success, p, so that g = 1 — p is the
probability of failure. The distribution of X is then called a binomial distribution with
parameters n and p, and is denoted by b(n, p).

When a random variable X has a b(n, p) distribution, we denote this by
X ~ b(n, p),

where, here and in the sequel, the symbol “~” means “has the distribution.” Further, from
the definition it is obvious that the range of values for X is

Ry =1{0,1,2,....n}.

For the distribution of X, we have the following result.

Proposition 5.1 The probability function of the b(n, p) distribution is given by
f(x)=P(X=x)=<n)pxq"_x, x=0,1,2,....n, .1)
X

and P(X = x) = 0 for all other values of x.

Proof: The elements of the sample space Q for this experiment (the entire sequence of n
independent Bernoulli trials) are n — tuples of successes (S) and failures (F), with a typical
element having the form

SSFSFFS ... FS.

Now, let x be a fixed number in the range Ry of the random variable X, so that 0 < x < n.
The event {X = x} consists of all those elements of the sample space € that have exactly
x successes and n — x failures. Any such element, i.e. a realization of x successes, has the
form

X Successes

n — x failures

SFFFSSFS ... FS.
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Because we assume that trials are independent, the probability that the above event is
the outcome of the experiment (so that the first trial results in a success, the next three trials
result in a failure followed by two successes, and so on), is the product of the corresponding
probabilities for each trial, namely

X times

P q9 9 9 p p g P --- q p=pU-pi~

n — x times

X n—x

pqq4gppap ---9p =P 4

But there are < ) such sequences, consisting of exactly x successes and n — x failures
(this is just the same as placing x S’s in n available positions, and then filling in the
remaining n — x positions with F’s.). This yields

f(x):P(sz)z(n>pxq”_x, x=0,1,2,....n,
X
while P(X = x) = 0 for any other value of x. m]

It is obvious that when n = 1, the binomial distribution reduces to the Bernoulli
distribution. Moreover, if we define the variables

1, if the outcome of the ith trial is S,
X =
l 0, if the outcome of the ith trial is F,
fori=1,2,...,n, then each X; has a Bernoulli distribution with parameter p, and their sum

X=X]+X2++Xn

gives the number of successes in 7 trials, so that X has a b(n, p) distribution.

Example 5.2 Jack and Jill meet every Wednesday to play a table tennis match. If the
probability that Jack wins any particular game is 0.6, what is the probability that in the
first 10 games

(i) Jack wins all 10?
(i1) Jill wins at most two games?

(iii) Jill wins at least six games?
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SOLUTION Let X be the number of games that Jill wins in the series of 10 games.
The probability that she wins in any game is 1 — 0.6 = 0.4. Then, under the assumptions
of the example, and since results in consecutive games are thought to be independent,
X has a b(10, 0.4) distribution.

(i) We want the probability that Jill does not win in any of the 10 games, i.e.
P(X = 0). By formula (5.1), we have

P(X =0) = < 100) 0.4)°(0.6)'° = (0.6)'° = 0.006,

i.e. about 0.6%.

(i) Now we seek the probability that X, the number of Jill’s wins, is at most two,
i.e. P(X <2). This is

PX<2)=PX=0)+PX=1)+PX=2)
_ (10 0 10 10 1 9
- ( 5 ) 0.4)°(0.6)"° + ( | ) 0.4)'(0.6)
10 201 (8
+< ) )(0.4) 0.6)
= (0.6)' + 10(0.4)(0.6)° + 45(0.4)*(0.6)®
= 0.0060 + 0.0403 + 0.1209 = 0.1672.
(iii) The probability required here is P(X > 6), which is given by
PX>6)=PX=6)+PX=7)+PX=8)+PX =9)+PX = 10)
_ 10 6 4 10 7 3 10 8 2
= ( p ) 0.4)50.6)* + ( ; ) 0.4)7(0.6) + ( . ) (0.4)3(0.6)
10 9 1 10 10 0
+ ( o ) 04°00.6)" + ( | o) 0.4)1°(0.6)
= 0.1115 + 0.0425 + 0.0106 + 0.0016 + 0.0001 = 0.1662.

The name of the binomial distribution comes from the fact that the probabilities in (5.1)
are in fact the terms of the binomial expansion of (p + ¢)". This also shows formally that

n

D fw=) (Z)pxq’” =p+q" =1,

XERy x=0

which proves that f(x) is a proper probability mass function.
The cumulative distribution function of the binomial distribution is given by

0, if 1<0,
[1
F() = (”) P, if0<i<n,
X
x=0
1, if t>n.
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Figure 5.3 The probability function (left) and the cumulative distribution function (right) of the
binomial distribution for various choices of n and p.

Figure 5.3 displays the probability function and the cumulative distribution function for
arandom variable X that follows the binomial distribution b(n, p), for several values of the
parameters n and p.

We now calculate the mean and variance of the binomial distribution. First, we recall
the following two formulas from Chapter 2:

n n
n X _Nn—Xx n X _Nn—Xx

Yx(") g =mp Yoxt= (") p = ntni- Dyt
X =0 X

x=0
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The first of these results yields immediately that E(X) = np, when X ~ b(n, p), while from
the second we obtain the second factorial moment of X as

Hoy = E[X(X = D] = n(n — 1)p*.

The following proposition, which gives the mean and the variance of a binomial random
variable, is now an easy deduction from the above results.

Proposition 5.2 The mean and variance of a variable X that follows the binomial
distribution with parameters n and p are given by

u=EX)=np, o*=Var(X)=npq.

Proof: The result about E(X) is already proved above. For the variance, we may write

Var(X) = EX?) — > = E[X(X = 1)+ X] — u°
= EIX(X = DI+ EX) = 4? = gy + p — 4

and the result follows by using the facts that 4 = np and p) = n(n — Dp>. m|

We now present some examples to illustrate the usefulness of the binomial distribution
in practice.

Example 5.3 Thirty people, who are of the same age and the same health status, are
insured with the same insurance company. Using life tables, the company estimates that
the probability for a randomly chosen person among these 30 to be alive in 15 years
from now is 80%.

(i) What is the probability that not all 30 people will be alive in 15 years’ time?
(i) What is the probability that at least one person will be alive?

(iii) Every insured person who will be alive after 15 years will receive $100000.
Find the expected amount of money the company will have to pay at the end of
the 15-year period and the standard deviation of that amount.

SOLUTION Let X be the number of individuals who will be alive at the end of the
15-year period. Since lives of different people are assumed to be independent, X has a
binomial distribution with parameters n = 30 and p = 0.8.

(i) We want P(X < 30). This is

PX<30)=1-PX=30)=1— (gg) 0.8)°(0.2)° = 1 — (0.8)®
= 0.998 766 = 99.9%.



330 5. SOME IMPORTANT DISCRETE DISTRIBUTIONS

(i) Here we seek P(X > 0), which is equal to

PX>0)=1-PX=0)=1- (300) 0.8)°(0.2° = 1 — (0.2)%°
=1-1.1-10"%" = 100%.

(iii) The total amount the insurance company will have to pay at the end of the
15-year period is represented by the random variable ¥ = 100 000X. Since

EX)=np=30-(0.8) =24, Var(X) =npqg=30-(0.8)-(0.2) =438,

we get
E(Y) = 10° - E(X) = $2 400 000

and
Var(Y) = 10'° - Var(X) = 4.8 - 10'°  (dollars squared),

so that the standard deviation of the total payment equals

oy = V/Var(¥) = 10°V/4.8 = $219 089.

Example 5.4 At adinner on a Saturday night at a restaurant, a company of eight friends
has the choice of fish or meat as their main course, while for dessert they may choose
either créme caramel or black forest cake. Assuming that 70% of people order meat in
their main course and 60% order black forest cake as their dessert, find the probability
that

(i) aspecific person chooses fish as a main course and black forest cake for dessert;

(i) among the eight persons, no one chooses the combination of fish and black
forest cake;

(iii)) among the eight persons, at least six choose the combination of meat and créme
caramel.

SOLUTION
(i) Assuming that the choice of main course is independent of the choice of dessert,
the events

A: a person chooses fish as a main course and
B: a person chooses black forest cake as a dessert

are independent. We know that 70% of people prefer meat; thus, the probability
that someone orders fish is 30%, i.e. P(A) = 0.3, and since the choice of black
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forest cake has probability 0.6, the required probability is

P(AB) = P(A)P(B) =0.3-0.6 =0.18.

(i1) Treating a person’s choice (for the combination of main course and dessert) as
a Bernoulli trial, we have eight such trials. Let X be the number of people who
choose the combination in the statement of the question, namely, fish and black
forest cake. Now, since from (i) this combination has a probability of 0.18 to
be chosen, we see that X ~ b(8,0.18). Thus, we get

PX =0)= (g) (0.18)°(1 — 0.18)® = 0.2044,

or about 20%.

(iii) Next, let Y be the number of persons who order both meat and créme caramel.
This order has a probability 0.7 - 0.4 = 0.28, and so we have Y ~ b(8,0.28).
This gives the required probability to be

PY>6)=PY=6)+PY =7 +PY =38)

- (2) (0.28)°(1 — 0.28)% + (3 ) 0.28)'(1 = 0.28)!

+ ( 2 ) (0.28)%(1 — 0.28)°

= 0.006 99 + 0.000 78 + 0.000 03 = 0.007 81.

Example 5.5 Suppose Jimmy shoots against a target with probability of hitting the
target being p, and successful shootings are independent. He is very keen to win a prize,
which is awarded if his successful attempts exceed the ones he missed the target. He
is offered a choice of either three shots or five shots. For which values of p should he
prefer the five shots?

SOLUTION Let X be the random variable that represents the number of successful
attempts if he chooses to shoot five times, and Y be the random variable that represents
the number of successful attempts if he chooses to shoot three times. In the former case,
he wins if X > 3, while in the latter if Y > 2. Therefore, we want to find under what
condition on p the statement

P(X >3)>P(Y 22)

holds true. It is clear that the distributions of X and Y are b(5, p) and b(3, p), respectively.
Thus,

PX>3)=PX=3)+PX=4)+PX=5)
(3N 31— 2 (2 1 — 5
- ()ra-r+(§)ra-n=(;
= 10p*(1 = p)* + 5p*(1 = p) +p°,

)P =)
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while

PY>2)=PY =2)+P(Y =3)
=(0)ra-m+(5)ra-p’
=3p’(1=p)+p’.

Hence, Jimmy should prefer the five shots if his success probability satisfies
10p°(1 = p)* + 5p*(1 = p) + p° > 3p*(1 —p) + p°.
After some straightforward calculations, we see that this reduces to
3p*(1-pP2p-1>0
so that the five shots are preferable if

p>1/2.

Example 5.6 Assuming that having a boy or a girl is equally likely, how many children
should a family have so that the probability of having children of both genders is at least

(1) 90%?
(i) 99%?

SOLUTION For a family with n children, the distribution of the number X of girls
is b(n, 1/2). For the event that the family has children of both genders, we must have
X > 0andn — X > 0, since n — X is the number of boys in the family. This is equivalent
to the simultaneous occurrence of the events {X > 0} and {X < n}, and the probability

for this is P(0 < X < n). We may write
PO<X<n=1-PX=0-PX=n)
and since forx =0,1,2, ..., n,
rc=n=(1) () (z) =()G)

from the last two expressions we get

P(O<X<n):1_<g)(%)n_<z)<%)”
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If we require that P(O < X <n) > 1 —a for some a € (0,1), in view of the last
expression we see that this is the same as

i > 1 —a orequivalently % <a.

l_zn—l_ 2—1

Taking logarithms on both sides, we deduce that the desired condition is
—(n—1)In2 <Ina

and we finally obtain that

Ina
>1 - —.
™Y

(i) For a = 0.1, the last expression yields

In0.1

~ 4732,
In2

n>1-—

Thus, the family must have at least five children, so that that the probability of
having children of both genders is at least 90%.

(i1) Here we have @ = 0.01, so that we obtain

pe il = WL o e
In2

Therefore, the minimum number of children a family must have in order to have
children of both genders with a probability at least 99% is 8.

EXERCISES
Group A

1. If four dice are thrown simultaneously, find the probability that

(i) the number six appears in exactly one die;
(i1) the number six appears in at least one die.

2. An urn contains 100 balls, numbered 1-100. We select a ball at random. We
consider as success the event that the number on the ball selected is divisible

by 6. Write down the probability function, the cumulative distribution function, the
mean, and variance of the Bernoulli distribution for this experiment.

3. If we throw a well-balanced die seven times, what is the probability that

(1) no sixes or aces will appear?
(i1) at least twice the outcome will be an odd integer?

(iii) no more than three times the outcome will be greater than two?



334

10.

11.

5. SOME IMPORTANT DISCRETE DISTRIBUTIONS

. The probability that a car is stolen when it is parked overnight in an unsafe area of

a city is 10%. If there are 12 cars parked on a particular street of that area, what is
the probability that during a night

(i) no car is stolen?

(i1) at most two cars are stolen?

(iii) at least nine cars are stolen?

. Suppose a mouse moves on a line at random so that, at each step, it either makes a

move to the left or to the right with equal probability. Find the probability that the
mouse will be at the position where it started after (i) 10 moves; (ii) 20 moves.

. Peter plays a game in which he throws a die four times and he wins a dollars if

at least one six appears. He is offered an alternative option: to throw two dice 24
times and win a dollars if a double six appears at least once. Should he switch to
this new game?

(i) In a family with four children, what is the probability of having two boys and
two girls, assuming that both genders are equally likely?
(ii) If we select 10 families, each having four children, find

(a) the probability that at least seven of them will have two boys and two girls;

(b) the expected number of families with two boys and two girls.

. Plates are produced at a certain factory department in dozens. Assume that the

probability of a plate being nondefective is p, while the probability of a defective
plate is ¢ = 1 — p. Let X be the number of nondefective plates in a dozen, so that
X ~ b(12, p). From past experience, it has been estimated that it is twice more likely
for a dozen to have no defective plates compared with the probability of having
exactly one defective plate.

(i) Find the probability that an item is defective.

(i) Hence estimate the probability that, in a given dozen, there are at most two
defective plates.

. A computer selects digits at random. How many digits are needed to be chosen so

that the digit seven appears with a probability of at least 1/2?

At a hospital, 15 babies are born on a given day. If we know that seven of the
newborn babies are boys, what is the probability that all seven boys were born in
the last seven births at the hospital on that day?

A mathematics professor, when leaving for work, forgets his car keys with a
probability p, and his office keys with a probability p, (we assume that these two
events are independent).

(i) What is the probability that during a week (i.e. in five working days) there will
be at least one day when he forgets both sets of keys?

(i) What is the probability that in exactly three days he will forget at least one set
of keys?
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12. Let X be a random variable having the binomial distribution with parameters n and
p for some p € (0, 1) and Y be another random variable having the binomial distri-
bution with parameters n and g, where ¢ = 1 — p. Show that forx =0,1,2,...,n,
we have

PX=x)=PY =n-x).

Group B

13. Among the claims that are received by an insurance company, it is estimated that
3% exceed a specified amount ¢ and those are registered as “large claims.”

(i) What is the probability that in the first 30 claims at most three will be large?

(i) What is the probability that the third large claim received by the company will
arrive after at least 30 claims have been received in total?

14. Let X be a random variable having the binomial distribution with parameters n
and p.

(1) Show that its probability function f(x),x =0, 1,...,n, can be calculated via
the recursive relation

fo=(a+2) =1, x=123.n
X

where
p_ ,_t+bp

1—-p°

with initial condition f(0) = (1 — p)".
(i) Show that f(x) > f(x — 1) if and only if x < (n + 1)p.

(iii) Verify that, if the product (n + 1)p is not an integer, f attains its maximum at
the point xy = [(n + 1)p]. What happens if (n + 1)p is an integer?

Application: A footballer, who likes to take penalty kicks, has an 80% probability
of scoring in each penalty. If he shoots 10 penalty kicks for his team during a
football season, for what value of k is the probability that he scores k goals in these
10 attempts maximized? For this value of k, what is the probability that he scores k
goals in 10 penalty kicks?

15. An investor invests the same amount of money in three funds. In each of these, he
estimates that there is a probability p = 3/5 of making a profit of $15 000, or else
he loses $10 000. Find the investor’s expected profit.

16. Lisa, Tony, and Tom take part in a TV quiz and at some point they have to answer
the same question. They do not have the same probability of answering the question
correctly, but their respective probabilities are p, g, and r.

(i) Find the probability that k& persons answer the question correctly, for
k=0,1,2,3 (do not forget to check that this is a proper probability function
by adding these probabilities).
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(ii) If the probability of a correct answer for each person remains the same in
subsequent questions, derive the probability that when they are asked five
questions,

(a) Lisa will be the only person to answer all five correctly;

(b) there will be three questions answered correctly by all three contestants.
At the end of the academic year, Sophie will sit in six exams, of which three she
considers “easy” as she feels that she has a probability p of passing the exam.
Sophie thinks the other three exams are more difficult. In particular, for each of

these the probability of passing the exam is d, with d < p. The outcomes of all the
exams are considered to be independent.

(i) What is the probability that she passes all six exams?
(i) What is the probability that she passes five among the six exams?

(iii) What is the probability that she passes as many “easy” exams as “difficult”
ones?

A jury has three members. Each of these members makes the correct decision with
probability p, independent of the other jury members. The jury’s decision is based
on the majority rule.

(i) What is the probability that the jury makes the correct decision?

(i) Whatis the probability that all three members make the same decision (whether
correct or not)?

(iii) Show that for p > 3 /4, the probability that the jury makes the correct decision
is at least 84%.

A basketball player makes free throws successfully with a probability 0.85. In a
particular game, he attempted 16 free throws and scored in 11 of them.

(i) What is the probability that the five throws he missed were the first five he
attempted?

(i) What is the probability that the first three shots he attempted were successful?

Let X be a random variable with a b(n, p) distribution. Show that for any positive
integer r, the rth factorial moment of X

Hoy = E[(X),] = EIX(X - DX =2)--- (X —r+ D]
is given by the formula
Hpy=m),p" =n(n—1D)n—=2)---(n—r+1p’, 1<r<n

In particular, for r = 1,2, verify that we get the same results as those derived in
Proposition 5.2.

(Hint: You may find it useful to use the identity

3 (1) (5= (1) vasar)

k=r
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21. Let X be a random variable that follows the binomial distribution with parameters
n and p, and denote by X/n the proportion of successes in the n trials. Show that
for any positive real number e such that e < p, the probability that ¥ belongs to the
interval [p — e, p + €] is at least

_prd-p

1
nez

(Hint: Use Chebychev’s inequality.)

5.2 GEOMETRIC AND NEGATIVE BINOMIAL DISTRIBUTIONS

In an experiment modeled by the binomial distribution, we fix the number of trials, n,
and consider probability statements about the number X of “successes,” which is random.
Interest in many occasions may lie in the opposite direction; that is, it may be natural to ask
how long one has to wait until the first success occurs in a Bernoulli sequence. For example,
if we throw a die repeatedly, how long do we have to wait until the first appearance of a
six? Or, if a shooter shoots against a target with a constant success probability p, what is
the distribution of the number of trials until he hits the target for the first time?

Definition 5.3 Let X denote the number of trials until the first success occurs in a
sequence of independent Bernoulli trials, where the probability of success in each trial
equals p. We then say that the distribution of X is a geometric distribution with
parameter p, which is denoted by G(p).

If X has a G(p) distribution, we write X ~ G(p). It is typically very easy to answer
questions regarding probability statements about X. In order to find the probability function
of X, we observe that the event {X = x} means that the first x — 1 trials resulted in a failure
while the nth trial is a success:

F F --- F S
———
x—1 times

Since trials are independent, the event {X = x} has probability (1 — p)*~!p, or writing g
for 1 —p:

g q - q p=q7"p
— ——
x—1 times

We have therefore shown the following.

Proposition 5.3 If a random variable X follows the G(p) distribution, then the proba-
bility function of X is given by

f(x)=P(X=x)=(l—p)x_1p, for x=1,2,... 5.2)
Notice that, in contrast to the binomial (or the Bernoulli) distribution, if a random variable

X follows a geometric distribution, the range of values for X is infinite. Specifically, the
set of possible values for X is the set of positive integers {1,2,3,...}.



338 5. SOME IMPORTANT DISCRETE DISTRIBUTIONS

The fact that the probabilities of the geometric distribution add up to one is an immediate
consequence of the geometric series formula (thus giving the name to the distribution),
since we have

Z(l—P)X_P PZ(l—P)r_ T—[’)

It should be noted that there is another definition of the geometric distribution that
differs from the one given above, but also has a very simple physical interpretation. To be
specific, let us consider the number of failures rather than the number of trials until the
first success appears in a Bernoulli sequence. Set X, for the random variable that counts
this number of failures (prior to the success); it is then clear that

X=X0+1,

and the range of values for X, is now the set {0, 1,2, ...}, so that in particular the additional
value zero is now included. The probability function of X, is

PXy=x)=0-p'p=fx+1), x=0,1,2,...

Example 5.7 1f we throw a die until six appears for the first time, what is the probability
that this will happen

(1) in the 6th throw?

(i) no sooner than the 10th throw?

SOLUTION Let X be the number of throws needed until the first appearance of a
six. Then, the distribution of X is geometric with parameter p = 1/6, i.e.

fW=PX=x)=(—pylp= (%)H : (%) _ %1, x=1,2,...

(i) We want to find P(X = 6), which is

55
P(X =6) =f(6) = 5 = 0.067,

i.e. less than 7%. This seems to contradict our intuition, as with p = 1/6, we
might think that X = 6 is the most likely value for X (in fact, the highest
probability associated with the geometric distribution is when X = 1, as one
checks easily, no matter what the value of p is).

(i1) The probability we seek is now P(X > 10) and, using the formula for geometric
probabilities, we deduce that

P(X > 10) = Z(l—p)k 'p= p(l_p)9z(1_,,)x_(1_,,)9 (5.3)
k=10
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where we used again the well-known formula for a geometric series,

[s]
Y rE=ltt+l 48+ =
x=0

1
—, |t <L 54
—. I (54

Upon making the substitution p = 1/6 in (5.3), we get

3 9
P(X > 10) = (6) — 0.1938.

In (5.3), we have shown that P(X > 10) = ¢°, but this is in fact very easy to see without
any calculations: the event {X > 10} means that at least 10 trials are needed for the first
success, and this happens if and only if the first 9 trials result in a failure. By the same
token, we get for any positive integer k, P(X > k) = ¢*~!. Since k takes only integer values,
we may recast this as

P(X > k) = ¢~. (5.5)

This implies immediately that P(X <k)=1— qk for any k=1,2,... and, since the
distribution function changes value only at positive integers, we see that for a geometrically
distributed random variable X, the associated distribution function is given by

FO)=PX<t=1-4" 1t>1,

while F(r) = 0 for t < 1 (see also Figure 5.4).

Although being obvious probabilistically, the identity (5.5) has an important conse-
quence, which is a key property of the geometric distribution. In Example 5.7, we found
that the probability we have to wait until at least the 10th trial for a success (the appearance
of a six) is 0.067. Suppose now we have thrown the die five times and no six has turned
up. What is the probability that at least 10 more trials are needed until a six occurs? It
may seem (and, to many people, it is) strange, but the answer is the same, i.e. 0.067.
Although one is tempted to think that if six does not appear in more and more trials, the
probability of getting a six in the next trial gets higher, mathematically this cannot be
true. Since we assume that trials are independent, a sequence of failures (no matter how
long) does not affect the probability of getting a six in the next trial. To formalize this
argument, and establish the aforementioned property of the geometric distribution, known
as the memoryless property (or lack of memory property), we argue that for any positive
integers n and k, we have

P(X > n+k|X > n) = P(X > k).

To check its validity, notice first that the conditional probability in the left-hand side
above is

PX>n+kX>n)
P(X > n)

PX>n+klX>n) =
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Figure 5.4 The probability function (left) and the cumulative distribution function (right) of the
geometric distribution for various choices of p.

But the intersection of the events {X > n + k} and {X > n} is simply {X > n + k}, and by
an appeal to (5.5) we get that

PX>n+k) g
PX>n)

=4 =PX > k).

PX >n+klX >n) = — =
q

We now turn our attention to the mean and variance for a geometric random variable.
Proposition 5.4 [fthe random variable X has the geometric distribution with parameter

p, then
1 2 q
u=EX)=-, o =Var(X)=—2.
p p
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Proof: The mean of X ~ G(p) is given by

u=EX)= Y @)= wq". (5.6)
x=1

XERy

Note that p can be taken outside the last summation and that the function xg*~! is the
derivative (with respect to g) of the function ¢*. This leads us to use the geometric series
in (5.4). Differentiating both sides of this expression, we derive that

o0

’ 2
A = U3 AP b = () = () (5.7)
1—1t¢ 1—1t¢

x=1
for |¢| < 1. Replacing 7 by ¢, and inserting the result into (5.6), we obtain

1
w=EX)=p =2 =

1
1-¢9?% p* p

as required.
For the variance, we find first the factorial moment of second order,

Hey = ELX] = ) x(e= 1f 0 = Y xtx = Dpg™. (58)
XERy x=1

Now we notice that the function x(x — 1)¢*~!, which appears on the right, is the second
derivative of the function ¢*, multiplied by the term g. This suggests differentiating (5.4)
once more. Since the first derivative of the terms appearing there was found in (5.7), we
differentiate both sides of the latter equation to get

0 "
N x(— DE2 =24 604 128+ tn(n— DI - = (L)

11—t
! 3
:<(1_1;)2> :<lit)'

Replacing again ¢ by ¢g and inserting into (5.8), we obtain

x=2

Hey = Pq 2 ___2
2 - - i = 5 = —X=-
@7 A—gp T p T p?
It is now easy to obtain the variance of X by using the expression (see the proof of
Proposition 5.2)

var(X) = ug) + = .

This yields

2

2 2(1-p+p—-1

Var(x)z_g+1_<1> _M-pipol_g
p p p p p

which is the desired result. |
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According to the result of Proposition 5.4,

* if we throw a die successively, the expected number of trials until the first six is

1 1

p:mz

(the same is true for any other outcome of the die, e.g. if we wait until a five appears).
Similarly, the expected number of trials until the outcome is greater than four is

e when we toss a coin repeatedly, the expected number of tosses until “heads” appears
for the first time is

Example 5.8 Let X have a geometric distribution with parameter p.

(1) Find the probability that X takes on an even value.
(i1) Show that the probability derived in Part (i) is less than or equal to 1/2.

(iii) Is there a value of p that maximizes the probability found in Part (i)?

SOLUTION

(1) The probability that X is even is the sum over k of the probabilities that X takes
the value 2k, fork =1,2,3, ... This is

P(Xiseven) = )" P(X =2k)= ) (1 —p)*~'p=p(1 = p) D" [(1 - p)*I".
k=1 k=1 k=1

Employing (5.4), we then get

1—
P(X is even) = M
1—(1-pp2
(i1) Using the result in (i), we want to demonstrate that for all values of p, the
following inequality holds:

pd-p _1

I-(1-p2~ 2

This leads to the quadratic inequality 2p(1 — p) < 1 — (1 — p)?, and this in turn
reduces to p2 > 0, which is obviously true for any value of p. So, for all
values of p € (0, 1), the probability that the number X of trials is even is less
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than a half. This seems to be an obvious result if one notices that for the
geometric distribution we have P(X =n) > P(X =n—1) forany n = 2,3, ...,
and so adding up the probabilities P(X = n) for odd values of n produces a
result which is always (strictly) greater than the sum of the probabilities for
even values of n.

(ii1) In view of the result in (i), we need to maximize the function

p(1 —p) pd-=p) 1-p 1
A = = = :1— s
© 1-(1-p? p2-p) 2-p 2-p

which is a strictly decreasing function of p in (0, 1). If we were to allow the value
p = 0, the function A(p) would attain a maximum at zero. However, it is clear
that a zero value cannot be allowed as a parameter for the geometric distribution
@if p = 0, “success” is impossible, so we would have to wait indefinitely for the
first success to occur).

In view of the above, a maximum is not attained for the function A(p). Notice
however that, by virtue of (ii), we may write that

1 .
Ap) = 5 = ;gr(l)A(p)-

Example 5.9 (The St. Petersburg paradox) Paul plays the following game: he tosses a
fair coin until it lands on heads for the first time. If this happens at the first throw, he
receives 2! = $2, if it happens in the second throw he receives 2> = $4, and so on so
that, if it happens on the rth throw, he receives 2" dollars.

(1) Find Paul’s expected gain from this game.

(i) Consider now a variation of this game: Paul receives nothing if heads have not
turned up after N tosses. Find Paul’s expected profit for this new game.

(iii) What price should Paul pay to enter each of the two games in (i) and (ii) above,
assuming that the game is fair on both occasions?

SOLUTION

(1) Let X be the number of trials needed until a toss results in heads for the first
time, and let V be Paul’s gain from this game. Then, it is clear that X has a
geometric distribution with p = 1/2, so that

P(X=r)=<%) =27, for r=123,..

It is obvious that the amount of money Paul receives from the game depends
on the number of trials needed, i.e. on the value of X. More explicitly, we have,
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(ii)

(iii)

under the assumptions of the example, that V takes the value 2" if and only if X
takes the value r, that is,

PV=2)=PX=r)=2".

As a result, we see that the expected value of the variable V equals

E(V)= Y vP(V=0v)= )2 2" =1+1+1+--

UGRV r=1

Since we have a series, that is an infinite sum, with each term equal to one, it
is clear that the series diverges; i.e. E(V) = oo, and so Paul’s expected profit is
infinite!

Denote by Y the random variable that takes the value k if the first k trials
resulted in tails (Y takes the value zero if heads occur with the first trial). Notice
that Y cannot be greater than N since, if the first N trials are all tails, the game
is terminated and Paul receives no money. For r =0, 1, ... ,N — 1, we have

rr=n=(3) 4=

while P(Y = N) is the probability that no heads occur in the first NV trials, and
this equals (see (5.5))

P(Y=N)=PX>N) = (%)N

As a result, arguing as in (i) above, we obtain Paul’s expected gain (we denote
this again by V) in this case to be

N-1
E(V) = Z vP(V = v) = er.z—r_,_o.P(Y:N):N,
VERY r=0

so that the expected gain is now finite.

For the game in Part (i), since the expected profit is infinite, mathematical
formalism suggests that a person may enter at any price. So, Paul can pay any
amount of money to enter this and yet expect to make a profit.

However, it is natural to believe that most people would not be willing to
pay a very large amount to enter this game. In practical terms, the fallacy here
lies on the fact that people do not have unlimited resources.

As a matter of fact, the problem in Part (i) is known as the St. Petersburg
paradox; it owes its name to the statement and solution of the problem that
Daniel Bernoulli, another member of the Bernoulli family, gave in 1738 and
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appeared in the Commentaries of the Imperial Academy of Science of Saint
Petersburg.!

For the modified game in Part (ii), which has a finite expectation, N, it is
clear that if Peter pays less than N dollars, the game is favorable to him. If he
pays N dollars, the game is fair. However, if N is very large, so that paying
N dollars (or even, say, N /2 dollars) is beyond Peter’s available resources, we
may come close to the situation described for the game in Part (i).

Until now, in this section we have been concerned with the situation wherein one waits
until the first success occurs in a sequence of Bernoulli trials. Naturally, and as will be
illustrated with various examples below, there are many situations where the interest lies in
the occurrence of the second, third or, more generally, the rth success in such a sequence.
We define next the distribution that emerges in this more general set-up.

Definition 5.4 Let X denote the number of trials until the rth success in a sequence of
independent Bernoulli trials, where the probability of success in each trial is equal to p.
Then, the distribution of X is called a negative binomial distribution with parameters
r and p, and is denoted by Nb(r, p).

Before proceeding to the study of the main properties of the negative binomial
distribution, let us present an example from medical statistics in which the distribution
arises in a natural way.

Example 5.10 The negative binomial distribution has direct applications to sampling
theory in statistics. As an illustration assume that, for a certain clinical trial, a sample
size of k = 20 patients who have developed a certain disease, is needed. Doctors have
available a large (for our purposes, we may regard it as infinite) population of patients
who have had symptoms of that disease in the last 12 months. Suppose that each patient
in that population has a probability p of developing the disease, something that may
be detected through a special medical examination. Under this scenario, what is the
distribution of the number, X, of patients that have to undergo the (potentially, very
expensive) medical examination, until 20 of them have tested positive for the disease?

SOLUTION Considering the medical examination of each patient as a trial with two
possible outcomes (S, if a patient tests positive for the disease, and F if the patient tests
negative) and making the plausible assumption that successive trials are independent,
it is then clear from the statement of the example that X has a negative binomial
distribution with parameters 20 and p.

't is thought that the problem was invented originally in 1713 by yet another mathematician with the same
surname, Nicholas Bernoulli, who was Daniel’s cousin. It should be noted that Daniel Bernoulli’s solution to the
problem brought a new light to many ideas in economic theory.
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If X ~ Nb(r, p), then the set of possible values for X is Ry = {r,r + 1,...}. In order to
find the probability function of X, it suffices to observe that the event {X = x} is equivalent
to the intersection of the independent events

A: trial x results in a success,

B: in the first x — 1 trials there have been exactly r — 1 successes.

Therefore,
P(X = x) = P(AB) = P(A)P(B)

and since for the event A we have obviously P(A) = p, while the probability of the event

Bis { :
A= r=1_(x—=1)—(r— X = r— —r
P(B)=< )p fgeh “=< )p g,

r—1 r—1

the following result ensues.

Proposition 5.5 The probability function of the negative binomial distribution Nb(r, p)
is given by

f(x):P(X:x):(’::Dpqu—’, x=rr+l,... (5.9)

Comparing either Definitions 5.3 and 5.4 or Equation (5.2) with the result of Proposi-
tion 5.5, it should be obvious that the geometric distribution is a special case of the negative
binomial distribution when r = 1. The term “negative binomial distribution” is due to the
fact that the probability function f(x) appears in the binomial expansion of the negative
power (1 — g)~". More precisely, we have

— - r+k—1 k - r+k—1 k
=B S )
-9 kz X q 2 o1 )94
=0 k=0
Changing the variable of summation in the last sum to x = r + k, we obtain

a-0 =3 ("~ e (5.10)

r—1
x=r

and, multiplying both sides by p”, we deduce that

Pr-g~ = i (f: 1 )p’qx" = if(x).

The last expression verifies that f is a probability function of a random variable that takes
values in the set Ry = {r,r +1,...}, because we have f(x) > 0 for all x € Ry and, in
addition,

D@ =p =g =ppT =1
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The cumulative distribution function of the negative binomial distribution with parameters
rand p is given by
0, if t<r

Fy=q U [1
0) ;f(x)=z(f:i>prqx_,’ .

x=r

Plots of the probability function f(x) and the cumulative distribution function F () are
presented in Figure 5.5 for some choices of r and p.
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Figure 5.5 The probability function (left) and the cumulative distribution function (right) of the
negative binomial distribution for some choices of r and p.
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Example 5.11 In Example 5.10, if the probability p of developing the disease is
p = 1/5, find the probability that the number of patients that needs to be tested until 20
of them have tested positive for the disease is larger than 50 but no larger than 80.

SOLUTION As we mentioned in Example 5.10, the distribution of the number of
patients, X, that need to be tested is negative binomial Nb(20, p), and so for p = 1/5 it
is Nb(20, 1/5). The probability function of X thus is

s =rxe= (570 ()2

We want the probability that X takes values larger than 50 but no larger than 80, which is

80 1N 1\ 4520
ro<x - B 3 (5 (7Y

It is obvious that this is a very long and tedious calculation if one uses a pocket
calculator; it is much less so if one resorts to the aid of computers, e.g. using a
spreadsheet. Moreover, we mention that there are a number of more sophisticated
(algebraic and statistical) software packages, using which finding the above result
becomes a rather straightforward task. Using such a program, we find that the required
probability is 0.16248 (students are encouraged to verify this!).

We note that in Definition 5.4, the negative binomial distribution has been defined as
the “waiting time” of an event in a sequence of Bernoulli trials. In this context, it is clear
that the parameter r of that distribution must be an integer; we should point out, however,
that if we extend the definition in (5.9) for any (fixed) real number r > 0, we also get a
probability distribution since the values f(x) for this more general case are still nonnegative
and add up to one. In some advanced textbooks, this more general notion with positive real
r is defined as the negative binomial distribution, while the case we have considered here
is called a Pascal distribution.

The next proposition provides formulas for the mean and the variance of a random
variable having a negative binomial distribution.

Proposition 5.6 When X has a Nb(r, p) distribution, its mean and variance are given by

n=EX) =", o=vax="1.
p p

Proof: The expected value of X is given by the expression

p=E0 =Y =) e

X€ERy x=r

Upon using the combinatorial identity

() == ma = () = ()
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we get

Setting y = x — r, we obtain

()= 3 (DT

# VPZ< r )9 rpZ( c+-1 )17
y=0 y=0

and substituting the last sum of this expression with the aid of (5.10), we get

(r+1) _ p’ _

— (1 — o) r
pu=rp'(-q) JraTi

’

as required. For the variance Var(X), it is useful to compute first an expression for the
quantity

(o]

EIXCX+ D] = ) xa+ 1D/ = Y ate+ 1) (17 i It

XERy x=r

In order to calculate this sum, we observe that

-1 (x— 1!
D7) = G
WA D ) = DT e o
(x+ D! x+1>
D G- Y (G
and, by an appeal to (5.10) again, we find successively
EIXX+ D) = rr+ D Y (57 ! )a
= XTT
S y—1 ~(r+2)
=r(r+ 1)p" < >qy
y;z r+2)—1

r(r+ Dp'(1 =)~
_rr+Dp"  r(r+1)

pr2 - P>

It is now easy to find the variance of X to be

Var(X) = E[X(X + D)] — EX) — [EX)]? = ’(’_ng) r_r2_rq

which is the desired result. O
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Example 5.12 A millionaire donates every Christmas a large amount of money to 3
charity organizations, which she selects randomly from a list of 10 charities. Donations
in successive years are independent, so that the same organization may be selected
again and again. Suppose that one of the charities is UNICEF, and their directors have
decided that all donations received from the millionaire in the future will be kept in a
special account with a view to offer free education for children in a developing country.
They estimate they will have sufficient funds to accomplish that when they receive the
donation at least twice.

(i) Using the negative binomial distribution, find the probability that UNICEF will
have to wait at least six years until they can implement their project.

(i1) Derive the result using the binomial distribution instead.
(ii1) Find the expected value and the variance for the number of years until UNICEF

receives the donation for the second time.

SOLUTION

(i) Let X be the number of years until UNICEF receive the donation for the second
time. Since the probability that they are selected by the millionaire at any
particular year is 3/10 = 0.3, it is clear that X ~ Nb(2, 0.3). Moreover, X takes
values on the set {2, 3, ...}, with respective probabilities

o= (5D G (B) 7 v a2

The probability we are seeking is then

5
PX>6)=1 —PX <6)=1=- ) f(x)

x=2
2 22 2 43-2 2 742
=1—L2—Ui-l;—+(3—Ui—l——+44—03—lr—
10 103 10
2. 952
+ (5— 1)3—7]
10°

=1—(0.3)*[1 + 1.4 4+ 1.47 + 1.372] = 0.528 22.

(i) Observe that the event in (i) occurs, i.e. UNICEF has to wait at least six years
for the second donation, if and only of they receive at most one donation in the
first five years. So, let us now use Y to denote the number of donations received
in the first five years. Then, the required probability is

PY<)=PY=0)+PY=1)

and since the distribution of Y is binomial with parameters n = 5 and p = 0.3,
we deduce
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P(Y<1)= (f) ) 0.3)°0.7)° + (f) 0.3)10.75!
= (0.7)° + 5 - (0.3)(0.7)* = 0.528 22,

which is obviously the same as the result in (i).

(iii) Let X be as in Part (i). We want E(X) and Var(X) and, for a negative binomial
random variable, these are given by Proposition 5.6. In particular, we have

EX) = 117 = 02—3 = 6.67 years,
and
Var(X) = L 25i07] = 15.56 years2.
p*  (03)?

The first two parts of the preceding example illustrate the fact that there are instances
where probabilities associated with an experiment involving sequences of Bernoulli trials
can be calculated using either the binomial or the negative binomial distribution. More
explicitly, we have the following result. Let X have a negative binomial distribution with
parameters » and p, and Y have a binomial distribution with parameters n and p (assuming
that n > r). Then, we have

PX>n =P <r). (5.11)

No calculations are needed to verify this. Simply note that both events inside the brackets
on the two sides of (5.11) correspond to the fact that the first z trials in a Bernoulli sequence
result in at most r — 1 successes. It goes without saying that, when r is small as in Example
5.12, we may prefer to use the binomial distribution, i.e. the RHS of (5.11) instead of the
LHS there, which calls for the evaluation of an infinite series involving negative binomial
probabilities.

Note that (5.11) can obviously be restated in terms of the probabilities of the comple-
mentary events, i.e.

PX<n)=PX >r).

To illustrate the relationship between binomial and negative binomial distributions further,
we now give another example, which is historically associated with the early development
of probability theory. The first part of the following example is, essentially, one of the
problems posed to the seventeenth century French mathematician Blaise Pascal by the
gambler Chevalier de Méré. Pascal used a recursion argument to solve the problem but,
more importantly, initiated a correspondence® with another French mathematician of that
time, Pierre de Fermat (1607—-1665).
The problem discussed in the following example is known as the problem of points.

2This famous correspondence, which soon became well-known and attracted interest outside France, laid down
the foundations for the calculus of probability. It is also worth noting that, unlike Pascal, Fermat (who was trained
as a lawyer and was only an amateur mathematician) used combinatorial methods to tackle most of the problems
presented to him by Pascal.
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Example 5.13

®

(ii)

In a series of Bernoulli trials, with success probability p, calculate the probability
that the kth success occurs prior to the nth failure.

A game in table tennis is won by the first player who reaches 11 points. Jack
and Jill play each other in their regular Wednesday meetings, and at some point
the score is 84 in favor of Jack. Assuming that, for each point, Jack has a 60%
chance to win it, what is the probability that Jill will first accumulate 11 points?

SOLUTION

®

(i)

Let € be the event of interest, namely,
& : the kth success occurs prior to the nth failure.

Then, for £ to occur, we must have the kth success to occur on or before the
(n + k — 1)th trial; this is so because, by the end of the first n+ k — 1 trials,
exactly one of the events “k successes” and “n failures” has occurred. Thus, if
X is the number of trials until the kth success occurs so that X ~ Nb(k, p), we
seek the probability

n+k—1 1
PX<n+k=D= Y, (7~ )pa-p
x=k

As explained above, the same result can be obtained by using the binomial
distribution instead of the negative binomial distribution. A key observation
here is that £ occurs if and only if there are at least k successes in the first
n+ k — 1 trials. In fact, the required probability can be expressed as P(Y > k),
where Y has a binomial distribution with parameters n 4+ k — 1 and p. From the
formula for binomial probabilities, the above expression equals

n+k—1

PY20= ) (”+’;_1)p’C(1—p)"+k—l—x.
x=k

This is an application of the result found in (i). The required probability is in
fact the probability that with the score at 8—4, in the following series of points
played (regarded as Bernoulli trials), Jill will win seven points before Jack wins
three points. The success probability in each trial is 0.4, so from the result in
Part (i) (with £ = 7 and n = 3), we deduce the desired probability to be (using
the binomial distribution first)

g (i) (0.4)°(1 = 0.4)°™ = <3> 0.4(1 — 0.4 + <z> 04(1 - 0.4)!

+ (g ) 0.4°(1 = 0.4)°
= 0.021 2337 + 0.003 538 9 + 0.000 262 |
= 0.0250347,
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or about 2.5%. Upon using the negative binomial distribution, we get the required

probability to be
PX<n+k—1)= ngl (;: i )pkqx_k = xz; (xg I ) (0.4)5(0.6)*6
= (0.4) [(2) 0.6) + (2) 0.6 + (i) (0.6)3]
= 0.0250347,

and it is no surprise that this agrees with the result found above.

The next example is a notorious problem that is historically associated with the name
of a famous Polish mathematician, Stefan Banach (1892—1945).3

Example 5.14 (Banach matchbox problem) A mathematician always carries two
matchboxes, one in his right pocket and one in his left. When he wants a match, he
selects a pocket at random so that successive selections may be regarded as Bernoulli
trials with p = 1/2. Assume that each matchbox contains initially N matches. If he
carries on doing this, there will be a moment when he realizes that one of the boxes
is empty. The number Y of matches in his other pocket is obviously a random variable.
What is the distribution of ¥?

SOLUTION We note first that the range of values for Y is the set {0,1,... ,N}.
Observe in particular that Y can take the value 0 if the pocket which is emptied first is
not the one that the mathematician discovers first that it is empty. Suppose that we call a
success the choice of the matchbox which is in his right pocket and let X be the number
of trials until the (N + 1)th success occurs (this is the point where the mathematician
looks for a match in his right pocket and finds out there isn’t one).

Since we are given that successive selections of a pocket constitute Bernoulli trials
with success probability p = 1/2, it is clear that X has a Nb(N + 1, 1/2) distribution
with probability function

R N e [N I

_ x
- <XN1><%) . x=N+1N+2 ..

Now, consider the situation wherein there are y matches in the left pocket at the time
the mathematician finds the right pocket to be empty. This means that he has selected
his right pocket N + 1 times and his left pocket N —y times, in a total of 2N —y + 1

3The problem is attributed to Hugo Steinhaus (1887-1972) in an address to honor Banach, who was a heavy
smoker.
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trials. The probability of this event is

_ 2N—y+1
P(X=2N—y+1)=f(2N—y+1)=<2NN y)(%) _

So far, we have assumed that the first pocket found to be empty is the right one; by
symmetry, and since there are the same number of matches in each pocket initially, we
obtain that this is also the distribution of the number of matches in his right pocket if
the left one is first found empty. Consequently, the probability function of the random
variable Y is given by the formula

_ 2N-y
P(Y=y)=2f(2N—y+1)=<2NN y)(%) , y=0,1,2,...,N.

In closing this section, let us introduce a second version of the Nb distribution. Consider
a sequence of independent Bernoulli trials with a success probability p and define the
random variables

X: number of trials until r successes occur, and

Y: number of failures until r successes occur.

This parallels, and generalizes, the similar distinction we made for geometrically
distributed random variables. The variables X and Y above are related via the relationship
Y = X — r, and so their respective probability functions satisfy the relationship

SO =PX =y)=PX—-r=y)=PX=y+r) =fOy+7r).

Since X has a negative binomial distribution, its probability function, as given by
Proposition 5.5, is

y+r—1

>p’qy, y=0,1,2,...
r—1

S = <

In some textbooks, the distribution of the random variable X is referred to as a Pascal
distribution, to honor Blaise Pascal (1605-1662) who first studied it, while the term
negative binomial distribution is used for the distribution of the random variable Y; see
also the discussion before Proposition 5.6.

EXERCISES
Group A

1. If we throw a fair die successively, find the probability that a four appears for the
third time

(i) at the 10th throw;
(i1) after the first 20 throws of the die.
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. The probability that a digital signal is transmitted incorrectly is p. Suppose a
particular signal is transmitted repeatedly and that successive transmissions occur
every two minutes. What is the distribution of the time 7 until it is transmitted
correctly

(i) for the first time?

(>i1) for the fourth time?
For each case above, find the expectation and variance of 7.

. Danai and Bill each have a die and throw it simultaneously. If both dice land on
an even number, the game ends. If not, they continue with another round of each
throwing their die.

(1) What is the probability that the game lasts

(a) five rounds?
(b) at least eight rounds?
(c) between four and six rounds?

(i) What is the expected number of rounds to be played?

. The probability that someone tests positive in a medical examination for a disease
is 6%. What is the probability that
(1) the 8th person who is examined is the first who tests positive?
(i1) the 12th person who is examined is the third who tests positive?
(iii) more than 20 persons are needed until 5 people have tested positive?
. Peter plays the following game: he rolls a die successively and he receives k> dollars

if a five appears for the first time in the kth row. Find Peter’s expected turnover
from this game.

. In a match of women’s tennis, the winner is the player who first wins two sets.
Suppose two players, Martina and Steffi, play against each other and that the
probability that Martina wins any particular set is p for some 0 < p < 1.

(i) Find, as a function of p, the probability that Martina wins the match.

(ii) Let Y be the number of sets to be played. Find E(Y).
(iii) Show that the answer in (ii) is maximized when p = 1/2.
. A computer selects decimal digits of a random number in the interval (0, 1) with
equal probability among the digits 0, 1,2, ...,9. In a number generated in this way,
what is the expected number of decimal digits

(1) before the digit 5 appears for the first time?

(ii) before one of the digits 2, 3, 4 appears for the first time?
(iii) before the sixth appearance of the digit 3?
(iv) before the fourth appearance of an odd digit?
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8. Rodney, who sells newspapers on the street, buys each newspaper for 35 cents and

he sells it for 50 cents. However, he cannot return any unsold newspapers. He has
estimated that the number of newspapers he sells daily has a negative binomial
distribution with parameters r = 25 and p = 2/5. Find how many newspapers he
should buy so that he maximizes his expected profit.

. Let X be a random variable that has the geometric distribution with parameter p

(0 < p < 1), and let f be the probability function of X.

(1) Verify that f satisfies the recursive relationship

fO=0-pfx-1), x=2,3,...,

with the initial condition f(1) = p.
(i1) Verify that f(x) < f(x — 1) forany x = 2,3, ...

(iii) Show that the rth factorial moment of X
ey = EIXX = DX =2)- - (X —r+ 1]

is given by the formula

r>1.

)

(1-py!

Hoy =t —

(Hint: For Part (iii), differentiate r times the geometric series
2 n 1
l+t+17 4+t +---=1—t, for |f] <1,
and check that the following identity ensues:

r!

I

Then use this identity to complete your derivation.)

10. Emily is in the final semester of her studies at the University. She has completed

successfully all compulsory courses needed for her degree and she must pass at least
four exams to finish her studies among seven possible optional courses offered. The
probability of passing an exam in any course she takes is p = 4/5, but exams vary
in difficulty. More specifically, Emily feels that in order to pass the first two exams
she needs to study a further 15 hours for each, for the next three she has to study
20 hours for each course, while for each of the last two exams she has to study 25
hours. Assuming that she knows the outcome of each exam immediately after the
exam finishes, she is obviously not willing to sit any further exams as long as she
has passed four.

(i) What is the probability that she takes all seven exams?

(i1) Find the expected number of hours she needs to study from now.
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Group B

11. At the NBA playoff finals, the championship is awarded in a best-out-of-seven
series of games, i.e. the first team to reach four wins is the champion. Assume that
in each game, the two teams, say A and B, have the same probability of winning.

(1) What is the probability that team A wins the trophy? (You should be able
to guess the answer by symmetry. Then you may verify formally that this is
correct.)

(i) What is the probability that team A wins the trophy if we know that team B
has won the first game?

(iii)) What is the probability that the series lasts for k games (for k = 4,5,6,7)?

(iv) If we know that the series was decided after k games, what is the probability
that team B won the championship? Again, try to give an intuitive answer
to this question without doing any calculations, and then check that this is
correct (establishing in particular that the probability is the same for any
value of k).

(v) What is the expected number of games in the series?
12. We throw a die repeatedly and we stop when the outcome is either five or six.

(i) What is the probability that k throws will be needed and the outcome of the
kth throw is six?

(i) What is the probability that throws are terminated when a five occurs?

(>iii) If we know that at least three throws of the die will be needed, what is the
probability that the series ends with a five?

(iv) If we know that the series ends with a five, what is the probability that at least
three throws of the die will be needed?

13. In a series of Bernoulli trials with success probability p, find the probability that k
successes in a row occur prior to n failures in a row.

(Hint: Let &€ be the event of interest, namely, £ : k successes in a row prior to n
failures in a row. Consider now the (conditional) probabilities

p; = P(&|the first trial is a success), p, = P(E|the first trial is a failure).

If we know that the first trial resulted in a success, for £ to occur we must have that

o the trials numbered 2, 3, ..., k all result in a success, or

o there is a first failure at the mth trial for some 2 < m < k, and then £ occurs
starting from a failure.

This gives us one equation relating p,; with p,. We can get another one in a similar
way. Thus, we obtain both p; and p, and hence the required probability.

14. The maximum number of independent Bernoulli trials in an experiment is 3r, and
the success probability in each trial is p. Trials terminate when either
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e rsuccesses have occurred, or

* it is not possible with the remaining trials to accumulate r successes.

For r < x < 3r, what is the probability that at the end of the experiment, x trials
have been performed?

Solve the Banach matchbox problem (Example 5.14) if the two matchboxes do not
contain initially the same number of matches. In other words, assume that the box
in the right-hand pocket has N, matches and the one in the left-hand pocket has N,
matches.

Anna and Steve play the following game. A die is thrown until either a five or a six
appears for the first time. If the number of throws X is even, then Anna gives Steve
the amount of a dollars; if X is odd, Anna receives from Steve b dollars.

(i) What is the probability function of X?
(i) What is the probability that Anna wins this game?

(iii) Show that for the game to be fair, we must have 2a = 3b.

Let X be a random variable that follows the Nb(r, p) distribution. Show that for any
positive integer k, the quantity

pg = EIXX + 1) (X + k= 1]

is given by

rr+ 1) (r+k=1)
Hi = ok :

Incidentally, the quantity uy, is called an ascending factorial moment of order k
for the variable X. In particular, for k = 1, 2, check that the above result agrees with
those given in Proposition 5.6.

5.3 THE HYPERGEOMETRIC DISTRIBUTION

Suppose that members of a finite population are classified into two groups, say A and B,
according to a certain characteristic. This could be, for example, gender, status of health
(classified as healthy or not), the presence of defect in items produced by a production
unit (so that these items are either defective or not), digit (with values O and 1) in the
transmission of binary signals, and so on.

Then, we select a sample of size n from the above population, without replacement.
When we are interested in how many units in the sample are in each of these groups (e.g.
how many males and females we have in our sample), the resulting probability distribution
is the hypergeometric distribution. Traditionally, the definition of this distribution is
given in terms of an urn model.
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Definition 5.5 From an urn that contains a white and b black balls, we select n balls
without replacement. Let X be the number of white balls in the sample. Then, the
distribution of X is called hypergeometric, and is denoted by h(n; a, b).

The sample space for this experiment contains all possible selections of n balls out of a
total of a + b balls that are originally in the urn.

n balls

0290 ..00
(“ﬁ('

|
OO
O

|
99

O |
O i')

9

a white balls b black balls

Therefore, the total number of these possible selections is (a + b). Since balls are

chosen at random, by symmetry, we have all these selections to haventhe same probability,
a+b )_1
i .
Employing the classical definition of the probability, we arrive at the following result
for the probability function of the hypergeometric distribution.

and thus the probability for each of these is (

Proposition 5.7 The probability function of the hypergeometric distribution is given by

(D62
(")

Proof: The favorable outcomes for the event {X = x}, as shown in the following picture,

fX)=PX =x) = , x=max{0,n— b}, ..., min{n,a}.

x white balls n — x black balls
OO0 ...0 @ .- 9
()

OOl P
v D 5

a white balls b black balls

O
@
O
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arise by selecting x white balls out of the a white balls that are available and n — x black

balls out of the b black balls that are originally in the urn. There are (a) ways to select
X

the white balls and ( b ways to select the black balls. As a consequence, by the
n—x
multiplication rule, the number of favorable outcomes equals

(0)-(.2)

x n—x/"

Since the number of possible selections is (a +b ), the probability of the event {X = x}
n

(D2)
x/ \n—x
(a +b ) ’
n
As implied by the statement of the proposition, some care is needed when considering

the range of values for x. In fact, x can in principle be any nonnegative integer such that x
does not exceed the total sample size, n, so that

is simply

x=0,1,2,...,n.
But, there are only a white balls in the urn, and so we must have
x<Za
and also there are only b black balls in the urn, and so in addition we must have
0<n-x<b.
Combining these restrictions, we see that the following must simultaneously hold:
x<a, x<n and x>0, x>n-b.

Thus, the smallest value that x can take is max{0,n — b} and the largest is min{n,a}. O

For the probability function of the hypergeometric distribution, /(n; a, b), we can also

(),

fx) = , x=0,1,2,...,n,

under the convention that

<m>=0 if m<ror r<o.
,



5.3 THE HYPERGEOMETRIC DISTRIBUTION 361

Sfx) F(1)
1o}
0.4} —
08 | a=6,b=15,n=10
03} -:—*
a=6,b=15n=10 061 !
02}t ,
04f 4
I
0.1t 02f
L] -
sy ;
0 5 10 15 0 5 10 15
(@) (b)
fix) F(1)
1.0f
04+ .I,_J.
0.8} | a=10,b=25,n=10
03}t —
a=10,b=25,n=10 0.6f \
0.2}t !
04F
I
0.1t o2f !
L1 -
X t
0 5 10 15 0 5 10 15
() @
fix) F(1)
Lo} ———
04}t —
08F a=250=25n=20 —
03l a=25,b=25n=20 :
0.6f —
1
021 04F .I_l
I
0.17 | | 0.2} —
I
P | I I L. x _I_‘ ) ) ¢
0 5 10 15 0 5 10 15
(e) (f)

Figure 5.6 The probability function (left) and the cumulative distribution function (right) of the
hypergeometric distribution for various choices of n, a, and b.

For the distribution function of the i(n; a, b) distribution, we have

0, if t < max{0,n— b},

0 (D02

F() =
t x=ma%,n—b} (a +b )

n
I, if 1> min{n,a}.

, if max{0,n — b} <t < min{n,a},

In Figure 5.6, we have plotted the probability function and the cumulative distribution
function of the hypergeometric distribution, i(n; a, b), for various choices of n, a, b.
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Example 5.15 In a factory, out of 50 machines produced during a day, 8 are defective
having an operational error. An engineer selects six machines at random to examine
whether they have this error or not. What is the probability that at least two of the
machines selected are defective?

SOLUTION Let X denote the number of defective machines in the sample of the six
machines selected by the engineer. Then, and since these 6 machines were selected out
of the 50 without replacement, X has a hypergeometric distribution with parameters
n=6,a=8, and b = 42 (the number of nondefective machines among the 50 ones
produced that day). Hence, the probability function of X is

( 8 42
X > < 6 — x)
(%)
6
We want to find the probability P(X > 2) and, as usual, it is easier to work with the
probability of the complementary event. This gives

J@)=PX=x)= , x=0,1,2,....,6.

PX>2)=1-PX<2)=1-PX=0)-PX=1)
() )
5) (%)
5245786 6805344
15890700 15890 700

=0.241 62.

Example 5.16 A music teacher wants to select eight high-school students from a class
for the school choir. If in this class there are 17 girls and 13 boys, and assuming that
all students are equally likely to be selected, what is the probability that among the 8
students selected there will be

(1) five girls and three boys?

(ii) no boys?

SOLUTION Let X be the number of girls selected for the choir. Then, under the
assumptions of the example, X ~ h(8; 17, 13) with probability function

17y ( 13
f()=PX =x) = M

(17+13> , x=0,1,2,...,8.
8
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(i) Werequire P(X = 5) which, from the probability function of the hypergeometric
distribution, is

(17)(13) 17r 131
5 3 125! 10!3! _ 6188 -286

(17+13> - 30! ~ 5852925
8 22181

=0.302,

that is, just over 30%.

(i) Here, we want the probability that all eight students selected are girls, i.e.
P(X = 8), which is

(D(5) s

8/\0/ _ 819" _ 24310

(17+13)_ 300 5852925
8 2218!

= 0.004,

or, about 0.4%.

Recall now the Cauchy formula in (2.16). This gives that, for positive n, a, b, we have

2(0-(,0)=(1")
i\ x n—x n
which, in turn, yields immediately that the sum of hypergeometric probabilities is equal to

one, that is, <a>< b >
)Za—x(afb_; =§)f(x)=1.

Since we have clearly f(x) > 0 for all x, this shows that f(x) is indeed a valid probability
function of a discrete random variable. Essentially exploiting the same formula, one can
find the rth factorial moment of the distribution as

(G2

Hey = EIX),] = Z (0),f(x) = Z =), W, r=12,...
x=0 xX=r
n

In fact, using the identity (you may prove this as an exercise!)

0. (4) =@, (427).

(a) a—r b
#(")=a+—rbZ x—r/\n—x/"
G G262

we obtain

x=r
n
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Next, making the substitution y = x — r, we notice that the sum on the right-hand side
above equals

:g‘:(a;r) <n—(lj+y)) =g<a;r> <(n—f)—y)> =(a;itb>

and this gives finally for r = 1,2, ...,

(@, (a +b- r) _ (a),(n), (5.12)

(“3") e

In view of the above, we can present the following proposition, which gives the mean
and variance of the hypergeometric distribution.

Ho = n—r

Proposition 5.8 If the variable X follows the hypergeometric distribution with param-
eters a, b, and n, then

a ) a b ( n—1 )
& X)=n a+b ¢ arX) =n a+b a+b a+b-—1

Proof: The result about the mean is an easy consequence of (5.12) setting » = 1. For the
variance, it suffices to observe that

_ (a),(n), _ala—Dnn—1)

EX(X - D] = pp) = (a+b), (a+ba+b-1)

and use, as we did in the proof of Propositions 5.2 and 5.4, the fact that
Var(X) = pgy + u = .
The result is now a matter of straightforward calculations. O

An important point to note is the relation between the hypergeometric distribution and
the binomial distribution, discussed in Section 5.1. First, we mention that in Definition 5.5,
if the balls are chosen from the urn with replacement (i.e. we select a ball, note its color
and return it to the urn), then the distribution of X that represents the number of white balls
drawn is no longer hypergeometric, but it is the binomial distribution. This is so because
before each selection, the number of white and black balls remains the same, and so in fact
the successive selections of a ball from the urn constitute Bernoulli trials, where in each trial
we regard the selection of a white ball as success and the selection of a black ball as a failure.

Thus, if there were a white balls and b black balls inside the urn before drawing the
first ball, the same number from each color will be in the urn in every subsequent trial.
Therefore, the probability of success in the binomial distribution will be

_a
a+b

p

and clearly the probability of a failureisg=1—p = b/(a + b).
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Intuitively one expects that, when the total number of balls, a + b, becomes sufficiently
large, there will effectively be little difference in the probabilities obtained by the
hypergeometric and binomial distributions, since putting back one ball into the urn after
each selection does not affect much the proportion of balls from each color there. So, for
instance, if we take a sample of 50 persons from a population of half a million, and we
are interested in the number of females in the sample, it matters little whether sampling is
done with or without replacement.

The above heuristic considerations are made rigorous in the following result.

Proposition 5.9 Suppose X has a hypergeometric distribution with parameters a, b,
and n and probability function f. Then, as a — oo and b — oo in such a way that

lim =p,
a,b—oco a4 + b p

we have that for x =0, 1,2, ... ,n,
lim f()= lim P(X=x) = (” )pxq”_x,
a,b—oo a,b—oo X
where g =1 —p.
Proof: From the probability function of the hypergeometric distribution, we obtain
aN/ b @, ().
<x> (n—x> _x (n=x)!

SUR

f@) =

T xn-x)!  (a+ b),

(@), ~(") @ Oy (@t D) (5.13)

x/ (@+b)y (a+b)y= (a+b),

But since a/(a + b) — p as a,b — oo, we have that for both a, b tending to infinity, the
limit of the ratio b/(a + b) is equal to ¢ = 1 — p. Further,

. . 1 a
lim = lim <—- >=0- =0,
ab->oa+b ab-o\a a+b p
so that writing the ratio (a),/(a + b)* in the form

(@, _al@a-1---@@a-x+1) a a-1 a-@G-1
(a+by  (a+b)a+b)---(a+b) a+b a+b a+b

_a ( a 1 )( a _x—1>
T a+b \a+b a+b a+b a+b/)’
we obtain that
. (@), .
lim =
a,b—>oo(a+b)x

In a similar way, we find

(b )n—x

(a+Db),
im =1
ab—oo (a + D)=+

— 1_ n—x’
(I=p) ahoso (@ + by
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The result of the proposition now follows by inserting the last three displayed expressions
into (5.13). O

The approximation of the hypergeometric distribution by the binomial is illustrated
graphically in Figure 5.7. We note at this point that the approximation is remarkably good
if both parameters a and b are much larger than n. For example, if a = 200, = 200,
and n = 6, the exact values from the hypergeometric distribution for X = 3, X =4, and
X =5are

P(X =3)=0.3148675, P(X =4)=0.2349579, PX =15)=0.0925663,
while those from a binomial approximation using p = a/(a + b) = 0.5 are
P(X =3)=0.3125, P(X=4)=0.234375, PX =5)=0.09375,

respectively. The relative percentage error for these probabilities is 0.75%, 0.25%, and
1.28%, respectively.

The next example, however, illustrates that the binomial approximation can be poor if
a and/or b is of the same magnitude as n.

Sfo) fx)
03F 03}
025} 025}
02 — (25, 10, 40) 0 — h(25, 25, 100)
2r — 5(25,0.2) 2T — 5(25,0.2)
0.15 0.15
0.1 0.1
0.05} I I 0.05} I I
11 il .. . i1l | P
0 2 4 6 8 10 12 0 2 4 6 8§ 10 12
(a) (b)
fix fx)
0.3} 03}
025} 025}
— (25,75, 300) — (25, 250, 1000)
0.2r — 5(25,0.2) 0.27 — b(25,0.2)
0.15} 0.15
0.1} 0.1}
0.05} | I 0.05} | |
Ll |l N HEEEEE NN .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
(©) (d)

Figure 5.7 Approximation of the hypergeometric distribution by the binomial distribution for some
choices of n, a, and b.
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Example 5.17 1In the top 100 tennis players, there are 13 left-handed players. We select
randomly 16 players from the top 100.

(i) Find the mean and variance of the left-handed players in the sample.

(i) Find the probability that, among the 16 selected players, 2 are left-handed.
Compare your result with that obtained by the binomial approximation to the
hypergeometric.

SOLUTION Let X be the number of left-handed tennis players in the sample of
16 players. Then, under the assumptions of the example and since the selection of
players has been made without replacement, the distribution X is hypergeometric with
parameters a = 13,56 = 100 — 13 = 87, and n = 16.

(i) We know that the mean and variance of a hypergeometric random variable are

a a b n—1
EX)=n-—2—, Va(X)=n- : (1— )
X)=n a+b ar(X) = n a+b a+b a+b-1

Thus, in our case and for the values of a, b, and n above, we get

13
EX)=16- — =2.08
%) 100

and

VarX) = 16 - 3. . 87 (1 _ E) = 1.535,
100 700 \' ~ 99

(i) We want to find P(X = 2). Using the formula for probabilities from Proposi-
tion 5.7, we readily find
( 13 ) ( 87 )
2 14
< 100 >
16

Next, if we want to use the binomial approximation to the hypergeometric,
according to Proposition 5.9 the probability of success will be

PX =2)= =0.313 464.

2 _ L g
a+b 100

p =
and for n = 16 we obtain
P(X=2)= ( 126) (0.13)2(0.87)'* = 0.288 63.

The binomial approximation is poor in this case, because the parameter a = 13
in the hypergeometric is smaller than the sample size n = 16.
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EXERCISES
Group A

. On a supermarket shelf, there are 45 packs of cereals. Among these, there are five

packs whose sell-by date is less than a week from now. Lena selects four packs of
cereals at random and intends to consume them after a week, since she has another
pack of cereals at home. What is the probability that at least one of the four packs
she bought will have past its sell-by date a week from now?

. 16 players enter a table tennis tournament. Three of the players who enter the

tournament are left handers while the rest are right handers. Assuming that initially
all players are equally likely to reach the final,
(i) what is the probability that two left handers meet in the final?

(i) what is the probability that the final will be between a left hander and a right
hander?

. Assume that a lake contains a total of N fish. Suppose we catch r among these fish,

mark them in some way, and then put them back in the lake. After a certain amount
of time, so that the marked fish have mixed well with the other ones in the lake, we
select randomly # fish from the lake. Let X be the number of marked fish in that
sample.

(i) Find the probability function of X.
(i) What is the expected number of marked fish that will be caught in the sample

of n fish?

(The answer to Part (i) has been found already in Section 2.10, without any
reference to the hypergeometric distribution. See that section for applications of
this particular problem.)

. Anurn contains 15 balls numbered 1-15. We select three balls without replacement.

Find the probability that

(i) at least one number drawn is a prime;

(ii) exactly one number drawn is a prime.

. During an excavation, an archaeologist has discovered bones of 12 animals; 5 of

these bones belong to rhinoceros, 4 belong to a mammoth, and 3 to a certain type
of hippopotamus. She wants to select the bones of three animals in order to date
them. Let X be the number of mammoths selected.

(1) What is the sample space for this experiment?

(i1) Write down the probability function of X.

(iii) Find the mean and variance of X.

. There are 10 blue and 16 red chips in a bowl. If we select five chips at random,

what is the probability that more red chips are drawn than blue ones?
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7. From a usual pack of 52 cards, we select 3 cards at random without replacement.
Find the probability that

(1) no ace is selected;
(i) a queen is selected;
(iii) at least one queen is selected,;

(iv) no ace but at least one queen are selected.

8. A matchbox contains normally 40 matches. We select three matchboxes at random
and we find seven matches in total to be defective. What is the probability that
there are at least two defective matches in the first among these three boxes?
Explain whether the binomial approximation to the hypergeometric would be
appropriate here.

9. An urn contains a red balls and b black balls. We select n balls from this urn
with replacement. If X denotes the number of red balls in the sample, derive the
probability function and the expected value of the random variables X and n — X.

10. We select cards from a pack of 52 cards and let X be the number of cards picked
until the first queen is drawn. Find the probability function and the expected value
of X.

11. In a school class with 20 male students, 7 of them are white. The sports teacher
wants to select five students for the basketball team (regular team) and seven more
students as substitutes in that team.

(i) What is the probability that there are exactly three white students in the regular
team?

(i) What is the probability that there are exactly three white students in the regular
team while two further white students are selected as substitutes?

12. A box contains six white stones and six black stones. Peter selects three stones
at random without replacement. Let Y be the random variable that represents the
number of white stones minus the number of black stones drawn.

(i) What is the range of values of Y?
(i) Write down the probability function of Y.

(iii) Suppose for each white ball drawn, Peter wins $2 while for each black ball he
loses $1.50. What is his expected profit from this experiment?

Group B

13. In alottery played in several countries, players have to choose 6 numbers from 1 to
49. Alice wants to buy a new iPad, and she would like to try her chances with the
lottery for the first time. After a little research, she finds out that a single ticket of
the lottery (i.e. if you select just 6 numbers out of the 49) costs $1, while in order
to win enough money to buy the iPad, she must predict at least 4 numbers, out of
the 6 drawn, correctly. She feels that, if she buys a single ticket, her chances are
very slim. She therefore decides to select eight numbers and, because she is quite
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good at maths (and also, she has just finished a course in Probability), she works
out that she has to pay $28 (she is right, but explain why!). Then, she wants to find
out what are her chances of predicting exactly four out of the six numbers in the
next draw, and she comes up with an answer

() (5)
47027
(5)
6
(she is right again, as you can verify). After that, she meets her friend Bill and

tells him that she bought a ticket with eight numbers for the next lottery draw, but
doesn’t tell him what these numbers are.

On the night of the draw, Bill watches his favorite program on television and
suddenly the six numbers drawn in the lottery appear on the screen. She remembers
what Alice told him and wants to find out what are the chances that she won, so he
argues as follows.

Alice may have chosen any 8 out of the 49 numbers, and there are <49> ways to
do this. The favorable outcomes (remember that he knows only the numbers drawn,

not the ones that Alice chose) are (Z) (since Alice must have picked 4 numbers

of the 6 drawn) multiplied by (43 ) since the other 4 numbers on Alice’s ticket
are not winning numbers. Therefore, Bill thinks that the probability that Alice has
picked four correct numbers is
(%)
47\ 4

(%)
8
Show that this result agrees with Alice’s result above.

The fact that the two results agree is an immediate consequence of the combinatorial

identity
DG GG
X n—x/ _ \x b—x
o %)
n b
for any positive integers N,n,b,x such that x < min{n,b} and N > max{n,b}.
Verify this identity!

Under the assumptions for the lottery in the previous exercise, suppose that Wendy
has just bought a lottery ticket.

(i) What is the probability that among the six numbers she selected, at least four
will appear in the next draw?

(i) Wendy decides to buy a lottery ticket for each of the following five draws.
Find the probability that, in at least one draw, she has four winning numbers or
more.
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15. A referendum is going to take place in an European country in order to decide
whether the country will adopt the euro as its currency unit or not. Suppose that the
number of eligible voters in the referendum is 15 million people, and 53% of them
are in favor of adopting the euro. If 750 000 (randomly selected) people do not turn
up to vote,

(1) give a formula for the probability function of the number X of people who do
not turn up to vote and they are in favor of the euro;

(ii) calculate the probability that the result of the referendum is against the adoption

of the euro.

16. Jimmy likes to play a poker game with his friends once in a while. In the first hand,
he receives 5 cards out of a pack of 52 cards.

(1) What is the probability that he has a full house (i.e. three of a kind and two of
another kind, e.g. three aces and two kings)?

(i1) In the first 20 hands, he has never had a full house. Is Jimmy right in feeling
particularly unlucky?

(iii) Estimate the expected number of hands until Jimmy gets a full house.

17. Let X be a random variable such that X ~ h(n;a,b). Show that the probability
function f of X can be calculated via the following recursive scheme:

_ (n—x)(a—x) B .
fx+1= Y ——— 1)f()c), max{0,n — b} <x < min{a,n},

with the initial conditions

()

<a+b ’

< a

f(n—b)=—Z;Z it n>b

if n<b,

f0) =

and

n

5.4 THE POISSON DISTRIBUTION

The discrete distributions we have encountered so far arise frequently in situations involving
sampling, with or without replacement, from a population which consists of units that fall
into one of two types. More generally, we have considered situations where a sequence of
experiments, or repetitions of the same experiment, is performed. Our experience suggests
that the distributions we have met cannot serve as a model if, for example, one counts
the occurrence of an event in continuous time. For instance, what is the distribution of
the number of cars passing through a motorway during an hour? Or, how many telephone
calls one receives during a day? One might argue that it is not totally unrealistic to use
the binomial distribution for such phenomena — for example, to split the time axis in very
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small intervals, say one second, and define on each such interval a Bernoulli trial, defining
as success the occurrence of the event we are interested in (in the above examples, a car
passing through the motorway or an incoming telephone call), assuming that in such a
small time length no more than one “success” may occur. Although this seems possible,
it is rather inconvenient, and the formulation of the problem depends on the choice of the
interval length to be used.

A common feature of the above examples (as in many other applications in practice) is
that n is very large and, at the same time p is very small, whereas their product

A=np

is of moderate size. Computationally, if one uses the binomial distribution in such a
case, the calculation of probabilities becomes complicated. Imagine, for instance, the case
where X ~ b(n,p) with n=10°% p=3-107> and we want to calculate the probability
P(X > 80000). Of course, in the current computer era, such calculations can be done
efficiently and very quickly; note in particular the recursive relation (see Exercise 14 of
Section 5.1)

fx) = <a+l—)>f(x—1), x=1,2,3,...,n,
X

where
p b (n+ Dp

CT=p 1-p

This relation, along with the initial condition f(0) = (1 — p)", offers a rather easy recursive
scheme to calculate the probabilities P(X = x) for all x =0, 1,2, ..., n. One disadvantage
of this approach is that if we want the probabilities P(X = x) for some large values of x,
we need to find first the corresponding probabilities for all values 1,2, ...,x — 1.

In the nineteenth century, at a time when computers did not exist, the French mathe-
matician Siméon Denis Poisson realized (and tackled) the problem of calculating binomial
probabilities when n is very large and p is small. The solution he gave, in the form of a
limiting theorem, in a book, which appeared in 1837, has given rise to modeling a very large
number of phenomena in practice. In particular, under the above assumptions, Poisson
found the limit, as n — oo, of the binomial probabilities. These limiting values constitute a
new probability distribution, which has been aptly named after Poisson and is, along with
the binomial, the most useful and commonly used discrete probability distribution.

Specifically, the assumptions we need are as follows:

e The number of trials n is very large (n — 0);
* The success probability p is very small (p — 0);

e The product np, which is the expected number of successes after n trials, is of
moderate magnitude. More precisely, we assume that np converges to a fixed 4 > 0.

The next proposition describes explicitly the result established by Poisson.

Proposition 5.10 (Limit of the binomial distribution, b(n, p), for large n) Assume that
the random variable X has a binomial distribution with parameters n and p so that

f)=P(X =x) = (Z)pq Xx=0,1.2....n.
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If. as n — oo, the success probability* p — 0 in such a way that E(X) = np converges
to a positive constant A, then

lim f) = e, x=0,1,2, ...

n—oo x!

Proof: Introducing the notation A, = np, the binomial probability function f can be written

in the form
A\ A\"
oy (12
_@‘p"q”_@(n)( n)
X

q* x! 1_ﬁx
n

S e S S (5.14)

We now calculate the limit, as n — oo, for each of the three terms in the last expression.
First, as n — oo, we have by assumption A} — A*, and since we further assume that

lim — = lim p =0,

n—oo n n—oo

A X
lim <1——”> = 1.
n—o00 n

Moreover, it follows from a standard calculus result that

A\"  -lim A
lim <1——"> =e noo ' =eh

n—oo n

we get

Considering the middle term in (5.14), we see that

M, _nn=1)-@m-x+D n n=1 n=2 n-x+1
n* n* n n n n

1(1—1).--(1—x_1)—>1.1---1=1.
n n

Using all the above facts, it follows from (5.14) that

X —A x
lim fr) = 1. &5 2 oA
n—oo x! 1 .X!

which completes the proof of the proposition. O

4More formally, we should have written here p, — 0 as the success probability varies with n. However, for
simplicity, we have throughout suppressed the dependence on n.
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It is clear that the limiting probabilities e #A*/x! in the proposition define a proper
probability distribution since

had k X gk
Ze_ﬂl—' =e* Z A—' =etet =1
= k! = kK

Definition 5.6 Let X be a random variable that takes values on the set Ry = {0, 1,2, ...}
and has probability function

X
fm=eth x=o12.
X

for some positive A. Then, we say that X follows a Poisson distribution with parameter
4, and we denote this distribution by P(4).

The cumulative distribution function of the P(A) distribution is given by

0, if t<0
[7] [7]
F(t) = x
® Zf@):e*Z’l—’, if 1> 0.
x=0 x=0 X

Figure 5.8 shows the Poisson probability function and cumulative distribution function for
various values of A, while Figure 5.9 illustrates the convergence of the binomial distribution
to the Poisson distribution (Proposition 5.10).

Using Definition 5.6, we may restate the result of Proposition 5.10 as follows:

Proposition 5.11 Assume that X ~ b(n, p) and that, as n — oo, the success probability
p tends to zero (p — 0) in such a way that the mean E(X) = np converges to some
A > 0. Then, the distribution of X can be approximated by the Poisson distribution with
parameter A.

Mathematically, the result of Proposition 5.11 can be expressed (under the assumptions
of the proposition) as follows:

X
_"”@, x=0,1,2...,n.

J) = (”)p"q”‘x =e
X

We note at this point that, for practical purposes, the quality of the approximation
is generally satisfactory when the number of Bernoulli trials is at least 20 (n > 20) and
np < 10, that is when the success probability p satisfies the condition p < 10/n.

Since the Poisson distribution emerges as the limiting distribution in situations involving
the occurrence of an event with very small probability in each trial (p — 0), it is often
referred to as the distribution of rare events. Another term that is in use for the same
distribution is the law of small numbers.

Example 5.18 (Car accidents) The probability that a car, passing through a dangerous
spot in a national highway, has an accident is 0.0001. If 4500 cars pass through this
spot during a weekend, what is the probability that there are at least three accidents?
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Figure 5.8 The probability function (left) and the cumulative distribution function (right) of the
Poisson distribution for various choices of A.

SOLUTION We assume that the involvement of any two different cars in an accident
constitutes a pair of independent events. Then the cars passing through the spot may be
thought of as a sequence of Bernoulli trials, each with success probability p = 0.0001
(note that in this way we regard a car accident as a “success”!). Then, the total number
of accidents over the weekend, say X, has a binomial distribution with n = 4500 and
p = 0.0001. Thus, forx =0, 1,2, ...,4500,

4500

) (0.0001)*(0.9999)"~*.
X

P(X=x)=<
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Figure 5.9 The probability function of the Poisson distribution with A =4 and the binomial
approximation with the same mean, for various choices of n.

We seek P(X > 3) and it is clearly much easier to find the probability of the comple-
mentary event. Thus, we find

PX>3)=1-PX<3)=1-PX=0)-PX=1)-PX=2)

—1- ( 45000 ) (0.0001)°(0.9999)4500 _ ( 45100 ) (0.0001)! (0.9999)#500-1
- (45200 ) (0.0001)2(0.9999)#500-2

=1-0.6376 — 0.2870 — 0.0646 = 0.010 874.

However, the required probability may also be found by applying the Poisson approxi-
mation to the binomial. The Poisson parameter in this case is

A = np = 4500 - (0.0001) = 0.45.
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Thus,
_o4s (0.45)*

PX=x)=e
x!

x=0,1,2,...,

so that we have

045 (0:45)° o-045 045" o045 (0.45)°
0! 1! 2!

(0.45)2
2

PX>3)=1-PX<3)=l-¢

=1 =g ¥e <1 +0.45 + > =1-1.55125¢79%

= 0.010 879.

Clearly, the Poisson approximation is extremely good in this case, as the exact result
and the approximation coincide to five decimal places and in fact the relative error of
the approximation is less than 0.05%.

Example 5.19 Suppose that the number of goals scored in a football match has a Poisson
distribution with parameter 4 = 2. What is the percentage of football matches with

(1) two goals?
(ii) at least two goals?

(iii) more than two but less than six goals?

SOLUTION Under the assumptions of the example, if X denotes the number of goals
scored in a football match, then X ~ P(2). Therefore,

X
PX =x)=c2 2—' x=0,1,2, ...
X!

(1) Forx =2, we simply get

L2

5 2¢72 = 0.271,

PX=2)=¢

i.e. the percentages of matches with exactly two goals is 27.1%.

(i1)) Here we have
PX>2)=1-PX<2)=1-PX=0—-PX=1)=1—-e"2-2e2=0.59%,

that is in 59.4% of football matches we expect two or more goals.
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(iii) The required probability is P(2 < X < 6) and, since the integer values between
2 and 6 are 3,4, and 5, we get

P2<X<6)=PX=3)+PX=4)+PX=5)

23 24 2’
_ .22 2 2
seogte e
/8 16 32)
=2 (84101 52 _3068.
c (6 MEYRETT

Thus, in 30.7% of the matches, we expect to have more than two but less than
six goals scored.

The next proposition gives the mean and variance of the Poisson distribution.

Proposition 5.12 If X has a Poisson distribution with parameter A, then both the mean
and the variance of X are equal to A, that is

u=EX)=4 o¢*=Var(X)=

Proof: Inserting the formula for Poisson probabilities into the general expression for the
mean of a discrete random variable, we obtain

EX)= ) f(x) = er —x -iz(x_l)'

XERy

For the variance, it is again more convenient to start with the second factorial moment.

We have -
EIX(X - D] = ) x(x— De -M et Z
x=0

(x )

Notice here that the last summation starts from x = 2, since for x =0 and x = 1 the
corresponding terms in the middle sum are zero. Making the substitution x —2 = m we
obtain, in a similar fashion as above, that

E[X(X — 1)] = A2e™* Z

m= 0

This, in turn, yields
Var(X) = EX?) — > = poy+u— > =2+ 1— > =4,

as required. O
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Example 5.20 In the French restaurant “Amélie,” the average number of red wine
bottles sold during a day is 12. We may assume that the number of bottles sold has a
Poisson distribution.

(i) What is the probability that on a particular day the number of bottles sold will
be at least three standard deviations less than its mean?

(ii) If there have been two orders for a bottle of red wine already, what is the
probability that no more than five bottles of red wine will be sold in total?

SOLUTION If X denotes the number of bottles sold during a day, we know that
E(X) = 12, and since X is assumed to follow a Poisson distribution, the parameter of
this distribution will be A = 12. This means that the variance of X will also be 12.
(i) We seek the probability
P <X <E(X) -3 Var(X)) .
Since E(X) = Var(X) = 4 = 12, we subsequently obtain this to be

P(X < 12 - 31/12) = P(X < 1.608).

But X is integer-valued, and so the only possible values for it are 0 and 1.
Therefore, the required probability equals

PX<1)=PX=0)+PX=1)=e*+r*=13-e228-107,
(5.15)

(i1) Here we know that X, the number of bottles, is at least two and we seek the
probability that it will be at most five, i.e. we want to calculate the conditional
probability

PX<5X>2) PR<XK)S)

PX <51X22) = PX>2)  PX=>=2)

We now find each of the two terms in the last fraction. For the denominator, we
have
P(X22)=1—P(X<2)=1—P(X§1)§1—8-10_5,

using the result in (i) above. For the numerator, we get

PR<X<5)=PX=2)+PX=3)+PX=4)+PX=5)

_oon 122 128 12t 120
se T ogrte Tt Trte T 5y

~ 3297.6 - e~ = 0.020261. (5.16)
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Thus, the required probability is

PX <5X>2)= %ﬁgfs = 0.020 263.

1-8
We observe that the conditional probability P(X < 5|X > 2) is very close to the
unconditional probability P(X < 5), which can be found by adding the results
in (5.15) and (5.16). This can be attributed to the fact that the probability of
the event {X > 2} is very close to one, and so knowledge that this event has
occurred does not affect much the probabilities P(X = x) for x > 2.

In the examples of this section, we have given three practical situations in which the
Poisson distribution might offer a reasonable probability model for the random variable
of interest. There are many other circumstances in which the Poisson distribution is used
frequently, as empirical studies suggest that it conforms with the data (or with the structure
of the problem). We list some of them below:

e the number of claims arriving at an insurance company within a fixed time period;
* the number of telephone calls that arrive at a call center during a particular period;
¢ the number of customers visiting a shop during a day;

e the number of teenagers in a population who will be at least 6 ft 5 in. tall on their 18th
birthday;

* the number of persons in a population who will live at least 90 years;

e the number of emissions from a radioactive source during a given time interval;

e the number of mutations in a given stretch of DNA after a certain amount of radiation;
¢ the number of particles emitted by a radioactive source in a second;

e the number of photons emitted by a celestial source of constant luminosity.

Suppose, for instance, that a motor insurance company has n customers insured in a
certain portfolio. We denote by p the probability that a customer makes a claim for a car
accident within a certain time period, such as a day or a week. Considering as “success”
the claim made by a customer, the total number X of claims that the insurance company
will have to pay within that period has a binomial distribution with parameters n and p. It
is natural to assume that, in reality, n (the total number of insured customers) will be very
large while p, the probability of a claim by a customer within such a short time period, will
be very small. Moreover, the product np = E(X), the expected number of claims arrived
at the insurance company will typically be of modest magnitude (compared with the total
number of insured persons, n). Thus, it seems appropriate to use the approximation

b(n,p) = P(4)

with A = E(X) = np. In practice, the value of the parameter A will not be known but will
have to be estimated, usually not using the values of n and p (the latter may also be
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unknown) but from statistical data available to the company. The most common (and the
simplest) estimate for A = E(X) an insurance company can use is the average number of
claims (for the specified time period, daily or weekly) from a large number of such periods
in the past.

Another area where the Poisson distribution is used quite frequently is ecology,
especially in population ecology which studies the population growth, or spatial distribution,
of animals or other organisms as they evolve over time and/or space. Further examples
where the Poisson distribution can be an useful model for practical applications will be
given in the next section of this chapter when we consider a concept generalizing the
Poisson distribution, that of a Poisson process.

It should be kept in mind that, although a random variable having the Poisson distribution
takes only integer values, the parameter A of that distribution may not be an integer. We
have already seen this in Example 5.18 and the next example illustrates this further.

Example 5.21 The number of fish caught by a fisherman during a day follows a
Poisson distribution with parameter A = 3.5.

(i) Find the probability that the fisherman catches at least two fish during a day.
(i1) If the fisherman goes fishing six days a week, find the probability

(a) that in a particular week, on five days, he catches at least two fish, while on
one day, he catches less than two fish;

(b) that during a week, he catches at least one fish every day.

SOLUTION Let X denote the number of fish caught during a day. Then, X ~ P(4)
with 4 = 3.5.

(i) The probability that at least two fish are caught in a day is P(X > 2), and this
equals

PX>2)=1-PX=0—-PX=D=1-e*—e*-A=1-45.¢73
~ 0.8641.

(i1) Since we can assume that fishing in successive days constitutes a sequence of
Bernoulli trials, for Part (a), we define the success event to be “at least two fish
are caught during a day.” Now, let Y be the number of successes during a week,
i.e. in a sequence of six Bernoulli trials.

Then, Y has a Binomial distribution, b(n, p), with parameters n = 6 and p = 0.8641
(the probability of success found in (i) above). We seek P(Y = 5) and, from the formula
for binomial probabilities, this is

n

P(Y=5)=<5

>p5(l —p)tS = (2) (0.8641)5(1 — 0.8641)! = 0.3928,

which is the required answer to Part (a).
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For Part (b), we have another sequence of six Bernoulli trials, but now the success
event is “at least one fish caught during a day.” The success probability, p;, in analogy
with Part (i), equals

p=PX>1)=1-PX=0=1-c*=1-c25=0.9698.

If now W is a random variable that represents the number of days during a week that
the fisherman catches at least one fish, then the distribution of W is again binomial with
parameters n = 6 and p; = 0.9698. Consequently, the desired result is

P(W = 6) = (Z) ()% = p)6~6 = (2) (0.9698)°(1 — 0.9698)° = 0.8319.

EXERCISES
Group A

1. The number of defects in a 100 ft long wire produced in a factory is Poisson
distributed with a mean of 3.4. What is the probability that in a wire of that
length,

(i) there are at least three defects?
(i1) there are at most three defects?
(i) there are at least five defects if, at a preliminary check, two defects have already
been found?

2. At a zoo, the probability that a visitor requires medical attention during a day is
0.0004. Use the Poisson distribution to find the probability that, on a particular day
with 3500 visitors, at least 2 will need medical attention.

3. In a company with 300 employees, find the probability that exactly 4 employees
have their birthday on February 14th (assuming a nonleap year of 365 days)

(1) using the binomial distribution;
(i1) using the Poisson approximation to the binomial.
4. The number of animals caught in an animal trap during an hour has the Poisson

distribution with parameter A. If it is known that the probability that no animal is
trapped during an hour equals e=>2, find

(i) the expected number of trapped animals during an hour;
(ii) the probability that at least three animals are trapped;

(ii1) the probability that at least three animals are trapped in an hour, if we know
that at least one has been trapped.
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5. Razors produced by a machine are either defective, with probability 0.01, or
nondefective.

(1) In a batch of 200 razors, find the probability that

(a) none is defective;

(b) exactly two are defective

using the binomial distribution.

(ii) For each case in (i), find the percentage error if the Poisson approximation to
the binomial is used instead.

6. The number of deaths at a large hospital during a month has the Poisson distribution.
If the probability that at most one death occurs during a month is equal to the
probability of having exactly two deaths, find the probabilities

(i) to have at least one death during a month;

(i1) to have at most three deaths during a month.
Group B

7. The number of burglaries in a city is thought to have a Poisson distribution, and it
is known that the mean of this distribution is three burglaries per week.

(1) What is the probability that in a given week, there are at most two burglaries?

(ii) Find the probability that in a 40-week period, there are 5 weeks with at most
two burglaries in each of them.

8. Let f},f, be the probability functions of the random variables X;, X,, which follow
the Poisson distribution with parameters 4,, 4,, respectively, that is

X
fn=etL x=0,1,2,...,
x!
for i=1,2. Let u;,u, be two constants with 0 <y, 4, <1 and define the
probability function f(x) by the formula

J&) =i + uofr(x), x=0,1,2,...

Find the condition that must be satisfied by the y;’s so that f is a valid probability
function of a random variable, which takes values on the nonnegative integers.
Then, find the mean and variance of the resulting distribution.

Application: In an automobile insurance portfolio, the insurance company estimates
that the number of claims made per year by a male driver has a Poisson distribution
with parameter 4, while the number of claims made per year by a female driver
has a Poisson distribution with parameter A,. If it is known that 60% of the insured
drivers are males, find the probability function and the expected value of the number
of accidents per driver (either male or female) in this portfolio.
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. In the section that sells swimming suits at a large department store, the number

of purchases in an hour follows the Poisson distribution with A = 4. Purchases are
made for both men’s and women’s suits, so that for a male suit one piece is sold,
while for a female suit two pieces (top and bottom) are sold. The store has estimated
that two-thirds of the swimming suits sold are for women. Let X denote the number
of pieces of suits sold within an hour. Find the probabilities

(1) PX=0), (i) PX =2), (i) P(X = 6).

The number of particles emitted by a radioactive source in one minute is a random
variable following the Poisson distribution with parameter A =2.5. In order to
count the number of emissions in one minute, we put a Geiger counter device
close to the source. But since this device has only a 1-digit counter, it registers all
particles emitted only if their number is a 1-digit number, while if it is 10 or more it
gives aresult 9. If Y is the variable that represents the number shown in the counter,
write down the probability function of Y, and hence find its mean and variance.

(The distribution of Y in this exercise is an example of what is called a clumped
Poisson distribution.)

Let X be a random variable with the Poisson distribution with parameter A. Show
that the rth factorial moment of X,

Hpy =EXX =1)---X=r+1], r>1,
is given by
Hy = A
Consider the probability function of the P(4) distribution
£ = P(X = x) = e_’lg, x=0.12, ..
(i) Show that f(x) can be calculated via the recursion
fo) = <a+ §>f(x— D, x=12..,

where a = 0 and b = A, with initial condition f(0) = e™*.
(i1) Verify that f(x) > f(x — 1) if and only if x < A.
(iii) Prove that

(a) if Ais not an integer, then f attains its maximum value at the point x;, = [4];

(b) if A is a positive integer, then f has two maxima, attained at the points
Xg=Aandxy=A1-1.

Let X ~ b(n,p) and Y ~ P(A). If A =np, so that X and Y have the same mean,

consider the sequence
PX =
g =2X=0 o
P(Y =n)

Show that the sequence a, is first increasing and then decreasing, attaining a
maximum at the largest integer not exceeding A.
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5.5 THE POISSON PROCESS

We have seen in the previous section that the Poisson distribution is typically used for a
random variable that counts occurrences of an event in a fixed interval of time. But what
if we want to study the number of occurrences of an event through time? For instance,
we mentioned in the last section that a natural assumption for the (random) number of
emissions from a radioactive source or telephone calls arriving at a call center in a small
time interval, such as one minute, is that it has a Poisson distribution. Is it true then that
the number of emissions or telephone calls in a larger interval, such as an 10 minutes or an
hour, still has the Poisson distribution? We may also be interested in drawing a graph of
this number of emissions (or its expected value) as a function of time.

Moreover, as a motivation for the usefulness of the Poisson distribution (which is
historically linked with the emergence of this distribution), we mentioned that it serves
as an approximation to the binomial distribution. For this, as described formally in
Proposition 5.10, we need a very large number of trials (7)) and a very small probability of
“success” (p). So, if we want to study occurrences of an event through time, we may split
the time axis into very small intervals, such that within each interval the event of interest
either happens (with a small probability) or it doesn’t.

This partitioning of the time axis into “very small intervals” is made precise, and
mathematically formal, in Definition 5.7 below by a passage to the limit as the length of
each such interval tends to zero. Before that, we need to mention that the phenomenon
we are currently studying cannot be described, in terms of probability theory, by a single
probability distribution. For instance, if we are studying the number of telephone calls
arriving at a call center between 10:59 a.m. and 11:00 a.m. on a particular day, this is
a random variable, say N;, which we may assume to follow the Poisson distribution. If
we study instead the number of calls between 10:59 a.m. and 11:20 a.m., this is another
random variable, say N,, which will typically be much larger’ than N, and it may (or may
not) follow a Poisson distribution. In general, if we study the number of events that occur
from some point in time, which we take as time zero, onward, we shall use the following
notation. Let us denote by N(¢) the number of events that occur in the interval [0, ¢]. For a
fixed time point ¢, N(¢) is a random variable in the usual sense. However, when we allow
t to vary, we shall be interested in the collection of random variables {N(t),t > 0}. Any
such collection, sometimes also called a family of random variables, is termed a stochastic
process. The process we define below in connection with the Poisson distribution is both
one of the simplest and one of the most important stochastic processes in probability theory.

Definition 5.7 A collection of random variables { N(z), ¢ > 0} is called a Poisson process
if it satisfies the following conditions:

PP1. N(0) = 0 with probability one;

PP2. For any two time intervals of equal length, (7,7 + u] and (s, s + u], the distri-
bution of the number of occurrences in these intervals is the same. So this
distribution depends only on the length of the interval and not its starting point
in time;

SMore formally, since N | and N, are both random variables, N, takes large values with higher probability than N,.
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PP3. For any nonnegative integer k and any interval (¢, ¢ + u], the event that there
are k occurrences in that interval is independent of the number of occurrences
at any interval prior to time f. More specifically, if 0 <# <1, <---<t,
and we denote by A; the event that there are r; occurrences in the interval
(t,t;q1fori=1,2,...,n—1,thentheevents A;,A,, ... ,A,_; are (completely)
independent;

PP4. The probability that there are two or more occurrences in an interval of length
h tends to zero as A tends to zero from above, denoted by & — 0", that is,

. P(N(h) >2)
lim ———— =
h—0% h

0.

Property PP2 in the definition is usually called the property of stationary increments.
Recall that N(¢) represents the (random) number of occurrences in [0, z] for any ¢. Thus,
N(t + u) — N(¢), which is called the increment of the stochastic process {N(?),t > 0}, gives
the number of occurrences in the half-open interval (¢, ¢ + u]. Mathematically, this property
tells us that for any nonnegative k,

P(N(t+u)—N(t) =k) = P(N(u) — N@O) =k)

and since N(0) = 0 by property PP1 (which simply says there is no occurrence at time
7ero), we get
P(N(t+u) — N(t) = k) = P(N(u) = k)

Further, property PP3 is called the property of independent increments.

From the discussion in the beginning of this section, one might feel that the Poisson
process emerges from the Poisson distribution when we allow the time interval of
observation to vary. Yet, in the above definition, there does not seem to be any link
between the process {N(f),r >0} and the Poisson distribution. In fact, this link is
given by the following result, proved by the Russian mathematician Alexander Khinchin
(1894-1959).

Proposition 5.13 If an event £ occurs through time in such a way that PP1-PP4 are
satisfied, then there exists a A > 0 such that the distribution of N(t), i.e. the number of
occurrences of € in an interval of length t, is given by

P(N(t) = x) = e—“@,
U

x=0,1,...
The parameter A is called the rate associated with the Poisson process.

Proof: Although there is obviously a rigorous proof of the proposition, using the law of
the total probability and differential equations, this is beyond the scope of the present
textbook and can be found in more advanced texts. Here, we proceed by giving a more or
less intuitive argument which shows why the result of the proposition holds true.

We divide the interval [0, 7] into intervals of length & = t/n.
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Assuming that n is large enough (theoretically, n — oo so that 1 — 0), PP4 shows that
the event £ may occur at most once in each interval of length 4. If the occurrence of £ in an
interval of length £ is a “success” and failure means that £ does not occur, then the random
variable N(f) represents the number of successes in 7 trials. Consequently, for each fixed
t the distribution of N(¢) is binomial with parameters n, p. Now, let A denote the expected
number of occurrences of £ in a time unit (this unit is much larger than the small intervals
of length & we considered earlier). Since there are 7 time units in the interval [0, ¢], by the
stationary increments property (PP2 in the definition), we deduce that the expected number
of times & occurs in [0, 7] is Ar. In other words, we must have

At = E[N(D)] = np,

which implies that p = Af/n. But assuming that n — oo, we have that p — 0 in such a way
that np — At and the result follows now from Proposition 5.10. O

Note that, since the parameter A = E[N(¢)]/t in a Poisson process is actually a rate, it
is always important to specify the time unit that this refers to. Once this has been done,
we may estimate the (often unknown in practice) value of A by an appeal to the formula
A =E[N(1)] (i.e. 4 is simply the number of occurrences of £ in one time unit).

Example 5.22 At an insurance company, claims for an insurance portfolio (e.g. for car
insurance) arrive according to a Poisson process with a rate 4 = 3 claims per day.

(a) Find the probability that there will be
(1) five claims on a given day;
(i) no claims for a three-day period;

(iii) at least six claims in a five-day period.

(b) What is the probability that in a five-day period, there will be exactly two days
with no claims?

SOLUTION Let N(¢) be the number of claims that arrive at the company during the
time interval [0, 7], when time is measured in days. Then

L G _ s GO
x! x!

PIN@)=x)=e , x=0,1,2,...
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(a) (i) Setting r =1, N(1) denotes the number of claims that arrive during a day.
Thus, for t = 1, so that Ar = 3, the distribution of N(1) will be P(3). As a
consequence, we get

35

P(N(1)=5)=¢2 - =— =0.1001,
(N(1)=5)=¢ 50 0.100

that is about a 10% chance.

(i1) For a three-day period, and since time is measured in days, we have t = 3,
and this implies that N(3), the number of claims in that period will have
a Poisson distribution with parameter A = 3 - 3 = 9. Hence, the required
probability is

0
P(NG) =0)=¢™ - 9T — e = 0.000 12,

which is about 0.01%, i.e. there is an extremely small chance that there will
be no claims for three days in a row.

(iii) Here we have t =5, so that Ar = 15 and, in analogy with above, we see
that the number of claims in a five-day period, denoted by N(5), is Poisson
distributed with parameter 15. We want P(N(5) > 6) and since the range of
values for the Poisson is infinite, we work with the complementary event.
More specifically, we have

P(N(5) > 6) = 1 — [P(N(5) = 0) + PIN(S) = 1) + PIN(S) = 2)

+ P(N(5) =3)+ P(N(5) =4) + P(N(5) = 5)]

=1-= -15 1_50+1_51+1_52+§+1_54+§
ST or T T T3 T T

=1-9128.5-¢1° =0.9972,

which means that it is almost certain (a 99.7% chance) that there will be at
least six claims in a five-day period.

(b) For a one-day period, we have ¢t = 1, so that A = 3. Therefore the probability
that in any given day there will be no claims arriving at the company is

P(N(1)=0)=e¢".

Now, let X denote the number of days in the five-day period in which no claims
will occur. Then, assuming independence between the numbers in successive
days, X has a binomial distribution with parameters n =5 and p = e™3. Thus,
the required probability is

51

PX=2)= (;) €21 —e 32 = 5 e~5(1 — e73)? = 0.0213,

i.e. just above 2%.
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Example 5.23 The number of customers who enter a shop follows a Poisson
process with a rate of three customers for a five-minute period.

(i) What is the probability that between 11:00 a.m. and 11:10 a.m. at least three
customers will enter the shop?

(i1) Find the probability that, between 11:00 a.m. and 12:00 noon, 20 customers will
arrive at the shop if we know that 12 customers have arrived between 11:00 a.m.
and 11:30 a.m.

SOLUTION First, we note that the rate A = 3 of the Poisson process is given for a
five-minute period. Therefore, in order to find the parameter of the Poisson distribution
for the number of customers entering the shop at any given interval, we have to consider
how many five-minute intervals are included in that time interval.

(i) In view of the above, for a 10-minute interval, we have ¢t = 2 and so the number
of customers, N(2), who arrive between 11:00 a.m. and 11:10 a.m. has a Poisson
distribution with parameter Ar = 3 - 2 = 6. This gives

PINQ2) > 3) = 1 — [P(NQ2) = 0) + P(N(2) = 1) + P(NQ2) = 2)]
_ 6|6, 6 6] _ -6 _
=1l-e [a+ﬁ+§ =1-25-¢=0.938.

(i) Noting again that the time unit is five minutes and taking 11:00 a.m. as the start
time of the process, we see that the required probability is

P(N(12) = 20|N(6) = 12).

But this is the same as the probability that there will be eight customers entering
the shop between 11:30 a.m. and noon given that 12 people had entered by
11:30 a.m., or,

P(N(12) = 20|N(6) = 12) = P(N(12) — N(6) = 8|N(6) = 12).

We now use the fact that the Poisson process has independent increments, which
means that the events {N(12) — N(6) = 8} and {N(6)=12}are independent; thus,
the conditional probability above is equal to the unconditional probability of the
event {N(12) — N(6) = 8}. Therefore we have

P(N(12) = 20|N(6) = 12) = P(N(12) — N(6) = 8).

Next, we recall a second property of a Poisson process, namely that of stationary
increments. This implies that the distribution of the number of customers in
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intervals of equal length is the same, or that the variables N(12) — N(6) and N(6)
have the same distribution. As a result, we obtain that

P(N(12) — N(6) = 8|N(6) = 12) = P(N(6) = 8).

It is then straightforward to find the probability on the right-hand side by
noticing simply that the variable N(6) has a Poisson distribution with parameter
At =3 - 6 = 18. This readily yields

8
P(N(12) = 20|N(6) = 12) = P(N(6) = 8) = ¢~ - %
8
St 181' = 0.004 16,

which is the required probability.

Example 5.24 The number of car accidents in a city follows a Poisson process with a
rate of 4 accidents per week. From police records, it has been found that a proportion p
of these accidents are fatal (meaning there is at least one casualty).

(i) What is the probability that during a week there are at least x fatal accidents?

(i) If A =6 and p =0.18, find the probability that there are at least four fatal
accidents in a four-week period.

(iii) For the same values of A and p as in (ii), what is the expected number of nonfatal
accidents during a four-week period?

SOLUTION Let N(¢) be the number of car accidents that occur in the city during the
time interval [0, 7] and X(7) the number of fatal accidents in the same time period. The
events

{N(t)=n}, n=0,1,2,...

form a partition of the sample space. Therefore, using the law of the total probability
(see Section 3.3), we may write

PX(t)=x) = Z P(X(t) = x|N(t) = n) - P(N(t) = n). (5.17)
n=0

Notice now that, for x > n, the probability P(X(¢) = x|N(¢) = n) equals zero, as the
number of fatal accidents cannot exceed the total number of accidents. Moreover, for
values of x such that x < n, if we know that n accidents have occurred, the number of
fatal accidents has the binomial distribution with parameters n and p, since each accident
may be regarded as a Bernoulli trial with success probability p (in this context, “success”
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means there is at least one fatality!). In other words, the conditional distribution of X(7),
given N(t) = n, is b(n, p) and so

PX(t) = xIN(t) = n) = <” ) P n>x,
X
where, as usual, g = 1 — p. Next, we note that N(f) ~ P(Ar) and, consequently, the
term P(N(t) = n) on the right-hand side of (5.17) is given by the Poisson probability
P(N(t) = n) = e *(At)" /n!.
In view of (5.17), the above considerations now yield that

[Se]

PX(@H)=x)=)

n=x

n! X n—xe—it (40"
x!(n —x)! n!

_ 0Pyt Gt e HOpDT Gy

| —x)! ]
x! — (n—x)! x!

A straightforward calculation shows that the last expression is the same as

PX(t) = x) = x=0,1,2,...

oo 01
x!
(1) The last result shows that {X(#), # > 0} is also a Poisson process with rate Ap.
Therefore, the probability that there will be at least x fatal accidents in a given
week (sofr=1)is
Uy
PXt)2x)= e =
r=x

(i1) For a four-week period, we have ¢ =4 and thus, from Part (i) above, the

number of fatal accidents has a Poisson distribution with parameter Apt =

6 - (0.18) - 4 = 4.32 accidents. The probability that there are at least four fatal
accidents in a four-week period is then given by

PX4)>24)=1-[PXA=0+PX4A =1+PXH4) =2)+PXH4) =3)]

1 le32 4 e—4.32@ " e—4.32@ " e—4.32@
1! 2! 3!

=1—-e*?[1+432+93312+ 13.4369] = 1 — 28.0881 - e+
= 0.6264.

(iii) We have seen in Part (ii) above that X(4) ~ P(4.32). Consequently, the
expected number of fatal accidents during a four-week period is simply 4.32.
The expected number of total accidents (both fatal and nonfatal) during that
periodis 6 - 4 = 24, and consequently the expected number of nonfatal accidents
is 24 — 4.32 = 19.68.
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This section has only served as a beginner’s introduction to a very important stochastic
process, namely, the Poisson process. There are various other important properties that
have not been mentioned here, as they require concepts and material which we have not
covered so far. Here we merely mention that, although a Poisson process typically measures
occurrences of an event through time, we may also have spatial Poisson processes, wherein
we count the occurrence of an event as it evolves in space (in one, two, or three dimensions).
Finally, before closing this section, we mention that there is a large number of natural
phenomena, in time or space, which can be adequately modeled by a Poisson process in
practice. Below, we list some of these applications:

e The arrival of customers in a queue, for example, at a cashier in a bank or in a large
store;

* the number of goals scored, as time evolves, in a football match;

e the number of raindrops falling over an area;

e the distribution of stars in a galaxy;

¢ the locations of weeds in the lawn;

+ the number of claims arriving at an insurance company?® ;

e the number of particles emitted via radioactive decay by an unstable substance
(generally, in radioactive decay, the nucleus of an atom which is in an unstable
condition, loses energy by emitting ionizing particles or radiation).

EXERCISES
Group A

1. Bees sit on a particular flower according to a Poisson process with a rate of 1 =6
bees per minute. What is the probability that

(i) exactly four bees visit the flower in two minutes?
(ii) at least one bee visits the flower in a half-minute period?

2. The arrival of airplanes at an airport can be modeled by a Poisson process with a rate
A =5 arrivals per hour.

(1) What is the probability that there will be at least one arrival between 3:30 p.m.
and 5:00 p.m. on a particular day?

(i) Find the expected value and the variance of the number of airplanes that will
arrive between 3:30 p.m. and 5:00 p.m. of that day.

3. The number of hits to a website follows a Poisson process with a rate of 8 hits per
minute. What is the probability that there will be 20 hits in a five-minute period, if
we know that there have been 7 hits during the first minute of that period?

5This may be plausible for certain types of insurance such as for vehicle insurance, while for other types, such as
for insurance related to natural disasters (floods, earthquakes, etc.) the conditions for a Poisson process may not
be satisfied.
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4. Trene has a Facebook page and she is very keen to have a large number of friends
there. The number of friends added to her page follows a Poisson process with a rate
of A = 3 persons per week.

(1) What is the probability that on a particular week she makes less than three new
friends?

(i1) Find how long she has to wait from now on so that she makes at least one new
friend with a probability of 99%.

(iii) Suppose that during a particular week she made no new friends between Sunday
and Friday, and so on Friday night she felt very disappointed and wanted to
know the probability that there would be at least one new friend on Saturday of
that week. Can you give an answer to her question?

5. Customers arrive at a bank according to a Poisson process with a rate of 1 =2
customers for a five-minute period. Find the probability that

(1) three customers will enter the bank between 2:00 p.m. and 2:15 p.m.;

(i1) three customers will enter the bank between 2:00 p.m. and 2:15 p.m. and two
customers will enter the bank between 2.15 p.m. and 2:30 p.m.;

(iii) three customers will enter the bank between 2:00 p.m. and 2:15 p.m. and at
most two customers will enter the bank between 2:15 p.m. and 2:30 p.m.

6. In the wire production unit of a factory, there is an employee who inspects the quality
of the wire as it comes out of the machine that produces it. It has been estimated that
the number of defects on the wire follows a Poisson process with a rate of one defect
per 100 m of wire produced. One day, during work, the employee is called to answer
an urgent phone call and he is absent from his post for 20 minutes. If the machine
produces 30 m of wire per minute, find the probability that the employee has missed
during his absence more than one defects on the wire.

7. The number of goals that Real Madrid scores in the football Champions League
competition follows a Poisson process with a rate of 4 = 0.12 goals in a five-minute
period. Find the probability that in their next three matches, Real will score exactly
one goal in two of them and three goals in the other.

Group B

8. In seismology, an earthquake is said to be “strong” if it has a magnitude of at least
six measured on the Richter scale. Imagine that in an area which is frequently hit
by earthquakes, the number of strong earthquakes follows a Poisson process with a
rate of 2.5 per year.

(i) What is the probability that there will be at least three earthquakes of that
magnitude (a) in a three-month period; (b) in a year?

(i1) Find the probability that in the next 10 years there will be exactly 3 years in
each of which there will be at least 3 strong earthquakes.

9. The number of trees in a forested area of S square feet follows a Poisson process
with rate A.
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10.

11.

12.

5. SOME IMPORTANT DISCRETE DISTRIBUTIONS

(i) Find the probability that the distance from a given tree to the one closest to it
will be at least « feet.

(ii) Calculate the probability that the distance between a given tree to the tree
which is the third closest to it will be at least a feet.

(i) Using the identity Y., /r! =, prove that for any real 7, the following
identity holds:

r=0

t2r
2n)!

_lt —t
—2(6 +e ).

(i) Telephone calls arrive at a large company according to a Poisson process with
a rate A per minute. If time is measured in minutes, and ¢ < s are two real
numbers, what is the probability that in the time interval (¢, s] there will be
an even number of phone calls (that includes zero phone calls) arriving at the
company?

(Hint: You may find the result in Part (i) to be useful.)

Nick, who is a car mechanic, receives damaged cars for repair at a rate of three
cars every two hours. He has estimated that, among the cars arriving 75% are
minor repairs, which he can fix by himself, while the rest should be sent to the
central repair store. Find the probability that there will be at least two cars needing
a major repair between 8:00 a.m. and 11:30 a.m. on a particular day.

The number of fraudulent credit card uses in a large store follows a Poisson process
with a rate of A = 3 per day. The store is open 12 hours each day (except Sundays).

(i) What is the expected number of frauds during a week, i.e. in six working days?

(ii) If the average cost of a fraud is $240, what is the expected cost that will be
incurred as a result of fraudulent credit card use between 12:00 noon and 4:30
p.m. on a particular day?

5.6 BASIC CONCEPTS AND FORMULAS

Bernoulli trial An experiment with two possible outcomes: success
(S) and failure (F)

Bernoulli distribution with f@)=p¢"™, x=0,1(g=1-p);

parameter p EX)=p, Var(X)=pq

Binomial distribution b(n, p) The distribution of the number of successes in n

independent Bernoulli trials with the same success
probability p.

fx) = (Z)pxq"_x, x=0,1,...,m;
E(X) =np, Var(X) =npq

Geometric distribution G(p) The distribution of the number of Bernoulli trials

(independent, all with success probability p) until the
first success.

f®=¢""p, x=12,..;
EG) =1, Varn =4
p p
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Negative binomial distribution | The distribution of the number of Bernoulli trials
Nb(r, p) (independent, all with success probability p) until the
rth success.

f(X)=(x_i>prqx_r’ x=r’r+1’r+2"~~;
7}" rq

EX)=-, VaX)= =
p p

Hypergeometric distribution The distribution of white balls selected in a random
h(n;a, b) sample of size n, taken without replacement from an
urn that contains a white and b black balls.

f(x)=P(X:x):<Z)(¢.

(37

a
EX)=n- ,
&) =n a+b b |
a n—
Var(X) = ._._.<1__)
ar(X) =n a+b a+b a+b—-1
a

Approximation to h(n;a,b) by | If a — oo and b — oo such that "
a

b(n,p)
(1)2)
X n—Xx <l’l> X n—x
_
(a+b>
n
Poisson distribution P(4) fx) = e‘ﬁi—f, x=0,1,2,..;

EX)=4, VarX)=4

Approximation to b(n, p) by If n - oo and p — O such that np — A > 0, then
P(4)

— p, then

X
<n)1’an_x — C_M—, x=0,1,2,...
X x!

Poisson process with rate 4 If N(¢) is the number of occurrences of an event £ in
the interval [0, 7], then under certain assumptions (see
Section 5.5),

(A
|

P(N(t)=x)=¢ , x=0,1,2,...
x!

5.7 COMPUTATIONAL EXERCISES

Mathematica has a very powerful machinery to handle discrete (and, as we shall see in
the following chapters, continuous) distributions. If dist stands for any particular discrete
distribution, Table 5.1 lists some of the main Mathematica functions that can be used to
obtain quantities associated with dist.

Mathematica has implemented’ all the discrete distributions we have met in this chapter,
along with several others. The ones we use more frequently are listed in Table 5.2.

TFor earlier versions of Mathematica, fewer distributions are available and, in order to make use of them, one
needs to upload first the corresponding package; this is accomplished with the command Statistics “Discrete
Distributions.”



396 5. SOME IMPORTANT DISCRETE DISTRIBUTIONS

Mathematical function Result

PDF[dist,x] Gives the value of the probability function
for the distribution dist at the point x

CDF[dist,x] Gives the cumulative distribution function of dist
calculated at the point x

Mean|[dist] Gives the mean of dist

Variance[dist] Gives the variance of dist

StandardDeviation[dist] Gives the standard deviation of dist

Random[dist] Produces a set of (pseudo)random numbers from dist

Table 5.1 Mathematica functions used to obtain various quantities associated with a distribution.

Mathematica function Distribution
BernoulliDistribution[p] b(1,p)
BinomialDistribution[n, p] b(n,p)
GeometricDistribution[p] G(p)
NegativeBinomialDistribution[r, p] Nb(r, p)
HypergeometricDistribution[n, a, a + b] h(n;a,b)
PoissonDistribution[s] P(s)
DiscreteUniformDistribution[{1,n}] DU (n)

Table 5.2 Mathematica functions for discrete distributions.

Notice that, apart from the distributions we have discussed in this chapter, Mathematica
has a special function for a distribution called the Discrete Uniform Distribution (see
Table 5.2). This is used rather less frequently than other distributions listed in Table 5.2,
but we have already seen examples that can be modeled by this distribution. More explicitly,
we say that a random variable X has a Discrete Uniform distribution with parameter n,
denoted by X ~ DU (n), if X can take any of the values 1,2,...,n, each with the same
probability. Since these probabilities must add up to one, it follows that the probability
function for the DU (n) distribution is

PX =i)= %, for i=1,2,...,n.
This distribution is sometimes referred to as the “equally likely outcomes” distribution.
One of the simplest examples of the discrete uniform distribution is when throwing a fair
die, in which case n = 6. The following short program gives an example of the use of the
various functions mentioned above, showing how Mathematica could be used to answer
the questions in Example 5.2.

In[l] := n=10;p=0.40;
f[x_]:=PDF[BinomialDistribution[n,pl,x]
Print ["Probability function"];
probfun=Table [{x, £ [x]}, {x,0,n}]
Print ["Plot of the Probability function"];
ListPlot [probfun]
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F[t_]=CDF[BinomialDistribution[n,pl, tl;
Print ["Plot of the cumulative distribution function"];
Plot [F[t],{t,-2,12}]

Print ["P[X=0] = ",£[0]]
Print ["P[X<=2] = ",F[2]]
Print ["P[X>=6] = ",Sum([f[x],{x,6,10}]]

Probability function

out[4]= {0, 0.00604662}, {1, 0.0403108}, {2, 0.120932}, {3, 0.214991},
{4, 0.250823}, {5, 0.200658}, {6, 0.111477}, {7, 0.0424673},

{8, 0.0106168}, {9, 0.00157286}, {10, 0.000104858}

Plot of the Probability function

0.25 | °
[ °
0.20 - °
015}
I o
L [ ]
0.10
0.05
L ° °
[ . R . A | . A | A . T L e
2 4 6 8 10
Plot of the cumulative distribution function
1.0F -
0.8 |
0.6 -
04 -
0.2}
-2 2 4 6 8 10 12

P[X=0] = 0.00604662
P[X<=2] = 0.16729
P[X>=6] = 0.166239
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EXERCISES

1.

Use Mathematica to draw a graph of the probability functions and the cumulative
distribution functions of the seven discrete distributions given in Table 5.2, for
various choices of their parameters.

. As in Example 5.5, suppose Jimmy shoots against a target with the probability of

hitting the target being p, and successive shootings are assumed independent. This
time he is told that a prize is awarded if he chooses to shoot 2n times and hits the
target at least n times. He has been offered the choice of n. Find for which values
of p he wins the prize if n = 1,2,3,4,5.

Note: For n > 2, it may not be easy to solve the corresponding inequality for p, and
so you can find the solution either graphically or, preferably, using the command
NSolve[f[x]==0,x].

. An airline estimates that 3% of the persons who book a seat to travel do not show

up. On that basis, suppose that the company makes 350 reservations for an aircraft
capacity of 340 seats. What is the probability that every passenger who shows up
for travel finds a seat?

. How many times do we have to throw a die so that the outcome in at least one throw

is less than three and in at least one throw it is greater than two with probability
more than or equal to

(1) 50%; (i1) 90%; (iii) 95%; (iv) 99%.

Suggestion: Work as in Example 5.6 and use Mathematica to solve the resulting
inequality.

. Create a large number (e.g. 10 000) of observations from the geometric distribution

with parameter p = 0.10,0.50,0.90,0.99. In each case, calculate the arithmetic
mean of these observations. How close are these values to the theoretical mean of
the distribution?

. In a certain lottery, there is a total of 300 tickets and 40 of them win some amount.

If we purchase 15 tickets, what is the probability that we have

(1) exactly two winning tickets?
(i1) at least six winning tickets?

(iii) at most 10 winning tickets?

. Make a graph of the hypergeometric distribution, h(n;a, b), for n = 30, a = 3k,

b = 2k, where k = 50,100, 150, ..., and compare this with the graph of the binomial
distribution with n = 30,p = 0.6. What do you observe? Can you justify this
result?

. Draw the graph of the binomial distribution with n = 10, 50, 100, 200, 300, 500, and

p = 5/n. Then compare, in each case, the graph with that of the Poisson distribution
with 1 = 5. Again, try to justify your findings.
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9. Fillin the table below with the values of the probability functions for the distributions

mentioned in the table. What do you observe? Make a similar table when the values
of the probability function are replaced by those of the cumulative distribution
function.

h(n;a,b) b(20,p)
a=30 | a=90 | a=150 | a=900 | a=1500 | p= a
a+b
x| b=20 | b=60 | b=100 | b=600 | b= 1000
0
1
2
15

10. Make a table similar to the one above, and fill in the corresponding values of the

probability functions, for the distributions in Exercise 7.

5.8 SELF-ASSESSMENT EXERCISES

5.8.1

1.

True—False Questions

The owner of a restaurant allocates the shifts to the waiters of the restaurant in a way
such that each waiter has a probability of 3/10 of having a day off on a Saturday
(where tips are usually higher). If the random variable X denotes the number of
weeks a waiter has to wait until he works on a Saturday, then X follows the Poisson
distribution.

. Let X be a random variable denoting the number of roulette spins until a

black-colored number appears. Then, the distribution of X is geometric. (To
answer the question, it is immaterial how many numbers, such as 36, 37, 38, etc.,
there are on the roulette wheel).

. Twenty persons of the same age and the same health status are insured with a

certain company. From the company’s records, it is estimated that each person of
that age has a chance of 0.65 of being alive in 20 years’ time. The expected number
of persons that will be alive in 20 years’ time is 15.

If X has a binomial distribution with parameters n and p, then the random variable
Y = n — X also has a binomial distribution with parameters n and p.

. If X has a geometric distribution, then

PX>k+rX>k=PX>r)

for any nonnegative integers k and r.
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10.

11.

12.

13.

14.

15.

16.

17.

18.
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. If X has a geometric distribution, then

PX<k+rlX<ky=PX<r)

for any nonnegative integers k and r.

. Consider a sequence of Bernoulli trials with the same success probability, p. The

expected number of trials until the first failure is equal to 1/p.

. Anurn contains a white and b black balls. We select a ball randomly, note its color

and return it to the urn. We repeat this experiment and let X be the number of trials
until a black ball is selected for the first time. Then, X has a geometric distribution
with parameter p = a/(a + b).

. Forn > 20 and p < 10/n, the following approximation can be used:

(1=p)' me™™.

If it is known that the number of motor accidents in a city during a week has the
Poisson distribution with parameter 1, then the probability of having at least one
accident during a week is 1 — 2e!.

An urn contains a red and b black balls. We select a ball randomly, note its color, but
do not return it to the urn. We repeat this experiment n times (where n < min{a, b})
and let X be the number of red balls selected. Then the expected value of X is an/b.

Assuming that both genders are equally likely, the probability that a family with n
children has at least one girl is 1 — 27",

The minimum number of children a family must have so that it has at least one boy
with a probability not less than 90% is four (assume again that it is equally likely
for a boy or a girl to be born).

In a lottery with 49 balls numbered 1-49, 6 numbers are selected at any draw. If
someone selects six numbers in advance, the probability that all six will be drawn

is (49 >—1
6 .
The number of characters in a page that are misprinted has the Poisson distribution

with parameter 2. Then, the probability of having at least three misprinted characters
on any particular page equals 5e~2.

The number of house burglaries in a city during a day follows the Poisson
distribution. If the probability that there will be no burglaries on a particular day is
e, the expected value of burglaries for a day is 5.

When we throw five fair coins, the probability that three or more heads will appear
is 0.5.

Claims arrive at an insurance company according to a Poisson process {N(¢) :

t > 0} with rate 4 = 3 claims per day. The probability that there will be exactly one

claim in a two-day period is e ~°.
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5.8.2 Multiple Choice Questions

1.

A box contains a red and b black balls. We select a ball randomly, note its color but
do not return it to the urn. We repeat this experiment n times (where n < min{a, b})
and let X be the number of red balls selected. The distribution of X is

(a) binomial (b) negative binomial (c) hypergeometric

(d) Poisson (e) none of the above

. The number of customers served by a bank employee during an hour has the

Poisson distribution with mean 10. Then, the probability that the employee serves
exactly four customers in a particular one-hour interval is

4 2 3
(a) e—lo% (b) e—lO <1 + Q + & + &) (C) e—lol

“1010*

) e (e) em"—

. We throw a fair die repeatedly until an outcome of 4 or greater appears for the fifth

time. If X denotes the number of trials until this happens, then X follows the
(a) Poisson distribution with parameter A = 1/2

(b) hypergeometric distribution

(c) geometric distribution with parameter p = 1/4

(d) geometric distribution with parameter p = 4/6

(e) negative binomial distribution with parameters r = 5 and p = 1/2.

In a lottery with 49 numbered balls, 6 are selected on any particular draw. If we
select 10 numbers before a certain draw, the probability that we have exactly 5
winning numbers is

() 22 © (e)-(V)
(s) (%) (5)
(5)»+ () (5)-(7)

(5)

(5)

(a)

(d)

(e)

. The probability that a students fail a certain exam has been estimated to be 0.05.

The probability that at least three scripts will be needed until the professor who
marks the scripts finds the second script to be a fail is

(a) 1—1(0.05)%(0.95) (b) 1—(0.05)? (c) (0.05)* + (0.05)%(0.95)
(d) (0.95)% (e) (0.95)%(0.05)
At an industrial unit which produces TFT 22" computer screens, the probability

that a new screen is defective is 0.05. In a sample of 60 screens, the probability that
at most one defective screen is included equals

(a) 0.19155 (b) 0.04607 (c) 0.14548 (d) 0.22588 (e) 0.00242
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. We throw a fair die repeatedly until an outcome of either 3 or 4 appears for the

Sfourth time. If X denotes the number of trials until this happens, then which of the
following statements is correct?

(a) E(X)=12 (b) EXX)=3 (©) PX =4)=(2/3)"
(d) P(X =3)=(1/3) (e) P(X =5)=2°/3

. Apples are packaged at a fruit packaging unit in boxes with 20 fruits each. It is

known that 5% of the apples that arrive at the packaging unit cannot be sold, and
for this purpose each apple is checked before packaging and put in a box only if
found suitable for sale. The distribution of the number of apples that are needed to
be checked in order to fill a box is

(a) Poisson (b) binomial (c) hypergeometric
(d) negative binomial (e) none of the above

. During the last 10 years, 18 fatal accidents have been recorded on a certain

motorway. The distribution of the number of accidents in this motorway per year
can be reasonably assumed to be

(a) Poisson (b) binomial (c) hypergeometric
(d) negative binomial (e) none of the above

The percentage of companies that had their stock price increased at the NY Stock
Exchange on a particular day is 45%. If we take a sample of 15 companies, the
number of those who did not have an increase on that day has a distribution which is

(a) Nb(15,0.45) (b) P(6.75) (©) G(0.45)
(d) b(15,0.55) (e) b(15,0.45)

Faye asks George to select a nonnegative integer less than 1000. Assuming that
George selects this number completely at random, the probability that this number
has at least one digit equal to 2 is

(a) 1-(9/10)° (b) 1—-(8/10)° (c) 8%/10°
() 93/10° (e) 1—(8*+9%/10.

An electric wire of length 30 m has on average 0.5 faults. Assuming that the number
of faults follows a Poisson process, the probability that there are exactly two faults
in a wire which is 60 m long is

(a) 2e2 (b) e! (c) e7'/2 (d) e2 (e) e72/2

The number, X, of births at a hospital during an hour has the Poisson distribution
with parameter 4. We know that the probability a single birth occurs in an hour
is four times the probability of having two births in an hour. The value of the
parameter A is

(@) 1/4 (b) 1/2 (©) 2 d e (e) 4

For a family with n children (n > 2), the probability that there exists at least one
boy and at least one girl is
1 1 1 1 1 1

yn-1 (b) 1- bl (©) = (d) > (e) g + o

(@) 1=
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From an urn that contains 60 balls numbered 1-60, we select 3 balls with
replacement. Let X be the random variable which denotes the number of balls
selected, having a number which is a multiple of 3. The distribution of X is

(a) hypergeometric (b) binomial (c) Poisson

(d) negative binomial (e) none of the above

If X has a P(4) distribution and we know that the standard deviation of X is three
times higher than its mean, then the value of A is

(a) 1/9 (b) 1/3 (1 d 3 (e) 9

The number of cars arriving at a parking station follows a Poisson process
{N(?) : t > 0} with rate A cars for a five-minute period. Suppose that the variance
of the number of cars to arrive in the next 10 minutes is 9. Then the value of A is

(a) 18 (b) 9/2 (c) 9/10 (d) 9/4 (e) 3/2
The number of cars arriving at a gas station follows a Poisson process {N(t) :
t > 0} with rate 4 = 7 cars for a five-minute period. The expected number of cars

to arrive between 9:00 a.m. and 10:00 a.m. on a particular day, if we know that six
cars arrived between 9:00 a.m. and 9.15 a.m., equals

(a) 63 (b) 78 (c) 90 (d) 84 (e) 69

Assume that X has a b(n, p) distribution. If it is known that the mean of X is 6 and
its standard deviation is 2, then the values of n and p are

(a n=18,p=2/3 (b)y n=9,p=2/3 ) n=18,p=1/3
dn=12,p=2/3 e) n=9,p=1/3

5.9 REVIEW PROBLEMS

1.

Susan throws three dice and Andrew also throws three dice. What is the probability
that they get the same number of sixes?

The probability of error in the transmission of a binary digit over a communication
channel is 2 - 107%. If 5000 digits are transmitted,

(1) find the probability that at least two errors occur;

(i1) calculate the mean and the variance of the number of errors.

. The price of a certain stock either increases during a trading day by $1 and this

happens with probability 0.7 or decreases by $1. What is the probability that, after
20 trading days, the price of the stock will be

(i) the same as it was before the first day of trading;

(ii) $4 higher than its value before the first day of trading?

. We ask five persons which day of the week they were born. Find the probability that

(i) no one was born on a Tuesday;
(ii) at least three persons were born during a weekend;

(i1i) not all five were born on the same day of the week.
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. A bus traveling between Paris and Lyon in France is about to depart in five minutes.

The bus has 52 seats and they have all been booked. Anne and Sophie have just
arrived at the bus station without a reservation, hoping that there will be two empty
seats. If the probability that a person who has booked will not turn up for traveling
is 0.04, what is the probability that both girls will find a seat in the bus?

Screws produced by a machine in a large company are packaged in packs of 50
screws each. The company believes that a pack cannot be sold if it contains at least
three defective screws. If it is known that the probability of a screw being defective
is 0.03,

(i) find the probability that a pack cannot be sold;

(ii) to decide whether a pack should be sold, an employee checks five screws
at random and decides that a pack should not be sold if it contains at least one
defective screw. Find the probability that a rejected pack contains less than
three defective screws, so that it could have been sold.

A box contains five red and six yellow balls. We select four balls at random.

(i) What is the probability that at least three are red? Compare the answers you
get if the selection is made

e without replacement;

 with replacement.

(i) From each of the two sampling strategies in (i), find the expected number of red
balls in the sample of size 4. Again, compare the results if sampling is made
with or without replacement.

Susan rolls two dice and Adam rolls three dice. What is the probability

(1) that they get the same number of sixes?

(i1) that Susan gets more sixes than Adam?
(iii) that Adam gets exactly one more six than Susan?
Daniel goes with his father to an amusement park and heads straight for the shooting
game. He pays $3 to enter the game and he is offered five shots; if he finds the target
in at least four of them, he wins a prize which his dad estimates to be worth $6.
Assuming that the probability of hitting the target in each shot is p, find Daniel’s
(or his dad’s!) expected profit if

@) p=0.7
(1) p=0.9.

John rolls a die, and if the outcome is k, he rolls the dice k times successively.

(1) What is the sample space for this experiment?
(i) Write down the probability function for the number of trials (rolls of the die).
(iii) Let Y be the number of 3’s which turn up. Find the probability function of Y.
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Consider the discrete uniform distribution, DU"(n), defined in Section 5.7. For this
distribution,

(i) calculate the first three moments around zero, that is, ,ulf fori=1,2,3;

(i) show that the third moment around the mean is always zero;

(iii) verify that the variance of the random variable having this distribution is

(n—Dn+1)
12 '

Six school girls discuss about their color preferences. They decide to write in a
piece of paper their two favorite colors among a possible set of seven colors: pink,
purple, yellow, maroon, red, green, and brown.

If we assume that all colors are equally likely to be selected, what is the probability
that

(1) all six girls select maroon as one of their choices?
(i1) exactly five girls select pink and maroon as their choices?

(iii) the total number of colors the girls wrote down is five, so that two colors are
not selected by anybody?

In Section 5.2, we showed that the geometric distribution has the memoryless
property, i.e. for any positive integers n, k, we have

P(Y >n+k|Y >n)=PY > k).

Verify that the converse is true; that is, if a random variable Y on the nonnegative
integers satisfies the above for all n and k, then the distribution of Y is geometric.
This type of a result, meaning a two-way implication, is called a characterization
of the distribution.

Reservations for a theater performance are made according to a Poisson process
with rate A = 5 reservations per hour. If there are currently 20 seats available, what
is the probability that all the seats will have been booked within the next three
hours?

The number of molecules that a gas contains can be described by a Poisson process
with rate A, so that in an area of w units the expected number of molecules is Aw.
Find the probability that a specific molecule

(1) has a distance from its closest molecule less than a fixed positive number a;
(i1) has a distance from its second closest molecule greater than a.

Nicky, who is a wine taster, tries five California wines and six Bordeaux wines
and she is asked to assign a number to each wine, according to her preference, so

that the best wine receives number one, the one she likes after that receives number
two, and so on.
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(i) Let Y be the number assigned to the Bordeaux wine that Nicky likes best. Find
the probability function of Y, assuming that initially all wines have the same
probability of being selected in any order.

(ii) Let now Y’ be the number assigned to Nicky’s second most favorite Bordeaux
wine. Find the probability function of ¥’.

The number of phone calls that Nicky receives on her mobile phone follows a
Poisson process with a rate A = 3 calls per hour.

(i) Find the probability that she will receive three calls between 6:00 p.m. and 6:20
p.m.

(ii) Calculate the probability that she will receive three calls between 6:40 p.m.
and 7:00 p.m. and at least two calls between 7:10 p.m. and 7:30 p.m. on the
same day.

(iii) Find the probability that she will receive three calls between 6:40 p.m. and 7:00

p-m. and at least six calls between 6:00 p.m. and 7:40 p.m. on the same day.

An employee in a telephone sales company estimates that she has a 15% chance
of closing a sale after each phone call.

(i) What is the expected number of sales she will make after 40 calls?
(ii)) What is the number of calls needed so that the probability of at least one sale

is 95% or more?

George and Faye enter a quiz in which they have to answer independently 10 “True
or False” questions.

(i) Assuming that they are both purely guessing, so that both have a probability
of 1/2 of answering each question correctly, show that the probability they
give the same number of correct answers is

20\ 520
27,
( 10 )

(Hint: you may find a combinatorial identity useful here.)
(i) What is the probability that Faye gives two more correct answers than
George?

Let X be a random variable with the negative binomial distribution with parameters
r and p.

(i) Let Y = X — r. Find the probability function, the expectation, and variance
of Y.

(i) Assume that, as » — o0, the probability of a failure ¢ = 1 — p converges to zero
(so that p — 1) in such a way that the product rq converges to a positive
constant A. Show that

. A
lim P(Y =y)=e = y=0,1,2,...
y—oo y
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When Lucy goes shopping, the number of items she buys follows a Poisson
distribution with rate A4; = 3. However, if her friend Irene, who is a shopaholic,
goes with her, then she tends to buy more items, so that the number of purchased
items still has a Poisson distribution but with a new rate 4, =4.5. Lucy is going
to the shops next Saturday and she has invited Irene to come with her, but she is
not sure if she will be coming. If the probability that Irene accompanies Lucy to the
shops is 0.7, find

(i) the probability that Lucy buys at least five items;
(ii) the expected number of items she will buy.
In Exercise 14 of Section 5.1 and in Exercise 12 of Section 5.4, you were

asked to show that the probability function of both the binomial and the Poisson
distribution satisfies the recursive formula

fo) = <a+ l—’)f(x— ). (5.18)
X
In the first case, the formula holds for x = 1,2, ..., n, in the latter forx = 1,2, ...,
i.e. for all positive integers.
Show that this recursive relationship also holds for x = 1,2, ..., in the case of the

negative binomial distribution and identify the choices of a and b for this case.

Let X have a distribution on the nonnegative integers {0, 1,2, ...} such that (5.18)
holds.

(1) Assuming that E(X) exists, show that

S

a+
1 —

EX) =

Q

(i1) If we assume that E[X(X — 1)] exists, then it is given by

(2a + b)(a + b)

EXX-1]= 1= a2

From this, deduce an expression for the variance of X in terms of a and b.

(iii) Combine the results of the first two parts with those of the previous exercise
to reestablish the mean and the variance of the Poisson and the negative
binomial distributions.

(Hint: Use the identities

xf(x) =alx—D)fx—1)+ @+ b)f(x—1)
and
xx—1Dfx)=akx—Dx=2)fx— 1D+ Ra+b)x—Df(x—-1)

and sum the two parts of the first identity for x = 1,2, ..., and of the second
identity forx = 2,3, ...)
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24. Customers arrive at a bookstore with a rate of 4 =20 customers per hour. It is
estimated that 30% of the customers buy a particular book which is this month’s
best-seller. What is the probability that the store sells at least four copies of the
book within an hour?

25. From an urn, which contains a white and b black balls, we select n balls with replace-
ment. However, each time a ball is put back into the urn, we also put s more balls
of the same color into the urn. Let X be the number of white balls in the sample of n
balls selected.

(i) Show that the probability function of X is given by the formula
X n—x

(@+G- Do) [Je+ G- Ds)
= i=1

i=1

f(x)=P(X=x)=(Z) f[( o
+b+(i—
2 a L N

The distribution of the random variable X is often referred to as the Pélya dis-
tribution, and is in fact one of several distributions named after the Hungarian
mathematician George Pdlya (1887-1985).

(i) Which distribution arises in the special case s = 0?

(iii) Suppose now that s = —1 so that, rather than putting more balls, we remove
one ball from the urn, which is of the same color as the last ball chosen. What
is the distribution of X in this case?

26. A bowl contains a blue and b yellow chips. From the bowl, we select successively
and without replacement, until the nth blue chip is selected. Let X be the number
of chips selected until this happens. The distribution of X is called a negative
hypergeometric distribution.

(i) Prove that the probability function of X is given by

D62 amme

_ s _\n-—-1
@ =PX =x) = G

x—1

wherex=n,n+1,...,n+b.

(ii) Arguing as in the proof of Proposition 5.9, show that, as a — c0,b - oo in a
way such that

lim =p,
a—o0,b—00 q + b P

the following holds true:

lim  f(x) = (;: i >p”(1 o x=ma4l,...

a—»00,b—00

(convergence of the negative hypergeometric distribution to the negative
binomial). How do you interpret the last result intuitively?
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Application: We have 25 male and 35 female students and we want to select a
committee that has exactly 3 female members. For this reason, we select students
at random (among the 60 students) and we stop when the third female student is
selected. Let X be the number of committee members. Write down the probability
function of X. Hence, calculate the expected number of committee members.

An electronic game machine makes a profit of ¢ dollars per hour of service. The
machine, however, breaks down at random times. In particular, it is assumed that
the number of breakdowns follows a Poisson process with rate 4 > 0. Moreover, if
the number of breakdowns equals x, the financial damage incurred due to the repair
costs and the fact that the machine is not working equals ax” + bx, where a and b
are known positive constants.

(i) Write down a formula for the profit K from the operation of the machine
during the time interval [0, ¢], if time is measured in hours.

(ii) Show that the expected profit, E(K), is given by
E(K) = ct — (a + b)At — aA*i.

(iii) Find the time ¢ for which the expected profit is maximized from the operation
of the machine during the interval [0, 7].

A scientific institute has n; male and n, female members. In the last elections
of the institute, » members did not vote (n < n; + n,). If all institute members have
the same probability of abstaining from voting, find

(i) the distribution of the number of female members who did vote;

(i1) the probability that the number of members who voted is less than double
the number of female members who voted in the elections.

A new law proposal is submitted to the parliament of a country. There are » members
of the government party, who will all certainly vote in favor of the proposal, m
members of the leading opposition party who will all vote against the proposal,
while there are also k parliament members who belong to other parties; we assume
that m < n,k < n, but m + k > n. In the last group of k parliament members, each
person will vote in favor of the proposal with a probability p, and against it with a
probability ¢ = 1 — p, and we assume that they reach a decision independently
of one another.

(1) Find the probability function for the number X of votes that will be cast in favor
of the law proposal.

(i1) Find the probability that the proposal is approved by the parliament.

While information is transmitted to a computer system, a so-called parity check
takes place as follows: suppose that the system uses words with n binary digits
(bits), i.e. each digit is either O or 1. Then, next to each word which is transmitted,
another parity digit is placed such that the total number of 1’s representing a word is
an even integer. When the word with the n + 1 digits is transmitted to the receiver,
this receiver checks the number of 1’°s received and if this is not an even number,
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it reports an error in the data transportation. Suppose that each digit is transmitted
correctly with probability p (0 < p < 1).
(i) Find the distribution of the number X of digits that are correctly transmitted.

(i) What is the probability that a word which is not transmitted correctly passes
unnoticed?

(iii) Give numerical answers to the previous two parts for p = 0.98 when n = 3
and n = 6.

31. Let X be a variable that follows the Poisson distribution with parameter A > 0. If r
is an integer with r > 2, define the random variable

r—1

Y=[l&x+)=X+DX+2)---X+r—1).

r=2 .
A
(1—%6 1_'>
=l

i=1

(i) Prove that

£(})-

(ii) Calculate the expectation

1
Ar—1

and compare this with the quantity

1
EX)+1

32. Let X,, be the number of successes in n independent Bernoulli trials, each with a
success probability p, and

a, = P(X, is an even integer).

(i) Using the law of total probability and the partition {B;,B,} with B, =
{X, =0}, and B, = {X| = 1}, prove that the following recursion holds:

a,=0-pa,_;+p(l—-a, ), n=273,..
(i1) Show by induction that the numbers a,, n = 1,2, ..., are given by
1 n
a, = 5[1 +(1=2p)"], n=12,...

(iii) Using the result from (ii), deduce the combinatorial identity

[n/2]

n n—x_l n
2 () a=pr =3+ -2
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33. In a sequence of n + k independent Bernoulli trials with success probability p
in each trial, let X be the number of successes in the first » trials and Y be the total
number of successes out of the n + k trials. Establish that for0 < x <y,0 <x < n,
and 0 <y < n + k, the following expressions are true:

i k
i) PX=x,Y=y= <Z> <y b x) pyq'H'k_y,
(i) PY=y|X=x)= ( ¢ >py"‘qk"'+".
y—x
n k
X y—x
y

How do you interpret the last result intuitively?

(i) PX=x|Y=y) =

5.10 APPLICATIONS

5.10.1 Overbooking

Overbooking is a common practice in the travel industry, especially in airlines, trains, and
ships. This practice is applied when sellers (air carriers, railway, and maritime companies)
expect that some passengers will not show up. This allows them to have a fuller or nearly
full plane/train/ship even if some passengers miss the trip, cancel their ticket at the last
minute (which is quite common in the case of flexible tickets, which are rebookable), or
do not show up at all.

Excessive overbooking may result in increased cost for the carrier because, in the event
of not being able to accommodate all the passengers who show up, a search for volunteers
to give up their seats will be necessary, at the expense of offering them a travel credit or
free ticket.

In view of the above, the carriers would wish to calculate the amount of overbooking
that can secure (at a certain probability level, say 90% or 95% or 99%) that all passengers
who show up will be able to travel.

Let us now examine a simple probability model that can facilitate the above requirement.
Assume that an air carrier has estimated (from past experience) that a percentage p = 5%
of the passengers for a specific flight does not show up. This flight is serviced by a small
plane with seat capacity ¢ = 50. Let us assume that the air carrier sells n = 52 tickets. If
we denote by X the number of passengers who do not show up to travel (out of the 52
ticket holders), it is clear that X follows a binomial distribution with parameters n = 52
and p = 0.05. Therefore,

52
X

PX=x)= (”);f‘(l —py = ( ) 0.05° 0.9527%, x=0,1,...,52,
X
and the probability that all ticket holders who showed up will be able to travel is given by

PX>n-c)=1-PX<n—c)=1-PX<2)=1-PX=0)-PX=1).
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Replacing P(X = 0) and P(X = 1) by
P(X =0) = (502 ) 0.05° 0.95%2 = 0.95%,
PX=1)= (5]2 ) 0.05' 0.95°! = 52.0.05-0.95%",

we obtain P(X > 2) = 0.74, that is, with probability 74%, the overbooking will not cause
any problem to the air carrier.

A question that is of special interest for the air carrier is the following: for a given
airplane capacity ¢ and passenger non-show-up probability p, how many tickets can be
sold so that the probability of being able to accommodate on the plane all the passengers
who will turn up is not less than a desired level, say p,. Evidently, the condition set in the
previous question leads to the inequality

n
n _
PXzn-a2py = Y, (1) a—przp,
x:nz;c X
and since the unknown quantity is the positive integer n, we can only solve the problem by
tabulating the LHS of the last inequality for n = ¢,c + 1, ... and look for the largest value

c=50 c =150 c =345
p n Probability n Probability n Probability
0.1 50 1.000 000 152 0.999 998 355 1.000 000
51 0.995362 153 0.999 984 360 0.999 988
52 0.971706 157 0.996 536 369 0.992 853
53 0.910201 158 0.991517 370 0.988 367
54 0.801 542 159 0.981 606 375 0.919387
55 0.654 852 160 0.964 095 380 0.720272
0.05 50 1.000 000 150 1.000 000 347 1.000 000
51 0.926 902 151 0.999 567 348 0.999997
52 0.740503 152 0.996 30 349 0.999 98
53 0.498 184 153 0.983 883 350 0.999 905
54 0.284 136 154 0.952222 355 0.984 424
55 0.139653 155 0.891273 360 0.798 631
0.01 50 1.000 000 150 1.000 000 345 1.000 000
51 0.401 044 151 0.780763 346 0.969113
52 0.095 576 152 0.449714 347 0.862243
53 0.016 155 153 0.198 118 348 0.676 825
54 0.002 124 154 0.069 803 349 0.461 740
55 0.000 230 155 0.020402 350 0.274 078

Table 5.3 Probability that all passengers can be accommodated in an airplane of capacity ¢ when
an overbooking of n tickets has been made.
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of n that corresponds to a probability greater than or equal to p,. In Table 5.3 we provide
the values of the quantities

Py =Paepy = 3, (1) -pr nze

X=n—c

for p = 0.1,0.05,0.01 and capacities ¢ = 50,150, 345 (corresponding to typical capacities
of small, medium, and large airplanes, respectively). Note that for n = ¢, we always have
P(c) = 1 while for ¢ = 345 and p = 0.1, we see that the company can sell 10 more tickets
than the available seats and be safe that all passengers who will show up for the flight will
have a seat (more precisely, this event has probability one, with accuracy of 6 decimal
places).

Further, according to Table 5.3, if the non-show-up probability is 10% and we wish to
guarantee a problem-free overbooking at level 99%, we can sell up to 51 tickets for a flight
with seat capacity ¢ = 50, up to 158 for a flight with ¢ = 150, and up to 369 for a flight
with ¢ = 345.

It is worth noting that the overbooking potential decreases dramatically when the
non-show up probability decreases. For example, when p =0.01 and p, = 0.95, no
overbooking should be made in airplanes with a small or medium capacity while a safe
overbooking, at this level, for a large airplane (¢ = 345) can be maintained by selling just
one extra ticket.
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KEY TERMS

Banach matchbox problem
Bernoulli distribution
Bernoulli trial

binomial distribution
geometric distribution
hypergeometric distribution
memoryless (or lack of memory) property
negative binomial distribution
Pascal distribution

Poisson distribution

Poisson process
success/failure

waiting time distribution



CHAPTER 6

CONTINUOUS RANDOM VARIABLES

Pierre Simon Marquis de
Laplace
(Beaumont-en-Auge, Normandy
1749-Paris 1827)

French mathematician and astronomer. Apart from making key contri-
butions to the early development of probability theory, he carried out
pioneering work on calculus, but perhaps is known most of all for his
ingenuous ideas in celestial mechanics. His five-volume work Traité de
mécanique céleste (published between 1799 and 1825) not only included
everything known at his time about the movement of planets, but presented
his own new methods for calculating the motions of the planets, deter-
mining the average distance of the planets from the earth, resolving tidal
problems, and so on.

One of Laplace’s major contributions to probability theory was the
proof, in 1810, of the Central Limit Theorem, a celebrated result that will
be discussed in Volume II of the present book. Among other things, this
consolidated the importance of the normal distribution as a theoretical tool
in probability and statistics.

In 1812, he introduced a multitude of new ideas and mathematical tech-
niques in his book Théorie Analytique des Probabilités. Before Laplace,
probability theory was solely concerned with developing a mathemati-
cal analysis for problems related to games of chance. Laplace applied
probabilistic ideas to many scientific and practical problems. Astronomy,
statistical mechanics, and actuarial mathematics are examples for some of
the important applications of probability theory developed in the nineteenth
century.
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6.1 DENSITY FUNCTIONS

This chapter and the next one deal with continuous random variables. Recall that a
random variable X (and the associated distribution function) is said to be continuous if the
cumulative distribution function

F()=P(X <1), —c0 <1< o0,

is continuous everywhere. In this case, the range of values of X, denoted by Ry, is
uncountable. Typically, and nearly in every case we shall consider here, Ry will be a finite
or infinite interval on the real line. An important observation we made in Chapter 4 is that,
both for discrete and continuous variables, the distribution function F(¢) of X maps a real
number ¢ to the probability of the event {X < r}. Two important properties of F are that
it is increasing and right-continuous everywhere. When X is discrete and has probability
function f and range {x;,x,, ...}, then F is related to f by

Fy= Y f0x). ©.1)

iix;<t

It is clear that even a small change in the value of ¢ can have a dramatic impact on F(r).
This is due to the upward jumps at the points x;, because {X = x;} occurs with positive
probability. As we have discussed in Chapter 4, however, when X is continuous, then
P(X =x) =0 for all real x. The distribution function F(#) increases in a smooth way
(formally, it is a continuous function) and is free of jumps.

It should be obvious from the above that the probability function, which is a major tool
for discrete variables, cannot be used for continuous ones. What should one use instead?
Let us try to find an answer to that question with the aid of an example. In the discrete
case, we have seen examples where we ask a computer to generate digits in a “random”
manner sequentially so that, at each place, any of the digits 0, 1, ...,9 appears with equal
probability 1/10. We assume for convenience that these digits occur as decimal places (in
the order that they were obtained) of a number whose integer part is zero. As a result, for the
first two digits, there are 102 possible selections, namely, the numbers 0.00, 0.01, ...,0.99,
and each of them occurs with probability 1/100. Similarly, if we ask the computer to select
10 digits, we have 10'° possible numbers between 0 and 1, each with 10 decimal places
and any of these numbers occurs with probability 10717,

To illustrate the situation better, consider now the case where at each point, the digits
0,1,...,9 do not have the same probability of being selected, but obviously the sum of
their probabilities is one. Then imagine the experiment of selecting, say, two digits. The
possible values for this experiment are still 0.00,0.01, ...,0.99, with their probabilities
adding to one, but these probabilities are not equal any more (see Figure 6.1). As there are
10% outcomes, the distance between any adjacent outcomes on the x-axis is 1072 = 0.01.
If we decide to continue the experiment, so that 10 digits are selected, there are 10'°
outcomes, and the graph of the probability function will still look like Figure 6.1, but now
there are 10' possible outcomes and the distance between two adjacent points is 10717,
In the case where we continue the experiment further, so that 40 digits are selected, we
have 10*" possible outcomes with the distance between any two consecutive points on the
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0

Figure 6.1 The probability function of a discrete random variable.

)

T

0

Figure 6.2 The density function of a continuous random variable.

x-axis decreasing to 1074, and so on. We thus see that, as the number of digits increases,
the numbers which can be produced as outcomes of this experiment “fill in” the interval
[0, 1] on the x-axis, as they get closer and closer to one another.

The passage from the discrete to the continuous case is achieved by letting this
experiment to carry on indefinitely. In such a (theoretical) experiment, where we anticipate
an infinite number of decimal digits, any real number between 0 and 1 is possible and so,
if the random variable X denotes the outcome of the experiment, the range of values for
X is Ry = [0, 1], which is an uncountable set. The situation is now illustrated graphically
in Figure 6.2. As the number of possible outcomes tends to infinity, the distance between
any two adjacent points tends to zero so that, on the graph, instead of a series of segments
vertical to the x-axis, we now have a “smooth” function f(x) that takes nonzero values for
any x € [0, 1]. Such a function is called a density function (associated with the continuous
random variable X).
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The formal definition of this concept is as follows:

Definition 6.1 Let X be a random variable. Assume that there exists a nonnegative
real function f : R — [0, c0) such that for any subset A of R which can be written as
the union of a finite or infinite number of intervals, we have

PXe€A)= /f(x)dx. (6.2)
A

Then, we say that the random variable X is absolutely continuous and it has (probability)
density function (or, simply density) f.

The term absolutely continuous is new, but we shall not use it any further. In more
advanced textbooks, there is a distinction between continuous and absolutely continuous
random variables, because random variables having a continuous distribution function
can be studied under more general conditions than (6.2) given in the above definition.
However, this is beyond the scope of the present book and, from now on, a variable X for
which there exists a density f satisfying (6.2) will simply be referred to as a continuous
random variable.

Let us now look at some consequences of (6.2). First, taking A = (—o0, f] there, we
obtain

FO)=PX<t)=PXe€A) = /f(x)dx = / S(x)dx. (6.3)
A —0

This is the continuous analog of (6.1) (see also the discussion following Proposition 4.4),
which is valid for a discrete random variable.

A glance at (6.1) and the last equation gives us a general rule-of-thumb for calculating
probabilities associated with a discrete or a continuous random variable:

e Whenever we use sums for discrete variables, we use integrals for continuous
variables.

Thus, most of the relations that we have seen in Chapter 4 for a discrete variable are
also valid in the continuous case provided we replace the sums involved by integrals.
To give a first example, property (PF3) in Proposition 4.3 for the probability function f
which tells us that
> =1

XERy

/ fdx =1

where, in the last expression, f denotes the density function. This follows immediately
if we take A = (—o0, 00) either in (6.2) or in (6.3); in the latter case, we also need that
lim, ,  F(t) = 1, which holds for any distribution function (see Proposition 4.1), so that

is now replaced by

0 t
/ f@dx = lim / fede = lim F(5) = 1.
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In fact, the properties

DF1. f(x) > 0 forall x € R,
DF2. [ f(x)dx =1,

are characteristic properties of a density function for a continuous random variable, in
the sense that if and only if these properties hold simultaneously, there exists a random
variable X having density f.

Note that a density function need not be continuous. We merely require that it is
an integrable function over (—o0, ). If, however, f is continuous (as will be in most
applications) then, since f is related with the distribution function F via (6.3), we know
from calculus that this ensures that F is differentiable everywhere with derivative at x € R
given by

F'(x) = f(x).

Even if f is not everywhere continuous, (6.3) still implies that the last relationship holds at
each continuity point of f.
Next, taking A = [a, b] in (6.2), we get

b
P(asxgb)=P(XeA)=/f(x)dx:/ fx)dx
A a

b a
=/ f(x)dx—/ f(dx = F(b) — F(a).

In view of the geometric interpretation for a definite integral, we thus see that the probability
P(a £ X < b)is given by the area enclosed by the graph of the density function, the x-axis,
and the lines x = a and x = b in a set of Cartesian coordinates (see the following figure).

)

1 P(a <x <b)

A somewhat surprising result for a continuous random variable X, discussed already in
Chapter 4, is that the probability for X to take any particular value equals zero. From the
last relation, we see that this is consistent with the above interpretation of probabilities as
areas on the plane; for @ = b in the last relation, we get

Pla<X<a)=PX=a)=F(a)— F(a) =0,

which is reflected geometrically in the fact that when a and b coincide, the relevant part of
the graph for the density function has area zero.
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An immediate consequence of the last result is that
Pla<X<b)=Pa<X<b)=Pa<X<b)=Pa<X<b)=F@b) - F(a).

This is in contrast with the discrete case, where only the relation F(b) — F(a) = P(a <
X < b)is valid in general (the other relations are only valid when there is no jump at either
a or b); compare to Table 4.1.

The above results are summarized in the following proposition.

Proposition 6.1 Let X be a continuous random variable having distribution function F
and density function f. Then, the following hold:

(a) [ fdx =1;

(b) F(t) = [1 fGodx;

(c) f(x) = F'(x) for each x at which f is continuous;

(d) Pa <X < b) = F(b) - F(a) = [, f(x)dx.

The last result is also valid if one, or both, of the < signs inside the brackets on the left
are replaced by <.

From the above proposition, it is apparent that, for specifying the distribution of a
continuous random variable and for calculating probabilities associated with it, we need to
know either the density function or the distribution function of that variable. In fact, if we
know one of these two functions, calculating the other is now a rather more straightforward
task than in the discrete case (compare with Proposition 4.4).

Example 6.1 The time required, in hours, to repair a car at a garage is a random
variable X with density function

f) =cdx—x*), 0<x<4.

(i) Find the value of the constant c.

(ii) Find the probability that for a car which arrives now at the garage, the amount
of time needed to get repaired will be

(a) at least one but less than three hours;

(b) more than two hours.

SOLUTION

(i) For f given in the example to be a probability density function, conditions
DF1 and DF2 should be satisfied, that is, f(x) > O for all x and / fx)dx = 1.

—0o0
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The first condition is met when ¢ > 0, because for x € (0, 4] the quantity 4x — x2
is nonnegative. The second condition gives

oo 4
/ f(x)dx=/0f(x)dx=l

(the first equality holds since the density is zero outside the interval (0, 4]).
Replacing f by the specific form given in the statement of the example, we

get that
4 4 3
/ Fo)dx = / c(dx — xP)dx = ¢ <2x2 - x—>
0 0 3

=c<32—63—4) 32

4

0

3

Since this must be equal to 1, we obtain that ¢ = 3/32. Therefore, the density
for the time to repair a car at the garage is

_12x—3x2

, O0<x<4.
32 *

N
f(x)—32(4x x°)

(i1) (a) The probability that the car will need at least one but less than three hours
to be repaired is given by P(1 < X < 3). From Proposition 6.1, we have
it as

3
P(1<X<3)=P1 5X53)=/ F(x)dx.
1

Upon using the density function f, which was found in Part (i), we get

3 2.2
P(1SX<3)=/ de
. 32

1 1
= 576" =)l = (637 =3 = (6- 1 = 1%)]
22 11

_ﬁ—ﬁ.

(b) The probability that the car will need more than two hours to be repaired
is given by P(X > 2). To emphasize the link with the distribution function,
we deal with the probability of the complementary event, P(X < 2) which,
by an appeal to (6.3), equals

2 2
PX<2)=FQ2)= / fodx = / Jf(dx,
—0 0
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because f is zero for negative argument. Substituting for f from Part (i),
we get

2 2.2
P@szﬁi/-21¥ﬁmx=l4®2—fng
0 32 32

_6:22-2° 1

32 2

Recall that this is the probability that X is at most 2, while we want the
probability of the complementary event, which is

Pa>m=1—ngm=1_%=%

Rather than dealing each time with the complementary event, in order to calculate
probabilities of the form P(X > ), as in Part (ii)b of the last example, a more convenient
way is to make use of the following observation. Since for any continuous variable X and
t € R, we have

P(XSI)=F(t)=/ f@)dx,

changing the signs and adding one to either side, we obtain

1—P(XSt)=1—F(t)=1—/ Jodx.

But 1 — P(X < 1) equals P(X > f), and so by using Part (b) of Proposition 6.1, we deduce
that

o0 t [ss]
P(X>t)=/ f(X)dx—/ f(X)dX=/ J(x)dx.

This is a general result which holds for any continuous variable X having density function
f, and any real ¢.

Example 6.2 The time, in minutes, between two consecutive arrivals of a train at a
metro station is a continuous random variable X with distribution function

_ t _
F)=c—e ’/3—§-e B r>0,
for some constant c.

(1) Find the value of ¢ and then obtain the density function f of X.

(i1) Suppose that Mary arrives at the platform of the metro station exactly at the
time when a train departs. What is the probability that she has to wait until the
arrival of the next train

(a) less than three minutes?

(b) more than one but less than four minutes?
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SOLUTION

(i) In order to find the value of ¢, we use that the distribution function F must
satisfy
tlim F()=1.

(ii)

For the function F given in the statement, this gives

e <c _e i3 % : e—'/3) =1 (6.4)

1—00

It is clear that lim,_ _e~"/3 = 0, while for the last term inside the bracket we

have

11— 00

. 1 _ . 1
lim = - ¢7/3 = lim =0,
t—00 t—oco0 3et/3

by applying I’'Hopital’s rule. Substituting these results into (6.4), we get
immediately that ¢ = 1. This means that the distribution function of X is

Fiy=1—-e"3 - % B3 1> 0 6.5)
and the density of X can now be obtained by differentiating this expression.
This yields

1 _ 1 _ x 1 _ X _
=F, = = X/3_(_ X/3__._ x/3>=— X/3.
fx) (x) 3e 3e 3 3e 9e

Figure 6.3 shows the distribution function and the density function obtained
above.

The probabilities we seek for this part are
(a) P(X <3),
(b) P(1 <X <4).

For the former, we use Proposition 6.1(b) which gives, since X is continuous,
that P(X < 3) = F(3) and now putting r = 3 in (6.5) we obtain immediately

PX <3)=1-2e""20.264.

Next, in order to find the probability P(1 < X < 4), we first note this is the
same as P(1 < X <4) and then use the formula in Part (d) of Proposition 6.1.
In this way, we obtain by an appeal to (6.5) again,

P(l <X <4)=F@&) —F(1)

= (1 —e 43 _ g .6—4/3> _ (1 _ e l/3 _ é _e—1/3>

= Sl %e_4/3 ~ 034,

3
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fx) f)
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Figure 6.3 The density function and the distribution function of the variable X for Example 6.2.

Remark It should be clear that the probabilities for Part (ii) of the last example could
also be obtained by using the density function f, found in Part (i). For instance, for Part
(i1)b we find that

4
PA<X<4)=F4-FQ1)= / ge—x/sdx‘
1
Using integration by parts, we get
X 4 45
Pl <X<4)=—3.%. /3 +/ 3 -3,
9 S 9

_ (_%6—4/3 . %6—1/3> +(—e=4/3 4 7173y

_ 4 %e—4/3 ~ 034,

3

which obviously agrees with the result found above. However, we mention that once
we have available the distribution function, it is usually easier and quicker to work
with this rather than the density of a random variable, since in particular we avoid the
integration.

For a discrete random variable X, we have seen in Chapter 4 that the probability function
f(x) expresses the probability that X = x. However, when X is continuous, P(X = x) = 0 for
all real x. This clearly suggests that a density function does not have a direct interpretation
as a function that assigns probabilities to an event. In fact, if f denotes a density, then f(x)
does not represent the probability of any event and, as we will see in several examples,
it can take values greater than one! So, it is natural to wonder what is the interpretation
of f(x) in this case. Intuitively, and since f(x) is used for the calculation of probabilities
in (6.2) and (6.3), one expects that the higher the value of f at a point x = a, the more
probable it should be that the random variable takes values “close to a.”

Trying to get a better understanding of this, choose € > 0 to be small and, for a given a
in the range of X, put A = (@ — €/2,a + ¢/2) in (6.2). This gives

a+s

€ € 2
P(a—§<X<a+§>:/ F)dx.

a=5
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f@) |- 74—_;\

£
- = + =
a ) a a 5

Figure 6.4 Approximation of P (a - g <X<a+ g)

This is the shaded area on the graph in Figure 6.4. Since € is assumed to be small, this area
should be close to the area of a rectangle that has width e and length f(a), assuming that f
is continuous at the point a. Thus,

P(a—§<X<a+§>Eef(a). (6.6)
Now, let b be another point in the range of X at which f is continuous. Then, we obtain in
a similar manner that
€ €
P(b——<X<b —>g b).
3 +5)=efd)
The last two expressions suggest that f(b) < f(a) occurs if and only if
P(b—f<X<b E><P< —fcx< 5).
2 T2) =473 3
Therefore, we see that the higher the value of the density f at a point a, the more probable

it is for the variable X to be inside an interval of very small width centered at a.
An alternative interpretation is provided if we write (6.6) as follows:

f(a)EP<a—§<X<a+§>'

€

In words, this says that the value of a density at the point a is the ratio of the probability that

X is contained in a “small” interval around a divided by the width of that interval. We stress

again, however, that f(a) itself is not a probability (and can take values larger than one).
Finally, if we use a different approximation,

Pla<X<a+e) Fla+e)—F(a)
€ 9

fla) =

which is justified since € is small, we get an understanding of the fact that f is the derivative
of F (see Part (c) of Proposition 6.1); taking the limit as ¢ — 0 above, we arrive at the
derivative of F at the point a.
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EXERCISES
Group A

1. In each of the following cases, identify the value of ¢ so that the function f is a
probability density (f vanishes outside the range of values indicated below).

3) f&x) =3c—1, 2<x<5;

(i) f(x) =c(1 —x?), 0<x<1;

Gii) fo = l<x<3

(iv) f(x) = ce™, 0<x< oo
c

(V)f(x)—m, 0<x<oo.

2. A continuous random variable X has density function

cBx+1)

, 1<x<4
7 X

fx) =

(i) Find the value of c.
(ii) Obtain the distribution function of X.
(iii) Calculate the probabilities P(X < 2), P(X > 2.5), P(1.5 < X < 3).

3. The daily amount of time, in hours, that Nicky spends surfing on the internet is a
random variable X with density function

30 —2)?
fx) = 16

0, elsewhere.

0<x<4,

Find the proportion of days on which she spends

(i) less than two hours;

(ii) between one and three hours.

4. The measurement error of a certain instrument is a continuous random variable X
with density function

c9—-x?), -3<x<3,
S0 = { Of : elsewhere.
(i) Find the value of the constant c.
(i1) Obtain the distribution function of X.
(iii) Find the probability that the measurement error is
(a) positive;
(b) less than 1 in absolute value;
(c) smaller than —3/2 or greater than 3/2.



6.1 DENSITY FUNCTIONS 427

5. The total distance, in miles, that a taxi driver drives during a day is a continuous
random variable with density function

=~ 0 <x < 80,
4800
fw=9 - X + 1 gocr<120
2400 ' 20° =
0, elsewhere.

(i) Verify that this function satisfies properties DF1 and DF2 so that it is indeed
a valid probability density and sketch this function.

(ii) Find the probability that the number of miles that he drives during a particular
day is
(a) more than 60;
(b) between 60 and 100.

6. The borrowing period, in days, for a particular book at a University library can be
regarded as a continuous random variable X with density function

0.08x, 0<x<5,
S0 = { 0, elsewhere.

(1) What is the maximum period allowed for borrowing this book?

(ii) Calculate the probability that a new borrower keeps the book

(a) for at least one day;
(b) between two and three days;
(c) exactly one or two or three days.
(iii) If the borrower has not returned the book within two days since he took it

from the library, what is the probability that the book will be returned during
the third day?

7. Dr Smith finishes a particular lecture at the University between 2:58 p.m. and
3:04 p.m. The time X, in minutes after 2:58 p.m., that she finishes her class is a
random variable with density function

52

fo=1 72
0, elsewhere.

0<x<6,

(i) Find the probability that the class finishes

(a) after 3:00 p.m.;
(b) between 2:59 p.m. and 3:01 p.m.

(i) If by 3:00 p.m. on a particular day, Dr. Smith has not finished her class, what
is the probability that she will do so within the next minute?
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10.

11.

12.

6. CONTINUOUS RANDOM VARIABLES

. The lifetime of a light bulb, in thousands of hours, is a continuous variable with

density function

cx, 0<x<2,
f(x)—{ c4—-x), 2<x<4.

(i) What proportion of this type of bulbs will work for at least 2500 hours?

(i1) Find the proportion of light bulbs with a life length between 2000 and 3200
hours.

. The response time (in minutes) of a patient to a new medical treatment for a

disease is a continuous random variable X with distribution function
Fx)=1—(x+1e™, x>0.

(i) Obtain the density of this distribution.

(i) Find the probability that, if three patients are subject to this treatment, at least
two of them will have a response time of less than a minute.

For what value of ¢ the function
fx)=cl-x), -1l<x<l,
is the probability density of a continuous random variable? Obtain the distribution
function of this random variable.
The quantity of gasoline (in tens of thousands of gallons) sold at a gas station

during a day has the density function

—_— 0<x<1,
J) = c, 1<x<2,
cd—-x), 2<x<4

for a suitable constant ¢ (which you should be able to identify). Calculate the
probability that the daily sales of gasoline at this gas station are

(i) at most 4000 gallons;
(i) between 7000 and 12 500 gallons.

Let f be a nonnegative real function for which we have

/oof(X)dx =a,

for some positive number a. Show that the function

Jx)

a

[fe =

can be a probability density for a continuous random variable.
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14.

15.

16.

17.
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The distribution function of a continuous random variable X is given by

0, <0,

t t 4
Fin=14 L4+1y (-) 0<t<4,
=9 7707

1, t> 4.

(i) Calculate the probabilities P(X < 3), P(X > 1), P(1 < X < 3).

(ii) Calculate the conditional probabilities P(X < 3|X > 1), P(X <4|X > 1).
(iii) Find the density function of X.
The pressure X, measured in psi (pound-force per square inch), at the wings of a
turbine that is tested in a tunnel, follows the so-called Rayleigh distribution with

density function
2
fx)=cxe™™, x>0,

where a = 1/20 000 and c is a positive constant.

(1) What is the value of ¢?

(ii) Find the distribution function of X and use it to calculate the probabilities
that the value of the pressure

(a) is at most 200 psi;
(b) is between 100 and 200 psi.

(iii) If it is known that, at a certain instant, the value of the pressure exceeds
100 psi, what is the probability that it has not exceeded twice that value?

If f1. />, and f; are three density functions, define a new function f by

f) = %f] ) + %fz(X) + A S00.

For which value(s) of 4 is f a probability density? What is the range of values
associated with f in terms of the ranges corresponding to f;, /5, and f3?

Assume that X is a continuous random variable with density function f and
distribution function F. Suppose that a is a real number for which P(X < a) < 1.
Show that the function & defined by

S >a
hx)y=4 1—-F@@ ~—
0, x<a,

is also a density function.

The sizes of claims (in thousands of dollars) arriving at an insurance company can
be modeled by a random variable X having density function
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What is the proportion of claims arriving at the company that are

(1) atleast $10000?
(ii) between $5000 and $8000?

18. Let the potential losses from an investment, in thousands of dollars, be represented
by a random variable X having density function

—dx—cx?, —-1<x<0,
f) = { 0, elsewhere,

for some real constant c.

(i) Find the value of c.

(i) Calculate the probability that the losses from this investment are at most
$400.

(iii) If we make five such investments, what is the probability that the loss is at
most $400 in exactly three of them?

Group B

19. The time X, in hours, from the production time of a dairy product until it is safe
to consume is a random variable with distribution function

0, t <0,
Fo = { 1—e WP >0,

with @ = 20, = 100.

(i) Find the density function of X.

(ii)) What is the percentage of products of that type that become unsafe to use
between 98 and 102 hours after production?

(iii) If we select five such products at random, what is the probability that all five
of them are safe to consume 105 hours after their production?

(iv) The company that produces this product wants to estimate the value ¢, in
hours, such that the probability a new product is safe to consume after ¢
hours is 0.99. Find the value of g. (Such a value is called the 99th percentile
of the distribution F'.)

20. The lifetime, X (in days), of a sea microorganism has density function
f) =cex’e™, x>0,

for a suitable constant c.

(i) Obtain the value of c.

(ii) Find the distribution function of X and hence the probability that a newly-born
microorganism survives for at least three days.
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21. Let X be a continuous random variable with density function f. We say that X has
a symmetric distribution around the point a if we have

PX>a+x)=PX <a-—x)

for any x € R.

(i) Show that the distribution of X is symmetric around « if and only if

fla—x) =f(a+x).

(ii) Establish that each of the following distributions, with densities given below,
is symmetric around a point @ which should be identified:

1 2
(@) () = ——e /2, rER:
N
(b)f(x)=%—%|x—3|, l<x<5;
(c) f(x) = S5e~10k=71, x €R;
(d) f(x) = ge—slxl, rER:
© fO)=——  rer

all +x—-2)?2]

22. A continuous random variable X has density function

0, x<0,
e—x/4 0 )
) <x<2,
f) = 4
2c
(x+3)5°

(i) Obtain the value of c.
(ii) Calculate the probabilities P(0 < X < 2) and P(1 < X < 3).

(iii) Find the distribution function, F(x), of X. Is it true that F’(x) = f(x) for all
real x? Explain.

6.2 DISTRIBUTION FOR A FUNCTION OF A RANDOM VARIABLE

We have seen in Section 4.4 (see in particular Example 4.16 and the discussion before
and after that example) how we can calculate the expectation of a function ¥ = g(X) of a
random variable X, in the case when X is discrete. More generally, it is often the case that
we know the distribution of a variable X, either discrete or continuous, but we are interested
in the distribution function (not just the expectation) of a function, g(X), of that variable.
For continuous variables, interest lies of course in the density function of g(X), but it may
often be easier to work with the associated distribution function. The idea is that we obtain
from the distribution function, say F, of X the distribution of ¥ = g(X), and then, if needed,
we differentiate this distribution function so as to obtain the density function of Y.
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To be more precise, a general approach to implement this is as follows:
(a) First, we express the distribution function of Y,
Fy() = P(Y < 1) = P(g(X) < 1)
in terms of the distribution function of X. To accomplish this, we have to specify

a set A (which will typically be an interval, or an union of intervals) such that the
relation g(X) < tis equivalent to X € A. Then, we get

Fy()=PX €A) = /f(X)dx;
A

in most cases, this readily yields an expression in terms of the distribution F' of X.

(b) Next, having obtained Fy, we find the density function of Y by differentiating it,
that is,

provided, of course, that Fy is differentiable at .

This procedure is illustrated in the following examples.

Example 6.3 (Distribution for a linear transformation of a random variable)
Let X be a continuous random variable with density function f and let

Y =aX+b,

be another random variable that arises as a linear transformation of X; here, a > 0 and
b are given real numbers.

(i) Find an expression for the density f; of ¥ in terms of f.

(i) Apply the result in (i) to the case when the density of X is

fx)y=e™, x>0.

SOLUTION Let F and Fy be the distribution functions of X and Y, respectively.

(i) We have

Fy<y)=P(Y3y>=P(aX+b3y>=P(xsy;”)

using, for the last step, the fact that @ > 0. Thus, we have

-b
FY(y)=F<yT>



(i)

Jx)
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so that, upon differentiating both sides with respect to y, we derive

s () - (2) (2 (3
a a a a

Thus, we have shown that the two densities f and f; are related by

Foy =15 <ﬂ>
a a

N——

For f as specified, we have

ﬂmz{o’ x<0,

e ™, x>0.
Therefore, we see that the density f, will take the value zero if we have

y—>b

<0,
a

i.e. if y < b, while fy will take the value

Lop(2=2) 2 L. gm0t
a

a a

for values of y greater than or equal to b. We thus see that fy is given by

09 y < b’
=49 1 e OB/ s
a

433

IS

In Figure 6.5, the probability density functions f(x) and fy(y) are displayed

graphically.

o)

1/a

Figure 6.5 The density functions of X and ¥ = aX + b.
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Example 6.4 Suppose that some amount of oil is spilled onto the surface of an ocean
(for instance, due to an oil-tanker accident). The oil spot then spreads away on the sea
surface. The radius, R, of the oil spot in kilometers, 24 hours after the accident, has
density function

fr) = %{1—(20—;’)2}, 19 <r<21.

Assuming that the area covered by the oil spot is circular, find the density function for
the size of this area.

SOLUTION Let Y be the random variable denoting the size of the area. Then, R and
Y are related by
Y = nR%.

Let also F; and F'y denote the distribution functions of R and Y, respectively. Then, we
have, for any y > 0,

P(YSy)=P(nR2Sy)=P(R2§X):P(—\/§SRS\/z>
T T T

But the range of the variable R is the interval [19, 21], which means that F(r) = 0 for
r < 19 and Fg(r) = 1 for r > 21. This implies, in particular, that the last term on the
right-hand side above is zero. Taking this into account, we see that we can express the

function Fy as follows:
0, \/z < ]9,
T

F,@):FR<\/2)=< FR<\/2) 195,/ <21,
1, \/E>21,
T

or, upon simplifying the conditions on the right, we can write this in the form

0, y < 361m,

F _ Y\ _ Y

y(y)_FR<\/;>_ FR< E)’ 361n <y < 441,
1, y > 441n.

Differentiating the last expression with respect to y, we find that

fy») =F,(») =0, fory<36ln or y> 44lx,



while for y in the range [361x,441x] we get
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! !
y ’ y y y 1
= F’ = F - = F - N - = - ° g
h=he l( )] < )( ) f< ) 2/
Thus, we obtain finally the required density to be

2
fy(y)=iy‘”2 1- 20—\/z , 36ln <y <44l
8\/E 19

Example 6.5 (Measurement error)
It has been found that an electronic device exhibits a measurement error, denoted by X,
which is regarded as a random variable with density function

1
=, -3<x<Zg,
f =< 7
0, elsewhere,
for some suitable constant ¢ > 0, which represents the maximum value of that error.

(i) Find the value of c.

(i1) Obtain the density function of the random variable Y = |X|, which denotes the
magnitude of the error (or the absolute error) made by the device.

SOLUTION

(i) Since we are given that f is a probability density, it must satisfy conditions DF1
and DF2. The first of them is trivially true, while from the second we obtain

/mf(x>dx=/cldx:1,
- 37

which yields (¢ + 3)/7 = 1, or the value of ¢ to be ¢ = 4.

(i1) From Part (i) we have, for x € [—3, 4], the density as f(x) = 1/7.

For the distribution function of Y, we find
Fy() =P(Y <y)=P(X] <y) =P(-y <X <y) = F(y) - F(-y),
where F is the distribution function of X. By differentiation, we then derive
fr»M=F=F-Fy) =F-Fy)- -,

which yields
Q) =fO) +f(=». (6.7)
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We observe that, since X takes values in the interval [—3, 4], the range of values
for Y = | X| will be [0, 4].

Taking into account the specific form of the density f, we consider the
following two cases for values of y in (6.7):
e For0 <y <3, wehave -3 < —y <0, and so f(y) = f(—y) = 1/7 and for any
such y, (6.7) yields
+

| =
~ =
-

) =

 For y in (3,4], we have —y to be outside the range of values for the variable
X, and so f(—y) = 0, hence for values of y in that interval, (6.7) yields that

1

frM=5+0= 7

1
7
Upon combining these expressions, the density function of Y is obtained as

, 0<y<3,

fy()’) =
, 3<y<4

N = N

Intuitively, this makes sense since for a small € > 0, it is twice more likely
that Y takes a value in an interval (y — e,y + €) when y € [0, 3] compared to
the values of y in (3,4]. This is so because the former occurs both for positive
and negative values of the original error X, while the latter occurs only when X
takes values in (3, 4].

The procedure followed in Examples 6.3 and 6.4 can be used more generally to obtain
a result for the distribution of a function g(X) of a random variable X. We shall only
discuss the case where g is a differentiable function and g’ does not change sign on the
interval where it is defined. More explicitly, assume that X takes values in (a, b) with
—o0 < a < b < oo and that g is differentiable throughout (a, b) such that either

g (@) >0, forany x € (a,b),

or
g (x) <0, forany x € (a,b),

holds true. In the first case, g is strictly increasing; in the latter, it is a strictly decreasing
function. In either case, for an arbitrary y in the range of g there exists a unique x € (a, b)
such that g(x) = y. Further, for a strictly monotone function, its inverse function, g~!,
exists and we can safely write x = g~'(y). It is also known from calculus that, for a strictly
increasing g, its inverse is also a strictly increasing function so that its derivative satisfies

@Y 0) = (f—yg'l(w >0



6.2 DISTRIBUTION FOR A FUNCTION OF A RANDOM VARIABLE 437

for any y in the range of values for g; if g is strictly decreasing, the same is true with the
sign of the inequality in the last expression reversed, i.e. g~! has a negative derivative
throughout its domain.

In view of the above, we can now state the following:

Proposition 6.2 Let X be a continuous random variable with density function f and
suppose f(x) > 0 for a < x < b. Assume that the real function g is such that g' exists
and has the same sign throughout the interval (a, b). Then, the density function of the
random variable Y = g(X) is given by the formula

=10 e), yer,

where I is the interval on the real line with endpoints g(a) and g(b).

Proof: We first assume that g’ is positive in the interval (a, b), i.e. g is strictly increasing
in that interval.

8(x)

rs

gb)

g’>0

g(a)

L 4

[

gy b

Then the inequality g(x) <y is equivalent to x < g~!(y), so that for the distribution
function Fy of Y, we can write

Fy()=PY <y)=PgX)<y)=PX <g™'() =FE ')

for g(a) <y < g(b). Differentiating this expression and employing the chain rule for
derivatives, we get

O =F,0)=FE o) YD ="' oNE™ )

for y € (g(a), g(b)), which proves the result for this case.
For the case where g’ is negative on (a, b), g is strictly decreasing in that interval.
We therefore get

Fy()=PY <y)=P@EgX)<y)=PX >g"'(»)
=1-PX<g ') =1-Fg ')

for g(b) <y < g(a).
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g(x)
»

ga)

&)

Y

A differentiation yields in this case

O =F,)=-F( ') g0 =g o™
=f&ONIEY O, gb) <y < gla,

and this completes the proof. O

We mention that the result of the last proposition is in fact valid under more general
conditions, i.e. without assuming necessarily that g is strictly monotone. However, for most
of the examples that we will consider, g will be a monotone function. In cases where it is
not, we may find the density of ¥ by a direct argument as we did earlier in Example 6.5.

Finally, we note that there are cases in which, while X is a continuous random variable,
Y = g(X), which is a function of X, is discrete. To present a simple example, consider the
case when X is continuous with density f, and Y is defined by

I, ifX>0,
Y‘g(X)‘{ 0, ifX<0.

In this case, the distribution of Y is Bernoulli with success probability

0

Another example is the integer part of a random variable, ¥ = [X]. If f(x) > O for all
x € R, then the range of Y will be the set {0, +1,+2, ...} (see Exercise 13 at the end of this
section).

EXERCISES
Group A

1. The temperature C (in degrees Celsius) where a certain chemical reaction takes
place can be considered as a continuous random variable with density function

o %("29)(31—0, 29 <1<3l,
1) =

0, elsewhere.
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Obtain the density function of the temperature that the reaction takes place, in
degrees Farenheit (recall that if F' and C denote temperature in Farenheit and
Celcius degrees, respectively, then F' = 1.8C + 32).

. Let X be a continuous random variable with probability density function f and
assume that a # 0 and b are two real numbers.

(i) Show that the probability density f, of the variable ¥ = aX + b is given by

the formula 5
Fr0) = =f <y > .

|al a

(i1) If the probability density of X is given by

) = ——e/, xeR,

Vo

find the density function of Y = y + 0X, where ¢ > 0 and y € R are two real
constants.

. Let X be a continuous random variable with density function f(x), x € Ry, and
distribution function F(¢), t € R. Express the density function and the distribution
function of the random variable ¥ = X? in terms of f and F.

Application: Find the density function of ¥ = X? when the density of X is

)= ——e 2 xeR.

Van

. The density of a random variable X is given by

f(x)={ I, 0<x<1,

0, elsewhere.

Derive the density function of the random variables ¥ = X“ and Z = eX, where a
is a given positive real number.

. The diameter of a bubble, at the time when it breaks, is a random variable X with
density function

3d0-a), 0<d<2,
fy=4 4

0, elsewhere.

Find the distribution function of the area E and the volume V of the bubble at the
time when it breaks.

. The value I of the electric current passing through a resistance, R, of a circuit is a
continuous random variable with probability density

l, 6 <x< 10,
fo=1 4
0, elsewhere.
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Derive the density function of the electric power, given by P = RI?, assuming the
value of the resistance R to be kept constant.

7. A continuous variable X has density function

é, 0<x<3,
foy=4q 9
0, elsewhere.

Find the density function of the variables
i) Y=3X-2;
(i) W=0CB-X)3+X).

8. Let X be a continuous random variable with density f. Suppose Y is another
random variable which is related to X by

Y =X,

(i) Prove that the density function, fy(y), of Y is related to f by the formula

) = if(—lny), y>0.

(i1) Apply the result from Part (i) to find fy in the case when the density f is

given by
X
=, 0<x<2,
fo=1 2

0, elsewhere.

9. For a continuous variable X with density f, show that the density function, fy, of
the variable Y = X? is given by

_ L -
fY(y)_Z\/}[f(\/;)+f( At

Group B

10. The velocity of the molecules in a homogeneous gas that is in the state of
equilibrium can be described by a continuous variable V with density function

f) = iUze_‘wz, v>0,

T

for some positive constant a.



11.

12.

13.

14.

6.2 DISTRIBUTION FOR A FUNCTION OF A RANDOM VARIABLE 441

(1) Find the value of a using the following result (known from calculus):
/ Y ergen VE
0 2
(i1) Obtain the density function of the variable

E = %sz

which represents the kinetic energy of the molecules (here, m is the molecule
mass, which is assumed to be known).

Assume that X is a continuous random variable with distribution function

0, x<0,

F = 1 —exp [—(ng)a], x>0,

where a > 0,4 > 0, and 6 € R are known parameters of this distribution. Find the
density function of the random variable

- (54

Two continuous random variables X and Y with Ry = R and Ry = (—n/2,7/2)
are related by X = tan Y. Find the density function of the random variable Y if it
is known that the density of X is given by

1

—, x€eR.
(1 + x2)

J) =

The distribution of the variable X above is known as Cauchy distribution.

Let X be a continuous random variable whose distribution function F is strictly
increasing throughout R. Show that the random variable Y = [X], the integer part
of X, is a discrete variable with probability function

O =Fy+1D—-F@), yeRy={0+1,+2,..}.

Let X be a random variable with density function
fx)=e™, x>0.
Obtain the density function for each of the following variables:

Y==-2X, Z=(1+X)"", and

wel X itx<i
T /X, it X > 1.
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6.3 EXPECTATION AND VARIANCE

The expectation of a continuous random variable is defined in a similar way as we have
seen for discrete variables in Chapter 4. More specifically, replacing the sum by an integral,
we have the following definition.

Definition 6.2 Let X be a continuous random variable with density function f. Then,
the expected value or the expectation of X is given by the expression

EX) = / xf(x)dx (6.8)
provided that the integral exists (converges) absolutely, i.e.
/ |x[ f(x)dx < oo. (6.9)

If the integral in (6.8) fails to converge absolutely, we typically distinguish between two
cases: if X takes only nonnegative values, then both the integrals appearing in (6.8) and
(6.9) are equal to +o0, and we often write this as E(X) = co. In that case, the expression
“X has no (finite) expectation” and “the expectation of X is infinite” are often used
interchangeably. If, in contrast, X takes both positive and negative values, and the integral
in (6.9) is not finite, the expectation of X cannot be assigned any value and we simply say
that this expectation is undefined or that it does not exist.

As with discrete variables, other expressions we use for the expectation of a random
variable X are the mean value, or simply the mean of X. Moreover, and in analogy with the
discrete case, the symbol we use for expectations is the Greek letter y, while if more than one
variables X, Y, Z, ... are involved, we use py, iy, i, and so on for their expected values.

From (6.8), it is clear that

E(X—M)=/ (x—u)f(x)dx=/ xf(x)dx—/ ufdx = pu—pu=0.

This admits the following natural geometric interpretation. Suppose that the graph of a
density f is drawn on a homogeneous rod and we cut the part of the graph between the values
of the function f and the horizontal axis (for simplicity, assume that X takes values in a
finite interval [a, b] so that the part of the graph we cut is over a finite range of values). Then
the mean value, y, of X is, in physical terms, the point on the x-axis where the homogeneous
body that arises from the above procedure should be supported so that it is balanced.

fx)
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Example 6.6 We consider a family of distributions that is widely used as a model for
the income distribution of a population, the claim sizes in an insurance portfolio, etc.
The density function of the Pareto distribution is given by

ko® >0
_) e X2
f)y=49 % (6.10)
0, elsewhere,

where k > 0 and 6 > 0 are given parameters of this distribution. For the expectation
of this distribution, we have that

[ o= [ = [T
EX) = xf(x)dx = xf(x)dx = x——dx
—o0 0 0

xk+1
= ko* / x*dx. 6.11)
0

If the parameter k is such that k£ > 1, then it is clear that the integral above converges
(it is finite). In particular, we obtain

—k+1 2 k 1 1%
EX) = ko | X | = K g [——]
&) [—k+1]9 k=1 .

ko 1 ko
== ¢ (—0 —)=—.
k—1 AT

It should be clear from (6.11) that for all other values of k, the expectation of the Pareto
distribution does not exist (finitely). For instance, when k = 1, we obtain for the mean of a
Pareto random variable that

EX) = kek/ x7ldx = k0" [Inx]3,
%

which is not finite. Similarly, we can see that the expectation does not exist for values of k
strictly less than one.

Example 6.7 Suppose the time X (in hours) that an ATM outside a bank is in use
during a day is a random variable with density function

X
=, 0<x<3,

f@=1{ "
—§(x—6), 3<x<6.

Find the mean time that the machine operates during a day.

SOLUTION In this case, we have to split the range of integration in formula (6.8),
because the expression for f(x) given is different in the intervals [0, 3] and (3, 6]. Thus,
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we obtain

0 3x 6 1
y:E(X):/_ xf(x):/o §xdx+/3 x{—g(x—G)}dx

[Se]

-3 [ -{EL- 5}

3_ 3_133 2_ 72
1 3-0 1<633 _ 6 23>=3’

and so the machine operates on average 3 hours per day.

Next, we prove a proposition about the expectation for a function of a random variable.

Proposition 6.3 Let X be a continuous random variable with density function f and
g : R R be a real function. Then the expectation of the random variable Y = g(X)
is given by -

Elg(X)] = / g(f (x)dx.

(5]

Proof: Here, we shall only give the proof of the proposition when the conditions of
Proposition 6.2 are satisfied. An alternative proof, which covers the general case, i.e.
without assuming that g is monotone, is given at the end of Section 6.4.

If the function g is strictly increasing in the set R, the density function of Y takes the
form

M= Y f&'0), yeER,

which implies that

E[g(X)] = E(Y) =/ Wy ()dy

= /R YY) - f(g O))dy.

Upon making the substitution (change of variable) g‘l (y) = x, we obtain dx = (g‘1 Y (y)dy,
y = g(x), whence .
Elg(X)] = / g()f (x)dx,

as required. The proof for the case where the function g is strictly decreasing is almost
identical; the details are left for the reader to verify. m]

An interesting remark concerning the applicability of the result in Proposition 6.3 is
that, in order to find the expectation of the random variable g(X), we do not have to know
the density (or the distribution function) of that random variable. Both of these might be
difficult to obtain, especially when the function g is complicated and the assumptions of
Proposition 6.2 are not met.

The following two results arise by a straightforward application of Proposition 6.3,
combined with Proposition 4.5, which refers to the expectation of a constant random
variable (a variable which takes only one value).
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Proposition 6.4 Let X be a continuous random variable, g, g, ... , 8, be real functions,
and Ay, Ay, ..., A, be real numbers. Then, the following holds:

E[418/(X) + -+ 48(X)] = 4 E[g1(X)] + - - - + ZE[g(X)].

Proof: We introduce the function

k
g=ﬂl£1+"‘+/lk8kzzﬂigi-

i=1

Then, by using Proposition 6.3 and the properties of the integral, we obtain

E[4181(X) + -+ 4&(X)] = E[g(X)] = / g)f (x)dx

(5

w0 k k -
= / g ofldx = )’ 4, / 2,(0f (0dx
% =1 i=1 —00

k

/l,»g,»(x))f(x)dx
1

k
= ) LE[g(X)],
i=1

which is the same as the required result. O

An important special case of the above proposition is given next, with regard to the
expectation of a linear function of a random variable.

Corollary 6.1 Let X be a continuous random variable and a and b be two real numbers.
Then,
E(aX + b) = aE(X) + b.

It is worth noting at this point that, since the above properties of expectation are identical
for the discrete and continuous cases, the calculations given after Corollary 4.1 or those in
Example 4.18 are also valid for continuous random variables.

Example 6.8 At one end of a stick with length OA = R, we place a sphere. We push

the sphere using a force of random magnitude so that it is rotated around point O (see

Figure 6.6) creating an angle of © degrees, and the density function of this angle is
given by

z, 0<6< E,

fo®) =4 2

0, elsewhere.

Find the expected value of the position, (E(X), E(Y)), of the sphere after its rotation.
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C

Figure 6.6 Rotation of a sphere around point O.

SOLUTION As can be seen from Figure 6.6, we have
X=Rcos®, Y =Rsin0B,

so that we obtain, first for the expectation E(X),

o0 /2 2 2R /2
EX) = / R cos 0fg(0)do = / Rcosf-=df = —/ cos 6do
- 0 T T 0

= Z—R[Sine]g/z _ 2R <Sin T_ sinO) = 2—R
T T 2 bs

In a similar fashion, we find for E(Y) that

o0 /2 2 2R /2
E(Y) = / R'sin 0f,(0)d0 = / Rsinf-= do = == / sin 0d6
—0 0 T T Jo

= ﬁ[—cose]g/z = —ﬁ (COS I_ cosO) = %

b1 b1 2 b
Consequently, the expected position of the sphere lies on the angle bisector of the first
quadrant of the Cartesian axes.

Next, we consider the variance of a continuous random variable. Note that, although
the definitions for the expectation are different for discrete and continuous variables, the
definition below concerning the variance of a continuous variable is identical to the one in
Definition 4.5 for discrete variables.

Definition 6.3 Let X be a continuous random variable for which the expectation
u = E(X) exists. The quantity

o? = Var(X) = E[(X — p)*] = E[(X — E(X))*]

is called the variance of X. The quantity o = 1/ Var(X) is called the standard deviation
of the variable X and is expressed in the same units as X. Here, the symbol 1/ Var(X)
means the nonnegative square root of the variance.
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From the definition we see, by an appeal to Proposition 6.3 that, for a continuous
variable X, the variance of X is given by the formula

Var(X) = / B (o — W (x) dr.

As in the discrete case, we would rarely use this expression for the calculation of the
variance. Instead, we use again the formula

Var(X) = E(X?) — 4* = E(X?) — [EX)]%, (6.12)
while we note that for a, b € R we also have
Var(aX + b) = a®Var(X), o0,x., = |aloy.

The last two expressions are completely analogous to the results in the discrete case,
and thus we may, from now on, use them irrespective of whether the random variable is
discrete or continuous. The proofs are not given since they are identical to the proofs of
Propositions 4.9 and 4.10.

Example 6.9 We revisit the Pareto distribution, introduced in Example 6.6. This has
density as in (6.10) with parameters k, 6. Suppose now we are interested in the second
moment (around zero) of that distribution,

EX>) = / - *X*f (x)dx = k6* / - x* gy,
- 0

[se]

It is clear that, when k > 2, we have

E(X?) = ko [ x e r _ ot 02 _ K2
0

—k+2|, B

while for k <2 the expectation does not exist (it is infinite). So, for the Pareto
distribution, we conclude that while it is defined for any k£ > 0,

e for 0 <k <1, the expectation does not exist (and hence, the second and
higher-order moments also do not exist);

e for 1 < k < 2, the expectation exists, but not the variance (which is infinite);

* for k > 2, both the expectation and the variance exist. The latter is given by

k6> _( ko )2_ ko>
2 \k

= 2— 2: =
Var(X) = EX) ~ [EQ)P = =~ =) e

after a little algebra.

The remarks we made at the end of Example 4.15 for discrete variables, about the
nonexistence of the expectation when the distribution of the random variable takes values
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far away from the mean with nonnegligible probability, are also applicable in the case of
continuous variables. In fact, the Pareto distribution in the last example is one of the most
widely used heavy-tailed continuous distributions.

In closing this section, we note that a number of results that we have proved for discrete
variables also hold for continuous ones, since their proof relies on properties shared by
both types of variables; we mention, for example, Exercises 7, 8, 11, and 14 of Section 4.5
and Exercise 15 of Section 4.10.

EXERCISES
Group A

1. The time, in hours, it takes to repair the fault in a machine has a continuous
distribution with density function

f(x)={ I, 0<x<1,

0, elsewhere.

If the cost associated with the machine not working for x hours is 3x + 2, calculate
the expected cost for each fault of the machine.

2. The ash concentration (as a percentage) in a certain type of coal is a continuous
random variable with probability density function

1 2
—x=5)", 5<x<20,
F) = 1125

0, elsewhere.

Find the mean percentage concentration of ash for this type of coal.

3. The repair time, in hours, for a certain type of laptop is a continuous variable with

density function
[ 1/2, 0<x<2,
J) = { 0, elsewhere.

(i) What is the expected time to repair a laptop of this type when it breaks
down?

(ii) If the repair cost depends on the time that the repair takes and, when this
time is x hours, the associated cost in dollars is estimated to be 30 + 5\/;,
find the expected cost for each repair.

4. The weekly circulation, in tens of thousands, of a magazine is a random variable
X whose density function is

f(x)z{ §<1_$)’ l<x<2,

elsewhere.
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What is the expected value and the standard deviation for the number of magazines
sold weekly?

. The monthly income (in thousands of dollars) of a family in a city, represented

by a random variable X, has the Pareto distribution (see Examples 6.6 and 6.9)
with parameters k = 4 and 6 = 2.

(i) Obtain the distribution function of X.

(i1) Find the probability that the monthly income of a randomly chosen family
is between 4000 and 5000.

The density function of a random variable X is
f)=a+bx*>, 0<x<l.

If we know that E(X) = 3/5, what are the values of a and b?

. For what values of a and b is the function

fx) =ab—-x?* 0<x<b,

the probability density function of a continuous random variable X with E(X) = 1?

The time, in hours, that a student needs to complete a Mathematics exam is a
random variable X with density function

f(x):{ 6(x—1D2-x), 1<x<2,

0, elsewhere.
What is the expected value and the variance of X?
Suppose the density function of a random variable X is
%, 1 <x<3,
f) =4 X
0, elsewhere,

where c is a real constant.

(i) Find the value of c.

(i1) Calculate the expected value of the random variable ¥ = In X.

Let X be a random variable with density function
, —o0<x< oo,

which is the density of the Cauchy distribution — see Exercise 12 of Section 6.2.
Prove that the expectation of X does not exist.
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Group B

1.

12.

13.

14.

Find the expectation and the variance of a random variable X whose density function
is

fx) = %, x> 1.

Then, find the density function, the expectation and the variance of the random
variable
Y=—,
X

and verify that the following hold true in this case:

1 1
E (}-{) * 5o EON # EGOED.

For a random variable X with mean u, standard deviation o, and third central
moment p; = E[(X — u)*], the coefficient of skewness for the distribution of X is

given by

N = !
153
(this is a measure of the departure from symmetry for the distribution of X; note
that y; can take both positive and negative values, while it is zero for symmetric
distributions).

Obtain the coefficient of skewness for the distribution of X when X has the density
of the Pareto distribution in (6.10). What conditions are needed for the parameters
of that distribution so that y, exists (i.e. it is finite)?

Let X be a continuous variable with density
32+ 1

fx) = 2 7

0, elsewhere,

0<x<1,

and let Y = [3X + 1], where [ ] denotes the integer part.

(i) Calculate the distribution of the discrete random variable Y and then use
Definition 4.4 to derive its expectation.

(i1) Is it true that the expected value of Y equals three times the integer part of the
expectation of X plus one?

The lifetime, in hours, of an electrical appliance is described by a random variable
X, having distribution function

Foy=1-¢ >0,

where 60 > 0 is a known parameter of this distribution. A company sells this
appliance making a profit of k dollars and gives its customers a guarantee that the
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appliance will work properly for at least a hours. In case the machine breaks down
before that period, the company will repair it without a charge and the cost for this
repair is k; dollars. If Y denotes the profit that the company makes for each item
sold,

(1) identify the range of values and the probability function of Y;
(i1) show that the expectation of Y is given by

E(Y) = (k- k) + ke

Application: Suppose 6 = 107, k = $140, and k; = $45. If the company wishes
the mean profit for each item sold to be $120, what is the guarantee working time
a it should offer its customers?

15. The production time, in minutes, of a manufacturing item is a continuous random
variable X with density function

_ cB3x*+2x), 0<x<b
S0 = {0, elsewhere

for some suitable constants b and c.
(1) If it is known that E(X) = 13/9, what are the values of b and ¢?
(i) Calculate the standard deviation of X.

(iii) Find the probability that, among the next three items which will be produced,
none will have a production time of less than one minute.

16. The number of light bulbs of a certain type (measured in hundreds), sold by a large
store during a year, is a random variable X having the distribution function

0, t<0,

t
Fit)=<—, 0<1<60,
@ 50

1, t > 60.

The profit that the store makes for each lightbulb sold is $1. If by the end of a year,
a lightbulb has not been sold, it results in a loss of $0.2 to the store.

(1) Calculate the expected profit of the store if, at the beginning of a year, it makes
an order for y hundreds of light bulbs.

(i) What is the quantity y that the store must order in order to maximize its
expected profit?

6.4 ADDITIONAL USEFUL RESULTS FOR THE EXPECTATION

In this section, we shall present some further results for the expectation, similar to those
given in Section 4.6 for discrete distributions. More specifically, we shall see that both
Markov’s and Chebyshev’s inequalities are valid in the case of continuous variables.
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Proposition 6.5 Let X be a nonnegative continuous random variable for which the
expectation E(X) exists. Then, for any t > 0, we have

p(xzr)s@.

Proof: Since X takes nonnegative values and ¢ is positive, we can write

E(X) = / " @ > / " s,
0 t

where f is the density of X. Now, for x > ¢, we have xf(x) > #f(x) so that, integrating both
sides over the integral [#, o), we deduce that

/ooxf(x)dx > /°° tf(x)dx = t/oof(x)dx =tPX > 1).

The result of the proposition is now immediate from the last two displayed expressions.
O

Recall that Chebyshev’s inequality for discrete random variables was a straightforward

deduction from Markov’s inequality. We thus anticipate the former inequality to be valid
in the continuous case as well.

Proposition 6.6 Let X be a continuous random variable with mean y and variance o”.

Then, for any t > 0, we have 5
P(X—pul >0 <%
2

Proof: The proof is the same as in the discrete case (see Proposition 4.12). O

Example 6.10 Consider the random variable X having density function

f(x)={ I, 0<x<1,

0, elsewhere.

® ! x2 ! 1
E(X)=/_mxf(x)dx=/0 = [?]07

0 1 311
EX?) = / X (o)dx = / xPdx = [x_] =
—00 0 3 0 3

so that the variance of X is given by

Then we get

and

Var(X) = E(X?) - [EX)]* =
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By Chebyshev’s inequality, we now obtain that

1

P(X-0.5>1H< —,

( 120 < =

or 1
POS5S-t<X<054+n>1-—. (6.13)

1212

We note that, as in the discrete case, the bound we obtain from Chebyshev’s inequality

can be very conservative. For instance, in this case, we see that the exact value for the

probability on the left-hand side above equals, forr < 1 = 2,

0.5+¢ 0.5+¢
POS5S—1<X<05+1)= Fo)dx = dx = 21,
0.5—¢ 0.5—¢

so that the error of Chebyshev’s bound is equal to

31902
2:-(1— 1 >=24z 122 +1
1272 1272

For t = 0.4, the error is 0.42, while for t = 0.3, it becomes 0.53. Moreover, it is clear
that for r < 1/(2 \/5), the bound in (6.13) is useless since it takes negative values.

Despite its apparent disadvantages, Chebyshev’s inequality is a powerful tool for
establishing some useful identities, in particular of an asymptotic nature. Also, since both
Markov’s and Chebyshev’s inequalities are valid (and have the same form) both for discrete
and continuous random variables, they can be used to obtain general results, which are
valid for any random variable.

Example 6.11 If a random variable X is constant, i.e. there exists a real ¢ such that
P(X =c¢) =1, then E(X) = ¢ and Var(X) = 0. We employ Chebyshev’s inequality and
the continuity of probability to show that the converse is also true.

For this purpose, assume that X is such that E(X) = p and Var(X) = 0. Consider the
sequence of events

An={|X—y|<l}, n=1,2,...
n

It is clear that the sequence (A,),, is decreasing and that

. = = 1
)L%An=ﬂAn=ﬂ{|x—M|<;}={x=ﬂ}.

n=1 n=1

We therefore deduce, by an appeal to the continuity property of probability (Proposi-
tion 1.11), that
P(X = pu)=P(lim A,)) = lim P(4,).
n—-oo n—oo
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But Chebyshev’s inequality now yields

I\ _ VarX) ~
P(lX—yIZ;)S(l/—n)z—nVar(X)—O

for any n = 1,2, ... Consequently,

PA)=P(IX=pl <) =1-P(IX-ul2~)=1,
n n

and we finally obtain
PX =p) = lim P4, = 1.
n—0o

Thus, X assumes only the value p with probability one, as asserted.

The proof of the result in Example 6.11 covers both the discrete and continuous cases.
Note that for the case when X is discrete, a different proof has been given in Proposition 4.8.

Example 6.12 Prove that there does not exist a random variable X with E(X) = u and
Var(X) = o2 such that

P(u—20 <X < u+20)=0.70.

SOLUTION From Chebyshev’s inequality we have, for any variable X with mean y

and variance o2,

o2

1
Qo2 4’

P(X — ul 2 20) <

which in turn implies that

P(ﬂ—20’<X<y+20')=P(|X—/4|<2o-)=1—P(|X—M|220')21—%

3
== >0.70.
4
This shows that the equation in the statement of the example is impossible for any
random variable X.

In Proposition 4.13, we have seen that, when X is discrete and nonnegative, the
expectation E(X) can be found from the associated distribution function F, in cases where
the probability function of X is not easy to find. The same is true in the continuous case,
even without the nonnegativity condition for X, as the next proposition shows.

Proposition 6.7 Let X be a continuous random variable having distribution function F.
Provided the expectation of X exists, it can be expressed in terms of F as follows:

o0 0
EX) = / (1 — F(x))dx — / F(x)dx. (6.14)
0 —0
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In particular, if X takes only nonnegative values, the last result takes the form

EX) = / oo(1 — F(x))dx.
0

Proof: In order to establish (6.14), we calculate each of the two integrals on the right-hand
side of that equation. For the first integral, since

1-Fx)=PX>x) = /oof(y)dy,

/0 (1 = Foydx = /0 ( / f(y)dy>dx= /0 / FO)dydr.

Interchanging the order of variables in the integration (which is allowed, since the integrand
is nonnegative), we see that

0 © pry o0 y ©
/ (1 = F)dx = / / FO)dxdy = / ( / dx)f(y)dy= / Oy,
0 0 0 0 0 0

Similarly, substituting in the second integral on the right of (6.14), for x < 0, the function

we have

F(x) = / J()dy

and interchanging the order of integration, we derive

/_ : Flody = / i < / w f(y)dy> dr = / : / :of(v)dydx - / : [ " Fdedy
= /_: <[de>f(y)dy = [i(—y)f(y)dy = —[:yf(y)dy.

We thus see that the right-hand side in (6.14) equals

o0 0 o)
/0 W (y)dy + / Y (ydy = / ¥ (y)dy = E(X).

[se] o0

The result for nonnegative X is immediate from this, since in that case, F(x) = 0 for all
x < 0, and so f_ooo F(x)dx = 0. m]

We note at this point that the result of Proposition 6.7 admits the following two
equivalent representations:

I‘E(X)=/0 (1—F(X))dx—/0 F(—X)dx=/0 {(1 = F(x) = F(=x))}dx

and o o
EX) = / P(X > x)dx — / P(X < —x)dx. (6.15)
0 0
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Example 6.13 A nonnegative random variable X has distribution function

Fx)=1- D 2e-z)‘, x>0.
5 5
(i) Verify that F is a proper distribution function.

(ii) Find E(X).

SOLUTION

(i) We need to check that all conditions for a distribution function are satisfied.
First, it is obvious that F(x) > O for all x (in particular, F(x) = 0 for x < 0, since
X is nonnegative). Next, we have

lim F(x)=0, lim F(x) =1

and finally, we note that F is right continuous (in fact, it is both left and
right continuous for any real x). It is also straightforward to check that F is a
nondecreasing function. Thus, it is a proper distribution function of a random
variable.

(i) We use the second formula in Proposition 6.7, because X takes only nonnegative
values. This gives

The result of Proposition 6.7 enables us to provide an alternative proof of Proposition 6.3,
about the expectation for a function of a random variable X. In this proof, we do not need
any assumptions about the monotonicity of g. In fact, setting ¥ = g(X), we deduce from
(6.15) that

(o)

E[g(X)] = E(Y) = / P(Y > y)dy — / P(Y < —y)dy
0 0

= / P(g(X) > y)dy — / P(g(X) < —y)dy. (6.16)
0 0
We now notice that

PgX)>y)=PX € {x:gx)>y}) = / J(x)dx

x:g(x)>y



6.4 ADDITIONAL USEFUL RESULTS FOR THE EXPECTATION

and
PgX)<—-y)=PX€{x:gx)<—yh= / Sodx.

x:g(x)<-y

Substituting these two expressions into (6.16), we get

pecol= [ [ gwaay- [ ey
0 x:g(x)>y 0 x:g(x)<—y

We interchange the order of integration to obtain

8(x) —g(x)
Elg00)] = / / Fedydx - / / Fedydx
x:g(x)>0J0O x:gx)<0 JO

g(x) —8(x)
= / / dy | f(x)dx — / dy ) f(x)dx
x:8(x)>0 0 x:8(x)<0 0

= / gf (x)dx — (—g())f (x)dx.
x:8(x)>0 x:8(x)<0
This yields the desired result that

E[g(X)] = / g(o)f (x)dx.

(o)

EXERCISES
Group A

1. Show that there does not exist a random variable X having mean y and variance o

such that
P(u—30 <X < u+30)=0.80.

457

2

2. Prove that there does not exist a positive random variable X with E(X) = u for

which we have
PX >3u)=0.5.

3. The running time in minutes, X, of a computer program on a PC has a distribution

function
F)=1-@t+De™, >0.

(1) John has started running this program half a minute ago and it is still running.

What is the probability that it will stop within the next 15 seconds?
(ii) Obtain the expected value of the running time, E(X), in two ways:

(a) by first finding the density function of X;
(b) by using the result of Proposition 6.7.

4. The maximum daily rainfall, measured in inches, during a year for a particular city

is represented by a random variable X having density function

81x™*, x>3,
f(x)‘{o x<3

(this is an example of the Pareto distribution discussed in Examples 6.6 and 6.9).
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(i) Let the function S(¢) be defined by the relationship
SH)=PX>1), t>0.

Obtain the value S(¢) forr = 1, 3, 10, 15.

(ii) For the same values of ¢ as in Part (i), calculate the percentage error using
Markov’s inequality, i.e. if Sy;(¢) is an upper bound for S(¢), find the values of
the quantity

Su(H) = S@)
S(1)

100.

5. Assume that X is a nonnegative random variable having distribution function F.
Arguing as in the proof of Proposition 6.7, show that the moment of order r of X
(around zero) can be expressed in the form

EX)=r / " X711 = F(x))dx.
0

Group B

6. The time, in seconds, that a butterfly sits on a leaf of a tree is a random variable X
having distribution function

F(=1- %e_Z’ - %e_‘”, t>0.

(1) Verify that F is a proper distribution function of a random variable.

(ii) Calculate the probabilities
PX2>2), PU1<X<2), PXZ2IX=1).
(iii) Calculate the expected value for a butterfly’s visit on a leaf.

(iv) Find the variance of X

(a) by finding the density function of X

(b) directly from the distribution function F(¢) given, by using the result of
the previous exercise

and check that the two results coincide.

7. Let X be a continuous variable for which the expectation E(X) exists. Show that the
following holds:

D PUXI = m) S E(XD < 1+ ) P(X] 2 n).
n=1

n=1

(Hint: Making use of Proposition 6.7 for the nonnegative variable Y = |X|, express
the expected value of Y as

00 0 n+1
E(Y) = / P(Y > t)dt = Z / P(Y > t)dt.
0 n

n=0
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Then observe that for t € [n,n + 1), we have

PY>n+1)<PY >0 <PY >n))

8. For the random variable X, suppose that we have E(X) = 5 and E(X?) = 30. Find

(i) an upper bound for the probability
PX<—-lorX>11),

(ii) an upper bound for the probability P(X < —1);
(i1i) a lower bound for the probability P(1 < X <9).

6.5 MIXED DISTRIBUTIONS

Discrete random variables have probability functions while continuous variables have
density functions. A random variable X, which has a mixed distribution, has both a discrete
part and a continuous part and, as a result, it has both a probability function, say f;(x), and
a density function, f,(x). If X takes any of the values in a set R; with positive probability,
ie. if

P(X=x)>0, forany x €Ry,

then we say that the discrete part of X has range Ry, while if X has a density on the set
R. (which could, for example, be an interval or a union of intervals) then we say that the
continuous part of X has range R, and the overall range of X is Ry = RjUR...

It is clear that, in analogy to the purely discrete and purely continuous cases, we must

have
Zﬁ@+Aﬁ®M=L

XERy

or, in a rather more easy-to-remember form,

> A+ / H@dx = 1. (6.17)

discrete part ontinuous part

Example 6.14 An insurance company A, in order to avoid paying excessive amounts
to its customers, makes the following deal' with a larger insurance company, B. In
case that a claim arrives in excess of $25 000, company A pays 25 000 to the customer
and company B pays the remaining amount. The amount X that company A pays per
customer is therefore a random variable such that P(0 < X <25 000) = 1.

Suppose that the distribution F of X is given by

0, t <0,
t 2
F()=14 06+03 1—(1——) . 0<1< 25000,
® * 25000 ] I
1. £ > 25 000.

'In the insurance industry, this type of deal is known as excess of loss reinsurance.
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Figure 6.7 The distribution function of X in Example 6.14.

As can also be seen from Figure 6.7, F is suitable as a distribution function for a random
variable, since it is increasing, right continuous and it satisfies the conditions

lim F(t)=0, limF(t)=1.
t——00 t—00

Using the formulas from Table 4.1, we verify that each of the events {X = 0} and
{X = 25000} has positive probability. Specifically, we have

P(X = 0) = F(0) — F(0-) = 0.6 — 0 = 0.6

and
P(X =25000) = F(25000) — F(25000) =1 -0.9 =0.1,

respectively. This means that 60% of the customers make no claims while 10% of the
customers make a claim larger than $25 000 (we assume implicitly that no customer
can make more than one claim for the period under consideration).

For x € (0,25 000), it is apparent from above that

PX=x)=Fx)—F(x—)=0.

It follows that F is a continuous distribution over the interval (0,25 000) (continuous
part), and it has jumps at the points x = 0 and x = 25 000 (discrete part). In real terms,
the jump at x = 25 000 is explained by the deal made between the two companies, A
and B, while the jump at x = 0 simply means that there is a positive probability for a
customer to make no claims.

Next, in order to handle the continuous part, we calculate the density function of X
in (0, 25 000). This is

3 X
=F(x) = 1- , 0<x<25000.
F®=F®= 135000 ( 25 000> x
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In cases where the distribution of a variable X possesses both a continuous and a discrete
part, as in the present example, we can calculate probabilities associated with X

(i) directly using the distribution function F, if this is known,

(ii) using the probability density of X at intervals (or unions of intervals) where
X is continuous, and the probability function of X at the points where X has
jumps.

Let us illustrate the above by using the distribution function F of the present example.

(a) Suppose we want to calculate the probability that the company pays between
$10 000 and $15 000 to a customer. Then this equals

15 000 \>
F( —FQ =106+0. 1—(1——
(15 000) — F(10 000) {06+03[ 25000)]}

2
~406+03 1—(1—M> = 0.06,
25000

i.e. the probability is 6%. Alternatively, and since F is continuous in the interval
[10 000, 15 000], we may use the probability density function, as follows:

15 000 15 000 3 P>
fG)dx = ——=(1- ) ax
/1 0 000 10000 125000 25 000

3 E 15 000
= X — = 0.06.
125 000 50000 ;4 000

(b) Assume now we are interested in the probability that the company pays at most
$15 000 to a customer. This can be found as follows:

2
P(X < 15000) = F(15000) = 0.6 + 0.3 [1 - (1 - ]5000) ]

25 000
=0.852 = 85.2%.

Alternatively, we separate the discrete and continuous parts of X in the interval
[0, 15000] and we have

P(X < 15000) = P(X = 0) + P(0 < X < 15000)

15 000
=06+ / F(x)dx = 0.852,
0

after some straightforward calculations which you may verify.
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Trying to put some of the ideas we have used in the last example into a general
framework, suppose we have a random variable X that can take each of the (finitely or
countably many) values on a set Ry = {x,x,,...,X,, ...} with positive probability; more
specifically, let

PX =x;) =fi(x;) >0, for x; € Ry,

so that the total “probability mass” for the discrete part is

Y Ay =1-p<l.

iix;€ERy

Assume further that X has a continuous part, with range R, (which may be an interval or a
union of intervals) and with a density function f, for that part. Then, for X to be a proper

random variable, we must have .

f2(x)dx =P,

—00

so that the probability that X takes any value is 1. Moreover, the probability P(a < X < b)
can be found by

b
P(a < X < b) = Z fl(xi) +/ fz(.x)dx

i1x;€Ry,a<x;<b

Similar formulas hold in the case when we have strict inequalities inside the brackets or
when a = —oo or b = co.
For the expectation, an easy-to-remember formula is

E0= Y dw+ [ pmw
continuous part

discrete part

or, in a slightly more formal fashion,

EX) = ) xfitx)+ / xfy (x)dx.
R,

iiX;€ERy

c

Note that the range of integration on the right may safely be taken to be the entire range of
values for X, or even the whole real line, since R contains at most a countable number of
points, so that the value of the integral is not affected.

More generally, for a real-valued function g, we have

E[g0l= D glx)fi(x)+ / g (x)dx.

iiX;€ERy o0

Example 6.15 A random variable X has a mixed distribution whose discrete and
continuous parts, f;(x) and f,(x), are described, respectively, by

Sikx) =
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and 1
1’ 0<x<4,
fz(x) = |
—, 8<x<15.
15 t=

(1) What is the range of values for X?
(i1) Calculate the probability P(2 < X < 9).

(iii) Find the expectation and variance of X.

SOLUTION

(1) The range for the discrete part of X is the set Ry = {4, 8}, while that for the
continuous part, as can be seen from the formula for f, above, is the union of
the intervals (0,4) and (8, 15]. The range of X is thus the union Ry U R, which
is the set Ry = (0,4] U [8, 15].

(i) We use formula (6.17), separating the discrete from the continuous part of X,
which gives

PRQ<X<9)=P2<X<4)+PX=4)+PA4<X<8)
+PX=8)+PB<X<9)

4 8 9
2/2 fz(x)dx+f1(4)+A fz(x)dx+f1(8)+/8 fHr(x)dx

4 9
| 1 1 !
=/ Lavs Lo+ Ll G
T R TR TR AT
] ! 1 13
L u-y+Lior Ll oog=L3
GVttt O-8=5

(ii1) In order to find the expectation of X, we have to consider again separately the
discrete and the continuous parts of the distribution. More specifically, we have

B0= ¥ i+ [
continuous part

discrete part

— .L+ L+ 4i +/]5idx
10 10 J, 12 ¢ 15
2 4 1 [xz]“ | [2]15
==+-+—=-|= — - |=

575 12 |2, 15 [2]4

2 4 8 152-8 217
==+-+—+ =— =17.23.
55 12 2-15 30
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For the variance of X, in a similar way, we first find E(X?) as

B = ¥ e+ [ Ph00dx
continuous part

discrete part

4 9 15 2
—p. e 1 xdx+/ X &
8

10 10/, 12 15
4 15
8 32 1 x 1 X 367
=—-4+=4+—=-|=| +—=-|=| =—=734.
575 12 [3]0 15 3]3 5

We therefore find the variance of X to be

Var(X) = E(X?) — [E(X)]* = 73.4 — (7.23)> = 21.08.

The formula Var(X) = E(X?) — [E(X)]?, which we used for Part (iii) of the last example,
as we have seen, applies to random variables X which are either discrete or continuous.
However, although not explicitly mentioned so far, it is equally valid when the distribution
of X is a mixed distribution (so that it holds for any random variable X). In fact, the proof
of the identity we gave in Proposition 4.9 does not make any use of the nature of X.

EXERCISES
Group A

1. Using the following diagram, which gives the distribution function of a random
variable X, calculate the probabilities

(i) P(X <-=2);

(i) P(X =), fori=—3,-1,1,2;
(ii) P(X < -1);
(iv) P(-2 < X <2).

F()

N —

O I— il
T T
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2. When a car passes through a traffic junction, the delay (in minutes) caused by the
red light in the traffic lights is a random variable X with distribution function

0, t<0,
Fo= { 1075, 1>0.

(i) Explain why this is a mixed distribution and find the probability that a car has
no delay in passing through the traffic lights of the junction.

(ii) For a car passing through the traffic lights, what is the probability that it is
delayed by

(a) less than 60 seconds?
(b) at least 45 but no more than 90 seconds?

(¢c) more than 120 seconds?

(iii)) What is the expected delay caused by the red light in the junction?

3. A random variable X has a jump at the point x = 2, while its continuous part is
described by the density
X% —2x

f&)==—=5""

(i) What is the value of the probability P(X = 2)?
(i) Find the expected value of X.

2<x<4.

4. The distribution function of a random variable X is given by

0, t<0,
a k
F() = 1—( ) 0<i<a,
a+t
1 t>a,

for some positive constants a and k.

(i) Find the value of the probabilities P(X = 0) and P(X = a).
(i1) For what value of k, we have P(X = a) = 1/4?
(iii) For a = 4,k = 2, obtain the value of ¢ such that

P(Xst)=g.

(Distributions of this form occur frequently in insurance modeling [the scientific
area where such models are studied and used is known as actuarial science], in
particular in excess of loss reinsurance; see the footnote earlier in this section.)

5. The distribution function of a random variable X is
(0, t<0,
L o
E(I +2t+5), 0<tr<1,

F(t) =< ]
§(t+5)’ 1<t<3,

1, t>3.
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(i) Which are the points of discontinuity for F?
(ii) Calculate the probabilities P(0 < X < 1/2) and P(1 < X < 2).

(iii) Find the expected value and the variance of X.

6. A random variable X has discrete range Ry = {1, 3}, while its continuous range is

the open interval (1, 3), with density in that interval given by
A = ’%1 l<x<3.
If it is known that E(X) = 7/3, calculate the probabilities

PX=1), PX=3).

7. A random variable X has a mixed distribution whose discrete and continuous parts,

f1(x) and f,(x), are given, respectively, by

fikx) =

and

cx+1)
fz(x)={ — 0<x<4,

elsewhere,

for some suitable constant c.
(1) What is the range of values for X?
(ii) Find the value of the constant c.
(iii) Calculate the probability P(2 < X < 4).

(iv) Obtain the expectation and variance of X.

Group B

8. An insurance company classifies the claims it receives as being either small (if

they are up to $5000) or large. During a calendar year, an insured customer may
either make one claim or none. It has been estimated that 85% of the company’s
customers make no claims during a year, 10% make a small claim and the rest make
a large claim. If Y denotes the size (in thousands of dollars) of a small claim that
arrives at the company, Y has distribution function

5, 0<tr<5,
Fy(t) = 5
0, otherwise,

while if Z denotes the size of a large claim, in thousands of dollars, the distribution
function of Z is given by

125
1——, t>5,
Fy() = { &)
0,

otherwise.
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10.

11.
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(i) Find the distribution function of the amount X that the company pays during a
year to a randomly selected customer. Identify the discrete and the continuous
parts of that distribution.

(ii)) What is the expected amount the company pays per customer each year?

Let Fy be the distribution function and fy be the density function of a variable X
for which we know that P(X > a) = 1, where a € R is a given constant. We define

the function 0
s t<a,
Fo= { 1=p(l = Fe(®), 12a

where 0 < p < 1.

(1) Verify that F is the distribution function of a random variable Y, which is
neither (purely) discrete nor continuous, and which takes the value a with
probability 1 — p. Express the density function of Y in terms of fy.

(i) Derive an expression for the expected value of Y in terms of E(X).
(iii) Write F in the form
F=(1-p)F, +pF,,
where F| and F, are suitable distribution functions of two random variables.

A random variable X has distribution function

l—e™™, 0<t<m,
F(t)={1 t>m

where A and m are positive constants.

(1) Identify the point(s) at which F has jumps.

(i) Find the density function associated with the continuous part of this distribu-
tion.

(iii) Show that the expectation of X is
EX) = %(1 —e ),

An insurance contract with deductible amount a and retention level b (with
0 < a < b) entails the following agreement: Let Y be the size of the loss incurred
to the insured. If ¥ < a, the customer pays the full amount of this loss, while if
a <Y < b, the customer is responsible for the amount @ and the company pays the
difference Y — a. Finally, for Y > b, the company pays the amount b — a. The size
of the customer’s loss Y is a continuous random variable with distribution function
Fy and density fy.

(1) Verify that the distribution function F of the amount X that the company pays
for a claim is given by the expression

0, t <0,
Fit)y=4 Fyla+1, 0<t<b-a,

1, t>b—a.
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(i1) Show that the density, f5, for the continuous part of F is

Hx) =fla+x), 0<x<b-—a,

while the probability function associated with the discrete part of F'is given by

(iii) Prove that

f1(0) = Fy(a),

filb—a)=1—Fy().

b
EX) = (b—a)l - Fy(D) + / Yfy(y)dy.

(iv) Give numerical answers to Parts (ii) and (iii) when Y has the density

3 1000

4
=7\ T ’ 07
Fr 1ooo<1ooo+y> Yz

while a and b can be determined by knowing that

a= %E(Y), b =2E(Y).

6.6 BASIC CONCEPTS AND FORMULAS

Probability density function
of a continuous random
variable X

A nonnegative real function f : R +— [0, co0) such that
PXeA) = fAf(x)dx

Properties of a probability
density function

* f(x) > 0forany x € R;
© [uf@dx=1

Relation between a density
function and the
corresponding distribution
function

F(y= [! fodx;
f(x) = F'(x) at all continuity points x of f

Formulas for calculating
probabilities for continuous
random variables

Pla<X<b)y=Pla<X<b)y=Pa<X<b)=
Pla<X<b)= [’ f(dx

Density of a function
Y = g(X) of the continuous
random variable X

£ =g I f(g (), provided that g is a strictly
monotone function

Expectation of X

p=EX) = [T xf(x)dx

Expectation of a function
Y = g(X) of the continuous
random variable X

E[gX)] = [ g)f(x)dx

Properties of expectation

* E [2?:1 /ligi(X)] = Zf:l AE[g;(X)]

e E@@X +b) = aE(X) + b,

a,b eR
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Variance of X

o = Var(X) = E[(X - p)°]

Standard deviation of X

o = y/Var(X)

Alternative formula for
calculating the variance

Var(X) = E(X?) — [EX)]?

Properties of variance

e If Var(X) = 0, then X is a constant;

e Var(aX +b) = ®Var(X), a,be€R

Moment of order r around
Z€ero

u.=EX", r=12,..

Factorial moment of order r

Hyy = E[CO ] = E[XX - D+ (X —r+ D],
r=12,..

Markov’s inequality

Absolute moment of order r | E(|X|"), r=1,2,...

Moment of order r around ¢ | E[(X —¢))], r=1,2,...

Central moment of order r u,=E[X-wN], r=12,..
EX

PX>1n< — where X is a nonnegative variable
andt >0

Chebyshev’s inequality

2
P(X —pul 21 < ‘j—z where 4 = E(X), 6% = Var(X),
and > 0

Alternative formulas for
calculating the expectation

EX) = [X(1 - F)dx — [ F(x)dx
= [>(1 = F(x) — F(=x))dx
= [y° PX > x)dx — [;7 P(X < —x)dx

Random variable X with a
mixed distribution: this has a
probability function f; on

A = {x|,x,, ...} and a density
function f,

Ziveai) =2 eaPX =x)=1-pand
I f(x)dx = p, where p € (0, 1)

variable X with a discrete part
fionA={x,x,, ...} anda
continuous part f,

b
Calculation of probabilities Pa<X<b)= Z fi(x) + S (x)dx
for random variables with a itx;€la,b] a
mixed distribution
Expected value for a random | E(X) = Z x; f10e) + / Xfp(x)dx

iix;€A

6.7 COMPUTATIONAL EXERCISES

In the following program, we study the distribution of the random variable X described
in Example 6.1. More specifically, we calculate the value of the constant ¢ and then the
probabilities P(1 < X < 3) and P(X > 2). In addition, we plot the density function and the
distribution function of X and, finally, we compute the expected value and the variance of X.
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In(l]:= f1[x ]:=If[(x>0 && x<=4), 4x-x"2,0] ;
a=Integrate[f1l[x], {x,-Infinity,Infinity}];
Print ["The constant c should be equal to"]
c=1l/a
Print ["Plot of probability density function"]
flx ]:= c*f1[x];Plot[f[x],{x,0,4}]
Print ["Plot of cumulative distribution function"]
Flt_]:=Integratelc* (4x-x"2),{x,0,t}];
Plot [F[t],{t,0,4}]
Print ["P[1<=X<3] = ",F[3]-F[1]];
Print ["P[X>2] = ",1-F[2]];
mu=Integrate [x*f[x], {x,0,4}];
Print ["Mean = ", mul]
Print ["Variance = ",Integrate[x"2*f[x],{x,0,4}] -mu"2]

The constant c¢ should be equal to
Out [4]= 3/32
Plot of probability density function
Oout [6]=
0.35F
0.30F
0.25F
0.20F
0.15F
0.10F
0.05F

1 2 3 4

Out [9]=Plot of cumulative distribution function

10}
0.8
0.6
0.4

02}

P[1<=X<3] = 11/16
P[X>2] = 1/2

Mean = 2

Variance = 4/5
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For the solution of Example 6.2 and the construction of the relevant plots, we use the
following sequence of commands:

In[1]:= F1[t ]:=Exp[-t/3]+(t/3)*Exp[-t/3]
c=1-Limit [F1[t],t->Infinity];
Flt_]:=c-F1[t]
flx_ 1:=F"'[x]
Print ["Plot of cumulative distribution function F(t) = ",F[t]]
Plot [F[t],{t,0,20}]
Print ["Plot of probability density function f(x) = ", £[x]]
Plot [f[x],{x,0,20}]
Print ["P[X<3] = ",F[3]," =", N[F[3]]];
Print ["P[1<X<4] = ",F[4]-F[1]," = ", N[F[4]-F[1]]]
Plot of cumulative distribution function
F(t) = 1-E" (-t/3)-1/3 E" (-t/3) t
Oout [6]=
1.0
0.8
0.6 -
04
02
1 1 1 1
5 10 15 20
Plot of probability density function f(x) = 1/9 E" (-x/3) x
out [8]=
.12}
0.10}
0.08 |
0.06 |
0.04 |
0.02
5 10 15 20
P[X<3] = 1-2/E = 0.264\,241
P[1<X<4] = -(7/(3 E"(4/3)))+4/(3 E"(1/3)) = 0.340\,315
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Using a similar set of commands, solve each of the following problems:

1. The lifetime of an electrical appliance (in thousands of hours) is a random variable
X with density function

o) 0, x <0,
xX) =
0.5 (x/20)° - e=/20"° x> 0.

(1) Find the distribution function of X.

(i1) Find the proportions of appliances of this type with a lifetime

(a) more than 20 000 hours;
(b) at most 20 500 hours.

(iii) If it is known that an appliance has operated for 20 000 hours, what is the
probability that it will break down within the next 500 hours? Compare this
probability with the probability that a new appliance will break down in the
first 500 hours of its operation.

(iv) Find the expectation and the variance of X.

2. Draw a graph of the density functions for the distributions given in Exercise 21
of Section 6.1. Hence find, in each case, the point @ around which the density
is symmetric. Moreover, verify numerically that for each of these distribution

functions, we have
Fla—x)+Fla+x)=1

for any x € R.

3. Suppose that X is a continuous random variable with distribution function

0, <2,
F(ty=< 05t—1, 2<t<4,
1, t>4.

Draw a graph of the difference between the exact value of the probability
P(X-3|>1, t>0,

and the upper bound for this that we get from Chebyshev’s inequality, for different
values of .

4. Find the value of the constant ¢ € R for which the function f defined by
2+ cos(\/)_c)

f (x) = ¢ ev/3 ’
0, elsewhere,

0<x<n?,

is a density function for a continuous random variable X. Using this value of ¢, find
the mean and the variance of X.
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5. The value of an investment at the end of a certain period is described by a random
variable X with density function

1 o~ (nx—4)2/2
fx)=4 xV 2n

0, x<0.

x>0,

(i) Find the probability that, at the end of the period, the value of the investment is

(a) atleast 35 monetary units;
(b) at most 50 monetary units;

(c) between 60 and 75 monetary units.

(i) Calculate the “median” value, that is, the value m for which we have
PX <m)= 1
= - 2 .

(ii1) Find the expected value for this investment and compare your answer to that
found in Part (ii).

6. The density function of a random variable X is given by
f)=c- e M —c0 <x< 0,

for a real constant c.

(i) Find the value of ¢ and draw the graphs of the density function and the
distribution function of the variable X.

(i) Obtain the expectation ¢ = E(X) and the variance Var(X).

(iii) Calculate the following moments of order three for the variable X:
EIX),  ENXPP),  ElX =l
7. After reading the applications section of this chapter (Section 6.10), draw a graph of

the mean monthly profit, as a function of the ordered quantity z, and find the value
of z that maximizes this profit, in each of the following cases:

2
() a=10.p=5 fo=22e"5 x>0
. 3x? -x3/8
(i) a«=100,p =5, f(x)=?e , x>0;
(i) « =10,=5, f(x)= ﬁx“e—o-ﬁ, x> 0;

(v) a«=100,=5, f(x)= 3%)(46_0'5", x> 0.
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6.8 SELF-ASSESSMENT EXERCISES

6.8.1 True-False Questions

1. A probability density function can take positive, zero, and negative values.

2. A continuous variable X has density function
fxX)=2c+3, 2<x<6.

Then the value of ¢ is 1/2.
3. The density function of a random variable is always a decreasing function.

4. If a continuous random variable X with density function f and distribution function
F takes only positive values then, for any x > 0, we have

F(x) = /O J(y)dy.

5. For a continuous random variable X with distribution function F, we have F’(x) =
P(X = x).

6. The function
fx) =3@x—x»)/8, 0<x<4,

can be the density function of a continuous random variable.
7. Let f be a density function of a random variable X. Then, we have lim,_, , f(x) = 1.

8. Let X be a continuous variable with density
) =2x+1)/6, 0<x<2.
Then the density function of ¥ = X? is

fr)=Qy+1)7?/36, 0<y<4.

9. A random variable X has density

_ 2(3x - x?)

, O0<x<3.
9

f)

Then the probability P(1 < X < 2) equals 13/27.

10. If a continuous random variable X has distribution function F, then for any a, b,

P(a < X < b)=F(b) - F(a).



11.

12.
13.
14.

15.

16.

17.

18.

19.
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The distribution function of X is given by

0, x<0
Fx)=4 (2+1)/5, 0<x<2
1, x> 2.

Then X has a mixed distribution.
If X has a mixed distribution, then its range contains infinitely many points.
If the distribution of X has a jump at the point a, then P(X = a) = 0.

The density function of X is
fx)=32x73, x>4.

The expected value of X is 2.

The manufacturing time, X, for an item produced by a machine has distribution
function
2
Foy=1—-¢e2, t>0.

Then, the probability P(X > 2) equals e~3.
A random variable has probability density
f)=x3/4, 0<x<2.

The variance of X is 8/75.

Let X be a continuous variable whose range is the entire real line and which has
distribution function Fy, and let Y = |X|. Then for the distribution function, Fy,
of Y, we have

Fy(y) = Fx(y) = Fx(=y), y20.
Let X be a random variable with density function
1
f(x)=§, 0<x<3.

Then we have P(X> < 1) = 1/3.

If X has distribution function

0, t<2,
Ft)y=3 (1—2)/4, 2<1<6,
1, t>06,

then E(X) = 5.
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6.8.2 Multiple Choice Questions

1. The density function of a random variable X is
f&x) =xe™, x>0.
The distribution function of X (for x > 0) is

(a) 1—e™ (b) 1 —xe™* c) 1—x—e™
d 1-({04+xe™ (e) 1 —x%e™

2. The density function of X is

_ c
f(‘x)_ (x+3)27

Then the value of ¢ is
(a) 2 (b) 6 () 3 (d 1/6 (e) 1/2

3. A random variable X has distribution function

0, r< =2,
| oeroys —2<i<,
FO=9 5,3, 1<1<3,
1, >3

Then the probability P(—1 < X < 3) equals
5 3 1 7 3
(a) 3 (b) 3 (©) 3 (d) 3 (e) I

4. A continuous variable X has density function
f)=3x% 0<x<bh.
The value of b is

(a) 1 (b) 1/3 (©) 3 @ V3 © V2

5. A random variable has probability density function
fx) =clx], -2<x<2.

The value of ¢ is

(@) 1 (b) 2 (c) 4 (d) 1/2 (e) 1/4
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6. The density function of a random variable is given by

flx) = @, 0<x<?2.

The distribution function of X is

(0, <0,
(a) F()=14 t/2, 0<1r<2,

L1, t>2

0, 1 <0,

(b) F@)=3 /2, 0<t<2,

L L, t>2

(0, t<0,

() F(t)=14 t*/4, 0<t<2,

1, t>2
(0, t<0,
(d) F(r) =4 t/4, 0<r<2,
[ 1+1/4, 1>2
0, t <0,

(e) F(r)=1 t/5, 0<t<2,

1, t>2
7. For the random variable X we have P(X = 0) = 1/4, while X has a density

fo =2, x>0
The expected value of X is
(a) 1/4 (b) 3/4 (c) 9/4 @ 3 (e) 4
8. The distribution function of the random variable X is
Fy=1-¢3, 1>0.

The density function of X (for x > 0) is

2

(@) f(x) =™ (b) f(x) = Se=> (© f(x) = 15¢75
d) f(x) = 5x2%5¢ (e) f(x) = 15x%e~5

477
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10.

11.

12.
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. If the random variable X has density

X, 0<x<l,
)= { 2-x, 1<x<2,
then the conditional probability P(X < 3/2|X > 1/2) equals

(@) 3/7 (b) 7/8 (c) 3/4 (d) 6/7 (e) 2/7

A random variable X has distribution function

0, <0,
_Jt/6, 0<L1<3,
FO=93/5, 3<i<s,
1, t>5.

Then

(a) F has no jumps (it is a continuous distribution)
(b) F has one jump at the point = 5

(c) F has two jumps at the points r = 0 and 7 = 3
d PX=3)=1/10

(e) PX25)=1

A random variable X has a discrete range Ry = {1, 2}, while its continuous range is
the open interval (1, 2) with density

Hx) =x/6, 1<x<2.
If it is known that P(X = 1) = 2P(X = 2), then the probability P(X = 2) equals
1 3 1 1 1
(@) g (b) g (© 1 d 8 (e) B

If X has distribution function

0, t<0,
F@ty=4 t/2, 0<t<2,
1, t>2,

then the standard deviation of X is

() \@ ) \/g © 1 @ \/g © V3
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13. Let X be a continuous variable with distribution function

0, <0,
F(t)‘{ | —e2(1 +26422), 1>0.

The probability P(X > 2|X > 1) equals
5 _ 13 _ 5 1 _
1 -2 b 2 2 d _ 2
(a) 13e (b) e () 5 (d) e (e) 3¢

14. The monthly income (in thousands of dollars) of employees in a large firm is
represented by a continuous variable X having density

160
—, x=2,
fo=9 S "
0 otherwise.
Then the expected value of X is
(a 5 (b) 10 (c) 15/2 (d) 5/2 (e) 5/4

15. The time X (in minutes) for a customer to be served at a post office has density
function
f) =27, x>0.

The probability that each of the next three customers will be served within one
minute equals

(a) e® (b) 3e2 (c) 2e° (d) 2¢73 (e) (1—e2)3

6.9 REVIEW PROBLEMS

1. The density function of a random variable X is given by

—px, -1<x<1,
fx) = ae™¥, x> 1,
0, elsewhere.

Find the values of @ and f if it is known that E(X) = 1.

2. The density function of a variable X is given by

_ 24/x4, x>2
rw={ o 23
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(i) Find the mean and variance of X.

(ii) Obtain the distribution function, F, of X and use it to calculate the conditional
probability P(X < 7|X > 4).

(iii) Find the probability density, the mean and the variance of the random variable
Y =1/X.
(iv) Which, if any, of the following five equations are true for the variables X
and Y defined above?
E(1/X) = 1/EX),
Var(1/X) = 1/Var(X),
EX+Y)=EX)+E(Y),
EX + Y™ =2EX),
EXY) = E(X)E(Y).

3. The quantity of petrol, X (in thousands of liters), sold by a gas station daily is a
continuous random variable with density function

cx, 0<x<2,
fx) =4 2c, 2<x<4,
c(6—x), 4<x<6.

(i) Find the value of the constant c.

(i1) Calculate the probabilities
PX>2), P(l<X<3), PXZ5X>1.

(iii) Find the expected value and the standard deviation for the quantity of petrol
sold daily.

4. A super market sells potato sacks whose weight, X (in kilograms), is a continuous
random variable with density function f as

f(x):{ [x=2], 1<x<3,

0, elsewhere.

(i) What proportion of sacks will have a weight between 1.6 and 2.4 kg?
(i1) Find the standard deviation for the weight of a potato sack.

(iii) If the price of potatoes per kilogram is $0.65, calculate the mean and standard
deviation of the amount the super market receives for a sack.
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5. Let X be a continuous random variable with density function f. Recall that
the median of the distribution of X is the real number m such that

PX <m)=PX 2 m).

Show that, if the distribution of X is symmetric around a point a (see Exercise 21
of Section 6.1), and the expectation E(X) exists, then

m=EX)=a.

6. Let X be a continuous random variable with density f, and Y be another variable
related to X by ¥ = X>. Show that the density function of Y is

()

34/y?

fr) =

7. Assume that X is a random variable with density function

xsinx

fx) = T

0, otherwise.

, 0<Lx<m,

Let
U =EX", r=12,..,

be the moments of X (around zero). Then, verify that these moments satisfy
the recursive relationship

W =n =+ Dr+u_ r=23, ..

8. The daily orders for a particular product at a factory, in hundreds of kilograms, are
represented by a random variable X having density function

f(x):{ ax—1?% 0<x<6,

0, elsewhere.

(i) Obtain the value of a.

(ii) Find the proportion of days in which the total amount of the product ordered is

(a) atleast 450 but less than 550 kg;
(b) at most 500 kg.

(iii) Find the expected amount of the product ordered daily.



482

6. CONTINUOUS RANDOM VARIABLES

9. The pressure P, in Ib ft2, developed at the wings of an aircraft is given by

10.

11.

P=3-107°V?

where V is the velocity (in miles per hour) of the wind surrounding the wings. The
pressure can be considered as a random variable with density function

fp=-=, 0<p<a,

P
forc > 0anda > 0.
(i) Find the value of c if it is known that

E(P)=0.11b ft2.

(i1) Find the distribution function and the expected value of the velocity V.

The measurement error of an instrument can be described by a random variable X
with distribution function

0, r< =2,
1. 3 r
FO)y=4 - +—=|4—-—=), -2<1t<?2,
O] 2+32< 3> <
1, 1>2

(1) Calculate the following probabilities
PX<0), PX<1X2>0), P(X|<1D.

(i1) Find the density function and the expectation of the random variable X.
(iii) Obtain the distribution for the magnitude of the error (i.e. that of the random
variable | X|) along with the expected value of this magnitude.

The percentage concentration, in alcohol, of a medical substance is a continuous
variable X with density function

f@W=cx(1-x" 0<x<1,

where c is a real constant and 7 is a positive integer.

(i) Find the value of ¢, as a function of n.
(ii) For n =7, show that the average content in alcohol for this substance is 20%.

(iii) For n =7, obtain the distribution function of X and then find each of the
probabilities

PO <X <025), P025<X<05), PO0S5<X<0.75).

(iv) When the percentage concentration is between 0.25(j — 1) and 0.25j, the sub-
stance is sold at a price g; dollars per liter, while the cost of production is b;
per liter, for j = 1,2, 3, 4. Calculate, in terms of n, a;, and bj, the average profit
made by the sale of 1 I from this substance.
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The time, in minutes, that a medicine for pain relief takes until it starts to have
effect is a random variable X with density function

fx) = 2(00; x)’ 0<x<@,

where 6 > 0 is the parameter of the distribution of X. Find

(i) the distribution function F(f) and the probability P(a < X <b) for
O0<a<b<0;

(i1) the mean and variance of X.

A continuous random variable X has distribution function
Fi) =

(i) Obtain an expression for the probability P(a < X < b) fora < 0and b > 0.
(i1) Verify that the density function of X is given by

fo) = %e"“", xeR.

(iii) Calculate the expected value and the variance of X.

(iv) Find the distribution function, the mean, and the variance of the random
variable Y = aX, where a > 0 is a given constant.

Let X be a random variable having the Pareto distribution (Example 6.6). The
density of X is given by

k6~
Foo = e x>0,
0 x<é.

(1) What is the distribution function F(¢) of X?

(i1) For a given positive integer n, show that

1 1
Pnd<X<mn+1)0]=——- ———.
[0 <X < (n+ 1)0] nk (n+ Dk

(>iii) Derive the value of the limit

lim {r*P[n6 < X < (n + 1)61}.

n—oo
The lifetime, in hundreds of hours, of a light bulb is a continuous random variable
with density function

f) = A2xe™, x>0,

where A > 0.
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16.

17.

18.
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(i) Calculate the distribution function of X.
(i) What is the expected value and the variance for the lifetime of a bulb?

(iii)) From past data, it has been estimated that the average length of lifetime
for a bulb of this type is 2500 hours. Which value of A should be used
to describe the distribution of bulb lifetimes? Using this value of A, calculate
the probability that a randomly selected light bulb will last for more than 2500
hours.

Let X, and X, be two continuous random variables with density functions f; and f5,
expected values y; and y, and variances 0'12 and o-%, respectively. Consider now a
function f defined by

S =)+ = Dfrx), xeER,

where 0 < A1 < 1.

(1) Verify that f is the density function of some random variable X.

(i) Show that the expected value and the second moment around zero of X are
given by the formulas
u=EX) = Auy + (1= Dy,
E(XX?) = AE(X}) + (1 — DEX).
(iii) Deduce from above an expression for the variance of X in terms
of 4, pty, s, 67,05
Let X and Y be two continuous random variables with densities fy and fy,
respectively, and with the same range of values, R. Is it possible that

fx(x) <fy(x) forall x € R?

If it is, give an example, otherwise explain why this cannot happen.

A manufacturing unit produces metal tubes with a nominal diameter of 12 in. The
actual diameter of a tube can be regarded as a random variable having density
function (in inches)

, %[1—(12—@21, 115 <x <125,
(x) =

0, elsewhere.

Assuming that the length of each tube is 20 ft, answer the following:

(1) Find the density function and the distribution function of the surface area for a
randomly selected tube. (The formula for the surface area is 2nr(r + h), where
r is the radius and 4 is the length [or height] of a tube.)

(ii) If the cost of producing the tubes is k dollars per square inch, calculate
the expected cost for each tube produced.
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In Example 6.3, we obtained the distribution function of Y =aX + b, when
the distribution of X is known and a > 0. Obtain a similar result for the case when
a < 0, i.e. by assuming that the distribution function, F, of the variable X is known,
find the distribution function and the density of

Y=aX+0b.
Application: Find the density function of

Y=-4X+1
for the case where X has density

f) =4e™*, x>0.

Let X be a random variable with density function
fx)=e™, x>0.
Let Y be another variable defined by

yof X X<l
/X, ifxX> 1.

Find the distribution function, the density function and the expectation of Y.

Suppose that a continuous variable X has density function

f(x)={ cx’, 0<x<a,

0 elsewhere,

where a and s are two given positive real numbers, while c is a suitable constant.

(1) Find the value of ¢ in terms of ¢ and s.

(i1) Obtain the distribution function for each of the following random variables:
X, =¢5, X=X X;=(X-1% X,=VX. Xs=1/X.

(iii) Calculate the mean and variance for each of the variables X,, X3, X,, X5 in
Part (i1).

Assuming that for the random variables X and Y, we have
E[(X-Y)] =0,

establish that P(X =Y) = 1.
(Hint: Work with the random variable Z =X —Y.)
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23. The density function of a random variable X is given by
1 n—X
fx)=—=x"e™, x>0,
n!
where 7 is a positive integer. Show that

n
PX <2n+2)> ——.
( " ) n+1

(Hint: Use the formula
/ Hedx=k!, k=0,1,2...,
0
to find the mean and variance of X. Then, use Chebyshev’s inequality.)

6.10 APPLICATIONS

6.10.1 Profit Maximization

Profit maximization is the primary long-term objective of any business/enterprise. In
theoretical economics, the term profit maximization is used to describe the process by
which a company determines the parameters of its commercial activity such as price of a
product, frequency of orders, order level, etc., so that the resulting profit attains its largest
value.

In this section, we shall present a simple model by which the order level of a grocery
product (for a specific time cycle, say one month) is determined, so as to maximize the
mean profit obtained from the product.

Let us assume that the monthly sales of a product (in kilograms) at a particular
supermarket can be described by a continuous random variable X with density function
f and distribution function F. The supermarket makes a (net) profit of @ dollars for each
kilogram of the product which is sold, while any kilogram unsold by the end of a month
incurs a loss of f dollars. Suppose at the beginning of each month, the supermarket orders
z kilograms of this product.

In order to determine the optimal value z for the monthly order level, we shall first give
a formula for the monthly profit of the supermarket from the sale of this product. If the
monthly demand, say x, of the product is greater than z, then the entire quantity ordered
will be sold and the total profit will be

P=az

However, if the demand x is less than z, only x < z kilograms will be sold (offering a profit
of ax dollars) while the rest of the quantity, z — x, will remain unsold by the end of the
month and will incur a loss of f dollars per unit. Consequently, in this case, the final profit
will be

P =ax— p(z—x).
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According to the above discussion, and taking into account that the demand is in fact
a continuous random variable X, we may state that the monthly profit is also a random
variable, P = P(X), which is given by

_ _J az ifz<X,
P =P = { aX —pz—-X), ifz>X.
The average (mean) monthly profit can then be expressed as
m(z) = E[P(X)] = / P(x)f (x)dx

= / (ax — p(z — ) ()dx + / azf (x)dx
0 z

= / ((a+ P)x — f2)f (x)dx + az <l - / f(x)dx)
0 0

=az+ (a+p) / (x — 2)f ()dx.
0

Writing the integral on the RHS as a difference of two integrals, we may easily derive the
following more convenient form:

mz) = az+ (@ + §) / @ — (@ +fzF@), 2> 0. (6.18)
0

Figure 6.8 displays the mean monthly profit as a function of z for « = 2, f = 1 and several
choices of the density function f(x). The function m(z) attains a maximum value in all three
cases presented in Figure 6.8.

In order to determine the value of z that maximizes m(z), we may observe that

m@)=a+(a+ ﬂ)(/ 'xf(X)dx> —(a+ P)zF'(z) — (a + P)F(2)
0
=a+ (a+ P)zf(2) — (@ + p)zf (2) — (@ + f)F(2)
=a—(a+ PF(2),
m'"(2) = —(a + Mf(z) <O0.

Consequently, the value of z that maximizes m(z) is the solution of the equation

o
a+p

m(z)=0=a—(a+pfF(z) =0 F(z) =
As an example we mention that, for the three distributions considered in Figure 6.8, the
corresponding cumulative distribution functions are

2
@ F)=1-e*, x>0, () F)=x, 0<x<1; (c) F(x)=%, 0<x<2,
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Figure 6.8 Plot of the mean monthly profit m(z) for (a) f(x) = 3e, x> 0; (b) f(v) = 1,

0.5

()

0.2

0.4
(b)

0.6

0.8

0.5 1.0 L5
(©)

0<x<l;and (¢) f(x) =x/2,0<x < 2.
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while the order levels that maximize the mean profit are easily determined as follows:

1/3
(a)l—e_zz—%ﬂ@z=<lna;ﬂ> ,
_ a
(c)Z—2= LA .

4 a+p a+p
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KEY TERMS

(absolutely) continuous random variable
Cauchy distribution

expectation of a continuous random variable
expectation of a function of a random variable
functions of a random variable

median

mixed distribution

Pareto distribution

probability density function

symmetric distribution

variance of a continuous random variable



CHAPTER 7

SOME IMPORTANT CONTINUOUS
DISTRIBUTIONS

Carl Friedrich Gauss Named the Prince of Mathematicians and considered to be one of the most
(Braunschweig 1777- influential mathematicians in history, Gauss advanced almost every branch
Gattingen 1855) of mathematics and physics known at his time. Neither of his parents were

educated; his mother was illiterate while his father was a stone mason. Perhaps
the prime example of a child prodigy, he showed exceptional mathematical
skills even before going to school; according to one story, at the age of three,
while his father was performing some arithmetic calculations on paper, he
spotted an error and corrected him by performing all calculations mentally
and faultlessly.

Being self-educated in his early years, his genius was recognized by
the Duke of Brunswick, whose funding allowed Gauss to pursue a formal
education. After attending Caroline College from 1792 to 1795, he studied at
Gottingen University. Gauss developed the concept of complex numbers and
the University of Helmstedt granted him a PhD in 1799.

In his early investigations, he was fascinated by number theory and in
1801 he published his famous book Disquisitiones Arithmeticae (Arithmeti-
cal Investigations). The book developed the modern approach to modular
arithmetic, and it is considered to be one of the most brilliant achievements
in the history of mathematics.

From the age of 23, he became interested in astronomy and predicted the position of the asteroid Ceres in
December 1801, within a half-degree accuracy. In order to achieve this, Gauss used what is currently known
as the least squares method, which he had developed a few years earlier. The method is used even today in
various scientific areas as a means to minimize measurement error. In an attempt to rationalize the method of
least squares, he discovered the normal distribution, suggesting this as a generic model for experimental error.
This important distribution is in fact described in this chapter.

During the late 1820s, Gauss collaborated with the physicist Wilhelm Weber and made significant advances
in the areas of optics, acoustics, mechanics, and magnetism. Together, they built and first used in 1833, for regular
communication, the electromagnetic telegraph. This invention revolutionized communications in the nineteenth
century.

Introduction to Probability: Models and Applications, First Edition. 491
N. Balakrishnan, Markos V. Koutras, and Konstadinos G. Politis.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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7.1 THE UNIFORM DISTRIBUTION

Suppose that a continuous random variable X takes values in a finite interval [a, b]. In
many cases, it will be reasonable to assume that, any subinterval of [a, b] with a fixed
length, has the same probability that X falls into it. Informally, we might be tempted to say
that “X takes any value in [a, b] with the same probability” and this is how people often
understand this, although in a formal mathematical way this is inappropriate, as we have
seen that if X is continuous, then P(X = x) = 0 for any real x. We might then express this
by requiring that “the probability that X takes a value close to x € (a, b) is the same for all
X in that interval.”

Moreover, we have already seen in Section 6.1 that the value of the density f(x) of a
variable X at the point x is proportional to the probability that the value of X “is close to x.”
Thus, the value of f must be constant throughout the interval [a, ], and so it should have

the form )
¢, a<x<b,
f) = {0, elsewhere. 7.1

With f defined as above, the original requirement that X takes values with the same
probability in an interval of fixed width, say #, is satisfied, since for y € [a,b — h], we
have that

y+h y+h
Py<X<y+h= f(x)dx:/ cdx = ch,
y y

which is independent of y and depends only on the width /4 of the interval.
Further, in order to determine the constant ¢ in (7.1), we note that

) b
1:/ f(x)dxz/ cdx = c(b - a),

which immediately shows that ¢ must be equal to 1/(b — a).
We thus arrive at the following definition.

Definition 7.1 Let X be a continuous random variable with density function

1
f(x)={m’ asxsb.

0, elsewhere.

We then say that X has the uniform distribution over the interval [a, b]. We denote this
by X ~ U'la, b].

In fact we have already seen, in the previous chapter, examples of random variables
having a uniform distribution. Also, in cases where we “generate randomly” a number
within a specified range, e.g. [0, 1], the random variable that represents the outcome of this
experiment is typically assumed to follow a uniform distribution.

When a variable X is uniformly distributed in a given interval [a, b], the distribution
function of X given by

F()=PX <1)= / f(x) dx
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Sfix) F(f)

V() E—— -

b

Figure 7.1 Plot of probability density and cumulative distribution function of U’[a, b].

is easily found to be

0, t<a,
Ft) = ;_a, <t<b, (1.2)
1, t>b,

and it can be seen in Figure 7.1, along with the density function of the U’[a, b] distribution.
Because of the shape of its density, the uniform distribution is sometimes referred to as the
rectangular distribution.

In Figure 7.2, we have plotted the density function and the distribution function of the
U'la, b] distribution for different choices of the parameters a and b.

For the remainder of this section, it is useful to keep in mind that, since all events of
the form {X = x} for a continuous X have zero probability, it does not matter whether we
use inequalities of the form X < x (and X > x) or X < x (resp., X > x). Thus, in particular,
in the definition of the uniform distribution (Definition 7.1), it does not matter if we use
inequalities of the form @ < x and x < b or a < x and x < b, respectively.

In practice, when we use a distribution as a probability model for an unknown quantity,
we typically have to ask ourselves which probability distribution is suitable for the quantity
under consideration. In view of the fact that the uniform distribution has a constant density
(over a finite interval), it is used in probability modeling for quantities whose values we
consider to be “equally likely” or, more formally, for situations where all intervals of the
same width have the same probability.

Proposition 7.1 The expectation and variance of a random variable X having the
U'la, b] distribution are given by

2
atb yooy= =9
2 2

EX) =

Proof: For the expectation, we have

o0 b b
E(X)=/ xf(x)dx=/x- ! dx:L[x—z] Pod _ath

b—a b—a
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Figure 7.2 The density function (left) and the distribution function (right) of the uniform distribution
for different choices of a and b.

For the variance, we calculate first the moment of second order around zero. This is

2 ® 5 b, 1 [2]°
E(X)=[°oxf(x)dx=/a X ‘b—adx=b—a[?]

a

_P-d  (b-a®*+ab+a®) b +ab+d
T 3b-a) 3(b —a) B 3 ‘

Making use of this in the formula Var(X) = E(X?) — [E(X)]?, we derive

2 2 2 o2
Var(X):b +ab+a _<a+b> =(b a) ’

3 2 12

as required. O
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Example 7.1 Simon goes to his University class every weekday by using a train that
leaves at 8:00 a.m. We assume that the duration of the journey, in minutes, is a random
variable following the uniform distribution in the interval [58, 63]. Further, suppose
that from the train platform he needs a 15-minute walk to enter the classroom and that
his class starts precisely at 9:15a.m.

(i) What is the probability that Simon arrives in time for his class?

(i) What is the probability that he arrives at the class at least two minutes after it
has begun?

(iii) Find Simon’s expected arrival time in the class.

SOLUTION  Since the only source of uncertainty is the duration of the train journey,
we define a random variable X, which represents the number of minutes that this journey
lasts. Then X ~ U°[58, 63], so that X has density function

1 1
—, 58<x< =g

f(x) =3 63-58 =45
0, elsewhere,

58 <x <63,

=)

, elsewhere,

while the corresponding distribution function of X is given by

0, t < 58,
t—58
F@) = <x<
() T 58 < x <63,
1, t> 63.

(i) For Simon to be in time (i.e. before 9:15 a.m.) for his class, he must arrive at the
platform by 9:00 a.m., which means that the train journey lasts for 60 minutes
at most. The probability for this is

60—-58 2

63-58 5

P(X < 60) =

(i) Now, we seek the probability that Simon arrives at the classroom after 9:17 a.m.,
which in turn implies that he arrives at the platform after 9:02 a.m. This happens
if the train journey takes 62 minutes or more, with associated probability

62-58 1

P(X > 62)=1-F(62) = 1 - -
e =1-G %5

i.e. there is a 20% chance that he arrives at least two minutes late for the class.
(iii)) The expected value of X, the journey time, by Proposition 7.1 is

58 +63

EX) = = 60.5 minutes.
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This implies that Simon is expected to arrive at the train platform of the
University station half a minute after 9:00 a.m. and, as a result, his expected
arrival time at the classroom is half a minute after the beginning of the class
(9:15 a.m.).

The following two examples present two important properties of the uniform distribution.
The first of these shows that a linear transformation of an uniform random variable is again
uniform; the second relates the distribution function of the uniform distribution over the
unit interval to the distribution function of an arbitrary continuous random variable.

Example 7.2 Let X have a uniform distribution in the interval [a, #]. What is the
distribution of the linear transformation

Y=yX+6
fory > 0and 6 € R?

SOLUTION It is easier to work with distribution functions rather than densities. The
distribution function of X is

0, t<a,
r—a
Fx()=PX <t)= ﬂTa’ a<t<p,

1, t>p.

Before we consider the distribution function of Y, we first find its range of values. Since
X ~ Ula, f], we have @« < X < f and so, since y is positive,

ya+6<Y=yX+6<Lyp+6

(formally, we should say that this statement holds with probability one). Next, for y in
the interval Ry = [ya + 6, yf + 6], we have

P(YSy):P(yX+5§y):P<X§y;6>’
Y

which, by the formula for Fy given above (replacing ¢ by (y — 6)/y there), equals

O0-=8/r—a_y-b-ya_y=-(06+ya)
f—a y(f—a) yB—a)
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This gives the distribution function of Y as

0, y<ya+o,
—(6+
Fy) =P <y)=42=CH1D o s<y<yp+s,
y(f—a)
1, y>yp+6.

It is now easy to see (just put a=ay +6 and b = fy + 6 in (7.2)) that this is the
distribution function of the uniform distribution over the interval [a, b]. In words, we
have shown that a linear transformation of an uniformly distributed random variable
also has an uniform distribution. More precisely, we have

X~Ula,p] = yX+6~Ulya+6,yp+6].

As a special case, assume that X ~ U’[a, f] and consider the case when

1 a
=] 5 5 = — o
"“h-a f—a
Then, it follows that Y = yX + 6 is uniformly distributed in the unit interval, [0, 1]. This
distribution is commonly referred to as the standard uniform distribution.

Example 7.3 (Transformation Y = F(X)) Let X be a continuous random variable with
distribution function F. Then, for the random variable Y = F(X), we can write

Fy=PY <y)=PFX)<y), 0<y<l

Even though F may not be a strictly increasing function, an inverse function can be
defined by
F~'(y) = min{x : F(x) > y}.

Using this definition of the inverse function F~!, we get
Fy(») =PXSF ') =FF )=y, 0<y<l.

We have thus arrived at the fact that, no matter what the original distribution F of the
variable X is, the random variable Y = F(X) is uniformly distributed in the unit interval.
This is a powerful result with diverse applications (e.g. in the theory of simulation), as
it gives us a convenient way to reach the uniform distribution function from an arbitrary
continuous distribution and vice versa. The transformation ¥ = F(X) considered here
is called Probability Integral Transformation.
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EXERCISES
Group A

1.

A train leaves exactly every 45 minutes from London to Manchester. Emily, who
wants to take the train to Manchester, arrives at the train station in London but is
completely unaware of the train times. What is the expected time she has to wait
until the next train leaving to Manchester?

. The repair time, in hours, of a faulty machine has the uniform distribution in the

interval [0, 1]. If the cost of service for the machine for X hours is X \/)_(, find the
expected cost associated with each fault.

. The time X, in hours, required to service a PC is a continuous random variable X,

having the U°[0.5, 2.5] distribution. Then, calculate
(i) the expected time for the service of a PC;

(i1) the expected cost of a service, if the repair company charges

5
12VX + =
X

dollars for a service lasting X hours.

. If X has the U'[—a, a] distribution, find the value of a in each of the following cases

(in each case, you are given a statement about X):
@ P(3sXs7)=5
8 32
3 5

> == <-;
) P(x> 2) 3P (x < 2),
() PX<1)=P(X| = 1)
(d) P(IX] <2) = P(IX]| > 1);

(e) Var(X) = %6

. A number X is randomly selected from the interval [4, 12]. Calculate

(i) the density function of the area E of a square whose side has size X (in meters);
(i) the probability that this area is at most 36 m?;
(iii) the expected area of a square whose side has size X /3.

A computer selects at random a number X from the interval [0,3]. Find the
probability that

(1) the first decimal place of X is a multiple of 3;
(i1) the sum of the two first decimal places of X is equal to 5;

(iii) the first decimal place of the cubic root of X is 4.
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7. A university lecturer finishes a particular class on Thursdays between 10:00 a.m.
and 10:05 a.m. Let X be the time, in minutes, between 10:00 a.m. and the end of
the class, and let us assume that X is uniformly distributed in the interval [0, 5].

(1) Find the probability that on a particular day, the class finishes

(a) before 10:03 a.m.;
(b) between 10:01 a.m. and 10:03 a.m.

(ii) If, on a particular day, the class has not finished by 10:01 a.m., what is the
probability that it will finish after 10:03 a.m.?

(iii) Suppose that a friend of yours, who attends this class with you, offers you
the following bet: if the lecture finishes before 10:01 a.m., he will give you «
dollars, while if it finishes after that time you have to pay him f dollars. Show
that, for the game to be fair, we must have a = 4.

8. A number f is selected randomly from the interval [—7, 8]. What is the probability
that the quadratic equation
3 +pr+3=0

has at least one real root?

9. Let X be arandom variable that has the uniform distribution over the interval [a, b].
Show that the central moments of order r,

U, =E[X-pw'], r=1273,...,

where y = (a + b)/2, are given by the formula

0, r=1,3,5,...,
M}_: — r

G=a o4

(r+1)2"

For the special case r = 2, deduce the formula given in Proposition 7.1, namely,

2
Var) = & 12“) .

Group B

10. A stick of length a is broken at an arbitrary point due to the effect of some weight
forced on it. What is the probability that

(1) the larger of the two parts of the stick that are formed after the break is at least
three times bigger than the smaller part?

(ii) neither of the two parts has a length less than a/4?
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11.

12.

13.

14.

15.

16.
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Find the distribution of the random variable X = tan ®, where ® is a random
variable with the uniform distribution in the interval (—x/2, /2).

Assume that X is a random variable with the U°[0, 1] distribution. Obtain the
distribution

(i) of the random variable Y = [nX], where n is a positive integer and [.] denotes
the integer part;
(i) of the variable Z = —In(1 — X);
(iii) of the variable W = X", n € N.
Let X be a number randomly chosen from the interval [0, 1], Y| be the first decimal
place of X, and Y, be the second decimal place of \/} Show that while the

probabilities P(Y; =n),n=0,1,...,9, are the same for all positive integers n, the
probabilities P(Y, =n),n=0,1,...,9, increase as n gets larger.

Let X be an uniform random variable on [0, 8], with 8 > 0. Find a function of the
form g(x) = ax® 4 bx + ¢, so that we have

E[g(X)] = 6%, forall > 0.

(i) A stick of length 2/ is broken at a random point, and let X be the length of the
smallest between the two parts that are formed. Find the density function and
the expected value of X.

(ii)) We have two sticks, each of which has length 2/ and is broken at a random
point into two pieces. Let Y be the length of the smallest among the 4 pieces.

(a) Show that the density function of Y is given by
KO =20=y/P. 0<y<L

(b) Verify that the expectation and variance of Y are given by

E(Y) = ! Var(Y) = 2
T3 18

A sugar manufacturing factory consists of three sections. Each of these sections
processes daily a quantity X of sugarcane (in tons), which has an uniform distribution
in the interval [0, a] and has an expectation of 5 tons. The three sections work
independently of one another.

(i) What is the probability that, on a given day, the first two sections process less
than 8 tons each and the third section processes more than 6 tons of sugarcane?

(ii) If the quantity that can be processed by the first section is increased by 50%,
find the density function and the mean value of the quantity that this section
processes per day.

(iii)) Answer Part (i) using the new capacity for the first section given in Part (ii)
above.
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7.2 THE NORMAL DISTRIBUTION

The fact that this is the longest section in this book should come as no surprise. Among
all probability distributions, the normal distribution has a paramount role and is the most
commonly used distribution in a wide array of applications. Its significance will be fully
understood in Volume II of this book, when we consider sums of random variables, but
here we set up the theoretical framework and present its main properties, some of which
are unique among distributions on the real line.

The prominent position of the normal distribution in probability theory, statistics and
their applications can be ascribed primarily to the following reasons:

* For many random variables that are frequently studied, such as height, weight, shoe
size, student performance in an exam, IQ scores, tree diameters, molecule velocities,
etc., the normal distribution has been seen to offer a satisfactory fit;

* Random errors that appear in various measurements are usually (approximately)
normal. For this reason, the normal distribution is sometimes called the error
distribution;

e The sum and the average of a large number of observations from a random variable X
can be approximated by the normal distribution, and this is irrespective of the original
distribution of X;

e Many other distributions, both discrete and continuous, can be approximated, under
certain conditions, suitably by the normal distribution.

Historically, the normal distribution was first studied by the French mathematician Abraham
De Moivre (1667-1754), but today it is more commonly associated with the German Karl
Friedrich Gauss (1777-1855). Gauss put the normal distribution into practice and used it
in astronomy (with his famous method of least squares) in order to describe the orbits of
planets and other celestial bodies. As a result, another name for the normal distribution that
is often used is the Gaussian distribution. De Moivre’s original work, motivated like that
of many others in his time by gambling problems, involved the search for an approximation
to the binomial distribution, b(n, p), for the case when n is large and p = 1/2, such as
the distribution of heads in a large number of coin tosses. The result was the following
theorem, which rightfully bears his name.

Proposition 7.2 (De Moivre’s Theorem) Let X be a random variable having the
binomial distribution, b(n, p), with p = 1/2. Then, for any real numbers a < b, we have

2= g 1 b _ep

lim P|la < <b|= / e /2 dx. (7.3)

o Vi Vam Ja
2

The proof of this, and the following result which is a generalization of it, is not
given here. Both results are in fact special cases of the central limit theorem, one of the
most prominent results in probability theory and statistics, which is presented and proved
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formally in Volume II of this book. In the statement of De Moivre’s theorem, note in
particular the appearance of the random variable

where

u=EX)=nmp=3. o =Va)=npg=7.
since X is binomially distributed. The random variable Z, which arises from X by
subtracting its mean and dividing by its standard deviation, is the standardized random
variable introduced in Section 4.5 (see Example 4.24). It plays a crucial role while dealing
with the normal distribution.

In 1812, several decades after the publication of De Moivre’s limit theorem, the French
mathematician Pierre-Simon Laplace (1749-1827) published a book in which he laid down
many fundamental results in probability theory and statistics. One of them is the following,
known today as the De Moivre-Laplace theorem. This is an extension of Proposition 7.2,
treating now the case for arbitrary p.

Proposition 7.3 (De Moivre—Laplace theorem) Let X be a random variable having
the binomial distribution with parameters n and p. Then, for any real numbers a < b,

we have ,
X —
limP(a< 22l <)=L / e/2 dx. 7.4)
n=ee \/Pq V2r Ja

Since for the variable X in the above proposition we have E(X) = np and Var(X) = npq
(see Proposition 5.2), the standardized variable associated with X now takes on the form

X_
z=2""

V1rq

We have seen in Chapter 5 that the Poisson approximation also emerged as an approximation
to the binomial distribution. In fact, Poisson’s result was published in 1837, a quarter
of a century after Laplace’s result above and the Poisson approximation to the binomial
(Proposition 5.10) provides satisfactory results only when n — oo and p — 0 in such a way
that np — A > 0. On the other hand, the De Moivre—Laplace theorem, which suggests the
approximation

X_ b
Pla<2Z cp)a L [ 22y (15)
N 27 Ja

yields good (and, in some cases, excellent) results when 7 is large and np(1 — p) > 10.
According to Proposition 7.3 by letting a — —oo0 and b = t there we see that, for each
real ¢, the sequence of probabilities

X_
P P<r)., n=1.2...
\/npq
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converges, as n — 00, to the function

t
() = — / /2 gy, (7.6)
2 J—o0

and it is reasonable to expect that this function is itself a distribution function. If this
happens to be the case, from the fundamental theorem of calculus, the density of this
distribution has to be the function e=*/2 / (\/ﬂ). The proof of the fact that ® above is a
proper distribution function is given after the following definition, which introduces the
standard normal distribution.

Definition 7.2 A continuous random variable Z is said to follow the standard normal
distribution when the density function of Z is given by

$(@) = ——e?2, —0 <7< 0. (1.7

V2

The corresponding distribution function of Z is denoted by ® and is as given in (7.6).

We use Z rather than X for a standard normal random variable, in accordance with the
standard notation in most textbooks, while X is used below when we consider an arbitrary
normal random variable (i.e. not a standard one).

We now prove that @ satisfies the properties of Proposition 4.1, so that it is a valid
probability distribution function. Since the function e /2 takes positive values, it is
immediate that the function @ is a (strictly) increasing function, while the property in Part
(iii) of Proposition 4.1 follows from the continuity of the integral. Further, we have

. . 1 0 —x2/2
lim ®() = lim —— e dx =0.
t—=—00 t—>—o00
2w J -0

One may wonder about the appearance of the term (\/ﬂ)‘1 in (7.6). This is in fact to
ensure that @ satisfies the remaining property for a distribution function, namely, that
lim,_, . ®(#) = 1. The proof of this result is not straightforward. In order to find the value
of the integral

1=/ /2 dy, (7.8)

we argue as follows. Consider the square of that integral and observe that

2o </°° /2 dx> </°° 2 dy>
= /Do /DO e~ H/2 gy dy.

We now make the following change of variables to polar coordinates. Let x = rcos 6 and
y = rsin 6 (see the following figure). Then, we have! dx dy = r d6 dr, while

X% 43> = r’(cos’ + sin’) = r2.

I'The proof of this is not trivial, as one has to consider the Jacobian of the transformation when making the change
of variables in the double integrals. We leave the details to the interested reader.
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We subsequently obtain
[=3) 2n ) (=3 ) 2n
I2=/ / e ?r do dr=/ re”"/? </ d9>dr
o Jo 0 0
= 2n/ re /2 dr = 2n[—e_r2/2]8° =2m.
0

It then follows that / = 4/2x, which in turn implies that the standard normal density
function, ¢, in Definition 7.2 integrates to one (or that lim,_, _ ®(¢) = 1, which is the same).

1— 00

)

The following figure shows the graph of the function ¢(z). The graph reveals that ¢ is
bell-shaped and symmetric around the y-axis; the latter property can be verified formally
from the immediate relationship

$(—) = —=e 2 = L2 = g,

Vn Van

$ (@
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z D(2) z D(2)

0.0 0.5000 0.0 0.5000
-0.5 0.3085 0.5 0.6915
-1.0 0.1587 1.0 0.8413
-1.5 0.0668 1.5 0.9332
-2.0 0.0228 2.0 0.9772
=25 0.0062 2.5 0.9938
-3.0 0.0013 3.0 0.9987

Table 7.1 Extract from the table of values of the standard
normal distribution function.

Calculation of probabilities associated with the standard normal distribution requires
evaluation of the distribution function

D) =P(Z<2)= / Ty = - [T ez gy

2w J -

for various values of z € R.

Unfortunately, none of the known integration techniques provides an analytic expression
for the above integral. In view of this, from the early days of the normal distribution, the
values of ®(z) were tabulated for different values of z. Today, tables of the standard normal
distribution form an essential complement to most probability and statistics textbooks (as
also in this book, see Appendix B), while the values of ® are also available in nearly every
statistics and algebraic software, such as R, SAS, Mathematica, etc. A small set of values
of ®(z) is given in Table 7.1.

The table in Appendix B gives ®(z) for z = 0.00,0.01,0.02, ..., 3.59 (for higher values
of z, d(z) is very close to 1). The way to read the table of values ®(z) in Appendix B is
as follows: the values in the first column of the table (in bold) give the integer part and
the first decimal place of z while the values, also in bold, in the first row of the table give
the second decimal place of z. Then we look for the associated value ®(z) inside the table,
in the corresponding row and column. Suppose, for instance, we want to find ®(z) when
z = 0.23. Then, we select the row having 0.2 in its left margin and the column having 0.03
in its top margin (z = 0.23 = 0.2 + 0.03). The associated value in the table is 0.5910, and
so ©(0.23) = 0.5910. In a similar fashion, we find, for example,

®(0.07) =0.5279, ®(1.94) =0.9738, D(2.45)=0.9929, @(3.02) =0.9987,
and so on (you may check and practice the use of this table).
Note that the table only gives the values of the distribution function for nonnegative

values of z. What happens if we want ®(z) when z < 07 A glance at the values in Table 7.1,
which has negative values of z also reveals that, for the values of z in that table, we have

D(7) + P(—z) = 1.

This is in fact valid for any z € R, as the next proposition shows.
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Proposition 7.4 The distribution function ®@ of the standard normal distribution satisfies
D(—2)=1—-P(z), —0 <z< 0.

Proof: This is a simple consequence of the symmetry of the standard normal distribution
mentioned earlier. More specifically, we obtain for any real z,

—Z o0
D(—2) = 1 / 2 dy = 1 / /2 gy,
V2r J - V2w Jz

by making the substitution y = —x in the second step. But the standard normal density
function ¢ integrates to one over the interval (—oo, o), which means that

00 z
! / e/ gy =1 — — / e 2 dx = 1 — D),
z —00

Van Van

and the required result follows from the last two expressions. O

Applying this result for z = 0, we obtain ©(0) = 0.5. Also, we have
P(-1<Z<)=0() - P(—1) =0(1) — (1 —&(1)) =20(1) - 1,
and similarly we obtain
P(-2<7Z<2)=202)-1, P(-3<Z<3)=2003)-1.
By inserting the values of ®(z), for z = 1, 2, 3, into the last expressions, we readily obtain
P(—-1 <Z<1)=2(0.8413) — 1 = 0.6826 = 68%, (7.9)
P(-2<Z<2)=2(0.9772) - 1 = 0.9544 = 95%

and
P(-3<Z<3)=2(0.9987)— 1 =0.9974 = 99.7%.

Thus, we see that 68% of the area under the standard normal curve lies between the values
—1 and 1, 95% lies between —2 and 2, while nearly all the area (99.7%) is between the
values z = —3 and z = 3 (see Figure 7.3).

Example 7.4 (Quantiles of the standard normal distribution) We have just seen how
we can use the table of values for the standard normal distribution to find, for a given
real z, the corresponding probability ®(z) = P(Z < z). In many cases, interest lies in the
opposite direction, so that for a given value « in the interval (0, 1), we want to find the
value of z, denoted by z,, such that

P(Z > z,) =a.
In such a case, the value z, is called the (upper) o-quantile of the distribution @
(Figure 7.4).

Find the a-quantiles of @ for the cases when

(1) a =0.01, (i1) « = 0.05, (iii) @ = 0.10.
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p(x)

99.7%

A
\

Figure 7.3 Area of the standard normal density function inside each of the intervals [-1, 1], [-2, 2],
and [-3, 3].

PA

N
L4
0 Za Z

Figure 7.4 Graphical representation of the a-quantile of the standard normal distribution.

SOLUTION Since for any real z
PZ>2=1-PZ<2)=1-®(z),
we see that, if z,, is the upper a-quantile of ®, we have 1 — ®(z,) = «, or
D(z,)=1-a.
We thus look at the tables of the standard normal distribution and we seek, for different

values of a, the closest z-value (up to two decimal places) for which the value of the
distribution function is 1 — a.
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(1) For a = 0.01, the last equation becomes ®(z; ;) = 0.99, and we see from the
table in Appendix B that the corresponding quantile is

20.01 ~ 233,

(i1) Similarly for @ = 0.05, we get that ®(z o5) = 0.95, and from the tables we find
the upper 0.05-quantile to be

20.05 = 1.645

(since the value appears to be halfway between 1.64 and 1.65).

(iii) Now we have ®(z; ;o) = 0.10 and this gives, by using the table in Appendix B
again, that
20.10 ~ 1.28.

Next, we calculate the mean and variance of the standard normal distribution. Let Z be
a random variable having this distribution. For the expectation of Z, we have

Y 0 Y
E(Z) = / 2¢(z) dz = / 2¢(z) dz + / 2¢(2) dz. (7.10)
- - 0

oo (5]

Setting g(z) = z¢(2), since the function ¢ satisfies ¢p(—z) = ¢(z), we obtain that, for any
real z,
8(=2) = —g(2).

Putting x = —z in the first integral on the right of (7.10), we deduce that

EZ) = —/ g(x) dx+/ 8(z) dz.
0 0

Since both integrals on the right are finite,> we obtain immediately that
E(Z)=0.

For the variance
Var(Z) = E(Z*) - [EQ2))* = E(Z?),

we have that
Var(Z) — L Zze—z2/z dZ — _L Z(G—ZZ/Z)/ dZ
21 J - 21 J -0

and by integration by parts, we get

Var(Z2) = — [ze_zz/z]io +/ P()dz=0+1=1.

2

21t is easy to see that this is true: observe first that g(z) = —qb/ (2), so that [ g(z)dz = —[(2)]® = ¢(0) < co.
y 0 0
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Although certain real quantities can be modeled by the standard normal distribution
in a satisfactory way, the lack of parameters of this distribution (unlike the binomial
distribution, which has two parameters, n and p, or the U’[a,b] distribution, whose
parameters are the endpoints of its range, a and b) renders it to be inflexible for modeling
in practice. For example, if a quantity is modeled by the standard normal distribution, its
mean must necessarily be equal to zero, which may be violated in many situations. For
this reason, we now define a general form of the normal distribution, i.e. essentially the
family of normal distributions.

Definition 7.3 A random variable X is said to have the normal distribution with
parameters i € R and o> > 0 if its density function is given by

F) = LW/ g < x < oo,
o\ 2w

In this case, we use the notation N(y, 02), and we write in short X ~ N(u, 62).

The parameter ¢ in the definition above is assumed to be positive (¢ > 0).

It is obvious that the standard normal distribution is a particular case of a normal
distribution when 4 = 0 and ¢ = 1. For the function f in the above definition, we see that
it takes nonnegative values and, in addition, we have

/ U —-w?/eo®) gy = / ] e dp= 1 - 1,

© ¢gy/2n o\/ﬁ \/ﬁ

making the substitution z = (x — u)/o and using the value of the integral / defined in (7.8),
that was found earlier. Hence, f satisfies the properties of a density function. Some further
mathematical properties of this function are presented in the following result.

Proposition 7.5 (Properties of the density function of the N(u, 6?) distribution)

(1) The functionf has a unique local maximum (which is, in fact, a global maximum)
point at x = p, and the maximum value of f at this point is (c\/2m)~';

(1) The function f is symmetric around the point x = u, which means that for any
real x, we have f(u + x) = f(u — x);

(i) The points u + o are inflection points of f.

Proof:
(1) Differentiating f(x) with respect to x, we get

f'(x) — %e—(x—ﬂ)z/(hﬂ) (1 —x),
o 2n

from which we readily see that f’ (x) > 0 for x < u and f’ (x) < 0 for x > u. This
shows that f'is strictly increasing over the interval (—oo, u) and strictly decreasing
over the interval (u, 00), so that y is indeed a maximum point for f. The value of
the maximum at x = y is found immediately by substitution.
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(i1) For any real x, we see that

Fu+x) = —eluro-urPrae? L —2p

o\/2n o\/2n

and
ft )= ettt o L p

o\/2n o\/2n

Thus, f(u + x) = f(u — x) and so f is symmetric around the point u.

(iii)) Now we find the second derivative of f(x) with respect to x, which is

1@ ==+ o)llx— (u - g)];e—(x—u)z/aaz).
63/ 2n

We observe that this function changes sign at the pointsx = ¢+ o andx = u — 0.
We note that the value of the function f at each of these points equals

1 _
e 03,

m}
oc\2n

The following figure shows the maximum and the inflection points for the N(u, c?)
distribution, according to Proposition 7.5.

J(x)

1
oV2xn

c+/2me

e

0

We note in particular that for the case y = 0, o2 = 1, we see that the density ¢(z) of the
standard normal distribution is symmetric around the y-axis, has a maximum at z = 0 (with
maximum value ¢(0) = (\/Z_Jt)‘1 =~ (.4), while the points z = +1 are inflection points for ¢.

Having studied the mathematical properties of the normal density function, we now
present some more graphs to get a better understanding of how this function looks like for
various values of the parameters u and 2. Figure 7.5 shows three density functions of the
normal distribution with the same mean, ¢ = 2 and different values for ¢, namely, ¢ = 0.5,
c=1,and o = 2.
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Jx)
08+

u=2,0=0.5

0.6 -
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u=2,0=1

n=2,0=2
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! | . n n J X

-2 0 2 4 6

Figure 7.5 A comparison of the density functions for the N(2, ¢?) distributions, for ¢ = 0.5, 1,
and 2.

Figure 7.6 depicts the density function and the distribution function of the N(u, c?)
distribution for different values of its parameters y and 62.

Next, we have seen in the previous section that a linear combination of a uniform
random variable also has a uniform distribution. This is not a common property among
probability distributions (e.g. it is not satisfied by the discrete distributions we met in
Chapter 5), and it is natural to wonder whether this holds for the normal distribution. A
result in this direction is Part (i) of the following proposition; for the (affirmative) answer to
the general problem, see Exercise 22 at the end of this section. The result of the proposition
that follows enables us also to calculate probabilities associated with a random variable
X ~ N(u, c?) for arbitrary values of y and 6.

Proposition 7.6 (Calculation of probabilities for N(u,c?)) If the random variable X
has the N(u, 62) distribution, then we have the following:

(i) The variable

follows the standard normal distribution, that is, Z ~ N(0, 1);

(ii) The probability P(a < X < b) can be found from the formula

(o2

P(aSXSb)=cI><b_—”>—<I><a_”), a<b;
(o2

@iii) For any real a and b, the probabilities P(X < b) and P(X > a) can be found by
using the relations

P(Xsb):@(%), P(X>a)=1—q>(“;”>=cb<”_“).
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Figure 7.6 The density function (left) and the distribution function (right) of the normal distribution,

for various values of y and ¢2.

Proof:

(1) Let us denote by f and F the density function and the distribution function of the
variable X, respectively. Then the distribution function of Z = (X — u) /o is given

by (see also Example 6.3)

Fz(z) = (X;” SZ) =PX<pu+oz)=F(u+o2),

and by differentiation we obtain the density of Z to be

]2
e 262

[ =F,(x)=cf(u+o0z)=0

1
o\/2n

_ uto)—u
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where ¢(.) is the density function of the standard normal distribution (Defini-
tion 7.2). Thus, we see that Z ~ N(0, 1).

(ii)) We have

P(asxsb)=P<“_”sX_”sb_”>=P<“_”szsb_”)
(o2 o2 o (o2 (o2
1)

(

where the variable Z = (X — u)/o has the standard normal distribution, with
distribution function ®(z). The result then follows.

(iii) The result for this part can be obtained from Part (ii) by letting a - —o0 and
b — o0, respectively. Alternatively, we may argue directly as follows:

P(XSb)=P<X_”sb_”>=P<zsb_”>=q><b_”>
[0 (o2 [0} [0}

and

P(X>a)=1—P(X5a)=1—q><a_”)=q>(—"_”)=d>(”_a),

o o o

using Proposition 7.4 for the penultimate step above. O

The most important message from the above proposition is that, when we are dealing
with a problem related to an arbitrary normal distribution, we can convert it to a problem of
the standard normal distribution and then use the table of the latter to calculate the required
probabilities. This method, which involves subtracting the mean from an arbitrary normal
random variable, and then dividing by its standard deviation, is illustrated in (7.11), and is
called standardization of that variable.

The following proposition shows that the parameters y and 6 of the normal distribution
coincide with the mean and the variance of that distribution, respectively (this explains the
choice of these symbols for the parameters of a normal distribution, in fact).

Proposition 7.7 The expected value, the variance and the standard deviation of a
random variable following the N(u, 6*) distribution are given, respectively, by

EX)=p, VarX)=o02, +/VarX)=o.
Proof: This is an immediate consequence of Proposition 7.6 and the properties of
expectation and the variance we have seen in earlier chapters. In particular, if Z =
(X —u)/o ~ N(0, 1), then X can be written as
X=u+oZz,
so that we obtain

EX) = E(u+0Z)=u+06EZ), Var(X)= Var(y+ cZ) = c*Var(Z),

and the result is now obvious since E(Z) = 0 and Var(Z) = 1. |
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Example 7.5 It is common among social scientists to believe that the distribution of
1Q scores in the general population follows a normal distribution with a mean value
# =100 and a standard deviation ¢ = 15. Let X denote the 1Q score of a randomly
chosen person from the population.

(i) The probability that the person has an IQ score of at least 130 is

Pazly»=p<X—MZL&;ﬁ)=P<ZZ1m—1m>

o o 15

=1-PZ<2)=1-dQ),

and from the standard normal table we see that ®(2) = 0.9772, so that the
required probability is 0.0228 or 2.28%. Since the person was selected randomly
from the population, this can also be interpreted as the proportion of persons in
the population with an IQ score of 130 or more.

(i) The proportion of persons who achieve an IQ score between 100 and 120 is

00— X—p 120—
P(100§X§120)=P< 0-p X-p 120 “)
o

c o

<Z<
15 - 15

=¢>(%)—¢>(0).

=P(lOO—lOO 120—100>

Since 4/3 = 1.33, we see from the standard normal table that ®(4/3) is
approximately equal to 0.9082 (a more accurate result could be achieved by
interpolating between the values of ®(x) for x = 1.33 and 1.34 in the table). We
already know that ®(0) = 0.5, and we therefore get

P(100 < X < 120) = 0.9082 — 0.5 = 0.4082,

that is, about 40.8% of people in the population have an IQ score between 100
and 120.

Example 7.6 The time that John needs to get from his house to the University every
morning is a continuous random variable which is assumed to follow the normal
distribution with mean ¢ = 35 minutes and a standard deviation ¢ = 5 minutes.

(1) Find the probability that on a particular day his journey takes
(a) less than 30 minutes;

(b) between 30 and 40 minutes.

(ii)) Tomorrow, John’s first lecture starts at 10:15 a.m. and he does not want to
be late. Estimate what time he should leave his house so that he arrives at the
classroom before the lecture starts with probability 99%.
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SOLUTION Let X be the time that John’s journey takes on that day. Then, it is given
that X ~ N(35,5%).

(i) (a) The required probability is P(X < 30) which is

P(X<30)=P<X_“ 30—#) :P<X—35 - 30—35)

<
5 5

(& (&

-5
=P<Z< ?> —P(Z<—1)=d(=1) = 1 — d(1),

wherein we have used Proposition 7.4 in the last step (recall that the table
in Appendix B gives ®@(z) only for nonnegative z). From this table, we see
that ®@(1) = 0.8413, and so the required resultis 1 — 0.8413 = 0.1587, i.e. a
probability of about 16%.

(b) The probability we seek for this part is P(30 < X < 40), which is

P(30§X540)=P<30_” gX_”540_”>

o (o2 o

=13(30—35 L X-35 S40—35)
5 5 5
=P(-1<Z<1),

and we have already seen in (7.9) that this equals 0.6826. Therefore, the
probability that John’s journey to the University will take between 30 and
40 minutes is about 68%.

(ii)) Now the problem is of a different type. Specifically, we want to find the value
of x such that the journey time, X, is at most x with probability 99%, i.e.

P(X < x) = 0.99. (7.12)

For this, we express the probability P(X < x) in terms of the standard normal
distribution, working in a familiar way, as follows:

P(XSx):P(XG;”S’%>ZP(ZSx;/l>=q)(x;M>_

If we put for simplicity z = (x — u)/o, we then want to find the value of z for
which
®D(z) = 0.99.

So, in this case, we are given the (cumulative) probability P(Z < z) and we
seek the value of z. From the standard normal table in Appendix B, we see that
this value is z = 2.33. Since the value of x which satisfies (7.12) is given by
x = p + oz, for z = 2.33 we finally obtain

x=pu+0z=35+5-2.33 =46.65= 47 minutes.
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This is the maximum journey time that John should allow himself in order to
arrive in time for the lecture with probability 99%. Since the lecture starts at
10:15 a.m., this means that he should leave his house by 9:28 a.m.

Suppose now X represents a random quantity of interest, e.g. the height of a student in
a University, and that X ~ N(u, 6?). When we take a set of measurements (observations)
from X, such as a set of students’ heights, then the percentage of these measurements that
differ from u by k standard deviations at most will be

P(IX—MISk6)=P<‘X_#’Sk> =P(Z| <k)=P(—k < Z < k).
(o

From this, we get
P(X—ul<o)=P(-1<Z<1)=2(0.8413) — 1 = 0.6826 =~ 68%,
P(X —pu| £20)=P(-2<7Z<2)=2(009772) — 1 =0.9544 =~ 95%

and
P(X —u| <36)=P(-1<Z<1)=2(0.9987) — 1 =0.9974 =~ 99.7%

(see the calculations after the proof of Proposition 7.4).

Thus, about 68% of the values from a normal population are within one standard
deviation distance from the mean u, about 95% of the values are within two standard
deviations distance from the mean, while about 99.7% of the values are within three
standard deviations distance from the mean of that population.

Jx)

68%

95%

A
\j

99.7%

-l -
- L

The above conclusions may be used to justify the use of normal distribution as a model
for random quantities which assume only nonnegative values. This has been done earlier
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in Examples 7.5 and 7.6. For instance, in Example 7.6 X is John’s traveling time so that,
in reality, X cannot take negative values. Can we assume that such a variable follows
a normal distribution? At first sight, this might seem inappropriate, since any random
variable which has a N(u, ¢2) distribution takes, by Definition 7.3, any real value from —oo
to +c0. However, the calculations above illustrate that if y is larger than 3o, the probability
that X takes negative values will be very small, and so in most cases it can be ignored.
Consider for instance the situation in Example 7.6. We have y = 35 and o = 5, so that the
probability that John’s traveling time X takes a negative value is

P(X<O)=P<X_535 <9-3

- ) = PZ <=7 = &(=7),

which is of order 107!,

In view of the above, we shall freely use the normal distribution in the sequel as a
model for quantities that cannot be negative by their nature, provided that the mean of that
distribution is at least three times larger than the standard deviation. In fact, due to the
several advantages that the normal distribution possesses as a model, this distribution has
been used widely in practice to describe quantities such as length, height, lifetimes, time
duration of a certain event, etc. (bear in mind that a probability distribution we use to model,
i.e. to represent the uncertainty about a real phenomenon, is always only an approximation).

Example 7.7 An automatic machine is used to dispense a particular soft drink in
bottles with a nominal quantity (volume) of 1.51. If the machine puts more than 1.6l of
the soft drink in a bottle, the excess quantity is wasted.

The actual volume that the machine dispenses in the bottles is a random variable
which has the normal distribution with mean y (in liters) and a standard deviation 0.021.
What is the mean quantity u that should be set for the machine so that the probability
that it dispenses more than 1.6l in a bottle is 0.2%?

SOLUTION Let X denote the random variable corresponding to the amount dispensed
by the machine in a bottle. We are given that X ~ N(y, (0.02)%), and we then seek the
value of y such that

P(X > 1.6) = 0.002.

Since, by Proposition 7.6,

P(X>1.6)=1—q><1'6_”>,

we want to find u such that

1.6 —u
1-® = 0.002
< 0.02 >

which gives

1.6 — u
) =1-0.002 = 0.998.
( 0.02 )
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From the tables of the standard normal distribution, we see that the value z such that
D(z) = 0.998 is z = 2.05. Since D is a one-to-one function (as it is strictly increasing),
we deduce that we must have

Upon solving this, we obtain p = 1.6 — (0.02)(2.05) = 1.559, which is the desired
result.

We have mentioned earlier in this section that the normal distribution offers a satisfactory
approximation to the binomial distribution. Figure 7.7 depicts the probability function of
the binomial distribution when p = 0.6 and n = 1,2, 5, 10, 25,100.

Itis apparent that as n increases, the shape of the probability function resembles that of a
normal distribution. Figure 7.8 shows, on the same graph, the binomial probability function

0.6 |
n=2,p=0.6
n=1,p=06 04+
04r
0.2
0.2r
0 1 0 1 2
(a) . (b)
04r n=10,p=0.6
n=5,p=0.6 021
021
0.1r
0 I 0 n n i I
0 1 23 4 5 o 1 2 3 4 5 6 7 8 9 10
. © @
n=25,p=06 n=100,p=0.6
02t 0.1¢
| ‘ |
0 L L llI ’ ‘Ill L [ i L L L al.
0 5 10 15 20 25 0 10 20 30 40 50 60 70 80 90 100
(e) ®

Figure 7.7 The probability function of the binomial distribution function for p = 0.6 and various
values of n.
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Figure 7.8 Binomial probability function and approximating normal form.

with parameters n and p and the density function of the N(u, ¢%) distribution so that the
two distributions have the same mean and variance, i.e. the values of the parameters are
chosen in each case such that

u=np, o*=npg=np(l-p).

Observe that for large n (n = 100) the graphs of the two distributions are very close to each
other.

The De Moivre—Laplace theorem (Proposition 7.3) offers indeed the theoretical valida-
tion to the above comments. Specifically, if X is a random variable following the binomial
distribution with parameters n and p, then we can write

— X — b—
ma<x<m=P<“ Ko 27K ”)
(o2 [0} (o3
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and the De Moivre-Laplace theorem suggests the approximation, for large values of n,

P(a<X<b)=<I><b_np)—CD<a_np>.
Vg \Vnrg
In general, the normal distribution approximates very well the probabilities of the
binomial distribution when npq is large. However, we must bear in mind that in the De
Moivre-Laplace theorem, we approximate a discrete distribution by a continuous one. For
this reason, and in particular when the quantity npq is of moderate magnitude, a simple
correction to that approximation which is an improvement of that theorem, is often used.
Assume that X is a discrete random variable and suppose that we are interested in
calculating the probability P(i < X < j), where i and j are integers. This probability can be
expressed as

J
Pi<X<j)=) PX=k
k=i

and equals the shaded area in Figure 7.9. If we attempt now to approximate this area by a
smooth curve f (associated with a continuous distribution), it seems natural to use the area
surrounded by the x-axis, the graph of f/ and the perpendicular axes

x=i—l and x=j+l
2 2
as an approximation for the probability P(i < X < j) (see Figure 7.10).

The use of the terms i — 0.5 (for the lower limit) and j + 0.5 (for the upper limit) above is
known as continuity correction, and is considered appropriate, whenever we approximate
a discrete distribution by a continuous one. Using similar arguments, we can justify the
approximate formulas

i+0.5
PX =1i) = f(x) dx,
i—0.5
PX 2= [ fx)dy,
i—0.5
j+0.5
PX <)) = f(x) dx.
P(X=x)
PX=i+2) -
PX=it1)|--mmmem
P(X=i) |-
P itlie2 I

Figure 7.9 Shaded region is P(i < X < j) for a discrete variable.
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P(X=i)|-----

)

Figure 7.10 A corrected normal approximation to discrete probabilities.

Especially for the case when X has the binomial distribution with parameters n and p, we
know that the corresponding normal approximation is made through the N(u, 6%) distribu-
tion, with 4 = E(X) = np and 6 = Var(X) = npq. Consequently, we have in this case

405 4 L
Pi<X<))= / e~ @=1?/(26%) 4y
i-05  o4/2m
—0.5) - i +0.5) —
o o

where Z ~ N(0, 1), so that we finally arrive at the corrected approximation

P(iSXSj)E®<W>_@<w>.
NGzZ NG

Similar relations hold for probabilities of the form P(X = i), P(X > i) or P(X < ).

Example 7.8 Assume that 20% of people who take up a particular diet drop out before
they complete it. If we select a random sample of 100 persons who have started this
diet, what is the probability that more than a quarter of them will not complete the diet
program?

SOLUTION Suppose X represents the number of persons in the sample who do not
complete their diet schedule. It then follows from the statement that X ~ b(n, p) with
n = 100 and p = 0.2. Therefore, we have from the formula for binomial probabilities that

100

P(X=k)=< 5

) 02508, k=0,1,...,100.
The probability we require is P(X > 25) = P(X > 26), since X takes only integer
values. The exact calculation for this probability requires evaluation of the sum

100
P(X > 26) = Z (100) (0.2)(0.8)100, (7.14)
k=26 k
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Even with the aid of modern computers, some effort is required to find this, such
as writing a little program in Mathematica (see Exercise 5 in Section 7.6). However,
using the normal approximation to the binomial distribution (formula (7.13) with
i = 26,j = oo there) instead, we obtain

Z> (26 —0.5) — 100 - (0.2)

4/ 100 - (0.2) - (0.8)

=1-®(1.375) = 1 - 0.9154 = 0.0846.

P(X > 26) = P( > = P(Z > 1.375)

It is worth mentioning that the exact value for the required probability, calculated
with Mathematica, is 0.0875. If we use a normal approximation without a continuity
correction, we get

26 — 100 - (0.2)
/100 - (0.2) - (0.8)

which is a much poorer approximation to the true value.

P(X > 26) gp(zz >=P(Z > 1.5) = 1 — ®(1.5) = 0.0668,

Example 7.9 Suppose we want to estimate the proportion p (or equivalently, the
percentage 100p%) of the persons who intend to vote for a certain political party in the
forthcoming general elections. For this reason, we plan to take a sample of size n of
voters and ask them about their intention (assuming they are all going to vote), from the
entire population of eligible voters. How large should the sample size n be so that the
error we make in this estimate (sometimes in everyday language called the “statistical
error”) does not exceed 1%?

SOLUTION This is a sampling problem. We have seen problems of this type in
relation to the hypergeometric distribution earlier in Chapter 5. The problem here, as
is very often in case of opinion polls, is to determine the sample size. If we select n
persons from the population of eligible voters, the number, X, who will vote in favor of
the party is a random variable which follows the binomial distribution with parameters
n and p (neither of which is known at present). Then, p = X/n will be our estimate for
p and we want the following condition to be satisfied:

lp—p| <0.01. (7.15)

We thus see that the problem here is stated in an ill-posed manner! No matter how
large n is we cannot be sure that the above condition is met, unless we select the
whole population. Otherwise it is even possible, for example, that no one in our sample
votes in favor of the party in question. The best we can do to overcome this is to
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impose the condition that (7.15) holds with a high preassigned probability, such as 95%.
Consequently, the problem now becomes that of finding » such that (7.15) holds with a
probability of (at least) 0.95, i.e.

P(lp —p| £0.01) = P(|np — np| < 0.01n) > 0.95.
But, X = np has a b(n, p) distribution and since we expect n to be large (typically several

hundreds of persons will be needed for opinion polls of this type), we approximate the
distribution of X by the N(u, 62) distribution, with

p=np, o =np(l-p).
We thus obtain

P(lnp —np| £0.01n) = P(|ju — X| £0.0ln) = P(-0.01n < X — 4 <£0.01n)
=P<—O.Oln Xom 0.01n>‘

o c 0

Setting for simplicity « = 0.01n/0, we see that the last expression equals ®(a) — ®(—a).
But this, in turn, is

D(a) — P(—a) = D(a) — [1 — D(a)] = 2P(a) — 1,

in view of Proposition 7.4. So, the condition we need in order to determine the sample
size n, becomes now 2®(a) — 1 > 0.95; that is, we need to find the value of « such that

D(a) > = 0.975.

14+ 0.95
2

From the tables of the standard normal distribution in Appendix B, we see that & must
be greater than or equal to 1.96. Recalling now the definition of @, we get

o= 00In _ _ 00ln > 1.96

o Vnp(1 —p)

and, solving this for n, we derive that

0.01n > 1.964/np(1 — p),

or equivalently

Vi > 1.96 vrd-p)

=196+/p(1 — p).
0.01 p(1 —p)
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Note that the quantity 1/p(1 — p) is unknown since the population proportion of persons
voting for that party, p, is not known. However, and since we only require a lower
bound for n, we may use the fact that g(p) = p(1 — p) < 1/4 for all values of p € [0, 1]
(see the next figure).

g (p)

Hence, for any p € [0, 1], v/p(1 — p) is at most 1/2. This finally shows that a minimum
sample size of

1 2
(196-§> = 9604

is sufficient for our purposes.

We close this section by noting that the normal distribution may be used as an
approximation to the Poisson distribution (this comes as no surprise since we have seen
that both distributions, under suitable conditions, serve as approximations to the binomial
distribution). To be more precise, assume that X is a random variable having the Poisson
distribution with parameter 4 > 0. Then, provided A is large enough, the distribution of X
can be approximated by the N(u, 62) distribution with 4 = E(X) = Aand 62 = Var(X) = A.
Thus we may write, for example,

P(a<x<b)gq><b;’1>—q>(“"l), a<b,
Vi Vi

or upon using a continuity correction,

P(iSXSj)%®<w>_q)<w>
Vi Vi

for any nonnegative integers i and j such that i < j. O
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EXERCISES
Group A

1. Assume that X is a random variable having the normal distribution with parameters
u =7 and 6> = 4. Find the probabilities

(a) PX<T7)

(b) PX>5)

() PXZ91X>T)
d) PI(X-6)* <1]
() PX=T)

") PIX-7]<2)
(g) P(n|X| < 1.95).

2. The gestation period for live births in humans can be represented by a random
variable X following the normal distribution with mean y = 270 days and a standard
deviation ¢ = 10 days. Find the proportion of children who are born after a gestation
period

(1) of less than 240 days;
(i1) between 255 and 285 days.
3. Suppose that the concentration of sodium (Na) in the human blood follows a normal

distribution with mean 140 (measured in mM) and standard deviation 5 mM.
Calculate

(i) the probability that the level of sodium in the blood of a person is

(a) less than 130;
(b) between 135 and 145;
(c) atleast 145.

(ii) the percentage of persons in the population for which the level of sodium is

(a) between 140 and 150;
(b) below 130 or above 160.

4. A random variable X has its density function as
—1 2
f) = (2 2n) e CHB . L e R

Find the following probabilities:
i) PX <-2)

(i) P(-5<X<-2)

(i) P(X+3| < D).
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5. In a certain population, the level of cholesterol in the human blood (measured in

mg dI~!) follows a normal distribution with mean y = 220 and standard deviation
o =40.

(i) Find the percentage of persons in that population with a cholesterol level
between 200 and 260.

(i) For what value ¢ we have 10% of persons in the population to have a cholesterol
level of at least ¢?

. If X is a random variable having the normal distribution with mean y and standard

deviation o, and c is a real number such that
PX >c)=2PX <o),

show that
c+ 0430 = p.

Application: The level of Fe in the blood for a male population is a random variable
having the normal distribution with a mean value of 110 mg dI~! and a standard
deviation of 25 mg d1~!. Find the value of ¢ such that the percentage of males whose
level of Fe in their blood is above ¢ (mg dI™!) is twice as much as the percentage
of those with a value of Fe less than ¢ (mg dI~).

. The height of females in a population has the normal distribution with mean 167 cm

and a standard deviation 5 cm.
(i) What percentage of females in that population have a height

(a) more than 167 cm?
(b) between 167 and 175 cm?
(ii) If we select randomly 6 females from that population, what is the probability
that
(a) all six have a height between 167 and 175 cm?

(b) two persons have a height above the mean and four persons have a height
below the mean?

. Female shirts are classified as S, M, L, and XL according to their size. Shirts of size

S are suitable for women with a chest size between 29 and 32 (in inches); size M is
suitable for women with chest size between 32 and 34, size L is suitable for women
with chest size between 34 and 38, while size XL is suitable for women with a
chest size over 38.

Suppose we select a woman at random from the population, and her chest size, X,
has the normal distribution with mean 34.25 and standard deviation 1.75 in.

(i) Find the proportion of women with a chest size of less than 29 in., so that for
them size S is too large.

(i) A manufacturing unit that produces female shirts makes 5000 shirts every
week. Find how many shirts of each size it should produce, so that its products
are in line with demand.
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(iii) If we are to redetermine the chest size limits for female shirts, so that each
of the four sizes corresponds to 25% of the women population, find the limits
which should be used to distinguish the four sizes.

. Find the probability that in 600 throws of a die, an ace turns up at least 120 times.

(Hint: use a normal approximation to the exact distribution.)

The internal diameter, in inches, of copper tubes made at by a factory has a N(15, 62)
distribution. Tubes that fall outside the tolerance limits 15 + 0.1 in. are recycled.

(1) If 6 = 0.1, find the probability that exactly 4 tubes are recycled in a sample of
6 tubes which have been inspected.

(i) What should be the value of the standard deviation ¢ so that the percentage of
tubes that are recycled is 6%?

The daily demand for a product in a shop (in kilograms) has the normal distribution
with parameters 4 = 80 and o = 6.

(1) If the current stock of the shop is 95 kg, estimate the probability that all this
stock will be sold within a day.

(i) What is the probability that after the end of the next working day, the shop will
have at least 30 kg of the product still in stock?

For a certain flight, there are 250 seats available. However, the company which
operates the flight estimates that 6% of the passengers who buy a ticket do not show
up. Therefore, the company has sold tickets to 265 persons for the flight. Find the
probability that

(i) at least one passenger who turns up for the flight does not find a seat;

(ii) at least five passengers who turn up for the flight do not find a seat.

The price of a certain stock, during a period of 200 trading days, has increased in
115 of these days, while in the remaining days it has decreased. Explain whether
it is reasonable to assume that there is an even chance that on a particular day, the
stock price increases or decreases.

(Hint: assuming there is an even chance of increase or decrease in each day, find
the probability that in at least 115 days the price has gone up.)

A newsagent shop orders 200 copies of The Sunday Times every week. It has been
estimated that the number of copies of the newspaper sold weekly has a normal
distribution with parameters y = 180 and ¢ = 8.

(i) Find the probability that, in a given week, the shop sells all 200 copies of the
newspaper.

(ii)) What is the probability that in a period of 12 weeks, there are at least two
Sundays on which all 200 copies are sold?

(iii)) What is the distribution of the number of weeks until all available copies are
sold? What is the expected number of weeks until this happens for the first
time?



528

15.

16.

17.

18.

19.

20.

21.

7. SOME IMPORTANT CONTINUOUS DISTRIBUTIONS

A large number of students take an exam and their scripts are marked on the
scale 1-100. The distribution of marks allocated is supposed to be normal with
parameters 4 = 63 and ¢ = 9.

(1) If the pass mark for this exam is 45, estimate the percentage of students who
fail the exam.

(i) What proportion of students get a mark between 55 and 70?

(iii) Estimate the mark which Laura, who is taking this exam, should get so that
her performance is in the top 10% of students.

A random variable X has probability density function
fx) = ce_s("_?’)z, —00 < X < 00,

where c is a suitable constant.

(1) Find the value of c.

(i) Calculate the mean and variance of X.

It is expected that 60% of patients who undertake a certain surgery develop a high
level of cholesterol. If 110 patients had this surgery within a month at a hospital,
what is the probability that the number of those who developed high cholesterol
levels is at least 30, but no more than 50?

Under the assumptions of Example 7.5, calculate the probability that when a sample
of 100 persons is drawn randomly, at least 3 of them will have an IQ score of 140
or more.

The number of customers at a super market during a week follows the Poisson
distribution with a mean value of 4650 customers.

(i) Using a suitable approximation estimate the probability that, in a given week,
the number of customers who visit the super market is

(a) at least 4500;
(b) between 4500 and 4800.

(i) Estimate the probability that in a period of four weeks, there is at least one
week in which the super market has less than 4500 customers.

Find the value of the constant a > 0 for which the function

2,2
fx) = \/Z e—ax —Zax—]’ xER,

is a valid density function.

Assume that a random variable X follows the N(u, o2) distribution. Find the density
function for each of the variables:

O Y, =Xl - m
(i) Y, = |X — pl.
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Suppose X ~ N(u,0%) and a,b € R are given real numbers. Show that the
distribution of the random variable Y = aX + b is N(au + b, a*c?).

Let X be arandom variable that has the N(0, 62) distribution. Find the distributions of
(i) Y =X2%
(i) W = (X/c)? (the distribution of W is called a chi-squared distribution);

(i) V =+/|X].

In Exercise 5 of Section 6.9, it was mentioned that the median of the distribution
associated with a continuous random variable X is the real number m such that

P(X <m)=PX >m).

Find the median of the N(y, ¢2) distribution.

Group B

25.

26.

27.

It is known that 13.57% of the persons who take a certain psychology test achieve
a score of less than 50 (out of 100), while 8.08% achieve a score of 80 or higher.
Assuming that X, a person’s score in that test, follows the normal distribution, find
the mean and the variance of X.

Andy and Phil work in a garage. When a car goes to the garage for a regular service,
one of them undertakes the job. The amount of time, X, to complete the service
has a normal distribution N(75, 10?) if it is done by Andy, while it has a N(90, 15%)
distribution if it is done by Phil (times are in minutes). This morning a car came
for service and the time it took to finish the job was less than an hour. What is the
probability that the car was serviced by Andy?

The insurance company Riska has insured a large number of homeowners against
potential destruction of their homes by tornadoes. The company director feels that
it is too risky for his company to cover losses from this portfolio, so he makes
an agreement with another company, called FRisk. The agreement is that the total
losses from the portfolio are divided as follows: if Riska pays, in a given month, an
amount X to the policyholders, FRisk pays an amount Y = 3X — 10.

Suppose X ~ N(20, 16) (amounts are in millions of dollars). Then:

(i) Calculate the probability that in a given month, FRisk pays to the policyholders
at least twice as many dollars as Riska does.

(i) What is the probability that in a period of six months, there is only one month
in which Riska pays more than $35 million?

(iii) Find the probability that the event “Riska pays more than $35 million in a
month” occurs for the third time within a six-month period.

(iv) Write down the density function of the variable Y.

(v) Let £ be the event that “the monthly amount which FRisk pays to the
policyholders is between 40 and 50 million dollars.” What is the probability
that the event £ occurs for the first time during the 5th month of the agreement
between the two companies?
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A female athlete in long jump, looking at data from her training, has estimated that
90% of her jumps are over 6.30 m, while 20% of her jumps are over 6.80 m. If X
represents her performance in a jump, we assume that X has a normal distribution.

(i) Find the mean and standard deviation of X.

(i1) In the next world championships where she is participating, the athlete will
have six attempts and she thinks that she needs a 6.85 m jump to win a medal.
What is the probability that her best attempt is at least 6.85 m?

(iii) If on a regular training she makes 150 jumps, find the largest value of X she is
expected to achieve at least once in these attempts.

(To solve this question, assume that the athlete never commits a foul jump!)

A factory produces metal cylinders. The requirements for each cylinder are that
it must have a length, L, between 8.45 and 8.65 cm and a diameter, D, between
1.55 and 1.60 cm. The quality control section of the factory knows that the
distribution of the random variable L is N(8.54,(0.05)?), while the distribution
of D is N(1.57,(0.01)?). It is also assumed that the length of a cylinder that is
produced is independent of its diameter (this means that any event associated with
L is independent of any event associated with D). Calculate

(i) the percentage of cylinders produced that do not meet the length requirements;

(ii) the percentage of cylinders produced that do not meet the requirements for the
diameter;

(iii) the percentage of cylinders produced that cannot be sold (that is, they do not
meet either the length or the diameter requirements);

(iv) the probability that in a sample of five cylinders, exactly one of them cannot
be sold.

A University lecturer marks scripts on a scale from 1 to 100. For a particular course,
the lecturer has estimated from previous years that the marks of male students
have a N(67, 92) distribution, while the marks of female students have a N(72, 82)
distribution. Find the expected value and the standard deviation of the marks for
this course, if it is known that 60% of the students are males.

The voltage supplied to a factory is a random variable X that follows the normal
distribution with mean 110 V and a standard deviation 5 V. For the proper operation
of the factory, there is an automatic regulator, which increases the voltage to 105
V when X < 105 and reduces the voltage to 120V when X > 120. Let Y denote the
random variable that denotes the actual voltage at which the factory works.

(i) Obtain the distribution function, Fy(y), of Y.
(ii) Calculate the probabilities P(Y = 105), P(Y = 120), P(Y < 120), and P(Y >
117).

In order to estimate the proportion p of smokers in a population, we need to take
a sample of n persons. What should be the value of n such that the proportion of
smokers in the sample differs from p at most by 0.02 with a probability 99%? If it
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is known a priori that the percentage of nonsmokers is at least 80%, what should be
the value of n in this case? (Use a normal approximation.)

33. Inacity with 50 000 inhabitants, every person has to be vaccinated for an infectious
disease. If each person selects completely at random any of the k > 2 vaccination
centers, use a normal approximation to find how many vaccines (at least) should
each center possess so that, with probability 95%, it can meet the demand. Obtain a
numerical answer to your result for k = 5.

7.3 THE EXPONENTIAL DISTRIBUTION

Although the uniform distribution, discussed in Section 7.1, seems to be the simplest
continuous distribution, it is not a distribution that is widely used to model real-life
phenomena as mentioned there. It is rather rare in practice to have an unknown quantity
that takes values on a finite interval and to assume that its density is constant over that
interval. In fact, as pointed out in the preceding section, the normal distribution is by far
the most commonly used probability distribution in many applied areas. There are two
special features of the normal distribution, however, that we have to take into consideration
before using it to model the uncertainty underlying a quantity of interest: (i) any normal
distribution is symmetric and (ii) the range of values for a quantity that follows the normal
distribution is the entire real line. Although we have explained in the last section that the
second of these attributes is not a forbidding condition for the use of the normal distribution,
the first of these features is clearly inappropriate when we know that the distribution of
a variable (as dictated by the nature of the problem or from past experience) is heavily
asymmetric.

Among all probability distributions, those with a range on the set of positive (or
nonnegative) real numbers play a key role in many applications. For example, it is often
the case that the quantity we consider represents time, some simple examples of which are
as follows:

¢ the lifetime of an individual, a machine, or a manufacturing item;

* the time we have to wait until a certain event occurs, e.g. the next bus to arrive at
the bus stop, the waiting time of a customer at a bank, or the time until the next
thunderstorm in a certain area;

e the duration of a telephone conversation;
* the time it takes to repair a faulty item;

* processing time of a computer, which executes a line of commands or a prescribed
schedule;

* the time a patient needs to recover from a surgery, or for a medical treatment to take
effect.

In all these cases, either common knowledge or experience based on data available
indicates that the normal distribution will fail to provide an adequate model for the quantity
of interest.
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For variables assuming only nonnegative values, the distribution which is most
frequently used is the exponential distribution, although several other distributions will
be discussed in the following section as well as in the exercises of this chapter. We have
already seen the exponential distribution in several places in the previous chapter (see,
e.g. Example 6.3 and Exercise 14 in Section 6.2). The prominence of this distribution in
probability theory is largely due to its close connection with a special type of probability
models, known as stochastic processes. Although here we shall not explore this concept
any further, we mention that we have already met one of the most important stochastic
processes in Section 5.5, namely, the Poisson process.

Definition 7.4 Let X be a continuous random variable with density function

e x>0,
ﬂ”‘{a x<0,

for some A > 0. Then we say that X has the exponential distribution with parameter 4,
and denote this by X ~ £(4).

It can be readily checked that the density of the exponential distribution, given above,
satisfies the conditions required for a function to be a valid probability density. The
distribution function of the exponential distribution is given by

! 0 t<0
F — — s s
() / S { Fiwds 150
f@ F @)
|l R e T gy,
A
t
X 0
0
which gives immediately, by a simple integration,
0, 1 <0,
F(t)_{l—e"“, > 0. (7.16)

Figure 7.11 provides plots of the density function and the distribution function given
above for various values of A.

The exponential distribution is most commonly used to model times until occurrence of
an event or the time between successive occurrences of events, etc.

Proposition 7.8 The expectation and variance of a random variable X following the
exponential distribution with parameter A are

HE:%,me=%.
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Figure 7.11 The density function (left) and the distribution function (right) of the £(A) distribution
for various choices of A.

Proof: First for the expectation, we have

EX) = / " xf(x) dx = / " xAe™™ dx.
- 0

(5]

Integrating by parts, and making use of the fact the Ae™* is negative of the derivative of
the function e~**, we obtain

EX) = [—xe—”‘];“’ + / e du.
0

The integral on the right equals A~! and the proof for the expectation gets completed upon

noting that

—Ax] . X
[—xe ’“] =—1lim — +0-¢"=0,
0 X—00 eix
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which follows by an application of I’ Hopital’s rule. For the variance, as usual we find
E(X?) first. This is given by

EX?) = / " Xf(x) dx = / " K2 Ae™™ dx
- 0

= [P + / 2xe™ dx, (7.17)
0
where we have used integration by parts again. The values of the function —x>e~** are zero

both at x = 0 and as x — oo (the latter is seen by I’ Hopital’s rule). Moreover, we observe
that the integral on the right-hand side of (7.17) can be expressed as

/ xe— dy = 2 / xAe™™ dx = zE(X).
0 A Jo A

Since we have already determined E(X) = 1/4, we immediately have

2
2y —
B0 = =,

from which it follows that

— w2y 22 (1Y _ L
Var(X) = EX) ~ [EX)F = — </1> _

as required. O

Since the variance of a random variable X with the £(A) distribution is 1 /A2, the standard
deviation of X is 1 /4. We thus see that for an exponentially distributed variable, the mean
is equal to its standard deviation. The same is also true for the geometric distribution, one
of the discrete distributions discussed in Chapter 5. In fact, as will be seen later in this
section, the exponential distribution can be regarded as the continuous analogue of the
geometric distribution. In contrast, for the Poisson distribution, we have seen in Chapter 5
that the mean is equal to the variance, rather than the standard deviation.

Example 7.10 A convenience store has only one cashier. The time in minutes he
requires to serve a customer, denoted by X, is a random variable that has the exponential
distribution with parameter A = 2. Sarah is first in the queue at the cashier and the
person who was in front of her has just started being served. Find the probability that
Sarah will have to wait until her service starts

(i) at least three minutes;

(i) between two and four minutes.

SOLUTION We observe first from (7.16) that, for # > 0, the probability P(X < 7) is
F)=1-¢e%.
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(i) The event that Sarah will have to wait at least three minutes before she is served
is {X > 3}. Therefore, the required probability is

PX>3)=PX>3)=1-FQ3)=1-(1-e3?)=e",

noting that the first equality above follows since X is a continuous random
variable, and so the events {X > 3} and {X > 3} have the same probability.

(i1) Next, we seek the probability P(2 < X < 4). This is the same as P2 < X <4)
and by a standard property of distribution functions, it is equal to

FAO-F2=(l-e*H-(1-e2Y)=e*-c8

Example 7.11 The lifetime X of a device is assumed to follow an exponential
distribution with parameter 4 > 0.

(i) Calculate the probability that the lifelength of the device

(a) exceeds its mean value;

(b) is at least twice as much as its mean value.

(i1) Find the length of time #;, such that the probability the device works at time
1 is 95%.

SOLUTION Let F denote the distribution function of the lifetime X. Then by (7.16),
F(t) = 1 —e* for any ¢ > 0, while F(f) = 0 for ¢ < 0. Further, the expected lifetime of
the device is A~1.

() (a) The required probability is P(X > A~!), which is given by
PX>A)=1-Fa)=e?"" =l 03679 ~ 37%.
(b) We now seek P(X > 24~1), which by an appeal to (7.16) again, equals
PX>2i=1-FQi ) =e?¥ ' =2 201353,

or about 13.5%. Observe that both probabilities for this part are independent
of the parameter A.

(i) Compared to the previous part, we see here that the problem is in the opposite
direction, since we seek the value 7, such that

P(X > 1;) = 0.95.
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Using once more the particular form of the distribution function for X, this
becomes 1 — e#0 = 0.05, which in turn yields

e M0 = 0.95.

Taking logarithms on both sides, we get —Af, = In(0.95), so that we obtain
finally

%=—%mm%)

In the terminology used in Example 7.4, this is the 95%-quantile of the £(4)
distribution.

An important property of the exponential distribution is the lack of memory property
(or the memoryless property) of the distribution. We say that a nonnegative random
variable X has this property if for any ¢, s > 0, we have

PX>t+s5|X>s)=PX>1). (7.18)

As mentioned earlier, arandom variable having the exponential distribution often represents
time. Assume for instance that X denotes the lifetime of a certain device. Then, the property
in (7.18) states that the probability P(X > f) that a new device will last for at least 7 units
of time is the same as the probability that a device which has already lasted for s units will
operate for an additional 7 units of time, the latter being P(X > ¢t + s|X > s).

To check that (7.18) holds, first note that for any 7 > 0,

PX>N=1-PX<tH=1-F)=1-(1—-e*)=e*,

while

PX>t+sandX >s5) PX>1t+5)

PX>t+s|X>s5)= PX> ) = TPX >y

e—/l(t+s)

—At

e—As

In view of this property, we see that an exponential distribution cannot, in many cases, be
a realistic model for the lifelength of a device or a system and also for the lifetime of living
organisms. This is because in both these cases, we expect that the further a device or an
organism lives, the more prone it will become to failure or death. Note, however, that the
exponential distribution can be used to model part of the duration of the life for the subject
under consideration. For example, in engineering, we speak about the useful period of a
device; this spans the period after the early period or failure period (during which any
defects or other production problems in the product are identified and removed) and before
the wear-out period (during which the first signs of fatigue are seen in the device), as
displayed in Figure 7.12.

It is worth noting that the lack of memory property characterizes the exponential among
all continuous distributions (that is, no other continuous distribution has that property; see



7.3 THE EXPONENTIAL DISTRIBUTION 537
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Figure 7.12 Early period, useful period and wear-out period of a device.

Exercise 18 at the end of this section). Among discrete distributions, however, this is also
a property of the geometric distribution, as seen earlier in Section 5.2.

Example 7.12 The time between two successive emails arriving at Julia’s email account
follows the exponential distribution with a mean value of 90 minutes.

(1) What is the probability that the time between two successive emails exceeds one
hour?

(i1) Given that 90 minutes have passed since Julia received her last email, what is
the probability that she has to wait for at least 30 minutes until the next one?

SOLUTION Let us choose one hour as the time unit.> Then, if X denotes the
time between successive emails arriving, we are given that E(X) = 3/2. Since from
Proposition 7.8 the mean value of an exponential random variable is the reciprocal of
the parameter of its distribution, we see that X ~ £(4) with A =2/3.

(i) We need the probability P(X > 1), which is given by

PX>1)=1-FQ1)=¢e2

(ii) If no email arrives within the next 30minutes, this means that the time between
the last email and the next one that arrives will be at least 90 + 30 = 120 minutes,
i.e. two hours. Moreover, due to the lack of memory property, we have

P(X>2|X> §)=P<X>§+1|X> §)=P(X> l).
2 22 2 2
Hence,
PX>2|X>3/2)=1-F(1/2)=¢'/3,

which is the desired probability.

In Example 6.3 of the previous chapter, we have obtained the distribution for a linear
transformation of an exponential random variable. In the following example, we use
the result of Proposition 6.2 to obtain the distribution of a nonlinear transformation for
such a variable.

3A different choice would obviously have no effect on the result. Bear in mind, however, that we have to be
consistent while dealing with a particular problem, in that we should use the same unit throughout.
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Example 7.13 (Weibull distribution) Let X be a continuous random variable with

density
e, x>0,
fo) = { 0 i2o

Obtain the density of the random variable

Y = aX?,
where @ > 0 and f > 0 are arbitrary constants.
SOLUTION We apply the formula

HO) =1 Ol o) (7.19)

from Proposition 6.2, where the function g is defined by g(x) = ax”.
The derivative of this function is

g (x) = apx,

which is positive for x > 0, and so g is a strictly increasing function. In order to find the
inverse function, g~!, we solve the equation g(x) = y. This gives

1/p
axﬂ=y (=)xﬁ=z (=)x=(z> o
a a
Therefore,

o= ()"

The derivative of this function, with respect to y, is

ey o LY
@0 =5

We thus see from (7.19) that the density of Y is

exp —<X>]/ﬂ
a
1 _ y\ /8
=W‘yl/ﬂ l‘exp{_<;> ’ y>0.

This distribution is known as the Weibull distribution, after the famous Swedish
mathematician Waloddi Weibull.

1 yl/e-1
E. allB

)=
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EXERCISES
Group A

1. Assume that X is an exponential random variable, i.e. X ~ £(4). Find the value of
4 in the following cases, using in each case the information given below:

(i) EX)=5/3

(i) Var(X) = E(X)
(i) PX < 1)=P(X > 1)
(iv) P(X < 3) =3P(X > 3).

2. The lifelength, X, for a certain type of bacteria has the exponential distribution with
a mean value of three weeks. What is the probability that a bacterium lives for

(i) atleast five weeks?
(i) at least five weeks, if we know that it has lived for three weeks so far?

3. The time until a fault appears in the engine of a certain type of airplane has the
exponential distribution with expected value of 1200 hours. The airplane has four
such engines and suppose that it can operate safely during a flight if at least two

of the engines function properly. Find the probability that the airplane operates
without a problem during a

(i) 3-hour flight;
(i) 10-hour flight.

4. The number of accidents that occur at a dangerous spot in a traffic junction of
a main road has a mean value of three accidents per month. If the time between
two successive accidents has an exponential distribution, find the probability

that there will be at least two months from the last accident until the next one
occurs.

5. Suppose that the duration of phone calls in Paula’s mobile phone is an exponentially
distributed random variable with a mean time of one minute. Calculate the
probability that the duration of the next call on her mobile will be

(i) less than 15 seconds;
(i1) between 30 and 90 seconds;
(iii) at most three minutes given that it will be at least two minutes.

6. Suppose the duration X of a phone call has the exponential distribution and the
expected time length of a phone call is 15 minutes.

(i) Marc arrives at a phone booth in a street immediately after Sandra, who has just
entered the booth and starts making a call. If no one arrived between Sandra
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and Marc, so that Marc is the first person in the queue, what is the probability
that he has to wait

(a) at least 15 minutes,
(b) between 20 and 25 minutes,
until Sandra finishes her call?

(i) Assuming now that, when Marc arrives, Sandra has already been talking for 15
minutes. Find the probability that Marc has to wait

(a) atleast 15 minutes,

(b) between 20 and 25 minutes,

until Sandra finishes her call.

. The duration, X (in seconds), that a PC takes to run a program has the expo-

nential distribution with mean 1/4 = 20seconds. If we give a command for
10 such programs to be executed by the computer, find the probability that
at least two programs will still be running 20 seconds after the start of their
execution.

. A type of a light bulb used in radiophones has a life span that is exponentially

distributed with expected value 25 (in thousands of hours). The factory that produces
the bulbs wishes to offer a guarantee to its customers. If the product fails before
the guarantee period, it is returned to the factory and replaced immediately. What
should be set as the guarantee period, in thousands of hours, if at most 1% of the
bulbs are to be returned to the factory?

. If a random variable X has a distribution function that is strictly increasing, the

point x, which is (uniquely) defined by the relationship
Fx,)=1-a, O0<a<l,

is the upper-a quantile of the random variable X (see also Examples 7.4 and 7.11).
Assuming that X ~ £(4), show that the upper-a quantile of X is

1

X, = —;lna.

Hence find numerically the points x; »5, X 5, and x; 75 for the case when 4 = 1.

Let X be a random variable with an exponential distribution with 4 = 1. Find the
distribution function for each of the following variables:

ORERVE
(i) W = aX'/? +y, where a, § > 0 and y > 0 are constants.
If X has the exponential distribution with parameter A = 1, find the distribution

function of the random variable Y = —In X. (The distribution of Y is a special case
of the generalized extreme value distribution.)
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Let X be a random variable following the exponential distribution with parameter
A. Find the distribution function, and hence the density function for the following
random variables:

(i) Y = 5X;
(i) W= (X +3)/4;
(i) V=X -2|.

Group B

13.

14.

15.

16.

The length of a phone call, in minutes, is assumed to be exponentially distributed
with parameter A > 0. If the cost, Y, in dollars, of a phone call is given by
Y = a[X] + p for given constants a and f, calculate the expected value and the
variance of Y. Then, give a numerical answer to your result for A = 1/10, a = 0.04,
and f = 0.02.

(Hint: Calculate first the mean and variance of the random variable [X].)

The size X, in thousands of dollars, of a claim on an insurance portfolio is a
continuous random variable. The insurance company that operates the portfolio has
estimated from past data that the probability the size of a claim exceeds a value
x > 0 is given by

P(X > x) = %e—” + %e_“x,x > 0.

Calculate

(i) the probability that when a claim arrives, its size will be between $2000 and
$2500;

(ii) the density function for the claim size X;

(iii) the expectation and variance of X.

Peggy has sent an email to her friend Susan and she is waiting for her reply. The
waiting time 7, in minutes, until Peggy receives the reply message has density

function f;(z). If by time t,, she has not received a reply, find the distribution
function of the residual waiting time X = T — ¢, that is

F(t)=PX <t|T > t).

Apply the general result that you find for F to the special case when T has an
exponential distribution with parameter A.

A random variable X is said to follow the translated Weibull distribution if its
density function has the form

o452 e [(55] <xe

a

where a,b > 0 and ¢ > 0 are given constants. Verify that the random variable

r=()
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has the exponential distribution with parameter 4 = 1 and then find the distribution
function of the translated Weibull distribution.

Application: The delivery time (in minutes), of a pizza delivery service, has the
translated Weibull distribution with a = 6/5, b =3/2, and ¢ = 10. What is the
probability that if someone orders pizza, it will arrive within 15 minutes from the
time the order was made?

17. Suppose X has the exponential distribution with parameter 4 > 0. Show that for the

moments y. = E(X"), the following recursive relation holds:

.
U = E-y;_l, r=2,3,....

Hence verify that, forr = 1,2, ...,

r!
My = I

18. Suppose X is a random variable having the lack-of-memory property in (7.18). We
define the function

RO =PX>0)=1-F@), >0,

where F is the distribution function of X.

(i) Check that, for any # > 0 and & > 0, we have

RU+m) =RO _ o 1=RB)

h h

(i1) Letting h — 0, show that the derivative with respect to #, of the function In R(7)
is equal to —4, where

1 = lim ﬂ >
h—0 h

0.

(iii) Prove that the distribution function of X is given by
Fiy=1-¢e* 120,

so that X has the exponential distribution with parameter A.

7.4 OTHER CONTINUOUS DISTRIBUTIONS

Apart from the three continuous distributions discussed so far, there is a large number of
other distributions that are used in practice. Their relative importance among all possible
continuous distributions that may be constructed lies primarily on their ability to model
adequately some quantities of interest arising in real-life phenomena. Since probability
distributions are used these days in a wide array of disciplines, different distributions have
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been considered in different areas. We have seen, for instance, the Pareto distribution in
Example 6.6 of the previous chapter. This is a distribution that is prominently used in
economics and insurance modeling, areas where the normal or the uniform distributions
are not so useful.

In this section, we discuss in detail two other continuous distributions. Many other
distributions that are used in practice are mentioned in the Exercises at the end of this and
the previous section, as well as in Section 7.8.

7.4.1 The Gamma Distribution

In the early twentieth century, the Danish mathematician and engineer A. K. Erlang
(1878-1929) studied various problems connected with telephone networks in his country.
Experimenting with real data he showed, among other things, that the Poisson distribution
provides a good fit to the number of phone calls arriving at a call center. Considering the
duration of phone calls and the waiting times until an operator is free, he used the following
probability distribution, which now bears his name.

Let X be a random variable with density function

Al i
fo={ - ¢ - *=0

0, x < 0.

Then we say that X has an Erlang distribution with parameters n and A, where n is a
positive integer and A > 0. It is obvious that for n = 1, the Erlang distribution coincides
with the exponential distribution with parameter A.

The Gamma distribution is a generalization of the Erlang distribution when the parameter
n is not necessarily an integer. A problem that arises in the above formula for this case
is how we interpret (n — 1)! for noninteger n. The problem is solved with the use of an
important function in mathematics, called the Gamma function, I" : (0, c0) — R, which

is defined by
[(a) = / et dr.
0
For a = 1, it is easy to see that

r(1)=/ toe_’dt=/ e dt=[—eT]® = 1.
0 0

Moreover, for an arbitrary a > 0, integration by parts yields

F(a+1)=/ e dtz/ 1 (—ety dt=[—t“e"]g°—/ at*(—e™") dt
0 0 0

o0
=O+a/ e dr,
0

which reduces to
I'a+1)=a-T'(a), a>0. (7.20)
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Employing this expression successively, we see that

rQ)=1-r() =1,
re)=2-r@)=2-1=2,
r4)=3-T3)=3-2-1)=3!

and so on, so that we have for any nonnegative integer n,
'+ 1) =nl)=nn—-DHI'n-1)=---=nn—-1)n-2)---2-1=nl

This shows that the Gamma function provides indeed a generalization for the concept of a
factorial.

Values of the Gamma function, I'(a), for noninteger a are in general difficult to obtain
by hand. We can use Mathematica instead; writing Gammala], Mathematica returns the
value of I'(a). In this way, we find, for example, that I'(1/2) = \/E (for an analytic proof
of this, see Exercise 4 at the end of this section). Then, formula (7.20) readily gives

r(§)-4r()- b
r(§)-5 ()1

and so on.
We can now present the following definition for the Gamma distribution.

Definition 7.5 A random variable X has the Gamma distribution with parameters a > 0
and 4 > 0 if its density function is given by

A ¥ le=™ x>0,

f@={T@" = 7%
0, x <0.

Note that we use different letters for the parameters of the Erlang and the Gamma
distribution to emphasize the fact that, in the former, n is an integer while the parameter a
of the Gamma distribution can be any positive real number.

To check that the function f in the above definition is indeed a valid density function for
any a, A > 0, we first note that f(x) > O for any real x and then we determine the integral
of this function as

® I B LR S PN I DR
/_oof(x)d)c—/0 F(a)x e dx—r(a)'/0 (A0)* e ™ d(Ax)

L [T gy D@ _
_HMA e dy =g =1
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Figure 7.13 The density function of the Gamma distribution for different values of a (top) and 4

(bottom).

Figures 7.13 and 7.14 present the plot of the density function and the latter also presents
the cumulative distribution of the Gamma distribution for various values of the parameters

a and A.

Example 7.14 A radio show offers its listeners two pairs of tickets for a concert. The
tickets will be given to the first two persons who call the radio station. Let X be the
time (in minutes) until both pairs of tickets have been given, and suppose the density
function of X is

fx) = 4xe_2",

x> 0.

This is the density of the Gamma distribution with parameters @ = 2 and A = 2. (In fact,
since a is an integer we could also say this is an Erlang density withn =2 and 4 = 2.)
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Figure 7.14 The density function (left) and cumulative distribution function (right) of the Gamma
distribution for various values of the parameters a and A.

The distribution function of X is given by

13 t
F)=PX <1t)= / 4xe™> dx = / 2x(—e™ ) dx
0 0

t
[—2xe_2x]6 + / 2e™ dx
0

2™ 4 [—e ) = -2t H + (1 —e™¥) =1- (2t + De™*.
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Using this we have, for example, the following:
(1) The probability that at least one of the tickets is available after one minute is
PX>D=1-F1)=1-[1-@2-14 e > =3e72 = 0.406.

(i1) The probability that the waiting time until both pairs of tickets have been given
lies between one and three minutes equals

PA<X<H=FBR)-FD)=[1-2-3+ e =[1-2-1+De "]
=3e2 —7e7% ~(.389,

that is, about 39%.

(iii) Suppose that there is at least one pair of tickets available after one minute. The
probability that no tickets will be available within the next two minutes is

P(1<X<3) FB3)—F() _ 0389
PX>1)  1-F1) ~— 0.406

PX<3|X>1)= ~0.957,

using the results found earlier.

Note that, in general, there is no closed-form expression for the distribution function of
the Gamma distribution. For the Erlang distribution, the integral of the density function is
tractable and can be written as a sum of finitely many terms.

Proposition 7.9 Assume that a random variable X follows the Gamma distribution with
parameters a and A. Then the expected value and the variance of X are given by

a a

Proof: For the expectation, we have
58] yl a—1
EX) = / x- Lxe—“ dx
0 I'(a)
Putting Ax =y, we obtain

1 [ ., . Ta+l) a
EX) = —— RV . Y d = = -,
®=T@ /0 Yy et YE TR

using (7.20). Next, we find E(X?). Making again the change of variable Ax =y in the
integral, we get

0 a—1 3
E XZ — 2, (Ax) —Ax — 1 / at+l1 .-y
(X9) /0 X —F(a) Ae™ dx 2@ /o ye™ dy
_Ta+2) ala+1)
Y L

>
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by an appeal to (7.20) again. This yields

Var(X) = E(X?) - [EX)])* =

a(a+1)_<a>2: a
2

2 2
A more general result, concerning moments of arbitrary positive order for the Gamma
distribution, is given in Exercise 3 at the end of this section. m|

7.4.2 The Beta Distribution

This is another continuous distribution, which offers a satisfactory model for random
variables that take values between two known endpoints. As the range of values for the
Beta distribution is the interval (0, 1), it is often used when X denotes a percentage (scaled
to take values in that interval). For example, the percentage of persons in a population with
a certain characteristic, student performance (out of 100) in a test, etc. More generally,
when a continuous random variable X can only take values in a finite interval (a, b) (or
[a, b]), a simple linear transformation which maps that interval onto (0, 1) results in a
variable with values in the unit interval, and the Beta distribution defined below often
offers a satisfactory model in such cases.

Definition 7.6 A random variable X has the Beta distribution with parameters a > 0
and g > 0 if its density function is given by

N {ﬁx"_l(l —0f 7 0<x<l,

0, elsewhere,

where B(a, ff) denotes the Beta function defined by

1
B(a, p) = / 711 = 0P dr.
0

The Beta function defined above is related to the Gamma function via the formula (the
proof of this is omitted)
F(l(B)

Beh =1 g

(7.21)

It is immediate from above that the function f in Definition 7.6 is a valid probability
density function. We now find the mean and the variance of a variable X having the Beta
distribution.

Proposition 7.10 Let X be a random variable having the Beta distribution with param-
eters a and f. Then the mean and variance of X are given by
a ap

B0 = V= s D e
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Proof: We first observe that, for » = 1,2, ..., the rth moment of X is given by

1 1
1
E " = " = R a+r—1 1_ p—1
X" /0 X'f(x)dx ’/0 B, ﬁ)x (1—-x) dx

- 1 /lxa+r—l(1_x)ﬂ—l dx:B(a+r’ﬁ)
B(a, p) Jo B(a, p)

which, in view of Eq. (7.21), gives

I'(a + r(P)
Ca+p+r)  Tla+pPHI(a+r)

EX") = = , =1,2,....
T(a)I'(P) I'la+ g+ nl'(a)
I'a+p)
For r = 1, this gives, by an appeal to (7.20), that
IFae+Pl(@+1)  D(a+ pal(a) a

u=EX) =

Cla+pf+ Dl(@) (a+pl(a+pl(@) a+p’

while for r = 2, upon employing (7.20) once again, we obtain

EX?) = Fla+pl(a+2) C(a + f)(a + Dal'(a)
T T+ f+20(a) (a4 B+ Da+ P(a+ p)l(a)
ala + 1)

T @+pat+p+ )

The result for the variance is now an easy consequence of the above and the formula
Var(X) = E(X?) — [E(X)]. o

In Mathematica, the command Beta[a, b] returns the value of the Beta function evaluated
at the pair of points (a, b), with a,b > 0, but not necessarily integers. In this way, we
determine, for example,

1 1 32 2 27
B29 = - B<49_> =5z B<_7 > = -
@.3) 12 2 35 3 3 40

and so on.

Figure 7.15(a) presents the plot of the density of the Beta distribution when a = f. As
can be seen easily, for @ = f the Beta distribution is symmetric around the point 1/2. Note
that for « = f = 1, the Beta distribution reduces to the Uniform distribution discussed in
Section 7.1.

Figure 7.15(b) shows the graph of three Beta densities for which the mean a/(a + f) is
kept fixed. In all cases, we have @ < ff and we see that the distribution is skewed to the right,
that is, the density function has a peak at a point to the left of the midpoint x = 1/2 and
large values are less likely. When @ > g, the situation is reversed and the Beta distribution
is skewed to the left. Figure 7.15(c) presents (in the same system of coordinates) the
density function of the Beta distribution for several choices of the parameters « and /.
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Figure 7.15 The density function of the Beta distribution for different choices of the parameters «
and f.

Figure 7.16 gives the plot of the density function and the distribution function of the
Beta distribution for different choices of the parameters «, f.

Example 7.15 The maximum time allowed for an exam is three hours. The time
required, X, as a proportion of this maximum duration by a student to complete the
exam (that is, if a student completes the exam in ¢ hours, X takes the value #/3) has a
Beta distribution with parameters « = 5 and f = 2.

(i) Find the distribution function of X.
(i) Obtain the mean and the standard deviation of X.

(iii)) What proportion of students complete the exam within two hours?

SOLUTION The density function of X is given by

e {B(Sl 2)x5—1(1—x)2—1, 0<x<1,

0, elsewhere,

where, from (7.21), we see that the value of B(5, 2) is

rGrE _ 41 _ 1

B(5,2) = = ==
5.2) rec+2) 6! 30
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Figure 7.16 The density function (left) and the distribution function (right) of the Beta distribution
for various choices of the parameters « and f.

Thus, the density takes the form

F) = 30x*(1 — x), 0<x<l,
o, elsewhere.

(i) For the distribution function, we have

' 0, t<0,
F() = / f)dx =436 =515, 0<t<1,
- 1, t>1.
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(i1) Using the formulas from Proposition 7.10 for the mean and variance, we find

a 5 5
EX) = =B —— 3 =
&) a+p 5+2 7T
and
Var(X) = o = 5-2
(a+pf+Da+p?* G+2+1DG+2)?
10 10
__8-49_@:0'0255’

so that the standard deviation is
o =4/ Var(X) = v/0.0255 = 0.1597.

(iii)) As explained in the statement, if a student completes the exam in # hours,
the associated value of X is #/3. Thus, in order to find the probability that a
student completes the exam within two hours (or, the proportion of students
who complete the exam within two hours, which is the same), we need to
find P(X < 2/3). This can be obtained easily upon substituting # = 2/3 in the
distribution function F found in Part (i). Thus, we see that

2 2 2\ 2\ 256
P(xg—)zF(—>=6(—) —5(-) = 220403512,
3 3 3 3) T 729

and so about 35% of the students complete the exam within two hours.

EXERCISES
Group A

1. The running time, X (in seconds), for a computer program on a PC is a continuous
random variable which follows the Erlang distribution with parameters n = 2 and
A = 3. Find the probabilities

@) PX <1);
(i) P(1 <X <2);
(i) PX <2|X > 1).
2. The time X, in hours, to repair a car at a garage has an Erlang distribution with
n=A=2.
(1) Obtain the distribution function of X.

(i) Find the probability that, if two cars arrive at the garage for repair at the same
time, they will both be repaired within an hour. (Assume that each car will be
repaired by a different mechanic so that no car has to wait.)
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3. Let X be arandom variable having the Gamma distribution with parameters a and A.
Show that for any positive integer r, the r-th moment of X around zero is given by

I'a+r)
AT (a)

E(X") =

and hence obtain the coefficient of skewness (see the definition given in Exercise
12 of Section 6.3) for the Gamma distribution.

4. Let a be a positive real number.

(i) Making a change of variable for the calculation of the integral, show that
/ T paele gy 27 (a).
0

(i) Applying the above relation for a = 1/2 and using the integral / in (7.8), the
value of which was found in Section 7.2, prove that

I'(1/2) = y/x.

(iii) Verify that for any positive integer k = 1,2, ..., we have

F<k+%)= 1'3'5'2'1;(216_1)\/;'

(iv) If X is a random variable with the N(u,o?) distribution, establish that the
central moments of X are given by

_fo. r=1,3,5,...
Fr=\1.3.5-..@Qk=1)- 6%, r=2kwithk=1,2,....

5. The lifetime X (in thousands of hours) of an electronic device can be described by
a random variable X with probability density function

fx)=cx e ¥, x>0,

for some real constant c. Check that the distribution of X is Gamma, and then find
the value of the constant ¢ and the expected value of X.

6. (i) Let X be a standard normal random variable. Show that the variable Y =
X? has a Gamma distribution and identify the parameters a and A of that
distribution.

(i) If X ~ N(u, o?), find the distributions of the random variables

2
W=<X_”>, W = (X — p)>.

[

Application: Find the distribution of the kinetic energy E =mV?/2 of a
body with mass m which has speed V, assuming that m is known while
V ~N(@y, o).
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7. For a random variable X having the Gamma distribution with parameters a and 4,
what is the distribution of ¥ = ¢X, where c is a positive constant?

8. In Exercise 21 of Section 6.1, we gave the definition of a symmetric distribution
around a point a € R. Prove that, when the two parameters a and f of the
Beta distribution are equal, then the distribution is symmetric around the point
a=1/2.

9. Assuming that the variable X has a Beta distribution with parameters a and f, show
that the distribution of ¥ = 1 — X is also Beta and identify the parameters of that
distribution.

10. Let X be a continuous random variable with density function

_ caxly —x)f1, 0<x<y,
f) = {0, elsewhere,

where a, 3, y, ¢ are positive constants.

(i) Express the value of ¢ in terms of a, /.

(i) What is the distribution of the variable X /y?

Group B

11. We have seen that the uniform distribution over the interval [0, 1] is a special case
of the Beta distribution. Here is another connection between the two distributions.
Let X ~ U'[0, 1]. Then, for a > 0 the variable Y = 1 — X'/ has a Beta distribution.
Prove this result and obtain the expectation of Y, by identifying first the parameters
of the Beta distribution.

12. A continuous random variable X is said to have a chi-squared distribution with n
degrees of freedom if it has a density of the form

_

f) =14 2"C/2)

0, x<0.

P e 2 xx0,

(i) Check that this is a special case of a Gamma distribution.
(ii) Calculate the mean and the variance of the variable X.
(iii)) Which random variable(s) among those stated in Exercise 6 above follow a

chi-squared distribution?

13. Let a and S be two positive real numbers and X be a continuous random variable
which has the Beta distribution with parameters « and f. In addition, let Y be
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a discrete random variable following the binomial distribution with parameters
n=a+pf—-landp (0 <p<1).

(i) Putting )
Ip(avﬂ)=/ N1 =) dx,
0

use integration by parts to prove the following recursive relationship:
1 _
L@ p) = —[p"(0=p)" + (= Dly(@+ 1,5 = D].
(i1) Show that

P(X <p)=PY 2 ).

7.5 BASIC CONCEPTS AND FORMULAS

Uniform distribution .
U'la,b]l, a<b L a<x<b,
fx)y=<b—-a
0, elsewhere;
0, t <0,
Foy=41=% a<r<b,
b—a
| 1. t>b;
a+b (b — a)?
X) 7 ar(X) B
Normal distribution
N(u,6%), peR,6 >0 fx) = 1 e_("_”)z/(z"z), —00 < x < 00;

o\ 2n
EX)=p, Var(X)=o"

Standard normal
distribution N(0, 1) B2 = —— /2, —00 < 7 < 0

V2
t 1 5
(1) = / — e ¥4z

o /21

EX)=0, Var(X)=1
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Properties of the normal
distribution

If X ~ N(u, 62), then

X -
L H

~ N(0, 1);

. P(a<X<b)=d><b?Tﬂ>—d>(a_ﬂ>;

(o2

e O(—z)=1-D(z);

Normal approximation to
the binomial distribution
(De Moivre—Laplace
theorem)

If X ~ b(n, p), then for the standardized variable
= (X — np)/+/npq, we have

lim Pla < Z < b)

n—oo

= ®(b) — D(a)

Normal approximation to
the binomial distribution
with continuity correction

If X ~ b(n,p) for large n (n — o), and i, are nonnegative
integers with i < j, then

Pi<X<j)=d m
\1Pq
_ i—05—-np
\V1Pq

Normal approximation to
the Poisson distribution
with continuity correction

If X ~ P(A), then for large values of 4, the following
approximation holds:

P(isxs,.)gq,<w>
NG

o2

(7 and j are nonnegative integers with i < j).

Exponential distribution
&)

Fo) = e x>0,
X
0, x<0;
F(t) = 0, t<0,
—At t Z 0
EX) = 1 Var(X) = L
A A2
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Memoryless
(lack-of-memory) property PX>s+tX>s)=PX >1), fors,t>0
of the exponential
distribution

Gamma distribution with
parameters a and A A4 a-lg=ix 1> (),
(a>0,1>0) f)=3T@

0, x <0,

where ['(a) = /0°° 1*~le~" dt is the Gamma function.

a a
E(X) = ;, Var(X) = ﬁ

Properties of the Gamma | I'(a + 1) = al'(a), a > 0;

function ryy=1;
I'(n + 1) = n!, for integers n > 0;
[(1/2) = \/n

Beta distribution with
1
parameters « and

(@>0,6>0) f(x) =4 B, p)

0, otherwise,

1= 0<x<1,

_ o amiy il gy - L@IB)
where B(a, f) = /0 X1 =x)f~ dx = —F(a 5 is the
Beta function;

__a _ ap
EX) = parayl Var(X) = CiiT G TR

7.6 COMPUTATIONAL EXERCISES

We have seen in Chapter 5 how we can deal with the most common discrete distributions
in Mathematica. The first point to note here is that all functions listed in Table 5.1, and
many others, are identical for discrete and continuous distributions; note, in particular, the
dual use of the command PDF/dist,x] mentioned in Table 5.1.

Table 7.2 presents the notation used in Mathematica for the continuous distributions we
have met in this chapter.

Notice especially the fact that, in the command NormalDistribution[m, s], the second
parameter of the normal distribution is the standard deviation, and not the variance of the
distribution.



558 7. SOME IMPORTANT CONTINUOUS DISTRIBUTIONS

Mathematica function Distribution

UniformDistribution[a, b] A uniform distribution over the interval [a, b] with
a<b

NormalDistribution[m, s] A normal distribution with mean m and standard
deviation s

ExponentialDistribution[s] An exponential distribution with parameter s
(mean 1/s)

GammaDistribution|[a, 5] A Gamma distribution with parameters a and s

BetaDistribution[a, b] A Beta distribution with parameters a and b

Table 7.2 Mathematica functions for continuous distributions.

In the command sequence that follows, we give an example regarding the use of the
normal distribution. Specifically, the commands below are used to answer the questions in

Example 7.6:

In[1l] := mu=35;s=5;
F[t_ ] :=CDF [NormalDistribution[mu,s], t]
Print ["Probability of the event X<30"]
N[F[30]]
Print ["Probability of the event 30<X<40"]
N[F[40] -F[30]]
Print ["Value of x so that P (X<x)=0.99"]
a=Quantile [NormalDistribution [mu,s],0.99]

Probability of the event X<30
Out [4]= 0.158655

Probability of the event 30<X<40
Out [6]= 0.682689

Value of x so that P (X<x)=0.99

Out [8]= 46.6317

1. The following sequence of commands creates a plot of the density of the normal
distribution, for various values of its parameters, on the same system of coordinates:

In[1]:

ml=0;s1=1;
m2=0;s2=2;
m3=3;s3=1;
f1([x ] :=PDF [NormalDistribution[ml,s1], x]
f2[x ] :=PDF [NormalDistribution [m2,s2],x]
£3[x ] :=PDF [NormalDistribution [m3, s3], x]

Needs ["PlotLegends"]

Plot [{f1[x],f2[x],£3[x]},{x,-5,7},PlotLegend->{"mean=0,
std=1", "mean=0, std=2 ", "mean=3, std=1 "},PlotStyle->{Blue,
Dashing[0.005],Dashing[0.01]}, LegendShadow->None,
LegendPosition->{0.5,0.0},LegendSpacing->-0,LegendSize->0.6]
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out [8]=

—— mean=0,std=1

—— mean=0, std =2

........ mean =3, std =1

Draw similar graphs for each of the following distributions: (i) exponential; (ii)
Gamma; (iii) Beta.

2. Verify graphically, as well as using a table the limiting result in Proposition 7.3
(De Moivre-Laplace theorem). Start with n =35 and then use successively
n = 10,50,100,500. Compare the results for five different choices of the success
probability: p = 0.5 (symmetric case), p = 0.1,p = 0.01 (success is “rare’), and
p=09, p=0.99 (success is almost certain). For which values of p is the
approximation better?

3. The commands

dist = NormalDistribution[m,s]
rtable = Table[Random][dist],n]

generate n random numbers from the normal distribution with mean m and standard
deviation s (after we have assigned numerical values to each of n, m, s).

Using these commands, generate a set of v random numbers from the standard normal
distribution. Repeat this for v = 10, 50,100, 500, 3000. Find the usual arithmetic mean
of the numbers produced for each value of v, and compare that mean in each case
with the mean y = 0 of the distribution where these numbers are supposed to come
from. Try to explain what you observe as v grows.

Now repeat the above procedure for different values of ¢ = 4, 10,40, 200. What do
you observe in this case?

4. Use simulation to solve the following problem. Consider the quadratic equation
AP +Bt+C =0,

where the coefficients A, B, and C are random quantities with the uniform distribution
on the interval [—1, 3], the normal distribution with parameters y = 1 and 62 =1
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and the exponential distribution with mean 1/2, respectively. Hence, derive an
approximation for the probability that the quadratic equation has two real roots.

. Use Mathematica to obtain the exact value of the probability associated with the

binomial distribution in (7.14) of Example 7.8. For this example, calculate the
percentage error of the normal approximation to the above value, with and without
the continuity correction.

Let X be a random variable following the binomial distribution with parameters

n =200 and p = 0.05. Find the probabilities

P(X =x) = <”)pxq"—% x=6.7,...,15,
X
and compare these values with the corresponding probabilities arising from the
normal approximation (with continuity correction).

Let X be a random variable following the binomial distribution with parameters
n =500 and p = 0.05. For x = 20,21, ..., 30, calculate the probabilities P(X < x)
using

(i) the exact formula, from the binomial distribution;

(i1) a normal approximation of the form

P(XSx)Etb(x_np>;
N

(iii) a normal approximation with continuity correction,

PX <= X2 t03)
N

For which values of x are the two approximations more accurate?

In Exercise 12 of Section 7.4, the formula of the so-called chi-squared distribution
has been given. Draw a graph, on the same plot, of the density function of the
chi-squared distribution with n degrees of freedom along with the normal density
with mean n and variance 2n. Perform this for n = 5, 15, 50. What do you observe?

There are various approximations available for the cumulative distribution function,
@, of the standard normal distribution. One of them which, despite its simplicity, is
quite accurate, employs the following formula:

2(44-2

(0] =05+ ,
1(Z) 10

suggested by Shah (1985, The American Statistician).
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Use Mathematica to draw a graph of ® and ®; over the interval [—3, 3] and check
(numerically) that, for 0 < z < 2.2, we have

|D(2) — D (z)| <0.005.

Using this fact, explain how the approximation could be used so that the magnitude
of the error is at most 0.005 for z € [-2.2,2.2].

7.7 SELF-ASSESSMENT EXERCISES
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L.
2.

10.
11.

12.
13.

True—False Questions
If X ~ U'[2,4], then E(X?) = 9.

The duration of a train journey (in minutes) is a random variable ¥ = 60 + X, where
X has the uniform distribution over the interval [0, 6]. Then, Var(X) = 63.

. The repair time, X, of a machine (in hours) has the uniform distribution on the

interval [0, 4]. Then,
PX <3|1X>1)=2/3.

. If X ~ N(u, 0?), then the density of X attains its maximum value at x = y.

. Let X be a random variable that has the standard normal distribution. Then the

distribution of the variable Y = X /3 is also standard normal.

. For a standard normal random variable Z, we have (up to three decimal places)

P(-1<Z<1)=0997.

. Let X be a random variable having the standard normal distribution. Then, the

variable X? also has a standard normal distribution.

. Let X and Y be two random variables such that

X ~E1/3), Y ~N(0,9%.

Then X and Y have the same variance.

. IfX ~ N(u, 62), then the random variable ¥ = 3X — 8 also has a normal distribution.

If a random variable X is such that X ~ N(1, 52), then E[X(X — 1)] = 25.

Suppose that the random variable X has a N(10, 3%) distribution. Then the probability
P(X < 9) equals ®(2/3).

If a random variable X is such that X ~ £(4), then Y = 3X ~ £(34).

If X has a Gamma distribution with parameters a and A, then ¥ =X — 1 has a
Gamma distribution with parameters a — 1 and 4.
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15.
16.

17.

18.

19.

20.

21.
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If x is such that ©(x) = 0.05, then x is the upper 5% quantile of the distribution ®.
The value of the Beta function, B(«, f8), for « = 3 and f = 4, is equal to 1/35.
With " denoting the Gamma function, if it is known that I'(1/2) = \/E then

5 5
(-3
2 2 ﬁ
If a continuous variable X has density function
fx)=cx?e™, x>0,

the value of ¢ is 27/2.

Let X be a continuous random variable having the uniform distribution over the
interval [0, n], for some positive integer n. Then the distribution of the integer part
of X, i.e. of the variable ¥ = [X] is discrete uniform (see Example 4.14 for its
definition).

The uniform distribution over the interval [0, 1] is a special case of the Beta
distribution.

Assume that the distribution of a variable X is uniform over the interval [1,4]. The
upper-10%-quantile of this distribution is the point x = 3.7.

Let X ~ U°[0, 1]. Then, the distribution of the variable ¥ = —In X is exponential.

Multiple Choice Questions

Let X be a random variable which has the uniform distribution over the interval
[0, a] for some a > 0. If it is known that Var(X) = 2E(X), then the value of a is
@3 ®»12  ©Vi2Z @Ve @6

Assume that the random variable X has the U’[0, 2] distribution. Then the expecta-
tion of the variable Y = X3 — 2X + 4 equals

(a)2 (b) 4 ©) 6 8 ) 12

. The time X to repair a fault follows a uniform distribution over the interval [0, 6].

Then, the expected value of \/)_( is

V6 () 4v/6 V6

6
@3 ) % © %2 CES

The profit X from a financial endeavor is assumed to follow a U’[—a, a] distribution.
If it is known that Var(X) = 12, the value of a is

(a)3 )6 ©)9 d) 12 (e) 72
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. If ® denotes the distribution function of the standard normal distribution, and

Z is a variable following this distribution, then for any a > 0 the probability
P(—a £ Z < a) equals

(2) 2®(a) — 1 (b) 1 — 2®(a) (©) w
(d) % (e) 2®(a) + 1

. Assume that Z ~ N(0, 1). Then, the probability P(0 < Z < 1) equals

(a) 0.5398 (b) 0.8413 (c) 0.8643 (d) 0.3413 (e) 0.1587

. If X ~ N(1,25), then the expected value of the random variable Y = (3 — X)/4 is

1 1 1 1
(a) 7 (b) 3 (©) 7 (d) % (e) none of the above

. The density of a random variable X is given by

12
f) = ! CXp{—w}, —00 < x < 0.
4421 32

Then, the probability P(X > 20) equals
(a) 0.5 (b) 0.0013 (c) 0.0062 (d) 0.9938 (e) 0.9876

The time that John needs to get from his house to the University every morning is
a continuous random variable following the normal distribution with mean y = 35
minutes and a standard deviation o = 5 minutes. The probability that on a particular
day his journey takes at least 40 minutes is

(2)0.5398  (b)0.8413  (c)0.8643  (d)0.3413  (e)0.1587

Suppose the random variable X has a N(27,4) distribution. Then, the probability
P25 < X < 31) equals

(a) 0.1359 (b) 0.1498 (c) 0.5328 (d) 0.6628 (e) 0.8185

Student marks in a University examination, on a scale 0—100, are assumed to follow
a N(u, 12%) distribution. If it is known that 9.68% of the students get a mark higher
than 75, then the value of u is

@594 ()62  (©)90.6 ()88  (e)73.7

Let X be a random variable having the exponential distribution with mean 1/2.
Then, the upper a-quantile of the distribution of X is

In(1 —
(2) Ina (b) —2Ina © —¥

(d) —1“7“ ©) — In(2)
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Let X be a random variable having density function
f)=4e ™, x>0.

The probability P(X > 4|X > 3) equals
(a)e 3 —e™ (b)e=3/4 (c)e™* (dye /4 (e) 4e~!

Let X be a random variable having a N(u, 3) distribution. Then, approximately
95% of the values of X lie in the interval

(@) [pu—3,u+3] (b) [1 — 6, u+ 6] ©) [p—18, u+18]
()[4 =9, u+9] (e) [1 — 36, u + 36]

An important property of the exponential distribution is the memoryless property.
Which of the following statements is correct?

(a) The exponential is the only probability distribution with that property.

(b) The exponential is the only continuous probability distribution with that
property.

(c) The exponential and the geometric are the only continuous probability distri-
butions with that property.

(d) The exponential and the normal are the only continuous probability distributions
with that property.

(e) The exponential and the Gamma are the only continuous probability distribu-
tions with that property.

A continuous random variable X has density function
f) =cxle™, x>0.

Then the value of ¢ is

1 1 625 2
(a) 1 (b) 5 (©) e (d) s (e)6

A continuous variable X has density function
flx) = cx®e™, x>0,

for a suitable constant c¢. Then the following holds for the value of ¢ and the
expectation E(X):

1

(@) c=720, EX)="7 (b)c= 5040° EX)=1
1 1

(©)c= 720° EX)=7 (d)c= 3040° EX)=17

(e) none of the above

A continuous variable X has density function

f=ecx'(1-x)7°, 0<x<I.
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The value of ¢ is

(@252 ()840  (0)360  (d)1320  (e)42

19. The lifetime X of an electronic equipment (in thousands of hours) has an Erlang
distribution with parameters n =2 and A = 2. The probability that a particular
equipment of this type has a lifetime exceeding its mean value equals

(a) 3e2 (b) 2e2 (c) Se~* (d) 3e~* (e) 7e©

20. The time X (in minutes) for a customer to be served at a post office has density
function
f) =27, x>0.

The probability that each of the next three customers will be served within one
minute equals

(a) 3e2 (b)1-—e3 (c) 2e~° (d)e® (e) (1 —e2)3

21. The daily change in th