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Preface

In 2017, together with Werner Nagel, I published a book entitled Probability and Condi-
tional Expectation — Fundamentals for the Empirical Sciences. We started this project with
the idea to have a short but precise reference to all concepts and propositions that are rel-
evant for understanding, in terms of probability theory, the mathematical essence of what
we are talking about in applied statistical research. From my point of view, this project was
quite successful, except for one point: Instead of the originally intended 50 to 100 pages,
we ended up with more than 550 pages. The present book condenses the previous one to
about 150 pages. The price was omitting some chapters and including proofs only if not
found in Steyer and Nagel (2017). The result is a relatively brief introduction to probability
and conditional expectation. However, I also added some new propositions that proved to
be useful in my work on causality and on latent variables.

Overview

This book comprises some chapters on important concepts of probability theory. In chap-
ter 1, we start with the components of a probability space, which can be used for the math-
ematical representation of a concrete random experiment. In chapter 2, we introduce the
concept of a random variable as a measurable mapping and deal with concepts related
to arandom variable such as its distribution, density, and distribution function. Chapter 3
deals with the concepts of expectation, covariance, correlation, and linear quasi-regression.
Chapter 4 is devoted to the concept of a conditional expectation, chapter 5 to conditional
expectations with respect to a conditional-probability measure, and chapter 6 to condi-
tional independence of events and of random variables given a random variable.

For Whom is it?

This book has been written for two kinds of readers. The first are applied statisticians and
empirical researchers who want to understand, in terms of probability theory, what they
estimate and test in their empirical studies. The second kind of readers are mathemati-
cians who want to understand in these terms what applied statisticians and empirical re-
searchers estimate and which kind of hypotheses they test in their research. Both kinds of
readers are potential contributors to the methodology of empirical sciences.

How to Use it

This book is written such that it should be studied in the sequence of chapters. Chapter 5
might be omitted at first reading. It is a prerequisite, however, for studying causal effects.
For a second reading it is certainly useful to consult Steyer and Nagel (2017), not only for
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many proofs but also for a more extensive treatment of some of the topics. Whenever we
refer to a definition, theorem, section, or any other part of this book we use the abrevi-
ation SN. For example, SN-Definition 2.1 SN-Equation (2.41) refer to Definition 2.1 and
Equation (2.41) in chapter 2 of Steyer and Nagel (2017).
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Chapter 1
Probability and Conditional Probability

We start with the definition of a probability space and its components, the set of possible
outcomes, also called the sample space, the set of possible events, and the probability mea-
sure assigning a probability to each possible event. Then we turn to conditional probabil-
ity and the most important theorems related to conditional probability: the multiplication
rule, the theorem of total probability, and Bayes’ Theorem. Next, we define independence of
events and independence of sets of events with respect to a probability measure. A section
on conditional independence of events given an event concludes this chapter.

1.1 Probability Space

In this section we introduce the three components of a probability space, a set of possible
outcomes (of the random experiment), a set of possible events to be considered in such a
random experiment, and a probability measure that assigns a probability to each of these
possible events. All three components have a certain mathematical structure. The triple
of these components is the mathematical representation of a random or chance exper-
iment, which itself is not a mathematical term, but the kind of empirical phenomenon
that we consider applying probability theory and talking about true probabilities, true de-
pendencies (e. g., true correlations), true effects (e. g., true mean differences), true causal
dependencies and true causal effects. Adding the term ‘true’ in this context, we simply em-
phasize that we will not talk about estimates of correlations, mean differences, and so on
in a data sample but about what we would like to estimate using a data sample.' These
true parameters are also those terms that we refer to in our hypotheses and theories in the
empirical sciences. However, they are also what we are interested in if we have to act in
practice. Once this is said, we can drop the term ‘true’ in the sequel.

Example 1.1 [Joe and Ann With Randomized Assignment] In order to illustrate the prac-
tical relevance of probabilities consider Table 1.1 specifying a random experiment that is
composed of three parts.

(1) A person is sampled from a set of two persons, Joe and Ann, with identical proba-
bilities for each person u, that is, with probability P(U=u) = .5.

(2) Both persons obtain treatment (X=1) with probability P(X=1|U=u) = .4. (This
number reflects randomized assignment to treatment that does not depend on the
sampled person and its attributes.)

(3) Given that Joe is sampled and not treated, the probability of success is .7, that is,

1 Another term that is often used instead of ‘true mean’ is ‘population mean’. However, the term ‘population’
tends to evoke even more misleading connotations than the term ‘true’.
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Table 1.1. Joe and Ann with randomized assignment — compressed table

PersonulP(Uzu) P(X=1|U=u) P =1|U=u,X=0) P(Y=1|U=u,X=1)

Joe 5 4 7 .8
Ann .5 4 2 4

P(Y=1|U=Joe,X=0) = .7.
Given that Joe is sampled and treated, the probability of success is .8, that is,
P(Y=1|U=Joe,X=1) = .8.

In contrast, given that Ann is sampled and not treated, the probability of success is
.2, that is,
P(Y=1|U=Ann,X=0) = .2.

Finally, given Ann is sampled and treated, the probability of success is .4, that is,
P(Y=1|U=Ann,X=1) = 4.

It is the first two numbers that are relevant for making a decision about a treatment
for Joe, and the last two numbers that are relevant for making this decision for Ann. How-
ever, these numbers can only be meaningfully defined and fully understood in a formal or
mathematical framework, the probability space (Q, <, P). <

1.1.1 Set of Possible Outcomes

The set of possible outcomes (of a random experiment), denoted by Q, also called sample
space, is the first component of a probability space. If we think about a specific random
experiment, then we should know its set of possible outcomes. Otherwise we run the risk
of misunderstandings. The mathematical structure of Q is simply the structure of a set.
This means that we have to know its elements, the possible outcomes. We use the term
possible outcomes in order to communicate and keep in mind that we are always talking
about a random experiment from the pre-factual or a priori perspective, or that is, from
the perspective before it is actually conducted. Even if a random experiment is already
executed, then, talking about the probabilities of certain events, we do as if it had not yet
been conducted. Only in this way does it make sense to talk about the probability of an
event.

Example 1.2 [Joe and Ann With Randomized Assignment] Table 1.2 refers to the same
random experiment as Table 1.1. However, this new table presents the same information
in a more explicit way. The first column in Table 1.2 contains the eight elements of the set
Q of possible outcomes of the random experiment considered. Hence, in this example,

Q = {w1,wy,...,05} = { (Joe,no,-), (Joe,no,+),..., (Ann,yes,+) }, (1.1)
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Table 1.2. Joe and Ann with randomized assignment

Outcomes w; Observables | Conditional probabilities

5 s X

L2 E o3 - =

- A|E £ %S _ 2 2

E .. 5 5| § og|liE 5 10

dalE = =0 d g T T e =

E g |2 & L |E £ sl oz 3 & &

> B & Y A [~V W E Ol A A ¥ =9 =9

w1 = (Joe, no, —) 09 .15 0 Joe O 0 7 45 4 7 .8

w2 = (Joe, no, +) 21 .35 0 Joe 0 1 7 .45 4 7 .8

w3 = (Joe, yes, —) .04 0 1 Joe 1 0 8 6 4 7 .8

w4 = (Joe, yes, +) .16 0 4 Joe 1 1 8 6 4 7 .8

ws = (Ann, no, —) | .24 A4 0 Ann 0 0 2 .45 4 2 A4

weg = (Ann, no, +) | .06 1 0 Ann 0 1 2 .45 4 2 4

w7 = (Ann, yes, —) 12 0 3 Ann 1 0 4 6 4 2 4

wg = (Ann, yes, +) | .08 0 2 | Ann 1 1 4 6 4 2 4

Note. The probabilities of the elementary events P({w;}) are fictive. The terms illustrated in this
table are introduced in this and the next chapters. The event B occurring in the term PB {w;h)
denotes the event that the drawn person (whoever this is) is treated (see Example 1.36).

that is, Q consists of the eight triples (Joe, no,—), (Joe,no,+), ..., (Ann, yes, +). If we define
Qu ={Joe, Ann}, Qx = {no, yes}, and Qy = {—,+}, then Q can also be written as the Carte-
sian product

Q= QUX QXX Qy. (1.2)

In this example, the set Q of possible outcomes has eight elements, namely all triples
whose first component is an element of Qy, whose second component is an element of
Qyx, and whose third component is an element of Qy (see the first column of Table 1.2).
The other terms occuring in Table 1.2 will be introduced in the sections and chapters to
come. <

Example 1.3 [Nonorthogonal Factors] Another example is in Table 1.3. If we define the
sets
Qu = {Tom, Tim, Joe, Jim, Ann, Eva,Sue, Mia},

Qx = {control, treatment 1, treatment 2},

and
QY = IR;

then Q is the Cartesian product of these three sets, that is,
Q = QU X QXX Qy.

In contrast to Example 1.2, now the set Q has an uncountable number of elements, which
would be necessary if we want to consider a response variable Y that can take on as a



4 1 Probability and Conditional Probability

Table 1.3. Random experiment with two nonorthogonal factors

50108
= 5

S8 . =) % = [ Il [

g S 3 I I S > > =)

2| 52 S < B = = =

5| © 8 = < = = = =
Al BB Y Y A S| = S|
Tom low 1/8 10/60 3/60 120 100 80

Tim low 1/8 18/60 9/60 120 100 80
Joe | med 1/8 26/60 17/60 90 90 70
Jim | med 1/8 26/60 17/60 100 100 80
Ann | med 1/8 26/60 17/60 120 100 100
Eva | med 1/8 26/60 17/60 130 110 110
Sue hi 1/8 12/60 44/60 60 100 140
Mia hi 1/8 16/60 36/60 60 100 140

value any real number, representing, for example, the degree of success. This is also the
reason why this example can only be presented in the compressed form (see Table 1.3),
which does not show the possible values of Y but only its conditional expectation values
E(Y|X=x,U=u), which will be introduced in chapter 3 [see Eq. (3.23)]. Note that in many
empirical applications in the empirical sciences, Qy may just be a subset of R. <

1.1.2 Set of Possible Events

The second component of a probability space, denoted by </, is a set of possible events. It
is a set of subsets of the set Q of possible outcomes that has the properties of a o-algebra .
An element A of a o-algebra « is called a measurable set. In the context of a probabi-
lity measure on this o-algebra, a measurable set is also called an event. We use A€ to
denote the complement of a measurable set A, thatis A° :=Q \ A, where Q \ A denotes the
set difference, which, by definition, consists of all elements of Q that are not elements of
the set A.

Definition 1.4 [0-Algebra, Measurable Set, and Measurable Space]
A set o of subsets of a nonempty set Q is called a o -algebra (or o-field) on Q, if:

(a) Qe .
(b) IfAc<f, then A€ € o.
(© IfA;, Ay, ...€ <, then U;?gl Aied.

An element A of a o-algebra </ is called a measurable set. The pair (Q0, <) is called a
measurable space.

Remark 1.5 [ Closure With Respect to Set Operations] Condition (c) means that a -al-
gebra is closed with respect to countable unions of sets Ay, A,,... € /. However, in con-
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junction with (a) and (b) this implies that a o-algebra is also closed with respect to finite
unions of sets Ay,..., A, € «. That is, if A;,...,A, € &, then A;U...UA, € «. Further-
more, although condition (c) explicitly requires only that a o-algebra is closed with respect
to countable unions, Definition 1.4 implies that a o-algebra is closed also with respect
to countable intersections A; N A;N... of elements of «7. Definition 1.4 also implies that
unions such as A; U A,, intersections A; N A,, and set differences A; \ A, are elements of
/. In other words, if A; and A, are elements of o/, then A; U A,, A; N A,, and A; \ A, are
elements of «/ as well, provided that «f is a 0-algebra (for more details see SN-section 1.2.)
g

An important property of o-algebras is formulated in the following theorem (see SN-
Th. 1.12 for a proof).

Theorem 1.6 [The Intersection of o-Algebras is a 0-Algebra]

Let I be a nonempty (finite, countable, or uncountable) index set and let all <f;, i €1,
be a-algebras on the set Q. Then the intersection (\;c; ; of these o-algebras is also a
o-algebraon Q.

Theorem 1.6 allows us to define the o-algebra generated by a set system on Q, that is, by
a set of subsets of Q.

Definition 1.7 [0-Algebra Generated by a Set System]
Let & be a set of subsets of Q and let (<f;,1i € I) be the family of all o-algebras on Q) that
contain & as a subset. Then we define

(&) = (1.3)

iel

and call it the c-algebra generated by & . The set & is also called a generating system
of a(&).

Example 1.8 [Intersection of Two o-Algebras] If Qisaset, then o) = {Q, 0} is a o-algebra on
Q.If Ac Q, then o) = {A, A5, Q, D} is a g-algebra on Q (see Exercises 1-1 and 1-2). Their
intersection <y N &/ = {Q, D} is a o-algebra on Q, too. The og-algebra ) is generated by
the set system {A} on Q, but also by the set systems {A€}, {A, A°}, {A, A5, Q}, and {A, A5 O},
for instance (see Exercise 1-3). <

Remark 1.9 [A Property of a Set System and its Generated o-Algebra] Assume (Q, /) isa
measurable space. Then

cod = o). (1.4)

That is, if the generating system & is subset of a o-algebra <, then its generated o-algebra
0 (&) is also a subset of «# (see Exercise 1-4). <

Remark 1.10 [Monotonicity of Generated o-Algebras] Let &; and &, be set systems on
Q. Then
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& cé& = o(8&)col&) (1.5)
(see SN-Exercise 1-9). <

Remark 1.11 [Union of Two o-Algebras] Let (Q2, «/) be a measurable space. Then

EC,9cod = CuDcod (1.6)
> 0(@uP)cod 1.7)
(see Exercise 1-5). <

Example 1.12 [Joe and Ann With Randomized Assignment] We may choose «f = 2(Q)
to be the power set, that is, the set of all subsets of the set Q that has been specified in
Equation (1.1). The power set of a set Q is always a o-algebra on Q. The power set con-
tains 2" elements, where n is the number of elements of Q. In the example presented in
Table 1.2, n = 8. Hence, in this example, the power set consists of 2" = 256 elements. <

Example 1.13 [Nonorthogonal Factors] In this example, we cannot use the power set of
Q as a o-algebra !, because this would lead to contradictions (see SN-Rem. 1.8). Instead,
we use the product of the o-algebras <y = 2 (Qy), #x = P(Qx), and the Borel o-algebra
9 on the set R of real numbers (see Def. 1.15.) <

Remark 1.14 [Borel o-Algebra] The Borel g-algebra % on R is defined by 2 = o(¥),
where .# = {(a,b]: a,beR, a < b)}is the set system on R of all left half-open intervals in R.
The Borel o-algebra contains as elements all singletons {a}, a € R, as well as all (open, half
open, and closed) intervals, their countable unions and intersections (for more details see
SN-sect. 1.2.2). <

If we consider composite random experiments that consist of several simple random
experiments (see Examples 1.2 and 1.3), then the product of o-algebras is an important
concept. The following definition is adapted from SN-Def. 1.31.

Definition 1.15 [Product o-Algebra]
Let (Qy,44),...,(Qmn, ) be measurable spaces. Then

m m
.. ody = Q= o{ X Az Aestyi=1,...,m}) (1.8)
= i=1

is called the product of the o-algebras <, ..., <, and (Q,&) the product of the mea-
surable spaces (Q,01),...,(Qu, ) f Q=Q1x...xQand o = ®...8 oy,.

Note that the product o-algebra &) ®....® o, is not the Cartesian product & x ... x .
Instead, the product o-algebra is generated by the set system of all Cartesian products of
elements of the o-algebras ..., o, (see Def. 1.7).

Example 1.16 [Countable Sets and Product o-Algebra] Let Q,,...,Q,, be finite or count-
able sets and &), ..., </, be their power sets. Then

m m
R = 2( X i), (1.9)
i=1 i=1



1.1 Probability Space 7

that s, of) ®...® f,, is the power set on Q = Q; x... xQ,, (for a proof see SN-Exercise 1-14).
<

Example 1.17 [Joe and Ann With Randomized Assignment] Consider again the set
Q = QU X QXX QY

of possible outcomes, where Qy = { Joe,Ann}, Qx = {yes,no}, and Qy = {—, +}. Further-
more, consider the o-algebras o) = 2(Qy), o = P (Qx), and o3 = P(Qy), respectively.
Hence, we specified the measurable spaces (Qy, <), (Qx, <), and (Qy, o). The product
o-algebra «f; ® of, ® of5 is the o-algebra generated by the set system

& = {AIXAZXA3: A €.$2¢1,A2€.52¢2,A3€.52¢3},

and, according to Example 1.16, the o-algebra generated by & is identical to the power set
of Q, which consists of 256 elements. <

1.1.3 Probability Measure

The last component of a probability space is a probability measure, which assigns a prob-
ability to each element of a o-algebra. This concept has been introduced by Kolmogorov
(1933/1977) (for the English version of this book see Kolmogorov, 1956). In the following
definition we use [0,1] to denote the closed interval of all real numbers between 0 and 1,
inclusively.

Definition 1.18 [Probability Measure]
Let (Q2, /) be a measurable space. Then the function P: «f — [0,1] is called a probabi-
lity measure on (Q, &), if the following conditions hold:

(a) P(Q) =1 (standardization ).

(b) P(A) =20, VAes (nonnegativity). - 3
(©) Ay, Ay, ...€ o are pairwise disjoint = P( U Al-) = Z P(4A;) (o-additivity).
i=1 i=1

Remark 1.19 [Probability of an Event and Probability Space] Let P be a probability mea-
sure on (Q, &7). Then the triple (Q, </ P) is called a probability space and a value P(A) of P is
called the probability of (the event) A. If a probability space (Q, « P) is used to represent a
random experiment, then it contains all information about this random experiment. That
is, everything we can ever learn about this random experiment can be computed from
the probabilities P(A), A € «/. The most important properties of a probability measure are
gathered in Box 1.1. (This box has been adopted from SN-chapter 4. For the general con-
cept of a measure and its properties as well as for other measures than probability mea-
sures see SN-ch. 1.) <

Remark 1.20 [Elementary Event and Event] Let (Q, o, P) be a probability space. If A€ </,
then Ais called a (possible) event, and if {0} € o, then it is called a (possible) elementary
event. Note the distinction between an oufcome w € Q and an elementary event {0} € .
Also note that the term event is only used in the context of a probability space (Q, 7, P).
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Box 1.1 Rules of Computation for Probabilities

o0 n
Let (Q, &, P) be a probability space and, for a; € R define Z a; = r}mgo Z ;.

i=1 =1
IfA;nA; =0, forall i, j N, then

P

IfA;nA; =0, foralli,je{l,...,n}, neN, then

Ai) =Y P(A). (0 -additivity) (@
1 i=1

s

n n
P( Ai) =Y P(A). (finite additivity) (ii)

i=1 i=1

If A, B € «/, then:

P(A) = P(AnB) + P(A\B) (iii)
P(A%) = 1-P(A) (iv)
P(A) < P(B), ifAcB (monotonicity) W)
P(A\B) = P(A) — P(AnB) (vi)
P(AuB) = P(A) + P(B) — P(AnB) (vii)
P(A) =1 = P(AnB)=P(B) (viii)
P(A) =0 = P(AuUB)=P(B). (ix)

Let A€o/ and let Qy < Q be finite or countable and P(Qg) = 1.
If, for all w € Q, {w} € o, then

P = Y P(o). )

weANQ

IfAl,Ag,... €.52¢, then

P( -flei) = .ZIP(A,'). (0 -subadditivity) (xi)
i= =

Otherwise A € .of is called a measurable set. For simplicity we often drop the long-winded
term ‘possible’ if we talk about outcomes and events. Nevertheless, in applications we con-
tinue considering a random experiment from the pre-factual perspective (see again the
introductory remarks to sect. 1.1.1). <

Remark 1.21 [Probability Space and Random Experiment] Note again the disctinction
between a probability space and a random experiment. The term probability space is a
mathematical concept. It does not have any empirical meaning unless we interpret Q by
saying that it represents the set of possible outcomes of a concrete random experiment. In
contrast, Tandom experiment’ is a term of our colloquial language referring to an empiri-
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cal phenomenon that we might be interested in. Giving Q2 a concrete empirical meaning,
the o-algebra &/ also obtains a concrete empirical meaning: the set of possible events to
be considered in this concrete random experiment. Correspondingly, the probability mea-
sure P assigns to each of these possible events A € &/ its probability P(A) that refers to this
specific random experiment. Hence, propositions about probabilities refer to a concrete
random experiment and cannot offhandedly be generalized to another random experi-
ment. <

Example 1.22 [Joe and Ann With Randomized Assignment] The second column of Table
1.2 displays the assignment of the probabilities to all eight elementary events. In this ex-
ample, each nonempty element A € </ is a union of the elementary events {w;}, w; € Q,
and because a measure is additive [see Box 1.1 (ii)], the probability measure P: o« — [0,1]
is uniquely specified by the second column of Table 1.2 [see Box 1.1 (x)]. The probabilities
of all other events we may consider in this random experiment can be computed from the
probabilities of the eight elementary events (see Exercise 1-6). Because Q has been fixed
in Example 1.2 and «f in Example 1.12, now the probability space (Q, < P) is completely
specified. <

1.2 Conditional Probability

A probability space contains all information about the random experiment considered.
However, this information is not easily grasped unless it is processed. A first conceptual
tool that helps in processing this information is the concept of a conditional probability of
an event A given an event B.

1.2.1 Conditional Probability of an Event A Given an Event B

The conditional probability of an event A given an event B can be used to describe the
dependency of A on B with respect to a probability measure P on <. This concept is also
used in order to introduce the concept of a conditional probability measure.

Definition 1.23 [Conditional Probability]
Let (Q, o, P) be a probability space, A, B € o, and P(B) > 0. Then

P(ANB)

is called the B-conditional probability of A or the conditional probability of A given B
(with respect to P).

Example 1.24 [Joe and Ann With Randomized Assignment] Consider again Table 1.2, de-
fine Qy = {Joe, Ann} and Qx = { yes, no}, and let

C = QuxQx x{+} = {(Joe, no,+), (Joe,yes, +), (Ann, no,+), (Ann, yes,+) }

be the event that the drawn person is successful (no matter who is drawn and whether or
not he or she is treated). Furthermore, let
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B = Qux {yes} x Qy = {(Joe,yes,—), (Joe,yes,+), (Ann,yes,-), (Ann, yes, +) }
denote the event that the drawn person is treated. Then
CNB = Qu x {yes} x {+} = {(Joe, yes, +), (Ann, yes, +) }.
Additivity of a probability measure [see Box 1.1 (ii)] and Table 1.2 yield
P(B)

P({(Joe,yes,-)}) + P({(Joe,yes, +)}) + P({(Ann, yes,—)}) + P({(Ann, yes, +)})
=.04+.16+.12+.08 = .4

and
P(CNB) = P({(Joe,yes, +)}) + P({(Ann, yes, +)}) = .16+.08 = .24.

Applying Equation (1.10) then results in
P(CnB) .24 5

P(C|B) = =
P(B) 4
Similarly, conditioning on the event B¢ that the drawn person is not treated yields
P(CNB°)  P(Qu x{no}x{+}) .21+.06

P(C|B®) =

= = = 45
P(B¢) P(Qy x {no} x Qy) .09+.21+.24+.06

In this example, the difference P(C|B) — P(C|B°) = .6 —.45 = .15 can be used to evaluate
the average effect of the treatment. In fact, if we additionally condition on the event

A = {Joe} x Qx x Qy = {(Joe, no,-), (Joe, no,+), (Joe,yes,-), (Joe,yes,+) }
that Joe is drawn, then we receive
P(C|IBNA)-P(C|B°NnA) = .8-.7 = .1.
Furthermore, additionally conditioning on A€ yields
P(CIBNAY)—P(C|B‘NA®) = 4-2 = 2.
Obviously, the average of the two individual treatment effects of Joe and Ann is .15. This is

also called the average treatment effect. <

Example 1.25 [Joe and Ann With Self-Selection] In contrast, if we compute the corre-
sponding conditional probabilities for the random experiment presented in Table 1.4, then
we receive P(C|B) = .42 and P(C|B¥¢) = .6. Their difference is

P(C|B)-P(C|B°) = .6—.42 = —.18,

while the two individual treatment effects remain unchanged if compared to Table 1.2.
They are again

P(CIBNA)—P(C|B°nNA) =.8-7=.1
for Joe and
P(CIBNA)—P(C|B°nA°) = 4-2 = 2.

for Ann. Hence, in the example of Table 1.4, the difference P(C|B) — P(C|B¢) is completely
misleading if interpreted as the average effect of the treatment. In this example, this dif-
ference has no causal meaning. <
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Table 1.4. Joe and Ann with self-selection — explicit table

Possible Observables Conditional
outcomes w; probabilities
>
.35
2 = 3

2 g 3 S
= o zZ 5| = — )
g 3 s o | R > >
SRS > 5] 2 — — =
E g = |58 E 8|7 O
E E 3 S g % g|3 & %
5 £ & & & E £ |8 & 7
w1 = (Joe, no, —) 144 | Jjoe 0 0 04 6 7
w2 = (Joe, no, +) .336 | Joe 0 1 04 6 7
w3 = (Joe, yes, —) .004 | Joe 1 0 04 42 8
w4 = (Joe, yes, +) 016 | Joe 1 1 04 42 8
w5 = (Ann, no, —) 096 | Ann 0 O 76 .6 2
wg = (Ann, no, +) 024 | Ann 0 1 76 .6 2
w7 = (Ann, yes, —) 228 | Ann 1 0 76 42 A4
wg = (Ann,yes,+) | 152 | Ann 1 1 76 42 A4

Example 1.26 [Nonorthogonal Factors] In the fourth column of Table 1.3 we displayed
the conditional treatment probabilities P(X=1|U=u). These conditional probabilities are
the conditional probabilities of the event

{X=1} = {lweQ: X(w) =1}

given the event
{U=Tom} = {ne€Q: U(w) = Tom}
(see Example 1.3 for the definition of the sets Q, Qx, and Qy). Then
P(X=1|U=Tom) = 10/60

(see the first row in the fourth column of Table 1.3). The notation P(X=1|U=u) will be
introduced in Remark 3.22. <
1.2.2 Multiplication Rule

Now we treat some theorems involving conditional probabilities. The first one shows how
the probability P(A;n...Nn A,) can be factorized into a product of an (unconditional)
probability and conditional probabilities.

Remark 1.27 [Multiplication Rule for Two and for Three Events] For two events A; and
Ay, the multiplication rule is

P(A1NAy) = P(A) - P(A2]1Ay), (1.11)
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provided that P(A;) > 0. This equation directly follows from the definition of the condi-
tional probability P(A,|A;) [see Eq. (1.10)].
For three events A;, Ay, and As, the multiplication rule is

P(AiNnA;NA3) = P(A)) - P(A2]1A)) - P(A31 A1 N Ap), (1.12)

provided that P(A; N Ay) > 0. This equation follows from the definition of the conditional
probability

P(A3|A10A2) = M, (1.13)

P(A;1N A))
inserting Equation (1.11) for P(A; N A), and solving the resulting equation for the joint
probability P(A; N Ay N Aj). <

For n events Ay, ..., A,, the multiplication rule is formulated in the following theorem.
(For a proof see SN-Theorem 4.22).

Theorem 1.28 [Multiplication Rule]
Let (Q, <, P) be a probability space, let A, ..., A, € &, where 2 < n € N, and assume
P(N"} A;)>0. Then
n j-1
P ( M Ai
i=1

) Al

i=1

A; (1.14)

n
=PA)-[]P
j=2

1.2.3 Theorem of Total Probability

In the next theorem, called the theorem of total probability, it is shown how the prob-
ability of an event B ¢ A; U...U A, can additively be decomposed into the products
P(B|A;)-P(A;) of conditional and unconditional probabilities. In this theorem it is as-
sumed that the events A,..., A, are pairwise disjoint, thatis, A;nA;j = @, forall i, j =
1,...,n,with i # j. (For a proof see SN-Theorem 4.25.)

Theorem 1.29 [Theorem of Total Probability]
Let (Q, 4, P) be a probability space, assume that the events A,, ..., A, € & are pairwise
disjoint, and B c Ul’?:l A;. Then

n
P(B) =) P(BnA). (1.15)
i=1

If, additionally, P(A;) >0, foralli=1,...,n, then

n
P(B) =) P(B|A)-P(A). (1.16)
i=1

Equation (1.15) can be illustrated by Figure 1.1. If the sizes of the areas represent prob-
abilities, then the figure visualizes that P(B) = P(Bn A;)+ P(Bn A;) + P(BN A3). The crucial
points are:
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7D
[ &\

Figure 1.1. Venn diagram illustrating the theorem of total probability

Q

(a) Ifthe events A,,..., A, are pairwise disjoint (which in Fig. 1.1 is true for A;, Ay, A3)
and Bc A; U AU A, then BN Ay,...,BnN A, are pairwise disjoint as well.
(b) The probability measure P is additive [see Eq. (1.15)].

1.2.4 Bayes’ Theorem

The next theorem, called Bayes’ theorem, reveals how the A;-conditional probabilities
P(B|A;) are related to the B-conditional probabilities P(A;|B). Using the definitions of
the conditional probabilities P(A;|B) and P(B| A;) yields

P(B|A;j)-P(A)

Inserting Equation (1.16) for P(B) yields the following theorem.

Theorem 1.30 [Bayes’ Theorem]
Let (), o/, P) be a probability space, B € <, and P(B) > 0. Under the assumptions of
Theorem 1.29 and assuming P(A;) >0, foralli=1,...,n,

P(B|A;)-P(A;)

P(A;|B) = , Yi=1l,..,n. (1.18)
Y7 P(BIA)j)-P(A))

Example 1.31 [Infection and a Test of Being Infected] Consider the following random ex-
periment: A person u is sampled from large but finite set Q of persons. The sampled per-
son is either infected by a specified virus or not, and the same person is tested for the virus,
the test being either positive (+) or negative (—). Hence, the set of possible outcomes is

Q = QuyxQr,

where Qr = {+,—1}. If Q; denotes the subset of all infected persons and Q the subset of all
persons that are not infected, both at the time of sampling the person, then Qy = Q; U Q.

As the set o of possible events we consider the power set of Q. Furthermore, we con-
sider the event
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A=QrxQr

that the sampled person is infected, and the event
B = Qpy x {+}

that the test is positive. We focus on the crucial question: What is the probability P(A|B)
that the person is infected given that his or her test is positive? Note that it is this probability
that informs us about the diagnostic quality of the test. We obtain the answer applying
Equation (1.18), which, in this example, simplifies to

P(B|A)-P(A)

P(A|B) = )
P(B|A)-P(A) + P(B|A%)-P(A)

(1.19)

where A€ denotes the event that the person is not infected. Equation 1.19 shows that the
crucial probability P(A|B) that the person is infected given that his or her test is positive
depends on P(A), the so-called incidence. Of course, the incidence depends on the phase
of the pandemic in which the test is made. In order to illustrate this point, we consider
three random experiments that differ from each other only by their probability measures
Py, P, and Ps;. We assume that these three probability measures differ only by their inci-
dences P; (A), P,(A), and P;(A), and by their implications.

First Random Experiment. In the first random experiment we assume that the test is
taken at a phase of the pandemic in which the incidence is P; (A) = .01. Furthermore, we
assume that each person u € Qy has the same probability of being sampled and we know
that P, (B| A) = .98. In the context of this example, this conditional probability is called the
sensitivity of the test. Suppose that we also know P; (B¢| A°) = .99, called the specificity in
this context. This is the probability that the sampled person is negatively tested given that
he or she is not infected.

Because A€ is the complement of A, we obtain P; (A€) = 1-P;(A) = .99. Furthermore, for
the analog reason, P;(B|A€) =1— P;(B¢|A%) =1-.99 =.01. Hence, Equation (1.19) yields

.98-.01
P(A|B) = ————  — = .4974619
.98-.01 + .01-.99
and
Pi(A°|B) = 1-.4974619 = .5025381.

Furthermore, Equation (1.16) yields
Pi(B) = P,(B|A)-P,(A) + P,(B|A°)-P,(A°) = .98-.01 + .01-.99 = .0197,

which is the probability that a test is positive. Therefore, if 1,500,000 persons are tested in
this weak of the first phase of the pandemic, then we expect that

P,(B)-1,500,000 = .0197-1,500,000 = 29,550

are positive. The number of positive tests in a weak per 100,000 inhabitants in a country
(like Germany on April 26, 2021) with a population of 83,720,586 is

29,550

———— 100,000 = 35.
83,720,586
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Finally, we expect that
Py (A°|B)-29,550 = .5025381-29,550 ~ 14,850

are not infected, although their tests are positive.

Second Random Experiment. Now we consider a second random experiment that dif-
fers from the previous one only by the phase of the pandemic, in which we test for the
virus. This time we assume that the incidence is P,(A) = .1, whereas sensitivity P,(B|A) =
.98 and specificity P,(B€| A€) = .99 are the same as in the first random experiment. Then
P,(A°) = 1 - P,(A) = .9, whereas all other probabilities in Equation (1.19) remain un-
changed. Now this equation yields

98-.1
P,(A|B) = —— = .9158879
98-.1 + .01-.9
and
P,(A%|B) = 1-.9158879 =~ .08411215.

Furthermore, in this example, Equation (1.16) yields
P,(B) = P,(B|A)-P,(A) + P,(B|A°)-P,(A°) = .98-.1 + .01-.9 = .107.

This is the probability, that in this phase of the pandemic, the test is positive. Hence, if
1,500,000 persons are tested in this second phase of the pandemic, then we expect that

P,(B)-1,500,000 = .107-1,500,000 = 160,500

are positive. The number of positive tests in a weak per 100,000 inhabitants in a country
with a population of 83,720,586 is then
160,500
————-100,000 = 192.
83,720,586

Finally, we expect that
P,(A°|B)-160,500 = .08411215-160,500 = 13,500

are not infected, although they are positive.

Third Random Experiment. Finally, we consider a third random experiment. Again, this
random experiment differs from the previous ones only by the phase of the pandemic,
in which we test for the virus. This time we assume that absolutely nobody is infected
anymore. This means that the incidence is P3(A) = 0. This implies that P3(A€) = 1-P3(A) =
1 and sensitivity is not defined any more. We still assume that specificity is still P; (B°| A€) =
P3(B€) =.99. Hence, P3(B|A€) = P3(B) =1-.99 = .01. Applying Equation (1.10) yields
P;(AnB) 0
Py(B) .01
Hence, if 1,500,000 persons per week are tested in this third phase of the pandemic, then
we expect that P;(B)- 1,500,000 =.01-1,500,000 = 15,000 tests are positive although not a
single person is infected. The number of positive tests in a weak per 100,000 inhabitants
in a country (like Germany) with a population of 83,720,586 is
15,000
83,720,586

P3(AlB) = (1.20)

-100,000 =~ 18.



16 1 Probability and Conditional Probability

Substantive Implications. These examples already show that the diagnostic quality of
testing for the virus and the probability P(B) of a test being positive heavily depend on the
indicence P(A) at the time of testing. Obviously, these numbers and their implications for
quarantining and other policies for stemming the pancemic should be kept in mind when
deciding about these policies.

It should be noted that these numbers also have implications for the interpretion of the
counts of persons that ‘died with virus’. If we assume that a person is counted as ‘died with
virus' if he or she has a positive test, then, in the scenario (i. e., in the random experiment)
with an incidence of P;(A) = .01, the probability P;(A|B) = .4974619 means that about
49.7% of those who ‘died with virus’ were infected, whereas about 50.3% of them were
not infected and therefore could not have died because of the virus. In contrast, in the
scenario with an incidence of P,(A) = .1, the probability P,(A|B) = .9158879 means that
about 91.6% percent of the counts of persons who ‘died with virus’ were actually infected,
whereas about 8.4% of them were not. Finally, in the scenario with incidence P3(A) = 0, the
probability P3(A|B) = 0 means that not a single person who ‘died with virus’ was infected
or died because of the virus. <

Example 1.32 [Joe and Ann With Randomized Assignment] Let
A = {(Joe, no,-), Joe, no,+), Joe, yes, ), Joe, yes, +) }
denote the event that joe is drawn,
A° = {(Ann, no,-), (Ann, no,+), (Ann, yes,—), (Ann, yes, +) }
the event that Ann is drawn, and
B = {(Joe,yes,—), Joe, yes, +), (Ann, yes,—), (Ann, yes, +) }
the event that the drawn person is treated. Then

P(B|A)-P(A) 4-5

P(BIA) PA) 1+ PBIA) PA) 4 5+4.5 7

P(A|B) =

is the conditional probability that joe is drawn given that the drawn person is treated (see
Table 1.2). The corresponding probability that Ann is drawn given that the drawn person is
treated is identical in this example, that is, P(A°|B) = .5. Hence, given treatment, each per-
son has the same probability to be drawn. Asking for the probabilities of sampling a person
given a treatment condition is what we refer to as the sampling of a randomized experi-
ment. This sampling perspective supplements the assignment perspective, from which we
ask for the treatment probability given a person, for example, P(B|A) = P(B| A°) = .4 (see
again Table 1.2). <

1.2.5 Conditional-Probability Measure

Just like (unconditional) probabilities, conditional probabilities of events A € o given an
event B €./ are values of a probability measure. This is stated in the following theorem.
(For a proof see SN-Th. 4.28.)
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Theorem 1.33 [Probability Measure PBon (Q, )]
Let (Q, <7, P) be a probability space, let B € o/, and assume P(B) > 0. Then the function
PB: o/ — [0,1] defined by

PB(A) = P(A|B), VAed, (1.21)

is a probability measure on (Q, <f).

According to this theorem, for each event B € o with P(B) > 0, the function PBisa
probability measure on (£, «/). Hence, according to Remark 1.19, the triple (Q, < PB)is a
probability space.

The function P® assigns to each event A € o its conditional probability given B. There-
fore, we also call it the B-conditional-probability measure on (Q,<f). Of course, if B and
C are different events, the conditional probabilities P?(A) = P(A|B) and P¢(A) = P(A|C)
can differ from each other.

Remark 1.34 [The Special Case P(B) = 1] According to Box 1.1 (viii),

P(B)=1 = P(AnB)=P(A. (1.22)
Hence,
P(B)=1 = P(A|B)= Pankb) =P(A) (1.23)
P(B)
(see Def. 1.23), and
PB)=1 = PE=P (1.24)
[see Egs. (1.21), (1.23), and the fact that P and P are functions on /1. <
Remark 1.35 [Null Sets With Respect to PB] Also note that
P%A) =0, VAed with AnB=0 (1.25)
holds for the measure P? defined by Equation (1.21). <

Example 1.36 [Joe and Ann With Randomized Assignment] Consider the example pre-
sented in Table 1.2. We specify the B-conditional-probability measure PZ: o — [0,1] for
the event

B = {(Joe,yes,—), (Joe,yes,+), (Ann,yes,—), (Ann,yes,+)}

that the drawn person is treated. Using the probabilities of the elementary events displayed
in the second column of Table 1.2 and Box 1.1 (ii), we compute

P(B)

P({(Joe yes,—), (Joe,yes,+), (Ann,yes,—), (Ann,yes,+)})
P({(Joe,yes,—)}) + P({(Joe, yes,+)}) + P({(Ann, yes, -)}) + P({ (Ann, yes, +)})
04+.16+.12+.08 = 4.

For the first two elementary events,
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P2(io1}) = P2({(Joe no,+)1) = PE({w,}) = PE({(Joe,no,-)}) = 0,

because the intersections {(Joe, no,—)} N B and {(Joe, no,+)} N B are the empty set. For the
next two elementary events, the B-conditional probabilities are

P({(Joe,yes,~)}nB) .04

PP({ws}) = PP({(Joe,yes, —)}) = (B} = =1
and
P({(Joe, yes,+)} N B .16
PP({ws}) = PP({(Joe,yes,+)}) = ( }i/(B) ) = =4
Next,

PP({ws}) = PP({(Ann,no,-)}) = PP({ws}) = P5({(Ann,no,+)}) = 0,

because again {(Ann, no,—)}N B = {(Ann, no,+)} N B = @. Finally, for the last two elementary
events, the B-conditional probabilities are

P({(Ann,yes,—)}nB) .12
B — pB _ = = — =
PP({w7}) = PP({(Ann, yes,-)}) ) 7 -3

and
P({(Ann,yes +)InB) _ .08 _

P(B) 4
These eight probabilities are summarized in the fourth column of Table 1.2.

Except for @, all other events A€/ are unions of these elementary events. Because
the elementary events are disjoint, the probabilities of their unions can easily be com-
puted using finite additivity of a probability measure [see Box 1.1 (ii)]. For example, the
B-conditional probability of the event

2.

PP({wg}) = PP({(Ann,yes, +)}) =

C = {(Joe, no,+), (Joe,yes,+), (Ann,no,+), (Ann, yes, +) }

that the sampled person has success is

PE(C) = P®({(Joe, no,+), (Joe,yes,+), (Ann, no,+), (Ann,yes,+)})
P5({( Joe,no, +)}) + PE({( Joe,yes, +)}) + PE({(Ann, no, +)}) + P2({ (Ann, yes, +)})

0+4+0+.2 = .6.

<

Example 1.37 [Nonorthogonal Factors] Consider again the example presented in Table
1.3. For the event
A = {Tom,Tim} x Qx xQy

that the sampled person has status low, we specify its B-conditional probability, where

B = Qu x {treatment 1} x Qy

is the event that the drawn person (whoever it is) receives treatment 1. According to the sec-
ond row of the last column of Table 1.5, P(B) = 1/3. Then, using the probabilities displayed
in Table 1.3,
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Table 1.5. Conditional expectation values E(Y | X=x, Z=z) given treatment and status

Status

Treatment  Low (Z=low) Medium (Z =med) High (Z=hi)

X=0 120  (20/120) 110 (17/120) 60 (3/120) (40/120)

X=1 100 (7/120) 100 (26/120) 100 (7/120) (40/120)

X=2 80 (3/120) 90 (17/120) 140 (20/120) (40/120)
(30/120) (60/120) (30/120)

Note. Probabilities P(X=x, Z=z), P(Z=z), and P(X=x) in parentheses.

P({Tom, Tim} x Qx x Qy N Qu x {treatment 1} x Qy)

PBA) = 5B [(1.10), (1.21)]
(10/60+18/60)-1/3 28
_ — = % [P(ANB)=P(A|B)-P(B)]

This result is consistent with the probabilities displayed in Table 1.5. Again note the dis-
tinction between the two measures P and PZ. While P3(A) = 28/60, the probability of A
with respect to the measure P is P(A) = 2/8 (see again Table 1.3.) <

In the following lemma we consider the relationship between conditional probabilities
with respect to the measures PBand P. (Fora proof see SN-Lemma 4.30.)

Lemma 1.38 [Conditional Probabilities With Respect to P?]
Let (Q, o, P) be a probability space. If A,B,C € &/ and P(BN C) >0, then

PBA|C) = P(A|IBN Q). (1.26)

According to this lemma, the C-conditional probability of the event A with respect to the
B-conditional probability measure P? is identical to the (B n C)-conditional probability of
A with respect to the probability measure P.

1.3 Independence of Events

From an intuitive point of view, independence of two events A and B should be defined
such that the conditional and unconditional probabilities are the same, that is, P(A|B) =
P(A) and P(B| A) = P(B). However, this intuitive idea presupposes that P(A), P(B) > 0, be-
cause otherwise the two conditional probabilities are not defined. The following definition
does not rest on this requirement, although it incorporates this intuitive idea. The defini-
tion also extends the concept of independence of two events to a family of events. That is,
the index set I occuring in Definition 1.39 (ii) may be finite, countable, or uncountable.
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Box 1.2 Independence of Events

Let (Q, <7 P) be a probability space, A, B,C € &/, and A° = Q\ A the complement of A.
Then:

Al B :© P(AnB) = P(A)-P(B) (i)
AlB & A°lLB (ii)
AllB & o({AD)1Loc({B}) (iii)
AL BIC :© P(AnB) = P(A)-P(B) (iv)
P(AnC) = P(A)-P(C)
P(BnC) = P(B)-P(C)
P(AnBNC) = P(A)-P(B)-P(C)
AILlBIC = AlB, ALC, BIC. V)
If P(B) > 0, then
AlLlB © P(A|B)=P(A). (vi)

If P(B), P(B€) >0, then
Al B < P(A|B) = P(A|B°). (vii)

IfP(BNC), P(BNC®) >0, then
BUC = P(A|B) = P(AIBNC)-P(C) + P(A|BNC®)-P(CY). (viii)

Definition 1.39 [Independence of Events]
Let (Q, o, P) be a probability space.

(i) We call two events A, B € &« independent (with respect to P), denoted A 1L B, if

P(AnB) = P(A)-P(B). (1.27)

(ii) Let I be a nonempty set and let A; € o, for all i e I. Then (A;,i €I) is called a
family of independent events, denoted 1L (A;,i €I), if

P(( A:) = [[PA), V finite nonemptyJ < I. (1.28)
ie] ie]

Remark 1.40 [Pairwise and Triple-Wise Independence] For nevents Ay, ..., A,, indepen-
dence will also be denoted by
Al 1L A,.

In this case I = {1,...,n}. For three events, for instance, I = {1,...,3} and A; 1L A, 1l A
means that
P(A,'ﬂAj) = P(A,')'P(Aj), i#j, 1,j=12,3, (1.29)
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(pairwise independence) and
P(A1NA;NA3) = P(A1)-P(Ar) - P(A3) (1.30)

( triplewise independence) hold. Equation (1.29) results from Equation (1.28) if we con-
sider the subsets J; = {1,2}, /> = {1,3}, and J3 = {2,3} of I, and Equation (1.30) results from
Equation (1.28) if we consider the subset J; = {1,2,3} of I. For subsets J5 = {1}, J5 = {2},
J7 = {3}, Equation (1.28) yields the trivial equations P(A;) = P(A;), P(Ay) = P(A), and
P(A3) = P(A3), respectively.

Note that pairwise independence of three events [i. e., Eq. (1.29)] does not imply their
triplewise independence [i.e., Eq. (1.30)]. Furthermore, triplewise independence [i. e., Eq. (1.30) ]
does not imply pairwise independence. <

Remark 1.41 [Conditional Probability and Independent Events] If Aand B are indepen-
dent and P(B) > 0, then P(A|B) = P(A). Vice versa, if P(B) > 0 and P(A|B) = P(A), then
A and B are independent. For more propositions on independence of events see Box 1.2,
which has been adapted from SN-Box 4.2. (For proofs see SN-Exercise 4-9.) <

Remark 1.42 [Independence of Two Events With Respect to PB] Let (Q, <« P)bea proba-
bility space, A, B, C € &/, and P(B) > 0. Then the events A and C are called independent with
respect to the probability measure P2, denoted AJ_IEC or AllsC, if

P

PE(ANC) = PBA)- PE(O). (1.31)

Hence all properties of independence with respect to the measure P also apply to inde-
pendence with respect to the measure PZ. We simply have to replace P by PZ. <

1.4 Independence of Set Systems

Building on the concept of independence of a family of events [see Def. 1.39 (ii)], now we
extend the concept of independence to set systems, that is, to sets of events.

Definition 1.43 [Family of Independent Set Systems]

Let (Q, <, P) be a probability space and assume &; c o, foralli € I #@. Then (&;,i €I)
is called a family of independent set systems, denoted \L (&;,i € 1), if 1L (A;,i € I) holds
for all families (A;,i €I) with A; € &, foralliel. IfI ={1,...,n}, then we also use the
notation &, 1L... 1L &, instead of 1L (&;,i € I).

Remark 1.44 [Independence of an Event and a Set System] Let (Q, <, P) be a probability
space. An event A € o/ and a set system & c of are called independent, denoted A1l &, if
{A} 1L &. <

Remark 1.45 [Independence of o-Algebras] Note that g-algebras are special set systems
referred to in Definition 1.43. Hence, a family (<, i € I) of sub-o-algebras of o/ can be
independent as well. This fact will be used introducing the concept of independence of
random variables (see sect. 2.4). <
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Example 1.46 [Joe and Ann With Randomized Assignment] Consider again Table 1.2, de-
fine

A = {Joe} x Qx x Qy = {(Joe, no,—), (Joe,no,+), (Joe, yes,-), (Joe, yes, +) },
the event that the Joe is sampled, and
B = Qu x {yes} x Qy = {(Joe, yes,-), (Joe, yes, +), (Ann, yes, ), (Ann, yes, +) |,

the event that the sampled person (whoever it is) is treated. Then A and B are independent.
This is easily seen, because P(A) = .5 and P(B) = .4 (see Exercise 1-6). The product of these
two probabilities is P(A) - P(B) =.5-.4 = .2, and this is equal to
P(ANB) =P ({(]oe,yes, -), (Joe, yes, +) })
= P ({(Joe, yes,—-)}) + P ({(Joe, yes, +)})
=.04+.16 = .2.

Hence, in this example, the events A and B are independent [see Def. 1.39 (i)]. This implies
that the two o-algebras a({A}) = {4, A5, Q, @} and 6 ({B}) = {B, B¢, Q, @} are independent
as well [see Box 1.2 (iii)]. In contrast, in the random experiment displayed in Table 1.4 (Joe

and Ann with self-selection), the corresponding events and sets of events are not indepen-
dent (see Exercise 1-7). <

1.5 Conditional Independence of Events Given an Event

Now we extend the concept of independence of events and of sets of events introducing
conditional independence of events and of sets of events given an event, using the probabi-
lity measure P2 [see Eq. (1.21)].

Definition 1.47 [Conditional Independence of Two Events Given an Event]
Let (Q, <7, P) be a probability space, A, B, C € </, and P(B) > 0. Then the events A and C
are called B-conditionally independent, denoted A1LC|B, if

P(AnC|B) = P(A|B)-P(C|B). (1.32)

Remark 1.48 [Independence of Two Events With Respect to P?] The definitions of A 1IE C
P
and A1LC|B [see Egs. (1.21) and (1.32)] immediately yield

ALC|B < AiLBC. (1.33)
P

<

Remark 1.49 [A Condition Equivalent to Conditional Independence] If we assume that
P(BnC) >0, then Equation (1.32) is equivalent to
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P(A|BNnC) = P(A|B) (1.34)

[see Box 1.3 (v)]. Exchanging A and C immediately yields: If P(AnB) > 0, then Equation
(1.32) is equivalent to
P(C|AnB) = P(C|B). (1.35)

<

Remark 1.50 [Independence and Conditional Independence] Assume that Be«/ and
P(B) > 0. Then independence of A and C neither implies nor is implied by B-conditional
independence of A and C (see SN-Exercise 4-8). However, independence of A, B, and C
does imply B-conditional independence of A and C [see Box 1.3 (iii)]. For more proposi-
tions on conditional independence of events see Box 1.3 (p. 24). (For proofs see SN-Exer-
cise 4-9). <

Example 1.51 [Nonorthogonal Factors] In the example presented in Table 1.3, consider
the events

A = Qu x{treatment1}x Qy
that the sampled person receives treatment 1,
B = {Joe, Jim, Ann, Eva} x Qx x Qy
that Joe, Jim, Ann, or Eva is sampled, and
C = {Ann, Eva,Sue,Mia} x Qx x Qy

that the sampled person is female. For these events, Equation (1.32) holds, because

_ P(AnBnC) _ P(AIBNnC)-P(BNC)

PB(ANC) = P(ANCI|B) = =
P(B) P(B)
_ 26/60-2/8 13
1/2 60
and
PBA)-PHC) = P(AIB)-P(CIB) = 2.1 . B
60 2 60
(see Table 1.3). <

If we consider B-conditional independence of more than two events, then this leads us
to the concept of a family of B-conditionally independent events.

Definition 1.52 [Family of B-Conditionally Independent Events]

Let (Q, 4, P) be a probability space, B € o/, P(B) > 0, and let P® be defined by Equation
(1.21). Furthermore, let I # @, and A; € «, forall i € I. Then we call (A;,i € I) a family
of B-conditionally independent events, denoted }}%(Ai, iel), if

PP( A:) = []PP(A), VY finite nonemptyJc I. (1.36)
ie] ie]
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Box 1.3 Conditional Independence of Events

Let (QQ, «#, P) be a probability space and A, B, C € «.

If P(B) > 0, then

AlLC|B :o PEAnC) =P34 -PEC) < AlcC @)
P

AlLC|B < AlCCB (i)

AILBIC = AlC|B. (iii)

If P(B), P(B€) >0, then
AL B & P(A|B)=P(A|B°). (iv)

If P(BNnC) >0, then
Al C|B ¢ P(A|BNnC)=P(A|B). W)

IfP(BNC° >0, then
Al C|B & P(A|BNnC® =P(A|B). (vi)

IfP(BNC), P(BNC®) >0, then

Al C|B < P(A|BNnC)=P(A|BNnC® (vii)
ALC|B = P(A|B)=P(A|BNC)-P(C)+P(A|BNC®)-P(C). (viii)

1.6 Conditional Independence of Set Systems Given an Event

Now we extend the concept of conditional independence given an event to set systems. In
Remark 1.48 we already noted that B-conditional independence of two events A and C is
equivalent to independence of A and C with respect to the measure PZ. Correspondingly,
B-conditional independence of a family (&;,i € I) of events is defined as independence of
(&;,i € I) with respect to PE.

Definition 1.53 [Family of B-Conditionally Independent Set Systems]

Let (Q, o, P) be a probability space, B € <, P(B) > 0, and let P5 be defined by Equation
(1.21). Furthermore, let I be a nonempty set, and &; c &, for all i €I. Then we call
(&i,i €1) a family of B-conditionally independent set systems, denoted l p5(&;,i €1),
if W ps(A;, i €1) holds for all families (A;,i €I) with A; € &;, foralliel. IfI=1{1,...,m},
then we also use the notation &, 1L ps... L 5 &y, instead of L ps(E;,i € 1).

Remark 1.54 [Conditional Independence of o-Algebras] Again, o-algebras can be such
set systems referred to in Definition 1.53. Hence, a family («#;,i € I) of sub-o-algebras of
&/ can be B-conditionally independent as well. <
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Box 1.4 Glossary of new concepts

Q Set of possible outcomes, also called sample space.

o Set of possible events. A set of subsets of Q satisfying the requirements of a
o-algebra on Q.

p Probability measure on /. A function on ¢ with values in the closed inter-
val [0, 1] satisfying the Kolmogorov axioms of probability.

(Q, 4 P) Probability space. It consists of the three components listed above. In em-
pirical applications it contains all information about the random exper-
iment considered. All concepts listed below refer to such a probability
space.

P(A|B) Conditional probability of the event A given the event B. If A,B € &/ and
P(B) >0, then P(A|B) := P(AnB)/P(B).

pB B-conditional-probability measure on «/. If Be «/ and P(B) > 0, then
PB(A):=P(A|B), forall Ac <.

PB(A) The probability of the event A with respect to the measure P5.

ALB Independence of the events A, B € of with respect to the measure P. It is
defined by P(An B) = P(A) - P(B).

AL (A;,iel) Family of independent events (A;,i € I). Assuming A; € o forall i € I, where
I #Q, itis defined by

P(() Ai) = [] P(A), V finite nonempty J< I.
i€] ie]

All... L A,, Independence of the events Ay, ..., An. It is defined by UL (A;,i €I) for I =
{1,...,m}.

1L(&;,i€l) Family of independent set systems (&;,i € I). Assuming &; € «f for all i €I,
I#0, it is defined by independence of all families (A;,i € I) with A; € &},
i € I, where I # Q.

S ... L&y Independence of the set systems &},...,6y,. It is defined by 1L (&;,i € I) for
I1={1,...,m}.

AlC|B B-conditional independence of the events A, B € &/ . Presuming P(B) > 0, it
is defined by P(ANnC|B) = P(A|B) - P(C|B).

A p5(A;,i €I)  B-conditional independence of the family (A;,i € I) of events. Assuming
A; e o for all i €1, it is defined by independence of the family (A;,i € I)
with respect to the measure PB,

U ps(&s,i€1) B-conditional independence of the set system (&;,i € I). It is defined by in-

dependence of the set system (&;, i € I) with respect to the measure P,

1.7 Summary and Conclusions

In this chapter we reviewed some basic concepts of probability theory. Box 1.4 provides
a glossary. The emphasis has been on the structure or architecture of these concepts. We
started with the three components of a probability space (Q, o/, P), the set Q of possible
outcomes, the o-algebra </ of possible events, which is a set of subsets of Q with certain
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properties, and the probability measure P, a function on &« with values in the closed in-
terval [0, 1], satisfying Kolmogorovs axioms of probability. All other concepts listed in Box
1.4 refer to such a probability space. In an empirical application, such a probability space
represents a random experiment, that is, the empirical phenomenon considered. (Note,
however, that in the framework of Bayesian statistics, a part of the probability measure
also represents subjective probabilities.) Example 1.31 on diagnosing an infection via a
virus test illustrates that the empirical phenomenon can change within a short period of
time. In the example, the crucial change is in the incidence, that is, the probability of be-
ing infected, which has dramatic implications for the probability of being infected given a
positive test.

In this example, we already used the concept of a conditional probability P(A|B) of an
event A given an event B, which is the most simple conceptual tool for describing depen-
dencies among events. This notion is also used to define the B-conditional-probability
measure on the set o of events.

Another important concept is independence of two events A and B, denoted AL B,
which is closely related to conditional probability, because A 1L B implies P(A|B) = P(A).
We also defined independence of more than two events introducing the concept of a fam-
ily (A;,i €1) of independent events. For I = {1,2} this is equivalent to independence of A,
and A. For I ={1,2,3}, however, 1L (A;,i € I) is equivalent to pairwise and tripelwise inde-
pendence of the events A;, Ay, and Aj; [see Egs. (1.29) and (1.30)]. Finally, the concept of
independence of events and families of events has then been extended to independence
of set systems, independence of families of set systems, and conditional independence of set
systems and conditional independence of families of set systems (see Box 1.4 for details).

1.8 Exercises

> Exercise 1-1 Let Q be nonempty. Show that {Q, @} is a o-algebra on Q.
> Exercise 1-2 Let A be nonempty and A < Q. Show that {A, A%, Q,@} is a g-algebra on Q.

> Exercise 1-3 List at least two more set systems on () that generate the o-algebra o) = {4, AS,Q, 0}
and that are not already mentioned in Example 1.8.

> Exercise 1-4 Assume that (Q, <) is a measurable space. Prove
Ecod = oE)cA.
> Exercise 1-5 Let ({2, /) be a measurable space. Prove

€, Dcod © CuDcod
= 0(6uD)cd.

> Exercise 1-6 Consider the random experiment displayed in Table 1.2 and compute the probability
of the event A thatJo is sampled and the probability of the event B that the sampled person (whoever
it is) is treated.

> Exercise 1-7 Consider Table 1.4 and show that the events A that Joe is sampled and B that the
sampled person is treated are not independent.
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Solutions

> Solution 1-1 Obviously, conditions (a) and (b) of Definition 1.4 are satisfied, because Q¢ = @ and
P°=Q, and Q,0 € {Q,B}. Condition (c) is satisfied as well. If Q is at least one of the sets A;, Ay, ... €
{Q, 0}, then U;?gl A; =Q, which is an element of {Q2, @}. If Q is not one of the sets Ay, Ay, ... € {Q, 0},
thatis, if Ay, Ay,...=0,0,..., then U;?gl A; = @, which is an element of {Q, @}, too.

> Solution 1-2 Obviously, condition (a) of Definition 1.4 is satisfied, because Q € {A, A%,Q,@}.
Condition (b) of Definition 1.4 is satisfied as well, because the complement of each element of
{A, A%, Q, D} is also an element of this set. Finally, condition (c) is satisfied as well. If Q is at least one of
the sets Ay, Az, ... € {A, A%, Q, @} orif Aand A° are among the sets A;, Ay, ..., then U2, Ai = Q,which
is an element of {A, A%, Q,@}. If neither Q nor A or A° are one of the sets Ay, A, ... € {A, A%,Q, 0},
that is, if Aj, As,... = 0,0,..., then U;?gl A; = @, which is an element of {4, A%, Q, @}, too. If A is
among the sets Ay, Ay, ... € {4, A%, Q, @} but neither A® nor Q, then U}f A; = A, whichis an element
of {A, A°,Q,@}. Finally, if A® is among the sets Aj, Ay,... € {4, A%, Q,@} but neither A nor Q, then
U;?jl A; = A®, which is an element of {4, A, Q,@}.

> Solution 1-3 The set systems {4, @}, {A,Q} {A€, @}, and {A°,Q} also generate <f) = {A, A%, Q,D}.

> Solution 1-4 Let (Q2,«/) be a measurable space and («;,i € I) the family of all o-algebras on Q
that contain & as a subset. Then

(Viel: 8ca) A (Jiel: of =) [def. of («f;,i € 1), of is a o-algebral]

= (ﬂ dl-)cd [Th. 1.6]
iel

= o) cd. [(1.3)]

> Solution 1-5 If (Q, «/) is a measurable space, then

CUD c oA

(VAedd: Ac€UD = Aed)
(VAed:(Ac€ Vv AeD) > Aecdd)
(VAed:(Ae€ = Ace ) N(AED = Aed))
CcANDcdA.

¢ ¢ 090

The proposition ¥ U2 c of = ¢(€ UD) c o« immediately follows from Proposition (1.4).

> Solution 1-6 According to Box 1.1 (ii), in the random experiment presented in Table 1.2, the prob-
ability of the event

A = {(Joe, no,—), (Joe,no,+), (Joe,yes,—), (Joe,yes,+)}
that Joe is sampled is

P(A) = P({(Joe,no,-)}) + P ({(Joe, no, +)}) + P ({(Joe, yes, —)}) + P ({(Joe, yes, +)})
=.09+.21+.04+.16 = .5.

Correspondingly, the probability of the event
B = {(Joe,yes,—), (Joe,yes,+), (Ann,yes,—), (Ann, yes, +)}
that the sampled person (whoever it is) is treated is

P(B) = P ({(Joe yes,—)}) + P ({(Joe, yes, +)}) P ({( Ann, yes,-)}) + P ({( Ann, yes, +)})
=.04+.16+.12+.08 = .4.
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> Solution 1-7 Computing the probabilities of A and B from Table 1.4 in the same way as in Exer-
cise 1-6 yield again P(A) = .5 and P(B) = .4. However, now P(ANB) = .02, which is not equal to the
product P(A)- P(B) =.5-.4 = .2. Hence, in this example, the events A and B are not independent [see
Def. 1.39 (i)].



Chapter 2
Random Variable

Although a probability space contains the complete information about the random ex-
periment considered, this information is not easily grasped. A first concept that helps in
processing this information are conditional probabilities. Random variables, their distri-
butions, expectations, variances, and covariances, for example, are other important con-
cepts for processing the information contained in a probability space and, in particular, in
a probability measure.

In this chapter, we turn to the concept of a random variable, which is a special measur-
able mapping. Important properties of measurable mappings are treated that also apply
to random variables. One of these properties is that a measurable mapping generates a
o-algebra. We introduce special mappings such as an indicator of an event, a projection, a
multivariate mapping, and a composition. The most important properties of these special
mappings are dealt with, which are related to measurability. Then we define the distri-
bution of a random variable and turn to P-equivalence of two random variables. Among
other things, this concept plays a crucial role in understanding the notion of a conditional
expectation (see ch.4). Another section is devoted to independence of random variables
building on the concepts of independence of sets systems introduced in section 1.4. Fi-
nally, we introduce the probability function of a disrete random variable, the distribution
function, and a density of a real-valued random variable.

2.1 Measurable Mapping and Random Variable

2.1.1 Definition

In this section, a random variable on a probability space (Q, </, P) is defined as a measur-
able mapping on the measurable space (Q, «/). Hence, the fundamental concept is a mea-
surable mapping, which cannot be understood without the concept of an inverse image.

Remark 2.1 [Inverse Image] The inverse image of a set A’ under a mapping Y: Q — Qy
(with domain Q and co-domain Q) is the set

Y IA) = {weQ:Y(weA}, AcQy. 2.1)

According to this equation, the inverse image Y ~1(A’) is the subset of Q for whose ele-
ments Y takes on a value in the set A’. Therefore, we also use the notation

{YeAt := Y 1(A). 2.2)

In a similar vein we introduce the symbols
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Y=y} := Y '(ly) and {(Y#y}:=Y LQ)\(y). 2.3)

Hence, {Y #y} is the set of all elements w of Q for which Y takes on a value in the set
Qy\{y}, the co-domain of Y without the element y. <

Definition 2.2 [Measurable Mapping and Random Variable]
Let (Q,s7) and (Qy, <fy) be measurable spaces. Then the mapping Y : Q — Qy is called
an (A, Ay)-measurable mapping on (Q, <f ) and (Qy, &fy) its value space, if

VA'eoy: (YeA} € oA. (2.4

Furthermore, if P is a probability measure on <, then a measurable mapping on (Q, <f)
is also called a random variable on (Q, <7, P) .

Remark 2.3 [A Caveat] If we formulate a proposition about a measurable mapping Y that
holds irrespective of its value space (Qf, «/), then, for simplicity, we may omit mentioning
the value space. For example, we can say that a random variable on a probability space
(Q, o, P) is a measurable mapping on the measurable space (2, </). This proposition holds
irrespective of the value space involved. <

Remark 2.4 [Notation] We also say that
Y:(Q,) — (Qy, oY)

is a measurable mapping meaning that Y: Q — Qf is an (¢, «/y)-measurable mapping on
(Q, /) and (Qf, «fy) is its value space. If there is no ambiguity about <7y, then we omit the
reference to this o-algebra and just say that Y is o/ -measurable or measurable with respect
to of . If there is no ambiguity about < and <y, then we also omit the reference to both
o-algebras and say that Y is a measurable mapping. In all these cases we mean that
Y:Q — Qf is an («f, o/)-measurable mapping on (Q, /) and (Qf, «fy) is its value space.
<

Remark 2.5 [Real-Valued and Numerical Measurable Mappings] If the value space of Y
is (Qy, <fy) = (R, %), then Yis called real-valued, referring to the set R of real numbers and
the Borel 0-algebra 28 on this set. Remember, the set 98 contains as elements all singletons
{a}, a € R, and all (open, half-open, and closed) intervals such as (a, b), (a, b, [a, b), [a, D],
a,beR, a< b, as well as their finite or countable unions and intersections. . Similarly, if
(Qf, ofy) = (R, %), then Y'is called numerical, where (R, ) refers to the measurable space
consisting of the set R := R U {—oo, +0o} and the Borel o-algebra 28 on this set. (For more
details see SN-section 1.2.2.) Real-valued and numerical measurable mappings are also
called measurable functions, and in the context of a probability space (Q, «, P) they are
also called real-valued and numerical random variables, respectively. <

2.1.2 First Examples

Example 2.6 [Indicator of a Measurable Set] Let (2, «/) and (R, 28) be measurable spaces,
where 28 denotes the Borel o-algebra on the set R of real numbers (see Rem. 1.14). Further-
more, let A €&/, that is, let A be a measurable set. Then 1,: Q — R defined by
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l,ifwe A
Li(w) = . (2.5)
0, otherwise

is a measurable mapping on (Q, «/) and (R, 28) is its value space. The mapping 1, is called
the indicator of A.
There are four different inverse images 1, Y(B) = {14 € B} of sets B € 8 under 14:

A={1,=1}, if0¢Band1€B
A®={1,=0}, ifoeBand1¢B
Q={1,€{0,1}}, if0oeBandleB
0={1,¢1{0,1}}, if0¢Bandl¢B.

VBe®: 1,'(B) =

If A€/, then all four inverse images are elements of </, which follows from the definition
of a o-algebra (see Def. 1.4). Note that the set of these four inverse images is a g-algebra on
Q) (see again Exercise 1-2). <

Remark 2.7 [An Alternative Value Space of an Indicator] Also note that, instead of (R, %),
we may also choose ({0, 1}, 22({0, 1})) as the value space of 1,. The four possible inverse
images are still A, A% Q, and Q. <

Remark 2.8 [Another Notation of an Indicator] If X is a measurable mapping on (Q, <)
and we consider the set {X=x} = {w € Q: X(w) = x}, then, instead of 1{x-,;, we also use the
notation 1y, for its indicator, that is,

1X=x = 1{X=x}- (2.6)

In this definition, Remark 2.3 applies to X because the value space (Qk, /%) is irrelevant
for introducing this notation. <

Example 2.9 [Joe and Ann With Randomized Assignment] In Equation (1.2) we specified
the set Q = Qy x Qx x Qy of possible outcomes of the random experiment considered. The
third column of Table 1.2 displays the person variable U assigning an element of the set
Qu = {Joe, Ann} to each possible outcome w; € Q. Hence, U is a mapping with domain
Q and co-domain Qy, that is, U: Q — Qp. If we choose of = 22(Q)) to be the power set of
Q and the measurable space (Qy, o) with &y = P (Qy) = {{joe}, {Ann},Qy,0 }, then the
mapping U: Q — Qy is a measurable mapping on (Q, &) with value space (Qy, «/y). The
four inverse images of elements A’ € oy are

U~'({Joe}) = {U=Joe} = {Joe} x Qx x Qy = {01,..., 04}
U~ '({Ann}) = {U=Ann} = {U# Joe} = {Ann} x Qx xQy = {ws,..., ws}
U Q) = UeQy} = Q = {w,..., 08}
U@ = {Uen} = 0.

Because we choose &/ to be the power set of Q, all four inverse images U~YAN, A esty,
are necessarily elements of «/ [see Eq. (2.4)]. Note again that the set of these four inverse
images is a o-algebra on Q, because {U= Ann} = {U=Joe}® (see again Exercise 1-2).

The fourth column of Table 1.2 displays the treatment variable X assigning an element
of the set R, namely the numbers 0 and 1, to each possible outcome w; € Q. If we choose
o = 2P(Q) to be the power set of Q and the measurable space (R, %), then the mapping
X: Q — R is ameasurable mapping on (Q,«/) and (R, £8) its value space. <
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Example 2.10 [Nonorthogonal Factors] In Example 1.3 the set
Q = QU X QX X Qy

of possible outcomes of this random experiment has been specified. The person variable
U: Q — Qy appearing in Table 1.3 is defined by

Tom, if w € {Tom} x Qx x Qy

Tim,ifwe {Tim} x Qx xQy
VoeQ: Uw) = . 2.7

Mia, if w € {Mia} x Qx x Qy.

Because we chose «f to be the product of the o-algebras oy = 22(Qy), «x = 2 (Qyx), and
the Borel o-algebra 9 (see Example 1.13), the definition of a product of o-algebras (see
SN-Def. 1.31) implies that all inverse images {U € A’} = U~(A"), A’ € oy, are elements of
& [see again Eq. (2.4)]. Hence, U is a measurable mapping on (Q, <) and (Qy, /) is its
value space.

The treatment variable X: QO — R appearing in Table 1.3 is defined by

0, ifweQyx{control} x Qy
VoeQ: Xw) =11, ifweQyx{treatmentl}x Qy (2.8)
, ifweQy x {treatment2} x Qy.

\S)

Again, because we chose & to be the product of the o-algebras ofy = 22(Qy), x = P (Qx),
and the Borel g-algebra 23, the definition of a product of o-algebras implies that all inverse
images {XeB} = X~Y(B), Be, are elements of «f [see again Eq. (2.4)]. Hence, X is a mea-
surable mapping on (Q, &) and (R, 98) is its value space (see also Exercise 2-1). The inverse
images X ~!(B), B€ %, are

Qu x{control} x Qy = {X=0}, if0eB,1,2¢B
Qu x {treatment1} x Qy = {X=1}, if0,2¢B,1€B
Qu x {treatment2} x Qy = {X=2}, if0,1¢B,2€B
X8 = Qu x {control, treatment 1} x Qy = {X €{0,1}}, if0,1€B,2¢B 29)

Qu x {control, treatment2} x Qy = {X €{0,2}}, if0,2€B,1¢B
Qu x {treatment 1, treatment2} x Qy = {X €{1,2}}, if0¢B,1,2€B
Q = {Xe{0,1,2}}, if0,1,2€B

0 = {XeR\{0,1,2}}, if0,1,2¢B.

Note that the set of these eight inverse images is a o-algebra on Q.
The (qualitative) covariate Z: Q — Qf, with codomain Q := {low, med, hi}, which ap-
pears in Table 1.3, is defined by

low, ifwe{Tim,Tom}xQxxQy
VweQ: Zw) =< med, ifwe{oe,..., Eva}xQxxQy (2.10)
hi, if w € {Sue, Mia} x Qx x Qy.
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For this mapping we choose the value space ( Q%, 2(Q%)). Again, because we chose </ to be
the product of the o-algebras oy = 2(Qy), ox = P (Qx), and the Borel o-algebra 28, the
definition of a product of o-algebras implies that all inverse images Z ~1(A), A’ € 2(QY),
are elements of </ [see again Eq. (2.4)].

The inverse images Z 1 (A"), A’ e 2(Q}), are

Z Ylow}) = {Z=low} = {Tim, Tom} x Qx x Qy
Z Y{med}) = {Z=med} = {oe, Jim, Ann, Eva} x Qx x Qy
Z7Y({hi}) = {Z=hi} = {Sue,Mia} x Qx x Qy
Z ' ({low, med}) = {Z € {low, med}} = {Tim, Tom,Joe, Jim, Ann, Eva} x Qx x Qy
Z '({low, hi}) = {Z € {low, hi}} = {Tim, Tom, Sue, Mia} x Qx x Qy
Z " '({med, hi}) = {Z € {med, hi}} = {Joe, Jim, Ann, Eva, Sue, Mia} x Qx x Qy
Z7HQ) = (ZeQy = Q
Z7'Q) = {Ze0} = 0.

Note again that the set of these eight inverse images is a o-algebra on Q. As shown in
Theorem 2.11 this is not a coincidence. <

2.1.3 o-Algebra Generated by a Measurable Mapping

In Examples 2.6, 2.9, and 2.10 we already noted that the set of all inverse images under a
measurable mapping is a o-algebra on Q. In a sense, such a o-algebra carries the informa-
tion of the measurable mapping Y; it contains all measurable sets that can be represented
by Y. Hence, in the context of a probability space (Q, </ P), it contains all events repre-
sented by Y. In the following theorem we formulate the general proposition.

Theorem 2.11 [0-Algebra Generated by a Measurable Mapping]
Let Y be a measurable mapping on (Q, <f) and (Qy, «#y) its value space. Then

Y ' (oty) = {Y'A): Aleoty} (2.11)

is a o-algebra on Q.

For a proof see Klenke (2020, Th. 1.78, p. 36).

The set Y ~!(«#y) contains all sets in «f that can be represented by Y and the elements of
ofy. Because the set system Y ~!(«#y) is important, it has an own name and an alternative
notation, which is often more convenient.

Definition 2.12 [0-Algebra Generated by a Measurable Mapping]
The set Y ~'(sfy) defined by Equation (2.11) is called the o -algebra generated by Y and
oy . If there is no ambiguity about <y, then we also say that Y ~' (sfy) is generated by Y
and use the notation

o(Y) = Y '(aofy). (2.12)
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Remark 2.13 [Measurability With Respect to a Measurable Mapping] Let Z be a measur-
able mapping on (Q, &), let (Q, 2Z7) denote its value space, and assume

oY) co(Z). (2.13)
Then we say that Y is Z-measurable or measurable with respect to Z. <

Example 2.14 [Measurability of an Indicator] Let X: (Q, /) — (Q) «/') be a measurable
mapping, x € Q' be a value of X, let {x} € o/, and let 1y, denote the indicator of {X=x}.
Then {X=x} € of and

0(1x-y) € 0(X) (2.14)

(see Exercise 2-2). <

2.1.4 Projection

In Examples 2.9 and 2.10, we used the mapping U: Q — Qy, where Qy is one of the factor
sets of QO =Qy x Qx x Qy. According to the following definition, U is a projection (or coor-
dinate mapping). For our purposes it suffices to consider only a finite Cartesian product
set.

Definition 2.15 [Projection or Coordinate Mapping]
m

Let Q= X Q;. Thenn;: Q — Q; defined by
i=1

VoeQ: m(w) = mi(w1,...,Wi,...,0,) = 0; (2.15)

is called the ith projection or coordinate mapping.

Hence, in Examples 2.9 and 2.10, the mapping U is the first projection. In contrast,
in Example 2.9, the treatment variable X is not a projection because the co-domain is
Qx = {0,1} and not Qx = {no, yes}.

Remark 2.16 [The Projection is a Measurable Mapping] If (2, «/) is the product of the
measurable spaces (Q;,/;),1 =1,...,m (see Def. 1.15), then each projectionn;,i = 1,...,m,
is an (&, of;)-measurable mapping. Its value space is (Q;, <;). <

2.1.5 Multivariate Mapping

Now consider the product of the measurable spaces (Q;, ), i =1,...,m, and note that
the definitions of a measurable mapping and of a o-algebra generated by a mapping also
apply to m-variate mappings Y: Q — Q' x...xQ/ , and in particular to functions for which
Q) x...x Q! =R"™ Such an m-variate mapping is an m-tuple of mappings ¥;: — Q}, that
is, Y=(%,..., V).

Reading the following lemma, remember that ®'", «/ denotes product of the o-alge-
bras di’ (see Def. 1.15) and Yi‘1 (di’) the o-algebra generated by Y; (see Def. 2.12).
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Lemma 2.17 [0-Algebra Generated by a Multivariate Mapping]

Let Q) be a nonempty set, let (Qlf, .sz{i’), i=1,...,m, meN, be measurable spaces, and
Y:Q— Q) x...xQ! an m-variate mapping, thatis, Y = (Y1,...,Y,,) with Y;: Q — Q,
i=1,....,m. Then

m m
o,...,Y,) == oY) = V! (@d/) = o(U Y, (o)) . (216
i=1 i=1

= G(U a(Yy)
i=1

Hence, the o-algebra generated by an m-variate measurable mapping is the o-algebra
generated by the union of the o-algebras o(Y;) = Y,™'(<#/) generated by the mappings Y;.
(For a proof of this lemma see SN-Lemma 2.37).

According to the following theorem, a multivariate mapping Y = (¥3,...,Y},,) is mea-
surable if and only if all its components Y; are measurable. Reading this theorem, re-
member that (X, Q/, ®7", <) denotes the product of the measurable spaces (Q;, <7,),
i=1,...,m (see Def. 1.15.) (For a proof see SN-Th. 2.38).

Theorem 2.18 [Measurability of a Multivariate Mapping]
Under the assumptions of Lemma 2.17, the following two propositions are equivalent
to each other:

@ Y=Y,...,Ym): Q) — (X, Q, s o) is a measurable mapping.

(b) EachY;: (Q, &) — (Q, #/),i=1,...,m, is a measurable mapping.

Remark 2.19 [0-Algebra Generated by a Family of Mappings] Let I be a (finite, count-
able, or uncountable) index set and let (Y;,i € I) be a family of measurable mappings
Vi (Q,of) — (Q), o). The o-algebra generated by this family is defined as

o(Viel) = o o). 2.17)

iel
<

Example 2.20 [Joe and Ann With Randomized Assignment] In Table 1.2 we specified the
function X: Q — R indicating with its values 1 and 0 whether or not the drawn person is
treated and the function Y: Q — R indicating with its values 1 and 0 whether or not the
drawn person is successful. If we specify the o-algebra o/ on Q such that X and Y are both
(of, B)-measurable, then the bivariate function (X,Y): Q — R? is («/, %,)-measurable,
where %, denotes the Borel -algebra on R?, which is the o-algebra generated by the set
system .%, of all half-open rectangles in R?, that is, by the set system

jg = {(xl,XQ)€R2:ﬂ1<X1Sb1, a2<x25b2}, al,bl,ag,bZE[R. (2.18)

And vice versa, if we specify the o-algebra «f on Q such that the bivariate function
(X,Y): Q — R? is («f,%B,)-measurable then X and Y are both (<7, )-measurable. In this
example X, Y, and (X,Y) are measurable with respect to «/ whenever the two inverse im-
ages X ~1({1}) and Y ~!({1}) are elements of of (see SN-Exercise 2-10). <
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Remark 2.21 [Lower Dimensional Multivariate Mappings] Lemma2.17 and Remark 1.10
imply

m
YjcI={1,..,m}: o(Y;,i€)) < Y“(@w‘/).
i=1

Furthermore, Theorem 2.18 implies: If
m m
Y=(Y,...,Y): (Q ) — (x Q/, ®g¢/)
i=1 i=1

is a measurable mapping and J = {iy,...,ix} € I, k < m, then
k k
Y= (Yiyen Yi): (Q ) — (x Q/, ®a¢,-’,.)
j=1 j=1

is measurable as well. <

Remark 2.22 [An Implication of Z-Measurability of Y] Let Y and Z be measurable map-
pings on (Q, ). If Y is Z-measurable, then the bivariate measurable mapping (Y, Z) is
Z-measurable as well, that is,

ocV)co(Z) = oY, Z)=0(2). (2.19)

Furthermore,
oY) ca(Y,2). (2.20)
These propositions immediately follow from Lemma 2.17. <

2.1.6 Composition

The following lemmas will be useful whenever we deal with compositions of measurable
mappings. Let X: Q— Q' and g: Q' — Q" be mappings. Then a mapping Z: Q — Q" is
called the composition of X and g, denoted go X or g(X) if

Z(w) = g(X(w), YweQ. (2.21)

Lemma 2.23 [Measurability of a Composition]
If X: Q) — (Q)ef') and g: (Q), ") — (Q, «4") are measurable mappings and
7 =goX, then Z is «f -measurable, that is, then Z (4 ") c o .

According to this lemma, measurability is preserved by the composition of mappings.
(For a proof see SN-Th. 2.49.) Note that no requirements are necessary for the three mea-
surable spaces involved.

In contrast, in the following lemma, we presume that the mapping g is numerical. In
this case, X-measurability of Z is equivalent to the existence of a function g such that
g_1 (@) cof'and Z = go X. (For a proof see Klenke, 2020, Cor. 1.97, pp. 42.)
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Lemma 2.24 [Factorization Lemma of Measurable Functions]

Let X: Q — Q' be a mapping, let (O, /') be a measurable space, and let Z: Q — R be
a function. Then Z is measurable with respect to X, that is, Z (%) c X (o), if and
only if there is a measurable function g: (Q), /") — (R, 98) such that Z = go X is the
composition of X and g. We call g a factorization of Z with respect to X.

If, instead of (R, ) we consider a measurable space (Q", 2(Q")), where Q" is finite
or countable and Z(Q") denotes the power set of Q”, then the elements w”’€ Q" can be
renamed by real numbers such as 1,2, etc. Renaming is a one-to-one measurable func-
tion, because the o-algebra on Q" is the power set of Q”. Hence, Lemma 2.24 implies the
following corollary:

Corollary 2.25 [Factorization Lemma of a Mapping Into a Finite or Countable Set]
Assume that X: (Q, /) — (Q', /") is a measurable mapping, and let Z: Q — Q" be a
mapping, where Q" is finite or countable. Then

Z (@) ecx(«) o g QL) —(Q",2Q") suchthat Z = goX.

Example 2.26 [Joe and Ann With Randomized Assignment] Consider again the mappings
X,Y:Q — {0,1} displayed in Table 1.2. As a value space of X and Y we can choose
({0,1},22({0,1})). Furthermore, we choose ({0, 1} x {0,1},22({0,1} x {0,1})) as a value space
of the bivariate random variable (X, Y). Finally, define the random variable (X-Y): Q — R
with value space (R, %8) by

{1, if X(0)=Y(w) =1
Voe: X-YV)w) = X(w)-Y(w) = . (2.22)
0, otherwise,

and consider the function g:{0,1} x {0,1} — R defined by

lLifx=y=1

V(x,)€{0,1} x{0,1}: g(x,y) = x-y = { (2.23)

0, otherwise.

According to Lemma 2.24, the mapping X - Y is (X, Y)-measurable (see Exercise 2-3). Fur-
thermore, X - Y and g(X, Y) are identical, because

VoeQ: (X-Y)() = gX, V() = g(X(w),Y(w)). (2.24)
<
Many more useful details related to measurability of mappings are found in SN-chapter

2, for example, on measurability of functions of measurable functions such as their weight-
ed sums or their products.
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2.2 Distribution of a Random Variable

In Definition 2.2 we defined a random variable Y on a probability space (Q, P) as a
measurable mapping Y: (Q,/) — (Qf, «fy). There, we required that the inverse images
Y 1(A) ={Y € A’} of all sets A’€ o/} under Y are elements of the o-algebra </ on Q. Be-
cause the probability measure P: of — [0, 1] assigns a probability P(A) to all elements of
</, this property allows us to define the distribution of a random variable as follows:

Definition 2.27 [Distribution of a Random Variable]
Let Y be a random variable on (Q, <4, P) and let (Qy, 7y) be its value space. Then the
function Py: ofy — [0,1] defined by

Py(A) = P(Y7'(A)), VAest, (2.25)

is called the distribution of Y (with respect to P).

Remark 2.28 [A New Probability Space] Definition 2.27 implies that every random vari-
able Y on a probability space (Q, o, P) has a distribution Py. Furthermore, Py: oy — [0,1]
is also a measure, the image measure of P under Y (see SN-Th. 2.79 and SN-Def. 2.80).
Because Py(Q}) = P(Q) = 1, we can conclude that Py is a probability measure and that
(Qy, oy, Py) is a probability space. <

Example 2.29 [Joe and Ann With Randomized Assignment] In Example 2.9 we showed
that U is a random variable on (Q, o7, P) with value space (Qy, «/yy), where Qy = {Joe, Ann}
and o = {{Joe},{Ann},Qy, @}. The distribution of U is

Py({Joe}) = P(U™'({Joe})) = P({o1,...,ws}) = P{wi}) +...+ P({wa}) = .5,
Py({Ann}) = P(U"'({Ann})) = P({ws,...,ws}) = P(fws}) +...+ P({wg})) = .5,
Py(iQu}) = P(UT'(Qy)) = P(w,...,ws}) = PHo}) +...+ P({fwg)) = 1,
Py({@0h) = P(UT'(@)) = P(@) = 0.

In Example 2.9 we also specified the random variable X on (Q, o P) with value space
(R, 98), where 2 denotes the Borel o-algebra. The distribution of X is as follows:

.6, if0eBand1l¢B
P({ws, wq,w7,wg}) = .4, if0O¢Band1eB
PQ) =1, if0eBand1€B
P©) =0, if0¢Band1¢B.

P({w, w2, w5, we})

VBe%: Px(B) = P(X7'(B) =

Note that in this equation we assign a probability to all elements B € 98, not only to four el-
ements of 28. For example, according to the assignment rule displayed above, Px([0,0.5]) =
Px([-10,0.5]) = Px([0,0.9]) = Px({0}) = .6. <

Example 2.30 [Joe and Ann With Randomized Assignment] Now we consider the distri-
bution of the bivariate random variable (X, Y) in the random experiment displayed in Ta-
ble 1.2. Avalue spaceof (X, Y) is ({0, 11x{0,1},22({0,1}x{0, 1})) . The probabilities Py, y ({x, y})
of the singletons of the power set 22({0, 1} x {0, 1}) can be specified as follows:



2.3 P-Equivalent Random Variables 39

P(iwr, s} = 33, if B={(0,0)}
. P(iwywe}) = 27, ifB={(0,1)}

P B) = PI(X,Y LB) =
xr(B) = P((X.V)7B) Pws, w7} = .16, if B=1{(1,0)}

P({wg, wg}) = .24, ifB={(1,D}.

The probabilities of all other elements of 22({0, 1}x{0, 1}) can be computed from these four
probabilities via Rule (x) of Box 1.1 (see Exercise 2-6). <

Example 2.31 [Nonorthogonal Factors] In Example 2.10 we defined the random variable
U with value space (Qy, «/y), where oy = 22(Qy). The distribution of U can be specified
as follows:

- 1
Viutesly: Py(u}) = P(U™'({uh) = 3 (2.26)
The singletons are disjunct and, except for the empty set, all A’€<f; are unions of the
singletons {u}. Therefore, the probabilities of all elements A’ €<y can be computed as a
sum of the probabilities of these singletons. For example, the probability of sampling a
male person is

Py({Tom, Tim, Joe, Jim})

P(U'({Tom, Tim, Joe, Jim}))

Py({Tom}) + Py({Tim}) + Py ({Joe}) + Py ({Jim})

1 1 1 1 1
= —4-+=-+= ==

[see Box 1.1 (ii)]. Note that the distribution of U, that is, the function Py : &y — [0,1], as-
signs a probability Py (A') to 28 = 256 sets A’ € ;.

In Example 2.10 we also specified the random variable X with value space (R, ). The
distribution of X can be specified as follows:

VBe%: Px(B) =P(X'(B)

P(Qy x {control} x Qy) = 1/3, if0eB,1,2¢B
P(Qy x {treatment1} x Qy) = 1/3, if0,2¢B,1€B
P(Qy x {treatment2} x Qy) = 1/3, if0,1¢B,2€B
_JPQyx {control, treatment 1} x Qy) = 2/3, if0,1€B,2¢B
= P(Qy x {control, treatment 2} x Qy) = 2/3, if0,2€B,1¢B
P(Qy x {treatment 1, treatment 2} x Qy) = 2/3, if0¢B,1,2€B
PQ) =1, if0,1,2€B
P@) =0, if0,1,2 ¢B.

Although there are only eight elements in o(X), this equation assigns a probability to all
elements B € 4, the number of which is uncountable. <
2.3 P-Equivalent Random Variables

Two random variables X and Y on a probability space (Q, o/, P) can be identical or equiv-
alent with respect to a probability measure. If we consider the probability measure P, then
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related terms are X and Y are almost surely identical with respect to P and the values of X
and Y are identical for P-almost all » € Q.

2.3.1 Identical Random Variables

Remark 2.32 [Identical Random Variables] Let X and Y be random variables on a prob-
ability space (Q, o7, P) and let (Qk, «#y) and (Qy, «/¢) denote their value spaces, respectively.
Then X and Y are called identical, denoted X =Y, if

Vwe: X(w =Y w). (2.27)

If X and Y are identical, then the images X(Q) = {X(w): w € Q} and Y (Q) = {Y(0): w € Q}
are identical, whereas the co-domains Q% and Q3 may differ from each other. <

Example 2.33 [Joe and Ann With Randomized Assignment] In Example 2.9 we specified
the treatment variable X as a random variable on the probability space (Q, </, P) and its
values space (R, %). Hence, we specified the treatment variable as a measurable mapping
X: (Q, &) — (R, ). In this example, we may also consider the random variable X* defined

by
07 .f E ) ) )
VoreQ: X'(w) =4 0wy 0z 0500
L, if w € {w3, 04, W7, g},
and, instead of (R, %), we may choose the value space ({0, 1}, 22 ({0, 1})). Then X and X* are
identical although they have different value spaces (R,28) and ({0, 1}, 22 ({0, 1})), respec-
tively. However, X (Q) = X*(Q) = {0, 1}, that is, the images of X and X* are identical.

Note that the distributions Py and Px+ are not identical, because the domain of Py is
A, whereas the domain of Py« is 22({0,1}). In Example 2.29, we specified the distribution
Py: % — [0,1] of X. In contrast, the distribution Px+: 22({0,1}) — [0,1] of X* is specified
by

P({wy, wy,ws5,06}) = .6, if A’={0}
P({ws, w4, w7,0g}) = .4, if A'={1}

Py(A) = P(Xx*7'(4)) =

PQ) =1, if A" =1{0,1}
P@) =0, ifA'=0
for all elements A’ of the power set 22({0, 1}). <

Remark 2.34 [More About Identical Random Variables] Hence, if X and Y are identical
random variables on (Q, <, P) and (QY%, «/x), (Qf, «/y) denote their value spaces, then X and
Y have identical values for all w € Q [see Eq. (2.27)] and their images X(Q) and Y (Q) are
identical. However, their value spaces and their distributions may differ from each other.
Their distributions are identical only if their value spaces are identical. Nevertheless, if
X=Y, then Px(A") = Py(A),if A’ € % and A’ € o). <

2.3.2 P-Equivalent Random Variables

Even if random variables on a probability space (Q,., P) are not identical they still can
have identical distributions. This can be the case, for example, if they are P-equivalent or
identical almost surely with respect to P.
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Definition 2.35 [P-Equivalent Random Variables]

Let X and Y be random variables on a probability space (Q0, <, P) with value spaces
(Q%, ox) and (Qy, ofy), respectively. Then X and Y are called P-equivalent or P-almost
surely identical, denoted X =Y, if

JAedl: (VoeQ\A: X(0) =Y () A P(A)=0). (2.28)

Obviously, if X = Y, then X = Y and the set A occurring in Proposition 2.28 is the empty
set. In contrast, X = Y does notimply X = Y (see Example 2.37).

Remark 2.36 [Propositions Equivalent to P-Equivalence] Under the assumptions of Def-
inition 2.35, the following propositions are equivalent to X = Y

3Beo/: (VweB: X(w)=Y(w) A P(B)=1). (2.29)
~3Cegd: (VweC: X(w)#Y(w) AP(C)>0). (2.30)
<

Example 2.37 [No Treatment for Joe] Table 2.1 displays another random experiment with
Joe and Ann. We consider the columns headed by P(Y=1|X,U) and P(Y=1|X,U)", two
versions of the (X, U)-conditional probability of the event {Y=1}. The term ‘conditional
probability of an event given a random variable’ will only be introduced in Remark 4.10.
In the present context it suffices to know that P(Y=1|X,U) and P(Y=1|X,U)* are two
random variables and that the rows of these two columns in Table 2.1 show their values
for all w € Q. The two random variables P(Y=1|X,U) and P(Y=1|X,U)* are not identical
but they are P-equivalent. Inspection of this table shows that Equation (2.27) does not
hold, because
P(Y=1|X,U)(w3) # P(Y=1|X,U)" (w3),

for instance. In contrast, Proposition (2.28) does hold, because, for A = {w3, w4},
YoeQ\A: P(Y=1X,U)(w)=P(Y=1|X,U)*(w) A P(A) =0.

Hence, the values of P(Y=1|X,U) and P(Y=1|X,U)* are identical for all w € Q\ A. That
is, they are identical for all w except for w € A, which has the probability P(A) = 0. We call
such a set a null set with respect to P. <

Example 2.38 [No Treatment for Joe] In the same random experiment displayed in Table
2.1 we may also consider the functions PX=Y(y=1|U) and P*=}(Y=1|U)" whose values
are specified in the last two columns of the table. These two functions are not only random
variables on the probability space (Q, </ P), but also on the probability space (Q, o/, pX=h,
whose probability measure P*=! has been specified in the column headed P*~!({w;}). The
random variables PX=1(Y=1|U) and P*=Y(Y=1|U)" are not P-equivalent because their
values differ for w; to w, and P({wy,...,w4}) > 0. However, these two random variables are
PX=l.equivalent, because their values only differ for w, to w, and P*='({w,,...,ws}) = 0.
The set {w1,...,w,} is a nullset with respect to PX=1, <
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Table 2.1. No treatment for Joe

Outcomes w; Observables Conditional probabilities
s 3

s 22| I
. - =|% 2 EISS _ _ 2 2 2
§ o, | _ g 3| 5§ 2 XX o< R gy £ 0
se 83 5 5| st i
gEZ|2 L L& &£ 38|l 2 £ = iia
w; = (Joe, no, —) 15 .1875 0 | Joe O 0 | .7 .7 512 0 7 99 8
w2 = (Joe, no, +) 35 4375 0 | Joe 0 1 7 7 512 0 7 99 8
w3 = (Joe, yes, —) 0 0 0 Joe 1 0 99 8 4 0 7 99 8
w4 = (Joe, yes, +) 0 0 0 Joe 1 1 9 8 4 0 a7 9 8
ws = (Ann, no, —) 24 3 0 Ann 0 0 2 2 512 5 2 4 4
wg = (Ann, no, +) .06 .075 0 Ann 0 1 2 2 512 5 2 4 4
w7 = (Ann, yes, —) | .12 0 6 | Ann 1 0 4 4 4 5 2 4 4
wg = (Ann, yes, +) .08 0 4 Ann 1 1 4 4 4 5 2 4 4

Remark 2.39 [An Alternative Term] If the random variables X and Y on the probability
space (Q, <, P) are P-equivalent, then we also say that the values of X and Y are identical
for P-almost all w € Q, abbreviated P-a.a. w € Q. That is,

X=Y & (X(w=Y(), forP-aa weQ). (2.31)
<
Remark 2.40 [Singleton With a Positive Probability] Let X and Y be random variables

on (Q, <, P) with value spaces (Qk, <fy) and (Qy,<fy), respectively. Furthermore, assume
that w € Q, {®} € &/, and P({w}) > 0. Then

X = Y > Xw)=Yw) (2.32)
(see SN-Rem. 2.71). <

SN-Theorem 2.85 on the equivalence of image measures immediately implies the fol-
lowing corollary on the equivalence of the distributions of two P-equivalent random vari-
ables:

Corollary 2.41 [P-Equivalence Implies Equal Distributions]
Let X and Y be random variables on (Q, <4, P) with the same value space (Q', /") and
let Px and Py denote their distributions. Then

X=Y = Px=Py. (2.33)
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In other words, if Xand Y are P-equivalent and they share the same value space, then
their distributions are identical. In chapter 3 we will see that also the expectations, vari-
ances, and covariance of X and Y are identical if X and Y are P-equivalent, provided that
their expectations, variances, and covariance exist [see Box 3.1 (vi), Box 3.3 (v), and Box 3.4
(xi)]. Note that identical distributions of X and Y do not imply that X and Y are P-equiva-
lent.

Example 2.42 [Flipping Two Coins] Consider the random experiment of flipping two fair
coins. The set of possible outcomes is Q = {(h, h), (h, 1), (t, h), (t, 1)}. As the set of possible
events of we can choose the power set 22(Q2) and the probability measure on « is spec-
ified by P({w}) = 1/4 for all w € Q. The probabilities of all other 2% — 4 =12 events can be
computed from these four probabilities.

Now consider the projections 7; and 7, (see Def. 2.15) and the random variables X; and
X, on the probability space (Q, <, P) defined by

1,ifm;(w)="h

0, otherwise,

Xi(w) = {

for i = 1,2. The random variables X; and X, indicate (with 1) whether or not we flip heads
in the first and second flip, respectively.

Now, X; and X, have identical distributions, However, neither X; = X, nor X, = X,. If we
consider ({0, 1}, 22 ({0, 1})) to be the value space of X; and X;, then their distribution is

1/2, if A’ ={0}
1/2, if A'={1}
1, if A’=1{0,1}
0, if A'=0,

Px.(A)) =

for i = 1,2. Similarly, #; and 7, have identical distributions, but neither 7, = 7, nor m; = 15

If we choose ({ h,t},22({h, t})) as the value space of m; and 7, then the distribution of
these two random variables is

1/2, if A'={t}
1/2, if A'={h}
1, ifA'={h1}
0, if A'=0,

Pni (A’) =

fori=1,2. <

The following theorem provides an equivalent condition for P-equivalence of two com-
positions f(X) and g(X). (For a proof see SN-Th. 2.86.) Reading this theorem, note that
the measurable functions f, g : (Qk, <fy) — (R, %) are random variables on the probability
space (QY, x, Px).
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Theorem 2.43 [P-Equivalence of Compositions]
Let X be a random variable on (Q, &, P), let (Q)’(L,szfé’) denote its value space and P its
distribution. Furthermore, let f, g : (Qk, /%) — (R, 9B) be measurable functions. Then:

fX) 8% < fzg (2.34)

Remark 2.44 [Singleton of a Composition With a Positive Probability] Let the assump-
tions of Theorem 2.43 hold. If {X=x} € &/ and P(X=x) > 0, then

fX) 5 8X) = fx) = gk. (2.35)
<4

Remark 2.45 [A Sufficient Condition For P-Equivalence of Two Compositions] Let the
assumptions of Theorem 2.43 hold and let X(Q) = {X(w): w € Q} denote the image of X.
Then:

VxeX(Q): fx)=gx) = fpzxg/\f(X)gg(X). (2.36)
(see Exercise 2-4). <

Remark 2.46 [P-Equivalence and P3-Equivalence] Let X and Y be random variables on
a probability space (Q2, <, P), let B €</, and P(B) > 0. Then

X'lB%Y'].B o X-lB;Y-lB o X;Y (2.37)
(see Exercise 2-5). <

Example 2.47 [Indicator of a Null Set] Let (Q, </ P) be a probability space and Ae /. If
P(A) =0, then

1,50 and 1 =1-14 =1 (2.38)

because Vw € Q\A: 14(w) =0 and P(A) =0 [see Prop. (2.28)]. <

2.4 Independence of Random Variables

Using the concept of a g-algebra generated by a random variable (see Def. 2.12) we define
independence of two random variables as follows:

Definition 2.48 [Independence of Two Random Variables]
Let X and Y be random variables on (Q, <, P). Then independence of X and Y, denoted
X Y, is defined by

P(AnB) = P(A)-P(B), V(A,B)eo(X)xa(Y). (2.39)
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Box 2.1 Independence of Random Variables

Let X, Y, and Z be random variables on a probability space (Q, <, P) and let (Q, «/x),
(Qy, «4y), and (Q%, «/7) denote their value spaces. Furthermore, let X 1L Y be defined
by Equation (2.39) and X 1L Y 1l Z by Equation (2.40). Then:

X1Y o YUX i)
XUYNZ = (XLYAXUZAYIZ) (i)
X=x,xeQy = XY (iii)

(XLY A o(Z)co(Y)) = (XLUZ A X1(Y,2)) (iv)
XU(Y,Z) = (XAZ A X1Y) W)
(XLYAX=zZ) = ZLY. (vi)

Obviously, independence of two random variables is a symmetric concept, that is,
X 1Y is equivalent to Y 1L X. This and other useful properties of independence of ran-
dom variables are gathered in Box 2.1. They are special cases of the properties of condi-
tional independence displayed in Box 6.1. (Proofs are found in the solution to SN-Exercise
16-3.)

Now we turn to independence of severable random variables. Again we use the notation
0 (X;) for a o-algebra generated by a random variable X; (see Def. 2.12).

Definition 2.49 [Independence of Several Random Variables]
Let X,,...,Xm be random variables on (0, </, P). Then independence of X;, ..., X, , de-
noted X, L...\l X,,, is defined by

PAin...nAp) = P(A)-...-P(An), Y(Ai,...,An) €0(X)) x...x0(Xy). (2.40)

Remark 2.50 [An Implication of Independence of X;, ..., X,,] If (m—n) =2, then
XAl X, = Xd.. .U X, (2.41)

For example, tripelwise independence of random variables implies their pairwise indepen-
dence. More precisely,

XA X1UXs = XGAUX A XA X3 A X1l X3 (2.42)

(see Exercise 2-7). Remember, the corresponding property does not hold for independence
of events. That is, if (Q, o/, P) is a probability space and A;, A,, A; € &/, then

ALLA LA A AlLA, AN AjLLA3 AN Ay lL Ag

(see Rem. 1.40). Finally, note that pairwise independence of X, X;, X3 does not imply their
tripelwise independence, that is,

XIALX A X1 X3 A Xl X A X ALX, 1 Xs. (2.43)

<
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2.5 Probability Function, Distribution Function and Density

In this section we introduce three functions each of which determines the distribution of
arandom variable, the probability function, the distribution function, and the density. The
distribution of a random variable is defined for any random variable. The probability func-
tion presumes that the random variable is discrete. In this section, we confine ourselves
to define the distribution function and a density only for a (uni-variate) real-valued ran-
dom variable. (For the multivariate cases see SN-sections 5.7.2 and 5.7.4.) We start with
the concept of the probability function of a discrete random variable, then turn to a real-
valued random variable and its distribution function, and finally we introduce the density
of a continuous real-valued random variable.

2.5.1 Probability Function of a Discrete Random Variable

The most important property of a discrete random variable is that its distribution can be
specified by its probability function. This concept is introduced together with the concept
of a discrete random variable in Definition 2.51. Reading this definition, remember, if Y is
a random variable on (Q, <, P) with value space (QY, «fy), then the distribution Py of Y is
a probability measure on (Qy, <fy).

Definition 2.51 [Discrete Random Variable and its Probability Function]

Let Y be a random variable on (Q, 4, P) with value space (Qf, sfy) and assume that
Qo< Qy is finite or countable with, {y} € <y, for all y € Qg, and Py(Qq) = 1. Then Y and
its distribution Py are called discrete, and the function py : Qy — [0,1] defined by

PY({J’}), lf‘yEQ(I]v
= 2.44
py () {0’ ifyeQi\ay, (2.44)

is called the probability function of Y.

Remark 2.52 [Probability Function vs. Distribution] The distribution Py is defined for
every random variable, whereas the concept of a probability function py only applies to
a discrete random variable. While Py assigns probabilities to subsets of the co-domain Qf
of Y, the probability function py assigns a probability to each element y in Qf. Note that
Py is a discrete real-valued random variable on the probability space (Qy, <y, Py). <

Example 2.53 [Discrete Random Variable and Image of Y] Let Y be a random variable
on (Q, «, P) and assume that the image Y (QQ) of Y is finite or countable. Then, according
to Definition 2.27,

Py(Y(@) = P({Y e Y(Q)}) = P(Y ' (Y(Q)) = P(Q) = L. (2.45)

If {y} € ofy for all y € Y(Q) holds as well, then, according to Definition 2.51, the random
variable Y is discrete and Y (Q) can play the role of Q. Furthermore, if we assume that the
image Y (Q) of Y is finite or countable, then (Y(Q),QZ‘(Y(Q))) can take the role of (Qf, <#y)
in Definition 2.51. <
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Remark 2.54 [The Probability Function Determines the Distribution] Note that o-addi-
tivity of the probability measure Py [see Def. 1.18 (c)] implies that Py is uniquely deter-
mined by the probability function py [see Rule (x) in Box 1.1]. Vice versa, according to Def-
inition 2.51, Py specifies py. Hence, if X and Y are discrete random variables on (Q, 7, P),
both with value space (Q} «/), then

Px = Py <> PXZPY. (246)

<

2.5.2 Distribution Function of a Real-Valued Random Variable

If we consider a univariate real-valued random variable Y, that is, a random variable Y
with value space (R, 98), then the distribution function Fy assigns to each y € R the proba-
bility P(Y < y) of the event

{Y<yl = {weQ: Y () <y} = Y '((~o0,y)), (2.47)

that is, the event that Y takes on a value smaller or equal y. In this equation, (—oo,y]
denotes a half open interval, namely the set of all real numbers that are smaller than or
equal to y. Also note that {Y <y} < Q, whereas (oo, y] € 2.

Definition 2.55 [Distribution Function of a Real-Valued Random Variable]
Let Y denote a real-valued random variable on the probability space (Q0, <4, P). Then the
(cumulative) distribution function Fy:R — [0,1] of Y is defined by:

VyeR: Fy(y) := Py((-o0,y]). (2.48)

According to Definition 2.27 and because of Equation (2.47),
Py((~o0,y]) = P(Y !((~o0,y])) = P(Y < ). (2.49)
Hence, we can also write
VyeR: Fy(y) = Py((-oo,y]) = P(Y =y). (2.50)
Example 2.56 [Distribution Function of an Indicator] Consider the probability space

(Q, o, P),let Ae o/, 1, its indicator, and P(A) =.6. Then P(1,=0)=1-P(14,=1)=1-.6=.4
and

0, ify<o
Fi,(y) =44, ifosy<l (2.51)
1, ify=1

(see Fig. 2.1). Note that the distribution function F;, assigns a value to all real numbers
yeR. <
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Fi, ()

1.0

0.8

0.4

0.2

I T T y
-1 0 1 2

Figure 2.1. Distribution function Fy, of the indicator 14 of an event A with P(A) = .6.

Remark 2.57 [Probabilities of Intervals] Equation (2.50) implies that we can compute
the probability P(a< Y <b) of Y taking a value in the half open interval (a, b] by

P(a<Y<b) = Fy(b)—Fy(a), ifa<b, (2.52)
because
P(a<Y<b) = Py((—oo0,b] \ (—00,al]) = Py((—o0o,b]) — Py((—00,al)
[see Box 1.1 (vi)]. <
Remark 2.58 [The Distribution Function Determines the Distribution] Every random
variable Y has a distribution Py. In contrast, the distribution function Fy is defined only
for uni- and multivariate real-valued random variables (see SN-Def. 5.89). The distribution

function uniquely determines the distribution Py of a real-valued random variable (see
SN-Rem. 5.83). <

2.5.3 Density of a Continuous Real-Valued Random Variable

In this section we introduce the concept of a density fy of a continuous univariate real-
valued random variable. In Definition 2.59 we refer to the Lebesgue measure A on the mea-
surable space (R, 28), which is uniquely defined by

AM(a,b])) = b—a, VYa,beR, witha<b (2.53)

(see SN-sect. 1.4.2). The number A((a, b]) may be called the length of the half open interval
(a,b].
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Definition 2.59 [Continuous Real-Valued Random Variable and Its Density]

Let Y: (Q, o) — (R,9) be a real-valued random variable on the probability space
(Q, o, P) with distribution Py and let A denote the Lebesgue measure on (R,%8). We
call Y continuous, if there is a nonnegative measurable function fy : R — R such that

Py(B) = f frdA, VBe®. (2.54)
B

A function fy satisfying Equation (2.54) is called a (probability) density of Y (with re-
specttoL).

Remark 2.60 [1-Equivalence of Two Densities] A density fy is not uniquely defined. How-
ever, two functions satisfying (2.54) are 1-equivalent. That is, if fy and f; satisfy Equation
(2.54), then there is a B € 98 such that A(B) = 0 and fy(y) = f;‘(y) for all y e R\ B (see
SN-Def. 2.68). <

Remark 2.61 [Distribution Function and Density] Also note that Equation (2.54) is equiv-
alent to

Fy(y) = f frdA, VyeR, (2.55)
(—o0,y1
because (o0, y] € 98 and
Fy(y) = Py((-oo,y1) = fl(_m,y] dPy :f( ]fy dl, VyeR, (2.56)
—o0,y
(see SN-Th. 3.67). <

The following corollary shows the relationship between the distribution function Fy of
Y and a density of Y in terms of the Riemann integral.

Corollary 2.62 [Riemann Integral of the Density]
If fy is a density of a real-valued random variable Y on (Q, </, P) and fy is Riemann
integrable, then

y
Fy (y) =f fr(®)dt, VyeR. (2.57)

Remark 2.63 [Interpretation of Densities] Note that the term fy(#) in Equation (2.57) is
not a probability. Instead it is a value of the density for ¢ € R. Figure 2.2 shows the relation-
ship between the density of a standard normal distribution and its distribution function.
<

Example 2.64 [Density of a Standard Normal Distribution] The function fy: R — R de-
fined by

) = — exp( yz) VyeR (2.58)
Y = I ) ) .
V2n 2

is a density. It is a density of the standard normal distribution. Its graph is depicted in
Figure 2.2, together with its distribution function Fy. <



50 2 Random Variable

fr Fy
1.0

0.75+4_

-4 -3 =2 -1 0 1 2 3 4

Figure 2.2. Density and distribution function of the standard normal distribution

Remark 2.65 [Probability P(a< Y <b)] The probability that Y takes on a value in the in-

terval (a,b] can be computed by

b
P(a<Y<b) = Fy(b)—Fy(a) =f frndy, ifa<b,
a

(2.59)

using the density fy, provided that fy exists and that it is Riemann integrable. This prob-
ability can be represented by the area between the density and the y-axis above the half

open interval (a, b] (see Fig. 2.3).

<

Remark 2.66 [Continuity of Y Implies P(Y=y) = 0] Consider a continuous random vari-

able Y. Because A({y}) = 0 [see Eq. (2.53)], Definition 2.59 implies

P(Y=y) =0, VyeR.

fr(y)

Fy (0) =.500 Fy (1) - Fy (0) = .341

Figure 2.3. Integral of a density for the intervals (—oo0,0] and (0, 1].

(2.60)
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Hence, if Y is continuous, then additivity of P yields, forall a,b e R, a < b,
Pla<Y<b) =Pla<sY<b) =Pla<Y<b) = Pla<Y <Db). (2.61)
<

Some examples of continuous random variables and their densities, such as the den-
sities of normal distributions, central y >distributions, central ¢-distributions, and central
F-distributions are found in SN-section 8.2.

2.6 Summary and Conclusions

In this chapter we introduced the concept of a measurable mapping Y on a measurable
space (Q, «f) with value space (Qy, </y). A random variable on a probability space (Q, 7, P)
is defined as a measurable mapping on (Q, «#). The only distinction between the two con-
cepts is that there is a probability measure P on « if Y is a random variable.

The crucial property of a measurable mapping and a random variable Y is that all in-
verse images Y "!(A'), A'e ofy, are elements of «f. If Y is a random variable, then this
guarantees that all these inverse images have probabilities assigned by P, which is used
to define the distribution Py of the random variable Y. Note that random variables do not
have to be numerical, that is, their values do not have to be real numbers or one of the
values oo or —oco . Instead, they can take on values in any set Qf, provided that there is a
o-algebra oy on this set and Y 71 (A’) € o/, for all A’ € o).

We also introduced special mappings such as an indicator of an event, a projection, a
multivariate mapping, and a composition. The most important properties of these special
mappings related to measurability were treated. Box 2.2 provides a glossary of these and
other concepts related to random variables such as P-equivalence of two random vari-
ables, the probability function of a disrete random variable, the distribution function of a
real-valued random variable, and the density of a real-valued continuous random variable.

2.7 Exercises

> Exercise 2-1 Consider the random variable X in Example 2.10. Instead of (R, 98), choose ({0,1,2},
2({0,1,2})) as the value space of X, where 2({0,1,2})) denotes the power set of {0,1,2}. Write down
all inverse images X~1(B), Be 2({0,1,2}).

> Exercise 2-2 Prove the propositions of Example 2.14.

> Exercise 2-3 Consider Example 2.26 and, using Lemma 2.24, show that the random variable X - Y
is (X, Y)-measurable.

> Exercise 2-4 Prove the proposition of Remark 2.45.
> Exercise 2-5 Prove the proposition of Remark 2.46.

> Exercise 2-6 Compute the probability Py y (B) of B = {(0,0), (0, 1)} via Rule (x) of Box 1.1, using the
probabilities computed in Example 2.30.

> Exercise 2-7 Assume that X, X», X3 are random variables on the probability space (Q, </, P) and
prove X; 1L Xo Il X3 = X5 1L X,
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Box 2.2 Glossary of new concepts

Yy~ 1)
{YeA}
Y:(Q,) — (Qf, )

Y

Y ~Laty)

a(Y)
X=Y

Xy AL 1 X

Py

Py

Fy

fr

The inverse image of A' under Y. It is defined by
YA = {weQ: Y(w) e A}

An alternative notation of Y ~1(A’).

Measurable mapping. It is a mapping on Q with values in the set Qf,
satisfying {YeA'} € of, for all A’ e /5.

Random variable on (Q, ¢, P) with value space (QY, </y). It is defined
as ameasurable mapping Y: (Q, &) — (Qy, #y). If (Qf, #Y) = (R, ),
then Y is called real-valued. If (Q}, /) = (R, %), then Y is called nu-
merical.

o-algebra generated by Y : (Q, /) — (Qf, /7). It is the set of all events
{YeA}, A'e 5.

An alternative notation of ¥ ~! (<#}).

X and Y are P-equivalent. It is defined for random variables X, Y on
(Q, < P) by the existence of an A € o« such that P(A) =0 and X (w) =
Y(w), Vo e Q\A.

Independence of random variables X3, ..., X, on (Q,< P). It is de-
fined by

P(N, A;) =12, P(AD), Y(A1...,Am) € 0(X1) X ... x O(Xpm).

Distribution of a random variable Y on (Q, < P) with value space
(Q}, <#4). Tt is a probability measure on (Qf, /y) defined by Py(A) =
P({YeA'}), VA e o).

Probability function of a discrete random variable Y on a probabi-
lity space (Q, < P) with value space (Qf, </y). Assume that Q)< Qf
is finite or countable with Py(Q{) = 1 and {y} € oy for all y € QJ.
Then Y is called discrete and its probability function py : Qi — [0,1]
is defined by

o) = 4 Prah, if ye Qy,
PYIY =10, if ye Q)\Q).

Distribution function of areal-valued random variable Yon (Q, < P).
It is a function on the set R of real numbers defined by:

Fy(y) := Py((o0,y]) = P(Y =y), VyeR.

Lebesgue measure. Itis a function on the Borel o-algebra 28 satisfying
A((a,b]) = b—a, VYa,beR, witha<b.

Density of a continuous real-valued random variable Y on (Q, < P).

If there is a nonnegative function on R that is integrable with respect
to A and satisfies

Py(B) = f frddA, VYBe®,
B
then Y is called continuous and fy a (probability) density of Y.
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Solutions

> Solution 2-1 These inverse images are identical to those listed in Equation (2.9).

> Solution 2-2 The set {X=x} is an element of &/ because we assumed {x} € &/, {X=x} = X "1 ({x})
and a measurable mapping is defined such that all inverse images X ~1(A’), A’ € &/, are elements of
<. Furthermore, by definition, 0(X) = {X ~!(A"): A’ € o/ '}. Because we assume {x} € o 'and o« 'is a
o-algebra, this implies that all inverse images

171,010 = X7 Hx) = {weQ: X(w) e {x}},
171,000 = X7H)9) = {weQ: X(w) € (x)°},
12,4010 = X '(Q) = {weQ: X eQ'},
1:2.@) = X710 = {weQ: X(w) €D}

are elements of o(X). Hence, 6(1xy=y) < 0(X), if {x} € o' No other assumption about the ¢-algebra o’
is necessary for proving this proposition.

> Solution 2-3 We have to show that the composition X - Y = g(X,Y) is (X, Y)-measurable. In Ex-
ample 2.26 we already specified the function g: {0,1}x{0,1} — R [see Eq. (2.23)], chose the value
space ({0,1},22({0,1})) of X and Y and the value space ({0,1}x{0,1},22({0,1}x{0,1})) of the bivariate
random variable (X, Y). According to Lemma 2.24, we have to show that g is (9({0, 11x{0,1}), @)-
measurable. However, this is trivial, because all inverse images g_l(B), Be @, must be elements of
the power set 22({0,1}x{0,1}), which, by its definition, contains all subsets of {0, 1}x{0, 1} as elements.

> Solution 2-4

VxeX(Q): f(x)=g(x)

=> VxeX(Q): f(x) =g A Px(Q\X(Q)=0

=> FAedy: (VxeQl\A": f(x)=gx) A PA)=0) (A= Q\X(Q)]
= fX)5gX) [Def. 2.35]
= fze [Th. 2.43]

> Solution 2-5 Weshow X-13 5 V-1 = X-1p S V-1p. Define A:={weQ: X-1g(w) # Y -15(w)}.

X-1lp=Y-13 = P@A)=0 [(2.28)]
= P(ANB)=0 (Box 1.1 (v)]
= P(AnB)/P(B)=0 [P(B) > 0]
= P(A|B)=0 [(1.10)]
= PBy=o0 [(1.21)]
> X-1p 5 Y-1p. [(2.28)]

Now we show X -1 P=B Yl = X P=B Y. Suppose X P=B Y does nothold. Then there is an element
C € o such that P(C) > 0, where C:= {w € Q: X(w) # Y (w)}. This implies

PBBNC) =PBNC|B)
_P(BNCnB) _ P(BNC)
T PB ~ P
=P(C|B) = P%0)

>0.

[((1.21)]
[(1.10), BnCnB=BnC(]

[(1.21), (1.10)]
[PBC) > 0]
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Now
BNC ={0eQ: X #Y 0 AweB} = {weQ: X-15(w) # Y- 1)}

Because (BN C) € of and PB(BN C) > 0, this is a contradiction to X - 15 P=B Y - 1p [see Prop. (2.30)].

We complete the proof showing X = Y = X-1g=Y-1p. Again the proof is by contraposition.

“(X-13zY-1y) = PBNC)>0 [def. of BN C, (2.28)]
P(BNC)

= ——>0 [P(B) >0]

P(B)
= P(C|B)>0 [(1.10)]
= P O>o0 [(1.21)]

> (X =Y).
PB

> Solution 2-6 We consider the probability space (Q/,2(Q’), Px,y ), where Q' = {0,1}x{0,1} =
{(0,0), (0,1),(1,0),(1, 1)} satisfies the requirements of the set Qy made in Rule (x) of Box 1.1. We also
consider the intersection BN Q' = B = {(0,0), (0, 1)}, its probability Px,y (B), and the four singletons
{we?Q, namely {(0,0)}, {(0, 1)}, {(1,0)}, and {(1,1)}. Hence, according to Rule (x) of Box 1.1,

Pxy(B) = Px,y ({(0,0),(0,1)})

= Y Pxy(w} =) Pxy{o'D
w'eBNQ’ w'eB

= Px,y (1(0,0)}) + Px,y (10, 1)})

=.33+.27 = 6.
> Solution 2-7
X AL X 1L X;
P(AiN Ay N A3) = P(A))-P(A)-P(A3), V(A1 A A3) € 0(X7) x0(Xp) xo(X3) [Def. 2.49
P(AiInA;N Q) =P(A1)-P(A2)-P(Q), V(A1,A2) € 0(X1)x0(X2) [Q€0(X3)

P(A1NA2) = P(A1)-P(A2), V(A A)) €ea(X))xa(X2) [AiNA2nQ=A1NAy, P(Q)=1
XlJ.LXZ . [Def.2.49

I

]
]
]
]



Chapter 3
Expectation, Variance, Covariance, and Correlation

This chapter is devoted to the concepts of expectation, variance, covariance, correlation,
and linear quasi-regression, which is the kind of dependence that is quantified by a cor-
variance and a correlation. We will see that variances, covariances, and correlations are ex-
pectations of special random variables. All these quantities describe important properties
of numerical random variables, although, in general, they do not determine the complete
distribution.

3.1 Expectation

3.1.1 General Definition

In the following definition we use the concept of the integral of a numerical random vari-
able with respect to P, which is well-known from measure theory (for an introduction, see
SN-ch. 3). We presume that the numerical random variable Y on the probability space
(Q, 4, P) is quasi-integrable with respect to the measure P. That is, we presume that
JY*dP or [Y~dP arefinite, where

Y= max(Y(®),0), VoeQ 3.1
and
Y™ := —min(Y(),0), YweQ 3.2)

denote the positive and negative parts of Y, respectively (see SN-Rem. 2.62 and SN-Def.
3.28).

Definition 3.1 [Expectation of a Numerical Random Variable]
LetY be a numerical random variable on (Q), </, P) that is quasi-integrable with respect
to P. Then we define

E(Y) :=deP, (3.3)

call it the expectation of Y (with respect to P), and say that it exists.

Remark 3.2 [Existence of the Expectation] Note that E(Y) can be infinite. Furthermore,
if E(Y) exists, then we also say that Y is a random variable with expectation E(Y). If Y
is not quasi-integrable with respect to P and therefore also not P-integrable, then we say
that the expectation of Y with respect to P does not exist. <
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Remark 3.3 [Notation and Synonymous Terms] Synonymous terms for expectation are
expectation value, theoretical mean, true mean, and population mean. The reference to
the measure P is usually omitted if the context is unambiguous. <

Remark 3.4 [An Alternative Notation] An alternative notation for the integral [ Y dP is
f Y (w) P(dw), which explicitly uses the values Y (w) of Y (see SN-Rem. 3.32). Hence,

E(Y) =deP =fY(w)P(du)). (3.4)

This notation conveys the idea that the values Y (w) of Y are weighted by the probability
of dw, symbolizing the length of an infinitesimal interval between two elements in R. <

Remark 3.5 [Numerical Random Variable With a Finite Number of Values] Assume that
Y has only a finite number of different values y,..., y, € R, that is, assume that the image
Y(Q) ={Y(0): w € Q} of Y is the set {y,,..., ¥»}. Then the expectation E(Y) exists and

n
E(Y) =) yi-P(Y=y)), 3.5)
i=1

using the notation P(Y=y;) = P({Y=y}) [see Eq. (2.3)]. <
Remark 3.6 [Numerical Random Variable With a Countable Number of Values] Assume
that Y has a countable number of different values y;, y»,... € R, that is, assume that the

image Y(Q) = {Y(w): w € Q} of Y is the set {y;, »,...}. Then the expectation E(Y) exists
and

o0 n
E(Y) =) yi-P(Y=y;) := gggoZyi-P(Yzyi). (3.6)
i=1 i=1

Equations (3.5) and (3.6) can be written in a single equation as

E(Y) = ) y-P(Y=y. 3.7)
yeY(Q)

IfY(Q) ={y1,...,yx} is finite, then Equation (3.5) applies. If Y (Q) = {y1, »,...} is not finite
but countable, then Equation (3.6) applies. <

Example 3.7 [Expectation of an Indicator] If (), <, P) is a probability space and 1, is the
indicator of A €. &, then Equations (2.5) and (3.5) yield

E1,) = 0-P(14=0) +1-P(14=1) = P(14=1) = P(A), (3.8

because {1,=1} = {w € Q: 14(w) =1} = A. Considering the event {Y =y} = {w € Q: Y(0)=y}
and using the notation 1y-, := 1;y-), this implies

E(ly-y) = P(Y=)). 3.9)
Hence, the expectation of the indicator 1y, is the probability P(Y=y). <

Example 3.8 [Joe and Ann With Randomized Assignment] Consider the random experi-
ment displayed in Table 1.2 and the random variables X and Y. Applying Equation (3.8) to
(the indicator variable) X yields:



3.1 Expectation 57

E(X) = P(X=1)

= P ({(Joe,yes,-), (Joe,yes, +), (Ann, yes, -), (Ann, yes, +)})
P ({(Joe,yes,-)}) + P ({(Joe, yes, +)}) + P ({(Ann,yes,-)}) + P ({(Ann,yes, +)})
04+ .16 + .12 + .08 = 4.

Similarly, for Y we obtain

E(Y) = P(Y=1)
P ({(Joe, no,+), (Joe, yes, +), (Ann, no, +), (Ann, yes, +)})
P ({(Joe, no,+)}) + P ({(Joe, yes,+)}) + P ({(Ann, no, +)}) + P ({(Ann, yes, +)})

.21 +.16 + .06 + .08 = .51.

3.1.2 Computing the Expectation Using a Density

According to the following theorem, the expectation of a continuous real-valued random
variable Y can also be computed using the Riemann integral and a density fy of Y with
respect to the Lebesgue measure [see Eq. (2.53)]. (For a proof see SN-Th. 6.11.)

Theorem 3.9 [Expectation of a Continuous Real-Valued Random Variable]
Let Y be a continuous real-valued random variable on (Q, </, P) with expectation E(Y)
and a density fy that is Riemann integrable. Then

E(Y) =f y fr(y)dy. (3.10)

Example 3.10 [Expectation of a Random Variable With a Standard Normal Distribution]
Assume that Y has a standard normal distribution, that is, assume that the function fy
specified by Equation (2.58) is a density of Y. Then E(Y) = [, y fv(y) dy = 0. (For a proof
see SN-Exercise 8-4.) <

3.1.3 Transformation Theorem

Let Y be a random variable on (Q, </ P) with value space (Qy,«/y) and let g be a ran-
dom variable on (QY, «/y, Py) with value space (R, 9). Remember, the distribution Py of
Y is a probability measure on (Qf, «/7) (see Rem. 2.28). In the sequel, Ey(g) denotes the
expectation of g with respect to the probability measure Py .

Theorem 3.11 applies when we consider the expectation of a composition go Y = g(Y)
of a mapping Y [see Eq. (2.21)] and a numerical function g, or if we consider the expecta-
tion of g with respect to the distribution Py (see Def. 2.27). (For a proof see SN-Theorem
3.57.)
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Theorem 3.11 [Transformation Theorem]

Let Y be a random variable on (), &, P) with value space (! (Qf, o) and let g: QY — R be
a random variable on (Q, <f%, Py) with value space (R, B). If g is nonnegative or has a
finite expectation Ey(g), then

E(g(M) =fg(Y) apr =fgdPy = Ey(8)- 3.11)

The virtue of Equation (3.11) is that we do not have to know the distribution of g(Y).
Instead, the distribution of Y suffices in order to compute the expectation of the composi-
tion g(Y).

Remark 3.12 [An Alternative Notation] Using the alternative notation [ g(y) Py (dy) for
the integral [ g dPy (see Rem. 3.3),

Ey(g) =fgdPy =fg(y)Py(dy). (3.12)

<

Remark 3.13 [Finite Number of Values] If Y takes on only a finite number of different val-
ues y1,..., Yn, then Equation (3.11) simplifies to

n

n
E(g(1) Z gyi)-P(Y=y;) =) gy)-PyUy}) = Ey(g), (3.13)

i=1 i=1

where P(Y=y;) =Py({y:}),i=1,...,n
If we consider a bivariate random variable (X, Y) that has a finite number of different
values (x;,y;),i=1,...,n,j =1,...,m, then Equation (3.11) simplifies to

g(X Y)

g(xl,y,) P(X=x;,Y=y;)

(3.14)

g(xl,y,) Pxy{xi,y;H

Il MS Il MS

n
o2y
n
o3y
= EX,Y(g)y

where E(x,y)(g) denotes the expectation of g with respect to the joint distribution Py y of
XandY. <

Remark 3.14 [A Special Case] If we consider the special case in which Y is numerical and
g is the identity function id: R — R, defined by id(y) = y, for all y € R, then id(Y) = Y and
Equations (3.11) yield

E(Y) =deP =fydPy. (3.15)

If Y is discrete with a finite number of different values y,,...,y, € R, then this equation
simplifies to
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Box 3.1 Rules of Computation for Expectations

Let Y be a numerical random variable on (2, &/, P) and let the expectation E(Y) exist.
Then:

E(Y) = a, ing(x,aEIR (i)
E(a+Y) =a+E(Y), ifaeR (ii)
E(@-Y) = a-E(Y), ifaceR. (iii)

Additionally, let A € /. Then:
E1,4-Y) =0, ifP(A)=0. (iv)

Let ¥; and Y, be numerical random variables on (Q, <, P) that are nonnegative or with
finite expectations. Then:

isY, = EM)=EY). )
Y %Yg < VAedf: E(1,Y)=E(1,Y). (vi)

Fori=1,...,m,let ¥; be numerical random variables on (Q, </, P) that are nonnegative
or real-valued with finite expectations E(Y;). Then:

m m
E() vi) =) Ew). (vid)
i=1 i=1
m m
Yidl..1Y, = E([[v)=]]E. (vii)
i=1 i=1

Fori=1,...,m, let a; € R and Y; be real-valued random variables on (Q, </ P) with
finite expectations E(Y;). Then:

m m
E(Y a-vi) = Y o BV, (%)
i=1 i=1
n n
E(Y) =) yi-POV=y) =} yi- Py({yi}) (3.16)

i=1 i=1

[cf. Eq. (3.5)]. Hence, in this case the expectation of Y is simply the weighted sum of its
values, each one weighted by its probability P(Y =y;) = Py({y:}). <

3.1.4 Rules of Computation for Expectations

Some rules of computation for expectations are gathered in Box 3.1. These rules are proved
in SN-Exercise 6-1. Note that the assumptions in these rules are always chosen to avoid
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terms such as oo — oo, because the difference between infinity and infinity is not defined.
In contrast, oo + 0o = oo.

Example 3.15 [Joe and Ann With Randomized Assignment] Consider again the random
variables X and Y displayed in Table 1.2. In Example 2.26 we defined the new random
variable X - Y and specified the function g:{0,1}x{0,1} — R such that X - Y is the composi-
tion of (X, Y) and g, thatis, X-Y = g(X, Y). Hence, applying Equation (3.14) and using the
probabilities displayed in Table 1.2 yields

E(X-Y) = E(g(X,Y)) (X Y =g(X,Y)]
= i i 8(x,y)) - P(X=x;,Y=y;) [(3.14)]
121];1
= l;]; Xy - P(X=x;,Y=y)) [(2.23)]
=1-1-P(X=1,Y=1) [0-0=0,aeR]
=1-(.16+.08) = .24. [Table 1.2]

3.1.5 Conditional Expectation Value Given an Event

If we consider the expectation with respect to the conditional-probability measure P2 [see
Eq. (1.21)], then we adapt the notation as follows:

EB(Y) :=dePB, (3.17)

presuming that Y is quasi-integrable with respect to P? (see sect. 3.1.1).

Definition 3.16 [Conditional Expectation Value Given the Event B]

Let Y be a numerical random variable on (Q, &, P), assume B € o/, P(B) > 0, and thatY
is quasi-integrable with respect to the measure P. Then the expectation E2(Y) of Y with
respect to the B-conditional-probability measure P is also called the B-condition-
al expectation value of Y or the conditional expectation value of Y given the event B.
We also use the notation

E(Y|B) := E3(Y). (3.18)

Remark 3.17 [Discrete Y] If P(B) >0and Y (Q) = {}1,..., ¥u} R, then

n n
E(Y|B) = E*(Y) =) yi-PP(Y=y;) =) yi-P(Y=y;|B). (3.19)
i=1 i=1
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Remark 3.18 [Conditional Expectation Value of an Indicator] If P(B) > 0, then consider-
ing the indicator 14 of an event A € o/, Equations (2.5) and (3.19) yield

E(14|B) = 0-P(1,=0|B) +1-P(1,=1|B) = P(1,=1|B) = P(A|B), (3.20)
because {1,=1} = A. <

Remark 3.19 [(X=x)-Conditional-Probability Measure] If the assumptions of Definition
3.16 hold, X is a random variable on (Q, </, P), and

B = {X=x} = {weQ: X(w) =x},
then we also use the notation
pX=x .= p*¥ (3.21)
for the conditional-probability measure P? defined by Equation (1.21). <

Remark 3.20 [(X=x)-Conditional Expectation Value] If B = {X=x}, then we also write the
expectation of Y with respect to P? as follows:

EX=X(Y) = E5(V). (3.22)
Furthermore, we define
E(Y|X=x) := E(Y|B), (3.23)
and call it the (X=x) -conditional expectation value of Y . Hence,
E(Y|X=x) = EX=*(Y). (3.24)

Note that in this definition of E(Y|X=x) we presume P(X=x) > 0 (see Th. 1.33), which
implies that E(Y|X=x) is a uniquely defined number. [In contrast, in Definition 4.17
we will introduce a more general definition of E(Y|X=x) that applies without assuming
P(X=x) > 0. This will allow to state propositions about E(Y|X=x) for Px-almostall x € Q%
(see Rem. 2.39). However, if P(X=x) = 0, then E(Y|X=x) is not a uniquely defined num-
ber.] <

Remark 3.21 [Special Case if X is a Constant P-Almost Surely] Note that
ng = E(Y|X=x)=E**(Y)=E). (3.25)

This proposition follows from Equations (3.22) to (3.24), Equation (3.17), and Equation
(1.24). <

Remark 3.22 [Conditional Probability P(Y=y|X=x)] Let P(X=x) >0 and 1y-, = Liy-);.
Then we introduce the notation

P(Y=y|X=x) := E(ly_,|X=x) = EX**(1y.,) = P*(Y=y), (3.26)

and call this number the (X=x)-conditional probability of (the event) {Y =y}. <
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Remark 3.23 [Conditional Expectation Value if Y is Discrete] If we assume P(X=x) > 0
and Y(Q) = {y1,...,¥s} < R, then using the notation introduced in Equations (3.22) to
(3.26), we can rewrite Equation (3.19) as

n n
E(Y|X=x) = E**(Y) =) y; P (Y=y;) =) yi-P(Y=y;|X=x). 3.27)
i1 i=1

<

Remark 3.24 [Conditional Expectation Value if g(Y) is Discrete] Equation (3.27) can be
generalized considering, instead of Y, a composition g(Y) of Y and a measurable function
g: (Qf, &fy) — (R, 9). Under the assumptions of Remark 3.23,

n n
E(g!M)|X=x) =E**(g(V)) =) gy)-P**(Y=y1) =) g(y)-P(Y=y;|X=x). (3.28)
i=1 i=1

<

Equations (3.28) will now be generalized using the (X=x)-conditional distribution of Y,
which is defined as follows:

Definition 3.25 [(X=x)-Conditional Distribution of Y]

Let X and Y be random variables on the probability space (Q, 4, P), let (Q%, <fx) and
(Qy, «47) denote their value spaces, letx € Qk, {x} € ofx, and P(X=x) > 0. Then we define
the function Py x-,: sy — [0,1] by

VA'edly: Pyx-x(A) = P(Y71(A)|X=x), (3.29)

and call it the (X=x)-conditional distribution of Y .

(For a more general definition see SN-sect. 17.2). Equations (3.26) and (2.27) yield
Y A'e ofy: Pyix=x(A) = P(Y (A | X=x)
=pP*(v7'(A)) (3.30)
= P (A).

Hence, Py, x-y, the (X=x)-conditional distribution of Y is identical to P}f( =% the distribution
of Y with respect to the measure P*=*. That is,

Pyjx=x = P} (3.31)
The transformation theorem (cf. Th. 3.11) for the expectation E ff:x(g) of g with respect

to the distribution P;*=* of Y with respect to the measure P*=* can now be formulated as
follows:
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Theorem 3.26 [Transformation Theorem For E f,( (@]
Let X and Y be random variables on (Q, 4, P), let (Q%, %) and (Qf, «£y) denote their
value spaces, and let x € Q%, {x} € fx, and P(X=x) > 0. Furthermore, assume that
g: (Q}, o)) — (R, B) is a measurable function. If g is nonnegative or E X=x(g) is finite,
then
Ey™(g) = f gary~" = f g(Y)dP*™ = E**(g(V))
(3.32)
=fgdPYIX:x = E(g(YV)|X=x).

Remark 3.27 [An Alternative Notation] Using the alternative notation for the integral (see
Rem. 3.3), we can also write

EX~*(g) = f gy Py (dy) = f g(y) Py x=x(dy). (3.33)
<

There are two important points in Equations (3.32) and (3.33). First, these equations
show the relationship between integrals of the composition g(Y) with respect to the
probability measure P*=% on (Q, <) on one side, and the (X=x)-conditional distribution
Py x=x of Y on the other side. Second, E (g(Y) |X =x) is identical to the expectation of g
with respect to the (X=x)-conditional distribution Py, x=, of Y. Thus, in order to compute
E(g(Y) |X =x), using the (X=x)-conditional distribution Pg(y)| x-, of g(Y) is not necessary.

3.1.6 Rules of Computation for Conditional Expectation Values

Remark 3.28 [Using Box 3.1 for Conditional Expectation Values] The rules of computa-
tion for expectations also apply if we replace the measure P by P? or PX=* and the expec-
tation E() by EB() or EX=*() (for more details see SN-Box 9.1). For example, replacing E()
by EX=*(), Rule (ix) of Box 3.1 yields

n n
EX:X(ZO‘i'Yi) =) o EX(Y)), (3.34)
i=1 i=1

and applying Equation (3.27),
n n
E(Y o vi|X=x) = ¥ o (Y1 X=), (3.35)
i=1 i=1

provided that P(X=x) > 0 and, for all i = 1,..., n, the random variables Y; are real-valued
and o; € R.

However, there are additional properties some of which are summarized in Box 3.2 (for
aproof see SN-Exercise 9-2). Reading Rule (ii), note that (X, Z) is a (bivariate) random vari-
able on (Q, «/, P) with values (x, z) € Q% x Q (see, e. g., sect. 2.1.5 for more details on mul-
tivariate random variables). Rule (ii) shows how the (X=x)-conditional expectation value
E(Y|X=x) can be computed from the conditional expectation values E(Y|X=x, Z=z) and
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Box 3.2 Rules of Computation for (X=x)-Conditional Expectation Values

Let X and Y be random variables on (Q, f, P) with value spaces (Qk, /%) and ®, B),
respectively. Furthermore, let x € Q% with {x} € /¢ and P(X=x) > 0. If E(Y|X=x) ex-
ists, f: (Q%, /) — (R, 9B) is a measurable function, and E(Y?), E(f(X)?) < co, then

E(f(X)-Y|X=x) = f(x)-E(Y|X=x) = E(f(x)-Y | X=x). 0)

Additionally, let Z be a random variable on (Q, <, P) with value space (Q, /), as-
sume that the image Z(Q) of Z is finite or countable, and that P, (Z (Q)) = 1. If, for all
z€Z(Q), {z} € 4}, and P(X=x,Z=z) >0, then

E(Y|X=x) = Z E(Y|X=x,Z=2z)-P(Z=z| X=x). (ii)
z€Z(Q)

the conditional probabilities P(Z=z|X=x). Hence, considering Equation (3.27) and Rule
(ii) in Box 3.2 shows that we have two different equations for computing the conditional
expectation value E(Y|X=x). <

Remark 3.29 [Special Case if X is a Constant P-Almost Surely] According to Proposition
3.25), X =X implies E(Y|X=x) = E(Y). Therefore, Rule (i) of Box 3.2 yields

Xfx, xeR = EX-Y)=X-E(Y)=x-EY)=ExY), (3.36)

if we consider the identity function f(X) = id(X) = X. This proposition generalizes Rule
(iii) of Box 3.1. Furthermore, because

X=x = EYI|X=x,Z=2)=E(Y|Z=2) (3.37)
(see Exercise 3-8), Rule (ii) of Box 3.2 yields

E(Y) = ), E(Y|Z=2)-P(Z=2) (3.38)
zeZ(Q)

as a special case (see SN-Exercise 9-3). According to this equation, we can also compute
the expectation of Y from the conditional expectations E(Y|Z=z) and the probabilities
P(Z=z). Hence, if these parameters are available, then there is no need anymore to know
or use the values y of Y in order to compute E(Y) [cf. Eq. (3.7)]. <

Example 3.30 [Joe and Ann With Randomized Assignment] Consider the random exper-
iment displayed in Table 1.2 and define the event

B = {(Joe,yes,—), (Joe, yes, +), (Ann, yes,—), (Ann,yes,+)} = Qu x {yes} x Qy,

that the drawn person is treated (irrespective of whether or not the person is treated and
success occurs), and the event

C = {(Joe, no,+), (Joe,yes, +), (Ann, no,+), (Ann,yes,+)} = Qu x Qx x{+}.
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that success occurs (irrespective of which person is drawn and whether or not the person is
treated). In Table 1.2 we assigned probabilities to each elementary event {w;}, w; € Q, and
defined the treatment variable X := 15 as well as the outcome variable Y := 1. In Example
3.8 we already computed the expectations E(X) = .4 and E(Y) = .51. Equations (2.5) and
(3.19) yield

E(Y|X=1) = E(c|B) = P(C|B) = B0
e Y
_ P({Uoeyes+), (Ann,yes 1)}) _ P({Uoe,yes +)}) + P ((Ann, yes, +)})
_ P(B) B P(B)
.16+.08
= = .6.
4

Hence, the conditional probability P(Y=1|X=1) = E(Y|X=1) [see Eqg. (3.26)] of success
given treatment is .6. In contrast,

— — Ccy _ cy _ P(BCOC)
E(Y|X=0) = E(1c|B") = P(C|B") = —P(BC)
_ P ({(Joe, no,+), (Ann, no, +)}) _ P ({(Joe, no,+)}) + P ({(Ann, no, +)})
- P(B°) - P(B°)
.21+.06
= = 45
.6

(see also Exercise 3-4).
Note that, in this example, in which the treatment variable X and the person variable
U are independent,

E(Y|X=1)-E(Y|X=0) = P(Y=1|X=1)-P(Y=1|X=0) = .15,
which is identical to the average of the two individual treatment effects,

E(Y|X=1,U=Joe)-E(Y|X=0,U=Joe)
= P(Y=1|X=1,U=Joe)-P(Y=1|X=0,U=Joe) = 8-.7 = .1

for Joe, and
E(Y|X=1,U=Ann)-E(Y|X=0,U=Ann)
= P(Y=1|X=1,U=Ann)-P(Y=1|X=0,U=Ann) = 4-2 = 2
for Ann (see Example 1.24). <

Example 3.31 [Joe and Ann With Self-Selection] If we compute the difference between
the corresponding conditional expectation values for the random experiment presented
in Table 1.4, then we receive

EY|X=1)-E(Y|X=0) = P(Y=1|X=1)-P(Y=1|X=0) = 42-.6 = -.18,

while the two individual treatment effects for Joe and Ann remain unchanged if compared
to the corresponding values obtained in Example 3.30. Hence, in the example of Table 1.4,
the difference E(Y|X=1) — E(Y|X=0) is completely misleading if interpreted as the aver-
age effect of the treatment. Note that, in the random experiment presented in Table 1.4, the
treatment variable X and the person variable U are not independent [see the conditional
probabilities P(X=1|U=Joe) = .04 and P(X=1|U=Ann) = .76 in that table]. <
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3.2 Variance, Covariance, and Correlation

Variances, covariances, and correlations are expectations of special random variables.
They describe important properties of numerical random variables, although, in general,
they do not determine the complete distribution.

3.2.1 Variance and Standard Deviation

Variance and standard deviation are the most important parameters quantifying the vari-
ability of a numerical random variable. We start with the definition of the variance and its
square root, the standard deviation, assuming that the expectation of Y? is finite, which
implies that E(Y) and Var(Y) are finite as well (see SN-Remarks 6.25 and 6.27).

Definition 3.32 [Variance and Standard Deviation]
Let Y be a numerical random variable on the probability space (Q, <f, P) and assume
that E(Y?) is finite. Then the variance of Y is defined by

var(v) := E((Y - E()°), (3.39)
and the standard deviation of Y by the positive square root of the variance, that is,

SD(Y) := /Var(Y). (3.40)

According to this definition, Var(Y) is the expectation of the squared mean-centered
random variable Y — E(Y). Note that variances and standard deviations are nonnegative.
The variance of Y'is also denoted by g% and the standard deviation by gy .

Remark 3.33 [Variance of an Indicator] Let (Q, </ P) be a probability space and A€ /.
Then Rule (i) of Box 3.3 and Equation (3.8) yield

Var(1,) = P(A)-(1-P(A)) = P(A)-P(A)* (3.41)

(see Exercise 3-1). Hence, the variance of the indicator of an event A does not contain any
information that is not already contained in its expectation E(14) = P(A). Other important
properties of variances are summarized in Box 3.3. Note that a crucial assumption for Rule
(vi) is independence of the random variables Y3, ..., Y, [see Def. (2.49)]. If this assumption
does not apply, then we have to use Rule (ix) of Box 3.4, which involves the covariances of
the random variables Yi,...,Y,,. <

3.2.2 Covariance

While the variance quantifies the variability of a numerical random variable, the covari-
ance quantifies the degree of co-variation of two numerical random variables, that is, the
degree to which the two variables vary together in the following sense: If one variable takes
on a large value (i. e., a large positive deviation from its expectation), then the other one
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Box 3.3 Rules of Computation for Variances

Let X and Y be numerical random variables on (Q, 7, P) with finite second moments.
Then:

Var(Y) = E(Y?) - E(Y)? Q)
Var(a+Y) = Var(Y), ifaeR (ii)
Var(-Y) = a®-Var(Y), ifacR (iid)

JyeR:Y=sy < Var(Y)=0 (iv)

X = Y = Var(X)=Var(Y). W)

Fori=1,...,m, assume that the random variables Y; on (2, <, P) are real-valued, in-
dependent, and with finite second moments, and let a; € R. Then

m m
Var(zl(xi-Yi) = Zla,?-Var(Yl-). i)
J= J=

tends to take on a large value as well. Furthermore, if one variable takes on a small value
(i. e., alarge negative deviation from its expectation), then the other one tends to take on a
small value, too. In this case the covariance will be positive. However, the covariance may
also be a negative real number. In this case, the two random variables co-vary in the fol-
lowing sense: If one variable takes on a large value, then the other one tends to take on a
small value. Furthermore, if one variable takes on a small value, then the other one tends
to take on a large value.

Reading Definition 3.34, note that assuming finiteness of E(X 2yand E(Y? implies that
E(X), E(Y), Var(X), Var(Y), and E(X-Y) are finite as well (see SN-Rem. 7.1), which in turn
implies that Cov (X, Y) is finite.

Definition 3.34 [Covariance]
Let X and Y be two numerical random variables on the probability space (0, &, P) such
that E(X?) and E(Y?) are finite. Then the covariance of X and Y is defined by

Cov(X,Y) := E((X-E(X)- (Y - E(Y)). (3.42)

Comparing Equations (3.39) and (3.42) to each other shows that the variance is the co-
variance of a numerical random variable with itself.

Remark 3.35 [Correlated Numerical Random Variables] According to this definition, the
covariance of X and Y is the expectation of the product of the mean centered variables
X -E(X) and Y — E(Y). Hence, a covariance can be negative, zero, or positive. If the co-
variance is different from zero, then we say that X and Y are correlated;; if the covariance
is zero, then we say that they are uncorrelated. <
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Box 3.4 Rules of Computation for Covariances

Let X and Y be numerical random variables on the probability space (Q, < P) with
E(X?), E(Y? <oo Then:

Cov(X,Y) = EXX:-Y)—-E(X)-E(Y) (@
Cov(a+X,Pp+Y) = Cov(X)Y), ifa,feR (ii)
Cov(aX,pY) = apCov(X,Y), ifa,peR (i)
Cov (X, X) = Var(X) @iv)
Cov(X,Y) = Cov(Y,X) W)

X1y = Cov(X,Y)=0 (vi)
EIxEIR:ng = Cov(X,Y)=0. (vii)

If fori =1,...,m, a; € R and Y; are real-valued random variables on the probability
space (Q, 7, P) with E(Y;?) <oco, then

m m m
Var(Y ou¥i) = Y Y oy Cov(¥;, Y)) (viii)
i=1 i=1j=1
m m m
=Y aVar(Y) + Y, Y a;«;Cov(Y;,Y)). (ix)
i=1 i=1 j=1,i#j

If,fori=1,...,nand j=1,...,m, a;,; € R and X;, Y; are real-valued random variables
on the probability space (Q, < P) with E(X?), E (sz) < oo, then

n m n m
Cov(ZcxiXi,Z[’)ij) =Y Y P, Cov (X, Y)). )
i=1 j=1 i=1j=1

If E(Y?), E(X}), E(X$) < oo, then

Xi5X, = Cov(Y,X;) = Cov(Y,Xp). (xi)

Remark 3.36 [Covariance of Indicators] Let (Q, o/, P) be a probability space and A, B € «/.
Then Rule (i) of Box 3.4 and Equation (3.8) yield

Cov(14,15) = E(14-15) — E(14)-E(1p) = P(ANB) - P(A)-P(B), (3.43)

because 1,-15 = 1,5. The right-hand side of this equation shows that the covariance of
the indicators of two events quantifies the degree of their dependence [cf. Eq. (1.27)]. <

The most important rules of computation for covariances are summarized in Box 3.4.
Proofs of these rules are found in SN-Exercise 6-3 (see also Exercises 3-2 and 3-3).
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3.2.3 Correlation

The covariance is not invariant under multiplication with constants [scale transforma-
tions; see Box 3.4 (iii)] of the random variables involved. In contrast, the correlation, which
quantifies the strength of the same kind of dependence is invariant under scale transfor-
mations and under translations with additive constants (see Rem. 3.41).

Definition 3.37 [Correlation]
Let X and Y be numerical random variables on the probability space (2, <, P) such that
E(X?) and E(Y?) are finite. Then the correlation of X and Y is defined by

Cov(X,Y) .
—————, if SD(X),SD(Y) >0,
Corr (X,Y) := { SD(X)-SD(Y) (3.44)

0, otherwise.

Remark 3.38 [Correlation of a Random Variable With Itself] Assume that Var(X) > 0. Be-
cause Cov (X, X) = Var(X) = SD(X) - SD(X), Equation (3.44) implies that Corr (X, X) = 1.
Similarly, because Cov (X, —X) = —Var(X) = -SD(X) - SD(X), Equation (3.44) implies that
Corr (X,—X) =-1. <

Remark 3.39 [Range of the Correlation] Note that
—1<Corr(X,Y) <1, (3.45)

provided that Corr (X,Y) that the assumptions hold under which the correlation is defined
(see SN-Exercise 7-5). <

Remark 3.40 [Correlation and Z-Transformed Variables] If the standard deviations of X

and Y are positive [i.e., if SD(X),SD(Y) > 0], then the correlation is also the expectation

of the product of the Z-transformed variables (X — E(X))/SD(X) and (Y — E(Y))/SD(Y),

respectively, that is,

X-EX) Y-E()
SD(X) SD(Y)

(see SN-Exercise 7-6). <

Corr(X,Y) = E

(3.46)

Remark 3.41 [An Invariance Property of the Correlation] The correlation of linear trans-
formations of X and Y is

Corr (X,Y), ifa;-b, >0,
Corr(ap+ a1 X, by+b1Y) = { —Corr(X,Y), ifa,-b; <0, (3.47)
0, if a - bl = 0,

where ay, a;, by, b, € R (see SN-Exercise 7-7). This equation implies that the correlation is
invariant (up to change of signs) under linear transformations, which include translations
(a = by =1and ay # 0 and/or b, # 0) and scale transformations (ay=by=0and 1 # a, #0
and/or 1# b, #0). <
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Q R
QY1 X) = f(X)

Figure 3.1. The regressor X, the linear quasi-regression f and their composition Q(Y|X) =

F(X.

3.3 Linear Quasi-Regression

3.3.1 Simple Linear Quasi-Regression

The covariance of two numerical random variables and their correlation quantify the
strength of their dependence that can be described by a linear quasi-regression, some-
times also referred to as the ordinary least-squares regression.

Remark 3.42 [Implications of Finite Second Moments] Reading the following definition
note that E(X?), E(Y? < co implies that E(X), E(Y), and E(X-Y) are finite (see SN-
Rem. 7.1). <

Definition 3.43 [Simple Linear Quasi-Regression of Y on X]
Let X and Y be real-valued random variables on the probability space (Q0, <, P) such
that E(X?), E(Y?) < oo and Var(X) > 0, and define the function MSE: R*> — R by

MSE(ay, @) = E((Y - (@ +a X)), V(ay,a)cR? (3.48)

@) If (ap,01) € R? minimizes MSE, then the function f: R — R defined by
fx) = ap+a1x, VxeR, (3.49)

is called the simple linear quasi-regression of Y on X .
(ii) The composition of X and f is denoted by Q(Y| X), that is,

QYX) = f(X) = ap+0a; X. (3.50)

In this context the random variable X is called the regressor and Y the regressand. As
suggested by the term linear quasi-regression, there is also a (true) linear regression (see
Def. 4.19).

Remark 3.44 [Distinguishing Between f and f(X)] Accordingto Equation (3.49), the sim-
ple linear quasi-regression f assigns a real number to all real numbers [see Eq. (3.49)
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y
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1 2 3 4 X

Figure 3.2. Linear quasi-regression of Y on X.

and Fig. 3.1)]. This applies even if X takes on only two different real values. Also note
that Q(Y|X) is an X-measurable random variable on (Q, o/, P), whereas the simple linear
quasi-regression f is a 8-measurable random variable on (R, 98, Px) (see Lemma 2.24). <

Theorem 3.45 [Two Characterizations of the Simple Linear Quasi-Regression]
Let the assumptions of Definition 3.43 hold, let oy, € R, and consider a function
f: R — R satisfying

fx) = ap+o1x, VxeR. (3.51)

Then f is the simple linear quasi-regression of Y on X if and only if one of the following
two conditions hold:

. Cov(X,Y)

=E(Y)-qEX) and oy = ————

(i) o=E(Y)-oE(X) and o Varoo

(ii) The coefficients oy, are such that

E(€) = 0 = Cov(X,e) (3.52)
holds for € :=Y — (ap + 0, X).
Hence, according to (i), a linear function f defined by Equation (3.51) whose coeffi-
cients oy and o satisfy
oy = E(Y) — E(X) (3.53)

and
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_ Cov(X,Y)

o = Var 0 (3.54)

respectively, is the simple linear quasi-regression of Y on X.

Furthermore, according to (ii), a linear function f defined by Equation (3.51) whose
residual € = Y — (ap + a; X) satisfies Equations (3.52) is the simple linear quasi-regression
of Y on X. Hence, each of conditions (i) and (ii) may replace the least-MSE criterion in the
definition of a simple linear quasi-regression.

Example 3.46 [Discrete Regressor With Four Values] Let X and Y be real-valued random
variables on (Q, .o/, P), both with values 1,2,3 and 4. Furthermore, let their distribution be
specified by

P(X=1,Y=1)=1/8, P(X=1,Y=2)=1/8,
P(X=2,Y=3)=1/8, P(X=2,Y=4)=1/8,
P(X=3,Y=3)=1/8, P(X=3,Y=4)=1/8,
P(X=4,Y=1)=1/8, P(X=4,Y=2)=1/8.

Then the linear quasi-regression f: R — R is specified by
f) =0+ x=25+0-x=2.5 VxeR,
and the composition of X and f is
QY|X) = ap+a;-X=254+0-X=25

(see Exercise 3-6). The black points in Figure 3.2 represent the eight pairs of values of X and
Y. All values of the linear quasi-regression are on the horizontal line, which, in this exam-
ple, is parallel to the x-axis because its slope is 0. In contrast, in this example, Px({x}) =0,
for all x € R\ {1,2,3,4}. Nevertheless, as mentioned before, a linear quasi-regression f is
a function assigning a real number to all real numbers. In this specific example, the real
number assigned is the same for all x € R, namely 2.5. <

3.3.2 Multiple Linear Quasi-Regression

In the following definition we consider more than a single regressor introducing the con-
cept of the multiple linear regression of Y on Xj, ..., X;,. In this definition we refer to the
variance-covariance matrix

2
O'X1 Ox1X, e OX1 X,
2
Ox,x, OXZ e OXo X,
2xx = . . . . (3.55)
o o o2
XmX1 XmXo Xm

of the regressors Xj, ..., X;,. The diagonal components of X, are the variances of the vari-
ables Xj,..., Xy, because o, x,; := Cov (X;, X;) = Var(X;) = 0)2(1_, i=1,...,m.
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Definition 3.47 [Multiple Linear Quasi-Regression of Yon Xj,..., X, |

LetX,,..., X,, and Y be real-valued random variables on the probability space (Q, <, P)
with finite expectations E (Y?),E (Xiz), i=1,...,m, and invertible covariance matrix of
X =(Xy,...,Xy). Furthermore, define the function MSE: R R by

m
MSE @y, a1,...,an) = E((Y = (a0 + Y aiX))}), ¥(ao,a,...,an) eR™. (356
i=1

(@) If (ag,01,...,0) € R™ minimizes MSE, then the function f: R™ — R defined
by
fx1, e X)) = Qo+ 00X+ .o + U Xy Y (X1,..., Xp) ER™, (3.57)

is called the (multiple) linear quasi-regression of Y on Xy, ..., X, .
(ii) The composition of X = (X, ..., X;) and fis denoted Q(Y | Xy, ..., X)), that is,

QY IXy,...,.Xp) == fX) = ap+an X5 +... + 0y X - (3.58)

Theorem 3.45 can be generalized for the multiple linear quasi-regression, presenting
two conditions each of which is equivalent to the condition used in Definition 3.47 of the
multiple linear regression of Y on Xj,..., X;,. In Theorem 3.48 we also refer to the covari-
ance column vector of the regressors Xj,..., X,, with Y, that is,

Ox,vy
zxy = ’
00X,y

where o,y := Cov (X;,Y), i =1,..., m. Finally, we use the column vector

(o8]
oy

Theorem 3.48 [Two Characterizations of the Multiple Linear Quasi-Regression]
Let the assumptions of Definition 3.47 hold, let oy, a3, ...,q, € R, and consider a func-
tion f: R™ — R satisfying

[, Xm) = Qo+00X1 + oo+ QU Xy, YV (X1,..., X)) ER™. (3.59)
Then f is the multiple linear quasi-regression of Y on X if and only if one of the follow-

ing two conditions hold:

i) «=EY)—(qEX)+...+anEX;n) and a=2.} 2,

where a:= (ay, ..., 0y), 2.1 denotes the inverse of the covariance matrix 2y, of
(X1,..., X)), and Z, the covariance column vector of (X, ..., X,,) and Y.
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(i) The oy, Q,...,0, aresuch that € :==Y — (g + oy X3 + ... + 0, X},) satisfies

E() = 0 = Cov(X;,6), i=1,...,m. (3.60)

For a proof of Theorem 3.48 see SN-Theorem 7.30. According to this theorem, the coef-
ficients of the multiple linear quasi-regression satisfy the equations

oo =E(Y)— (0 E(X) +... + @ E(Xp)) (3.61)
and
a=33%,. (3.62)

In fact, these equations are equivalent to postulating that f minimizes the function MSE
defined in Equation (3.56). Furthermore, the residual € of the multiple linear quasi-regres-
sion satisfies Equations (3.60), and again, these equations are equivalent to postulating
that f minimizes the function MSE.

3.4 Summary and Conclusions

In this chapter we introduced the expectation of a numerical random variable. This con-
cept has then been used to define the variance of a numerical random variable, the covari-
ance of two numerical random variables, and their correlation. The chapter ended with the
concept of a linear quasi-regressionthat can be used to describe how a real-valued random
variable Y can best be approximated by linear function of X, where ‘best’ means minimiz-
ing the mean squared error function. Box 3.5 provides a glossary of these terms. The linear
quasi-regression describes that kind of dependence of Y on X that is quantified by the
covariance Cov (X,Y) and the correlation Corr (X, Y). However, this kind of dependence
is blind against dependencies that can be described by nonlinear functions of X (see Ex-
ample 3.46). Therefore, the next chapter deals with a concept that is much better suited
for describing how Y depends on X, or more precisely, how the conditional expectation
values E(Y|X=x) of Y depend on the values x of X.

3.5 Exercises

Xzx = E(Y|X=x,Z=2)=E(Y|Z=2z) (3.63)
> Exercise 3-1 Prove Equation (3.41).
> Exercise 3-2 Prove Box 3.4 (i) using the rules of computation for expectations gathered in Box 3.1.

> Exercise 3-3 Prove rule (iii) of Box 3.4 using rule (i) of Box 3.4 and the rules of computation for
expectations gathered in Box 3.1.
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Box 3.5 Glossary of new concepts

E(Y)

E(Y|X=x)

Var(Y)

SD(Y)
Cov(X,Y)

Corr (X,Y)

QYX)

QY|Xy,..., Xm)

Expectation of anumerical random variable Yon (Q, < P). If Y is quasi-
integrable, that is, if [ Y*dP < oo or [ Y~ dP < co holds for the positive
and negative parts of Y, then it is defined by E(Y) := [YdP.If Y is
discrete with a finite number of real values yj, ..., y,, then

n

E(Y)=) yi-P(Y=y,).
i=1

(X=x)-conditional expectation value of a numerical random variable Y
on (Q, < P). If Y is quasi-integrable with respect to PX=%, then it is de-
fined by E(Y|X=x) := EX=%(Y) = [ Y dPX=*.If Y is discrete with a fi-
nite number of real values yy, ..., y,, then

n
E(Y|X=x)=)_ yi-P(Y=y;|X=x).
i=1

i=

Variance of a numerical random variable Y on (Q, <, P). If E(Y?) < oo,
then Var(Y) := E([Y - E(Y)1?).

Standard deviation of Y. If E(Y?) < 0o, then SD(Y) := v/ (Var(Y).
Covariance of numerical random variables X and Y on (Q,«,P). If
E(X?), E(Y?) < 0o, then Cov (X, Y) := E([X — E(X)]-[Y - E(Y)]).
Correlation of numerical random variables X and Y on (Q,<P). If
E(X?), E(Y?) < oo, then Corr(X,Y) := Cov(X,Y)/(SD(X) - SD(Y)), if
SD(X),SD(Y) > 0. Otherwise, we define Corr (X, Y) :=0.

The composition f(X) of a real-valued random variable X on (Q, <, P)
and the simple linear quasi-regression f: R — R defined by

VxeR: f(x) = ap+0o1x, 0,01 ER,

where oy, «; are such that E(e) = Cov (X, €) =0 holds fore = Y — f(X).

The composition f(Xj,...,X;;) of an m-variate real-valued random
variable X = (Xj,..., Xi») on (Q, <, P) and the multiple linear quasi-re-
gression f: R™ — R defined by

m
YV (X1, Xm) ER™: f(X1,.00, Xm) = (xo+Z(xixl-, 0, Q1,...0,; ER,
i=1
where g, a,. .. Q;, are such that E(e) = Cov (Xj,e) =0, foralli =1,...,m,
holdsfore =Y - f(Xy,..., Xpn).
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> Exercise 3-4 Download IP-Book Table 1.2.sav from www.causal-effects.de. This data set has been
generated from Table 1.2 for a sample of size N = 10,000. Estimate the conditional expectation val-
ues E(Y|X=0)=P(Y=1|X=0)and E(Y|X=1)=P(Y=1|X=1).

> Exercise 3-5 Consider Table 1.2. Compute the variances, the covariance, and the correlation of
the random variables X and Y.

> Exercise 3-6 Consider Example 3.46 and compute the coefficients op and a; of the linear quasi-
regression of Yon X.

> Exercise 3-7 Consider Example 3.46 and compute the coefficients of linear quasi-regression of Y
on (X, X?). For x=1 to x=4, compute its values and compare them to the values of the linear quasi-
regression Q(Y|X) in Example 3.46.

> Exercise 3-8 Prove Proposition (3.63).

Solutions

> Solution 3-1

E4%) - E(1a)* [Box 3.3 (i)]
= E(1a) - E(1a)* (142 = 14]
P(A) - P(A)? [(3.8)]
P(A)-(1-P(A).

Var(1,)

> Solution 3-2

Cov(X,Y) = E((X=EC0) - (Y - E(Y)) ((3.42)]
—E(X-Y-X-E(Y)-EX)-Y +EX)-E(Y))
=E(X-Y)-E(X-E())—E(EX)-Y)+E(EX) - E(Y)) (Box 3.1 ()]
= E(X-Y)-E(X)-E(Y) - E(X)- E(Y) + E(X) - E(Y) (Box 3.1 (i), (iii)]
=E(X-Y)-E(X)-E(Y).

> Solution 3-3

Cov (aX,PY) =E(@X-pY)-E(aX)-E(BY) [Box 3.4 (i)]
=aBEX-Y)-aPfEX)-E(Y) [Box 3.1 (iii)]
= af (E(X-Y)-E)-E(Y))
=ap Cov(X,Y). [Box 3.4 (1)]

> Solution 3-4 No solution provided. Just compare your results to the true parameters presented in
Example 3.30.

> Solution 3-5 Using Equation (3.41) for X in Table 1.2 and P(X=1) = .4 (see Example 3.8) yields
Var(X) = P(X=1)-(1-P(X=1)) = 4-(1-.4) = 4-.16 = .24.
Using the same equation for Y in that table and P(Y =1) = .51 (see again Example 3.8) yields
Var(Y) = P(Y=1)- (l -P(Y= l)) = .51-(1-.51) = .51-.2601 = .2499.

Using Equation (3.43) for X and Y in Table 1.2 and P(X=1,Y=1) = .24 (see Example 3.15) yields



3.5 Exercises 77

Cov(X,Y) = P(X=1,Y=1)-P(X=1)-P(Y=1) = .24-.4-.51 = .036.
Finally, using Equation (3.44) yields

Cor(X,¥) = =20 036 _ 036 ) 609e8
' SD(X)-SD(X)  /24-2499  .2449° '
Note that Corr (X, Y) is not necessarily the best parameter to quantify the dependence between two
binary random variables. However, it is defined also in this case.

> Solution 3-6 We start computing the expectations of X and Y, the variance of X, and the covari-
ance Cov (X, Y). Using Equation (3.5) yields

4
E(X) = Y x;-P(X=x;) = 1-P(X=1) + 2-P(X=2) + 3-P(X=3) + 4-P(X=4)
i=1
1 1 1 1
=1--+2-43-—- +4.— =25
4 4 4 4
and

4
E(Y) = Zyi-P(Y=yi) =1-P(Y=1) + 2-P(Y=2) + 3-P(Y=3) + 4-P(Y=4)

1]
p—
|
+
[\S]
|
+
w
|

1
+4-— = 25.
4

Using Equation (3.13) yields,

var(X) = E((X - E0)?)
4
= Y (x - E(X))* P(X=x;)
i=1
—a-252 Y v o252t s 3ol uo2s2. L
= -2+ @2-25%, + 3257 + 4-257
= 5(2.25 +.25 + .25 + 2.25) = 1.25.
and
Cov(X,Y)
= E((x-E00) - (Y - E())) [(3.42)]
= E(X-Y) — EQO-E(Y) [Box 3.4 (i)]
= Y (x-y) - P(X=x,Y=y) - E(X)-E(Y) [(3.13)]
(x,y)
4 4
=Y Y i) - PX=x;,Y=y)) - E(X)-E(Y)
i=1j=1
1 1 1 1 1 1 1 1
=112 +12:— 4232 +2:4-— +3.3.= +3:4-— +4-1-= +4:2.— — 25.25
8 8 8 8 8 8 8 8
1 50

=§-(1+2+6+8+9+12+4+8)=3—6.25=0.

The formulas of Theorem 3.45 (i) now yield

_ Cov(X,Y) 0

= — = and oy = E(Y) —og-E(X) =25 —-0-25 = 25.
Var(X) 1.25
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> Solution 3-7 We use Equations (3.61) and (3.62) to compute oy and the vector a = Zx‘xl Zxy. In
Exercise 3-6 we already computed the E(X), E(Y), Var(X), and Cov(X,Y). Additionally, we need
E(X?), Var(X?), Cov (X, X?), and Cov (X?,Y). Using Equation (3.13) yields

4
E(X*) = Y x7-P(X=x;) = 1-P(X=1) + 4-P(X=2) + 9-P(X=3) + 16-P(X=4)
i=1
1 11 1
=1—+4--+9-— + 16— = 75.
4 477 4 4

Box 3.3 (i) and Equation (3.13) yield

Var(X?) = E(X* - E(X%? [Box 3.3 (i)]

1-P(X=1) + 16-P(X=2) + 81-P(X=3) + 256-P(X=4) — E(X%)?

1
(1+16+81+256)- 1 7.5% = 88.5 — 56.25 = 32.25.
Similarly, Box 3.4 (i) and Equation (3.13) yield

Cov(X,X%) = E(X-X%) - E(X)-E(X?®) [Box 3.4 (i)]

4
=Y (xi-x?) - P(X=x;) - E(X)-E(X?)
i=1

1 1 1 1
=1-2 48 = +427-- +64:-4-=~ - 2575
4 4 4 4
1
=100 - 18.75 = 25 — 1875 = 6.25,
and
Cov(X2,Y)
= E(X?-Y) - E(X®)-E(Y) [Box 3.4 (i)]
4 4 ) ,
=Y Y ?yp-P(X=x;,Y=y;) - E(X*)-E(Y)
i=1j=1
1 1 1 1 1 1 1 1
=1-1--+12-24+43-2+44-Z+9.3.2 +9.4-- +16-1-= + 16:2-— — 7.5:2.5
8 8 8 8 8 8 8 8

=5-(1+2+ 12 + 16 + 27 + 36 + 16+32) - 18.75 = 17.75 - 18.75 = -1,

and Equation (3.62) yields

o | Var(X)  Cov(X,X?)| ‘[ Cov(X,Y)
T loe| T [Cov(X%,X)  Var(X?) Cov (X?,Y)
_ 125 6.25 1o _[25.8 -5][0] _[5
T 1625 3225 -1 | -5 1||-1] " [-1]"

[The inverse of X, is easily obtained in Rby

sol ve(matri x(c(1.25,6.25, 6.25,32.25), byrow=TRUE, nr ow=2) ) .]
Inserting these results for a; and a, into Equation (3.61) yields

oy = E(Y) — (0 E(X) +0-E(X?) = 25 - (5-2.5-1-7.5) = —2.5.

Inserting the results for o, a;, and ay, we obtain the following four values of the linear quasi-regres-
sion of Yon (X, X?):
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f)y =-25+5-1-1-1=15 f@ =-25+52- 1-22 = 35,

fB) = -25+5-3-1.32=35 f(4) =-25+5-4—1-42 = 15.

These values are identical to the conditional expectation values E(Y|X=1) to E(Y|X=4) (see Fig. 3.2).
[The same four values would also be obtained if we would compute the values of the multiple linear
quasi-regression of Yon (1x=2,1x=3,1x=4).]

> Solution 3-8

X=x o PloeQ: X(w=x})=1 [(2.29)]
& PX=x)=1 [(2.3)]
= P(X=x,Z=z)=P(Z=z) [Box 1.1 (viii)]
= P(X=x,Z=2)/P(Z=2)=1
= PX=x|Z=z)=1 [(1.10)]
= EYI|Z=z)=E(Y|X=x,Z=2). [Box 3.2 (ii)]






Chapter 4
Conditional Expectation

In this chapter we introduce conditional expectations and some related concepts. The con-
cept of a conditional expectation has been introduced by Kolmogorov (1933/1977), to-
gether with the axioms of probability. (For an English translation see Kolmogorov, 1956). A
conditional expectation E(Y|X) can be used to describe how the conditional expectation
values E(Y | X=x) ofanumerical random variable Y depend on the values x of a (not neces-
sarily numerical and possibly multivariate) random variable X. In many cases conditional
expectations and their values are what we try to estimate in statistical modeling. Condi-
tional expectations are also used to define conditional independence of random variables
given a random variable (see ch. 6).

4.1 Discrete Conditional Expectation

We start with the a discrete conditional expectation, building on the concept of a con-
ditional expectation value E(Y|X=x), which has been introduced in Definition 3.17 and
Remark 3.20 assuming P (X=x) > 0. Note that this assumption does not hold if X is a con-
tinuous real-valued random variable (see Rem. 2.66). This is the case, for example, if X has
a normal distribution. Also note that the value space (Qk, «/x) can consists of any set Q%
and a o-algebra on this set. In particular, Q% does not have to be (a subset of) the set of
real numbers.

Definition 4.1 [ X-Conditional Expectation if X is Discrete]

Let X, Y be random variables on (2, #, P) and assume that Y is numerical and non-
negative or has a finite expectation. If the image X (Q) = {X(w): w € Q} of X is finite or
countable and, for all x e X(Q), {X=x} € o and P(X=x) >0, then we call

E(Y|X) = Z E(Y|X=x) 1x-x (4.1)
xeX(Q)

the discrete X-conditional expectation of Y.

Remark 4.2 [Alternative Notation for the Sum] Let the assumptions of Definition 4.1 hold.
If X(Q) is finite with elements x;,..., x,, then we may also write

n
E(Y|X) =) E(Y|X=x;) 1x-y,- 4.2)
i=1

If X(Q) is countable with elements x;, x»,..., then
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E(Y|X) = ) E(Y|X=x;)1x=y,, (4.3)
i=1

which is a convenient notation for
n
E(Y|X) = lim ZE(YIX:xl-)-lxzxi. (4.4)
L |

<

Remark 4.3 [Values of E(Y|X)] Because the indicators 1x—, are random variables on the
probability space (Q, <, P) (see Example 2.6), Equation (4.1) shows that E(Y|X) is a ran-
dom variable on (Q, <7, P) as well (see SN-Example 2.61) and that the values of E(Y|X) are
the conditional expectation values E(Y|X=x). More precisely,

VxeX(Q),VoeQ: EY|X)(w) = E(Y|X=x), ifwe{X=x}. (4.5)

<

4.2 Conditional Expectation

In the following definition of a conditional expectation E(Y|X) we drop the assumption
P(X=x) > 0 for all x € X(Q)). Hence, this definition also applies if X is continuous. In this
definition, we use o(X), the o-algebra generated by the random variable X (see Def. 2.12)
and the concept of measurability of a random variable with respect to another one (see
Rem. 2.13). Note again that the value space (Q%, </x) of X can be any measurable space. In
particular, in contrast to the co-domain of Y, we do not have to assume that QY is a subset
of R =R U {—oo} U {oo}.

Definition 4.4 [Conditional Expectation]

Let X, Y be random variables on (Q, /, P) and assume that Y is numerical and nonneg-
ative or with finite expectation E(Y). Then a numerical random variable V on (Q, </, P)
is called a version of the X-conditional expectation of Y (with respect to P), if the fol-
lowing two conditions hold:

(@ o(V) c o(X)
() EQc-V) = E(l¢c-Y), VCeao(X).

If V satisfies (a) and (b), then we also use the notation E(Y|X) :=V.

Aversion E(Y|X) of the X-conditional expectation of Y is arandom variable on (Q, &/, P),
and according to condition (a) of Definition 4.4, E(Y|X) is measurable with respect to X
(cf. Rem. 2.13).

Remark 4.5 [The Set £(Y|X)] Note that there can be several random variables satisfying
conditions (a) and (b). Therefore, we define &(Y|X) to be the set of all random variables
satisfying conditions (a) and (b) of Definition 4.4. Hence, &(Y|X) denotes the set of all
versions of the X-conditional expectation of Y with respect to the measure P. <
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Remark 4.6 [The Discrete Conditonal Expectation is a Conditonal Expectation] The dis-
crete conditional expectation E(Y | X) introduced in Definition 4.1 is an element of &(Y| X),
that is, it is a version of the conditional expectation of Y given X as introduced in Defini-
tion 4.4 (see Exercise 4-1). <

Remark 4.7 [P-Uniqueness] According to SN-Remark 10.15,

V, Ve &(Y|X) = VgV*, (4.6)
where V = V" is a shortcut for

PloeQ: V() =Viw}) =1 4.7)

(see also sect. 2.3.2). If Equation (4.7) holds, then we say that V and V*are P-equivalent or
identical P-almost surely. 1f (4.6) holds, that is, if V = V* for all pairs V,V*e &(Y | X), then
we say that E(Y|X) is P-unique. <

Remark 4.8 [Two Versions of a Conditional Expectation] Accordingto SN-Remark 10.14,
VV'e&Y|X) o V = V*A V,V*are X-measurable. (4.8)

Hence, V and V* are two versions of the X-conditional expectation of Y if and only if V'
and V* are identical P-almost surely and measurable with respect to X. <

Remark 4.9 [Implications of P-Almost Sure Identity] If two random variables are identi-
cal P-almost surely, then they have identical expectations, variances, and covariances with
other random variables provided that these expectations, variances, and covariances exist
[see Cor. 2.41, Box 3.1 (vi), Box 3.3 (v), and Box 3.4 (xi)]. If they also have identical value
spaces, then they also have identical distributions (see Cor. 2.41). <

Remark 4.10 [Conditional Probability Given a Random Variable] Let (Q, </ P) be a pro-
bability space and let 14 denote the indicator of the event A € o/. We introduce the nota-
tion

P(A|X) = E(141X) 4.9)

and call it the X-conditional probability of (the event) A (with respect to P). Furthermore,
considering the event {Y =y} ={w € Q: Y(w) = y}, we also use the notation

P(Y=y|X) := P{Y=y}IX) = E(ly=|X), (4.10)

and call it the X-conditional probability of (the event) {Y =y} (with respect to P). Note
again that P(A|X) and P(Y=y|X) are X-measurable random variables on (Q, <, P). <

Remark 4.11 [P(Y=y|X) and P(Y#y|X)] Let X, Y be random variables on the probabi-
lity space (Q, o7, P) and let Y (Q) = {Y (w): w € Q} denote the image of Y. Then

1 = P(YeY(Q)IX) = P(Y=y|X)+P(Y#y|X).
Therefore,

P(Y#y|X) = 1-P(Y=y|X). (4.11)
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Remark 4.12 [Multivariate X] If X = (X,..., X,,) is an m-variate random variable on the
probability space (Q, o, P) (see sect. 2.1.5), then a version E(Y|X) of the conditional ex-
pectation is also denoted by E(Y| X, ..., X;;). In the same vein, if Y =14 or Y = 1x_,, then
we use the notation P(A|X;,...,X,,) and P(Y=y|X;,..., X,), respectively. <

Many important properties of a conditional expectation E(Y|X) are gathered in Box
4.1, which has been adopted from SN-Box 10.2. A proof of these properties is found in
the solution to SN-Exercise 10-4. Many of these properties will often be used in this and
the remaining chapters of this book. Additional properties dealing with monotonicity of a
conditional expectation E(Y|X) are gathered in SN-Box 10.3.

A proposition on strict monotonicity is stated in the following lemma. Reading this
lemma, note that Y > is defined by

PlweQ:Y(w)>a}) = 1.

Lemma 4.13 [Strict Monotonicity of a Conditional Expectation]
Let the assumptions of Definition 4.4 hold and leta € R. Then

Y>a = E(YIX)3a (4.12)
(Proof p. 95)

Example 4.14 [Joe and Ann With Randomized Assignment] Consider again the example
presented in Table 1.2. In this table we already displayed the values .45 and .6 of the condi-
tional expectation E(Y|X) = P(Y=1|X). This random variable satisfies conditions (a) and
(b) of Definition 4.4 (see Exercise 4-4). In this example, there is only one single version of
the X-conditional expectation of Y. That is, the set £(Y|X) has only one single element.
Hence, in this example, E(Y|X) is not only P-unique, but it is uniquely defined. This also
holds for the conditional expectation E(Y| X, U) specified in the same table. <

Example 4.15 [No Treatment for Joe] Table 2.1 displays another example illustrating the
concept of a conditional expectation. In this example, there are uncountably many ver-
sions of the (X, U)-conditional expectation of Y. The column headed by P(Y=1|X, U) dis-
plays one such version. Another one is obtained if, in this column, we replace the value
99 by any other number. Suppose V = P(Y =1|X, U) is the version displayed in the table
and P(Y=1|X,U)"* is another version obtained by assigning to w; and w, the (arbitrar-
ily chosen) number .8, leaving the assignments to the other w; € Q untouched [see the
column headed by P(Y =1|X, U)*]. Obviously, P(Y=1|X,U) = P(Y=1|X,U)* because the
values of these two versions only differ for the null set {w3, w4}. This illustrates that, in this
example, the (X, U)-conditional expectation of Y is not uniquely defined. However, it is
P-unique, because V = V* forall V,V*e £(Y|X,U). In contrast to P(Y=1|X, U), the con-
ditional expectations P(Y=1|X) and P(X=1|U) are uniquely defined in this example. In
other words, the sets (Y| X) and &(X|U) consist of only one single element, the random
variables P(Y=1|X) and P(X=1|U), respectively, which are specified in Table 2.1. <
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Box 4.1 Rules of Computation for X-Conditional Expectations
Let the assumptions of Definition 4.4 hold. Then:
E@|X) = a, ifaeR. (1)
E(@+Y|X) = a+E(Y]X), ifaeR. (ii)
E(@-Y|X) = a-E(Y|X), ifaeR. (iii)
E(E(YIX)) = E(Y). (iv)
E(YIX) 5 E(Y), ifYIX. )
E(Y|X) 5 E(Y) and E(Y|X,Z) 5 E(Y|Z), ifX=x. (vi)
E(Y|X) = E(Y|E(Y|X)). (vii)
Cov (Y, E(Y|X)) = Var(E(Y|X)), ifE(Y?) <oo. (viii)
E(Y)isfinite = 3IVe&(Y|X): Visreal-valued. (ix)
E(Y®)<oo = E(E(Y|X)?) <oo. )
EY|X) 5Y, ifo(Y)colX). (xi)
Additionally, let Z be a random variable on (Q, </ P). Then:
E(E(YIX)|Z) = E(Y|Z), ifo(Z)ca(X). (xii)
Additionally, let Z be numerical. Then:
E(YIX) 5 E(ZIX), ifY=Z. (xiii)
Cov(Z,E(Y|X)) = Cov(Z,Y), ifE(Z?),E(Y? <oo. (xiv)

Additionally, let Y be X-measurable, and assume E(Y ?), E(Z?) < oo or Y, Z =0. Then:

E(Y-Z|X) = Y-E(Z|X). (xv)

If Y and Z are numerical and nonnegative or real-valued with finite expectations, then

there is a nonnegative (if Y is nonnegative) or real-valued (if Y is real-valued) version

E(Y|X) e &(Y|X) and a nonnegative (if Z is nonnegative) or real-valued (if Z is real-
valued) version E(Z|X) € £(Z|X) such that

E(Y+Z|X) = EY|X)+E(Z|X). (xvi)

If vp,...,Y, are real-valued random variables on (Q, <7, P) with finite expectations and
Qq,...,0, €R, then

E(iay(x) =Y ;- BV X). (xvii)
i=1 i=1
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4.3 Factorization of a Conditional Expectation and Regression

According to the following corollary, a version E(Y|X) € &(Y|X) can always be written as
a composition g(X) (sometimes also denoted by g o X) of X and a numerical measurable
function g (see SN-Cor. 10.23). (For the concept of a measurable function see Def. 2.2 and
Rem. 2.5).

Corollary 4.16 [Existence of the Factorization]
Let the assumptions of Definition 4.4 hold, let (Q, <fx) denote the value space of X, and
let E(Y|X) € &(Y|X). Then there is a measurable function g: (Q,<#%) — (R, ) such
that

E(Y|X) = g(X). (4.13)

The function g occurring in Corollary 4.16 plays an important role. Among other things,
it is used for a general definition of a regression of Y on X. The measurable space (R", %,,)
mentioned in Definition 4.17 (ii) consists of the m-fold Cartesian product of the set R=
R U {—o0, +00} and the Borel o-algebra on this set (see SN-sect. 1.2.2).

Definition 4.17 [Factorization and Regression]
Let the assumptions of Corollary 4.16 hold.

(i) A measurable function g: (Qk, /%) — (R, 9B) that satisfies Equation (4.13) is
called a factorization of E(Y | X).

@ii) If (Qk, /%) = R™, B,n), meN, then g is also called an (m-variate) regression
of Yon X. If m = 1, then it is called a simple regression, if m > 1, a multiple
regression.

Remark 4.18 [Conditional Expectation vs. Regression] Hence, while a conditional expec-
tation E(Y|X) = g(X) is a random variable on (Q, < P) with domain Q, a factorization g
is a function with domain Q. In fact, g is a numerical random variable on the probability
space (Qk, <74, Px). If Qk = R™, then a factorization g is also called a regression of Y on X, or
a regression of Yon Xy, ..., X;,. As is true for a conditional expectation, there can be many
versions of a factorization and a regression. Note that the concept of a regression is de-
fined without any reference to a specific parameterization and without any restrictions of

the function g: (Q%, «/¥) — (R, %) other than (Qk, <#) = (R™, B,,). <

In the following definition we introduce the concept of the linear regression of Y on
Xi,..., X;. In this definition, we refer to the covariance matrix of X = (Xj,..., X,,), which
has been introduced in Equation (3.55).

Definition 4.19 [Linear Regression] L
Let the assumptions of Corollary 4.16 hold, let (Q%, /%) = (R™, B,,), and let g denote a
regression [see Def. 4.17 (ii)].
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(i) Asimpleregression g is called the linear regression of Y on X, if 0 < Var(X) < oo
and there are Bo,3; € R such that

g(X) = PBo+P1-X. (4.14)

(i) An m-variate regression g is called the linear regression of Yon X,, ..., Xy, if the
covariance matrix of X = (Xy, ..., Xy,) isinvertible and there are 3¢,p1,...,Pm €R
such that

m
gX) = Po+ ) Pi-Xi. (4.15)
i=1

Remark 4.20 [The Linear Regression is Uniquely Defined] As is true for all factorizations,
aregression of Yon Xj,..., X}, is not uniquely defined. Therefore, we talk about a factor-
ization and a regression, not about the factorization and the regression. In contrast, if it
exists, then the linear regression of Y on Xj,..., X,, is a uniquely defined random variable
on the probability space R™ @m,PX). Furthermore, if g is the linear regression of Y on
X, then g(X), the composition of X = (Xj,...,X,,) and g, is a uniquely defined random
variable on the probability space (Q, 7, P). <

Remark 4.21 [Linear Regression vs. Linear Quasi-Regression] If P(X=x) > 0, then the
value g(x) of alinear regression is identical to the conditional expectation value E(Y | X=x),
which has been defined in Equation (3.23). In contrast, even if P(X=x) > 0, the value f(x)
of a linear quasi-regression (see Def. 3.43) is not necessarily identical to E(Y|X=x). It has
no meaning other than being a value of a linear quasi-regression (see the example in Fig-
ure 3.2 and Exercise 4-5). However, if the linear regression of Y on X exists and P(X=x) >0,
then f(x) = g(x) = E(Y|X=x). <

4.4 Conditional Expectation Value E(Y|X=x)

A factorization of E(Y|X) is also used for general definition of the concept of an (X=x)-
conditional expectation value. In contrast to the elementary definition in Equation (3.23),
in this definition we do not presume P(X=x) > 0.

Definition 4.22 [(X=x)-Conditional Expectation Value]
Let the assumptions of Definition 4.4 hold, let (Q%, </x) denote the value space of X,
let E(Y|X) € &(Y|X), and let g: (Q, #) — R, B) be a measurable function satisfy-
ing Equation (4.13). Then, for all x € Q%, we define an (X=x)-conditional expectation
value of Y by

E(Y|X=x) = g(x). (4.16)

Remark 4.23 [Values of a Conditional Expectation] Let E(Y|X) = g(X) € £(Y|X), thatis,
let E(Y|X) = g(X) be a version of the X-conditional expectation of Y, and let {X=x} =
{weQ: X(w) =x}. Then
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VxeX(Q),VoeQ: EY|X)(w) =gk = E(Y|X=x), ifwe{X=x} (4.17)
(see SN-Rem. 10.37). <

Remark 4.24 [Uniqueness of a Conditional Expectation Value] If P(X=x) >0, then the
conditional expectation value E(Y|X=x) is a uniquely defined real number, and it is iden-
tical to the term defined in Equation (3.23) (see SN-Rem. 10.35). This justifies using the
same symbol. <

In the following theorem we present a proposition that is equivalent to two X-condi-
tional expectations being P-equivalent. According to this theorem we may formulate
propositions in terms of conditional expectation values or, equivalently in terms of condi-
tional expectations. (For a proof see SN-Cor. 10.39.)

Theorem 4.25 [Equivalent Propositions]

Let X, Y1, Y, be random variables on the probability space (Q), <, P). Let Y1 and Y, be nu-
merical and nonnegative or with finite expectations, and let (Q%, «/x) denote the value
space of X. Then

E(YllX)gE(YZIX) < EW|X=x)=EY;|X=x), forPX-almostaller;’(. (4.18)

Remark 4.26 [Propositions About Conditional Expectation Values] Let the assumptions
of Theorem 4.25 hold, let x € Q%, {X=x} € &, and P(X=x) > 0. Then

EM|X) s E(Y21X) = EM|X=x)=E(2|X=Xx). (4.19)
This proposition immediately follows from Theorem 4.25. <

Remark 4.27 [Propositions About a Single Conditional Expectation Value] Assume that
X and Y are real-valued random variables on (Q, 7, P) and that (X, Y) has a bivariate nor-
mal distribution (see SN-sect. 8.2.3). In this case, P(X=x) =0, for all x € R (see Rem. 2.66),
which implies that the conditional expectation value E(Y|X=x) is not uniquely defined.
If P(X=x) =0, then Equation (3.23) does not apply. In contrast, Equation (4.16) still does
apply, but different versions V,V* € &(Y|X) have different factorizations g and g*, and
they can have different values g(x) and g*(x) for the same value x of X. Hence, proposi-
tions about such a single conditional expectation value E(Y|X=x) are meaningless unless
P(X=x) > 0. Nevertheless, we can formulate meaningful propositions about conditional
expectation values E(Y|X=x) for Px-almost all x € R. This will be exemplified for the spe-
cial case in which (X, Y) has a bivariate normal distribution. <

Theorem 4.28 [Linear Regression if (X, Y) Has a Bivariate Normal Distribution]
Assume that X, Y are real-valued random variables on the probability space (Q, &/, P),
that (X,Y) has a bivariate normal distribution with —1 < Corr(X,Y) <1 and Var(X),
Var(Y) > 0. Then the conditional expectation E(Y|X) has a linear parameterization,
that is, then

E(Y|X) = Po+P1-X (4.20)



4.4 Conditional Expectation Value E(Y|X=x) 89

is a version of the X -conditional expectation of Y, where

_ Cov(X,Y)

0= EN-Pi-ECO  and By = = T (4.21)

(Proof p. 96)

Remark 4.29 [A Proposition About E(Y|X=x) for Px-almost all x € R] Under the assump-
tions of Theorem 4.28, we can write

E(Y|X=x) = g(x) = Bo+P1-x, for Px-almostall xeR, (4.22)

and this proposition is equivalent to stating that (o +p;-X) € £(Y|X) (see Eq. (4.20),
Th. 2.43, and Rem. 2.39). In contrast, for a single value x of X, a proposition such as
E(Y|X=x) =Po+p;-x is meaningful only for the specific factorization g: R — R defined by

g(x) = Po+Pi-x, VxeR, (4.23)

which is the factorization of the version (By +p,- X) € £(Y|X). This factorization g is the
linear regression of Y on X [see Def. 4.19 (i)]. <

Example 4.30 [ Another Version of the Conditional Expectation E(Y|X)] Under the as-
sumptions of Theorem 4.28, there are infinitely many factorizations of E(Y|X) and it is
easy to find a version V*€ &(Y|X) and a factorization g*such that V*= g*(X) and

E(Y|X=x)"=g"(x) # Bo+P1-x=E(Y|X=x),

for the same value x of X. For example, such a factorization g*: R — R can be defined by

) Bo+Pi-x, VxeR,ifxeR\ {10}
X) =
£ o, o € R, otherwise .

For any real number o # Bg + p; - 10, this defines a new version V* = g*(X) € &(Y|X) of
the X-conditional expectation of Y, and a factorization such that g* # g but still satisfying
g(X) = g*(X). However,

E(Y|X=10) = g(10) # g*(10)= E(Y|X=10)"

Therefore, a proposition such as E(Y|X=10) =y, where y is a real number, is meaningless
unless a proposition about the linear regression, which is defined by Equation (4.23), is
intended. This linear regression is only the (easy to grasp and communicate) factorization
of one version of the X-conditional expectation of Y, out of infinitely many versions of the
X-conditional expectation of Y and their factorizations. <

Remark 4.31 [Uniqueness of a Factorization] Hence, E(Y|X=x) is uniquely defined only
if P(X=x) > 0, and in this case Definitions 4.1 and 4.22 are consistent (see SN-Rem. 10.35).
Similary, the concept of a regression of Y on X is not uniquely defined. For two elements
V,V*e &(Y|X) there can be different factorizations g and g* with V = g(X) and V* =
g*(X). This is true even if V = V* Hence, there can be different factorizations of a single
element V € &(Y|X) (see SN-Example 10.32). If g(X) = g*(X) with g # g% then g(x) =
g*(x) for all x € X(Q), whereas g(x) = g*(x) does not hold for all x € Q% unless X(Q) = Q.
However, SN-Theorem 10.9 (ii) and Theorem 2.43 imply the following corollary: <



90 4 Conditional Expectation

Corollary 4.32 [Px-Equivalence of Factorizations] L
Let the assumptions of Definition 4.4 hold and let g, g*: (Q%, <fx) — (R, 9B) be measur-
able functions. Furthermore, let g(X), g*(X) € §(Y|X). Then

g 5 g" (4.24)

Hence, if g(X), g*(X) € &(Y|X), then the factorizations g and g* are identical, Py-al-
most surely. Remember, Py, the distribution of X, is a probability measure on the value
space (QY, «/x) of X (see Rem. 2.28).

Many properties of conditional expectations are presented, proved, and illustrated in
SN-chapters 10 and 11. The most important of these properties are gathered in Box 4.1.

4.5 Residual

Further properties are related to the residual of Y with respect to E(Y|X). Let X and Y be
random variables on (Q, < P) and assume that Y is numerical and nonnegative or with
finite expectation E(Y). Furthermore, assume that E(Y|X) € &(Y|X) is a real-valued ver-
sion of the X-conditional expectation of Y. Then we define

€ =Y-EXI|X) (4.25)

and call it the residual of Y with respect to E(Y|X). Some important properties are found
in Box 4.2.

Remark 4.33 [Some Special Cases] Because E(Y|X) is a(X)-measurable, the following
equations are special cases of Rules (vi) and (vii) of Box 4.2, respectively.

0, (4.26)
E(e-E(Y|X)) =0, ifE(Y? <oo. 4.27)

E(e|E(YIX))
Cov (g, E(Y|X))

Il

According to Equation (4.26), the conditional expectation of the residual € given E(Y|X)
is 0, P-almost surely. According to the second equation, the residual € = Y — E(Y|X) is
uncorrelated with E(Y|X) if E(Y?) < co. [Note that finiteness of E (E(Y|X)?) follows from
E(Y?) < 00; see Box 4.1 (x)].

Another special case of Box 4.2 (vi) is

E(e| X) = 0. (4.28)
Furthermore, if X is real-valued and E(Y?), E(X?) < oo, then
Cov(e,X) = E(e-X) =0, (4.29)

is a special case of Rule (vii).
Now let also Z be a random variable on (Q, </, P), assume that E(Y|X,Z) € §(Y|X,Z) is
areal-valued version of the (X, Z)-conditional expectation of Y, and consider the residual

e=Y-EYIX 2Z). (4.30)
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Box 4.2 Rules of Computation for a Residual

Let X, Y be random variables on (2, .«Z, P) and assume that Y is numerical and non-
negative or with finite expectation E(Y). Then the following properties hold for all
real-valued versions E(Y|X) € &(Y|X) and all versions of the residual € defined in
Equation (4.25):

¢ = Y-E(Y|X) (@
Y = E(Y|X) +¢ (ii)

E(€) =0 (iii)
Var(Y) = Var(E(YIX)) + Var(e), ifE(Y? < oo @iv)
€=0, ingE(YlX). )

Additionally, let W be a random variable on (Q, < P). Then
Ee|W) =0, if (W) c o(X). (vi)

If W is real-valued, (W) c 0(X), and E(W?), E(Y?) < oo, then

Cov(e,W) = E(e-W) =0 (vii)
Cov(W,E(Y1X)) = Cov(W,E(Y|X)+¢) = Cov(W,Y). (viii)
Then
E€lX,Z) = E€|X) = E€]Z) 5 0 (4.31)

are special cases of Box 4.2 (vi). If we additionally assume X and Z to be real-valued and
E(Y?),E(X?),E(Z% < oo, then

Cov(X,e) = E(X-€) = Cov(Z,e) = E(Z-e) =0 (4.32)

are special cases of Box 4.2 (vii). <

4.6 Mean-Independence

The concept of a conditional expectation can be used to define a new kind of indepen-
dence of a numerical random variable Y from a random variable X.

Definition 4.34 [Mean-Independence of Y from X]
Let the assumptions of Definition 4.4 hold. Then we define mean-independence of Y
from X, denoted Y F X, by
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E(Y|X) 5 E(Y). (4.33)

Hence,
YEX o E(YIX)gE(Y). (4.34)

In the Theorem 4.35 we present an alternative formulation of mean-independence in
terms of conditional expectation values. We also consider the special case in which X is
discrete or even binary, that is, in which the image of X, X(Q) = {X(w): w € Q}, has just
two different values, that is, in which X (Q) = {0, 1}. Remember, the term ‘almost all’ (with
respect to a probability measure such as the distribution Py of X), abreviated Px-a.a., has
been introduced in Remark 2.39.

Theorem 4.35 [Mean-Independence and Conditional Expectation Values]
Let the assumptions of Definition 4.4 hold.

(i) Then
YEX <o E(Y|X=x)=E(), forPx-a.a. xeQj. (4.35)
(ii) If, additionally, x e X(Q), {X=x} € &, and P(X=x) > 0, then
YEX = E{Y|X=x)=E({). (4.36)

(Proof p. 97)

If X(Q) is finite or countable and P(X=x) > 0 for all x € X(Q), then we can use further
properties of mean independence [see Th. 4.36 (i)]. If even X(Q) = {0, 1}, then it suffices to
consider only one single value x of X [see Th. 4.36 (ii)].

Theorem 4.36 [Mean-Independence and Conditional Expectation Values]
Let the assumptions of Definition 4.4 hold and let X (Q) be finite or countable. Further-
more, for all x € X(Q), assume that {X=x} € «/ and P(X=x) > 0.

(i) Then
YEX o EY|X=x)=E(), VxeX(Q) (4.37)
& YEI1x.,, VxeX(Q) (4.38)
= E(YIlX:x)gE(Y), VxeX(). (4.39)

(i) If, additionally, X(Q) ={0,1} and x € X(Q), then

YEX o EY|X=x)=E) (4.40)
& YFEI1x, (4.41)
<  E(Y[1lx-y) 3 E(Y). (4.42)

(Proof p. 98)
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In the following theorem we consider an implication of mean-independence of Y from
X for an X-measurable random variable Z.

Theorem 4.37 [An Implication of Mean-Independence]
Let X, Y, Z berandom variables on (Q, &, P) and assume that Y is numerical and non-
negative or with finite expectation E(Y). Then:

(EIX)=E(Y) A 6(Z)ca(X)) = EY|Z)zEWY). (4.43)
(Proof p. 99)

Rewriting Proposition (4.43) in symbols of mean-independence (see Def. 4.34) yields
(YEX Ao(Z)co(X)) = YEZ. (4.44)

In the following theorem we address the relationship between independence and mean-
independence of two random variables.

Theorem 4.38 [Independence Implies Mean-Independence]
Let X and Y be random variables on (X, «f, P) and assume that Y is numerical and non-
negative or with finite expectation E(Y). Then

YIX = YEX. (4.45)

According to this theorem, independence of ¥ and X implies mean-independence of
Y from X (for a proof, see SN-Rem. 16.36). Note that X does not have to be a numerical
random variable. It can also be a multidimensional random variable, consisting on several
random variables that do not have to be numerical (see sect. 2.1.5.) For more details on
mean-independence see SN-section 10.6.

4.7 Conditional Mean-Independence

Now we generalize the definition of mean-independence of Y from X introducing the con-
cept of conditional mean-independence of Y from X given a random variable, say Z.

Definition 4.39 [Z-Conditional Mean-Independence of Y from X]

Let the assumptions of Definition 4.4 hold and let Z be a random variable on the proba-
bility space (Q, <, P). Then we define Z-conditional mean-independence of Y from X,
denoted YEX|Z, by

E(Y|X,Z) 5 E(Y|Z). (4.46)
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Hence,
YEX|Z o E(YIX,Z)fE(YlZ). (4.47)

In Theorem 4.40 we present an alternative formulation of Z-conditional mean-inde-
pendence in terms of conditional expectation values. Remember, Py ; denotes the distri-
bution (see Def. 2.27) of the (multivariate) random variable (X, Z).

Theorem 4.40 [Z-Conditional Mean-Independence]
Let the assumptions of Definition 4.39 hold and let (Q%, <fx), (Qy, <47) denote the value
spaces of X and Z.

(i) ThenY EX|Z is equivalent to
E(Y|X=x,Z=z) = E(Y|Z=z), forPxz-a.a.(x,z)€QyxxQy. (4.48)
(ii) If, additionally, {X=x, Z=2z} € of, and P(X=x,Z=2) >0, then Y EX | Z implies

E(Y|X=x,Z=2) = E(Y|Z=2). (4.49)
(Proof p. 99)

In the following theorem we consider an implication of Z-conditional mean-indepen-
dence of Y from X for an X-measurable random variable W.

Theorem 4.41 [An Implication of Z-Conditional Mean-Independence]
Let W, X, Y, Z be random variables on (X2, o/, P) and assume that Y is numerical and
nonnegative or with finite expectation E(Y). Then:

(E(YIX,Z) gE(YIZ) A O(W)CO'(X)) = EY|W, 2) gE(YIZ). (4.50)
(Proof p. 99)

For more details on mean-independence and conditional mean-independence see SN-
section 10.6

4.8 Summary and Conclusions

In this chapter we introduced the concept of an X-conditional expectation E(Y|X) of a
numerical random variable Y, that is, a random variable with value space (R, %8). This con-
cept is a tool to describe how the conditional expectation values E(Y|X=x) depend on
the values x of X. Because X can be multidimensional, such a conditional expectation
E(Y|X) and its values E(Y|X=x) are what we try to estimate in many statistical proce-
dures, for example, in regression analysis, analysis of variance, structural equation model-
ing, multilevel analysis, etc. We also introduced related concepts such as a factorization of
a conditional expectation, a regression, the linear regression, a residual with respect to a
conditional expectation, mean-independence, and conditional mean-independence (see
Box 4.3).
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Box 4.3 Glossary of new concepts

E(Y|X)

E(Y|X)

P-unique

E(Y|X=x)

YEX
YEX|Z

A (version of the) X-conditional expectation of Y (with respect to the probability
measure P). Let X and Y be random variables on a probability space (Q, <7 P).
If Yis numerical and nonnegative or has a finite expectation, then E(Y|X) is
defined as a random variable V on (Q, < P) satisfying

(@ o(V)co(X) and (b) VCeo(X): E(lc-V)=E(lc-Y).

The set of all random variables Von (Q, &, P) satisfying (a) and (b).

In general, E(Y|X) is not uniquely defined. However, it is P-unique in the fol-
lowing sense: If V,V*e€ &(Y|X), then V = V™

A factorization of E(Y|X). It is a function on Q, the co-domain of X, satisfying
E(Y|X)=gX).If Q)’( =R then g is also called the (m-variate) regression of Y
on X. An m-variate regression is called the linear regression of Yon Xj, ..., X;n,
if the inverse of the covariance matrix of X = (Xj,..., X;,) exists and there are
ﬁo,ﬁl,...,ﬁm € R such thatg(X) = ﬁ() +ﬁ1'X1 <P 600 +ﬁm'Xm.

(X=x)-conditional expectation value of Y. It is defined by E(Y|X=x) := g(x),
where g is a factorization of E(Y'|X). It is also defined if P(X=x) = 0. However,
itis uniquely defined only if P (X=x) > 0.

The residual of Y with respect to E(Y|X). Presuming that E(Y|X) is a real-
valued version of the X-conditional expectation of Y, it is defined by

€:=Y-EYI|X).

Mean-independence of Y from X. It is defined by E(Y | X) = E(X).

Z-conditional mean-independence of Y from X. Assuming that Z is also a ran-
dom variable on (Q,  P), it is defined by E(Y'| X, Z) = E(Y|X).

The examples presented so far show that in some applications (such as an experiment
with randomized assignment of an observational unit to a treatment), conditional expec-
tations can be used to describe causal dependencies [see E(Y|X) in Table 1.2], whereas
in other applications (such as an observational study with systematic self-selection) they
can totally lead us astray if such a causal interpretation of a conditional expectation is in-
tended [see E(Y|X) in Table 1.4].

4.9 Proofs

Proof of Lemma 4.13

SN-Box 10.3 (ii) implies Y }; a => EY|X) % o. Therefore, if Y % o, then V % a for all
V e &(Y|X). Now consider the event C € (X) defined by C:= {w € Q: V(w) = a}. We prove
P(C) =0 by contradiction. Hence, assume P(C) > 0. Then
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a-P(C) = flc adP [SN-Th. 3.36 (i), SN-(3.9)]
=f1CVdP [V =aifweC]
= flc YdpP [(3.3), Def. 4.4 (b)]
> o-P(C). [SN-Th. 3.52 (ii)]

This contradiction proves P(C) = 0 and Proposition (4.12). Note that SN-Theorem 3.52
can be applied because (C,.szf |C,P|C) is a measure space, where | denotes the trace
o-algebra of o in C (see SN-Example 1.10), and P| . denotes the restriction of P on C (see
SN-Example 1.61).

Proof of Theorem 4.28

According to SN-Lemma 17.73
E(Y|X=x) = f_)/fyp(:x(_)/) dy, VxeR, (4.51)
defines a version of the X-conditional expectation of Y, where

fxr(x,y) .
s N f 0)
Frix=x(y) = { i x> VyeR, (4.52)

0, otherwise,

(see SN-Def. 17.75). First we compute the denominator of the fraction occurring in Equa-
tion (4.52), then the numerator, and then combine the results in order to obtain E(Y | X=x)
via Equation (4.51).

Define y; := E(X), W := E(Y), 01 := SD(X), 0, := SD(Y), z; := (x — 1)/ 01, and z; :=
(y—M2)/ 02, as well as p = Corr (X, Y). Furthermore, we define

2 2
27 —2p212,+ 25

= - 4.53
z 20-p?) (4.53)
Using this notation,
(o]
fx(x) =f fxy(x,y)dy [SN-(5.49)]
—00
R 1
= f —— -exp(2) 0,dz; [SN-(8.35), dy =0,dz,]
® 2m010,y/1-p2 (4.54)
0 1
= f ———-exp(2)dz,

®2m0;4/1-p?

is a density of X that can be used as the denominator in Equation (4.52).
Now we turn to a term involving the numerator of the fraction occurring in Equation
(4.52) using
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Z = —(1—;)2)(1:p2 (z2—pz1))+pz1 (4.55)
and
o :=2mo;\/1-p2. (4.56)
/—Z yixy(x,y)dy
- f-: 022+ 1) ﬁ -exp(2) 02dz [(4.53), SN-(8.35)]
- % f_: @ exp(a)dz, + % f_: exp(2) dz, [(4.56)]
- % _Z (_(1_92)(1:1)2 (z2—pz1) +pzl)eXp(Z) dz,+ - fx(x)  [(4.54), (4.55)]
=% (-a-p?) exp(—%lpzjfzzz ::
+ % 'pzlf_:exp(z) dz, + [y fx(x)
=0 + 02021 fx(X) + M2 fx(%) [(4.54)]
= fx(0 [p2+ 020 = ”1)
o
= fx(x) (E(Y)—M-E(X) , Loty )
Var (X) Var (X)

= fx(x) (Bo+ P1-x),

where Py = E(Y) —p; - E(X) and pB; = Cov (X, Y)/Var(X). Substituting these results into
Equation (4.51) yields

VxeR: E(Y|X=x) =f°o Vhendy = [ ¥y 4
—00 —00 fX (x)
_ fx W) (Bo+P1x)
AW
According to SN-Lemma 17.73, this defines a version of the X-conditional expectation of
Y, namely E(Y|X) = o +p1 X.

= ﬁg +51x.

Proof of Theorem 4.35

Proposition (i). We may consider the expectation E(Y) as a constant mapping with do-
main Q (see first line below) and also with domain Q% (see lines two and three below).
Hence,

YEX o E(Y|X) 5 E(Y) [(4.34)]
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o g };XE(Y) [E(Y]X) 5 8(X), (2.34)]
o g(x)=E(Y)(x), for Py-a.a.xe€Qy [(2.31)]
o E(Y|X=x)=E(), for Px-a.a.x€Qj. [(4.16)]

Proposition (ii). According to Equation (2.32), this proposition immediately follows
from Proposition (i).

Proof of Theorem 4.36

Proposition (4.37). According to Equation (2.32), this proposition immediately follows
from Proposition (i) of Theorem 4.35.
Proposition (4.38). We start proving Y EX = (Y Fly_,,Vx € X(Q)).

VxeX(Q): E(Y|lx=y) 5 E(E(YIX)|1x=,) [Box 4.1 (xii)]
= E(E(Y)|1x=,) [Def. 4.34, Y E X]
= E(Y). [Box 4.1 ()]

According to Definition 4.34, this proposition is equivalent to Y E1x-,,V x € X (Q).
Now we show (Y Flx-,,Vxe€ X(Q)) = Y EX. First of all, note that

VxeX(Q): E(Y|1x=y) 1x=x 5 E(Y|X=x) 1x=. (4.57)
Hence,
E(YIX) = ) E(YI|X=X)1x, [(4.1)]

xeX(Q)

= Y E(Y|1x=) 1x—x [(4.57)]
xeX(Q)

= ) E(Y) 1y [YELx_,,VxeX(Q)]
xeX(Q)

=E(Y) ) lx=x

xeX(Q)
= E(Y). [Zrex@ Lx=x=1]

Proposition (4.39). According to Definition 4.34, this proposition is equivalent to Y F1y_,,V x € X(Q).
Proposition (4.40). YEX = E(Y|X=x)=E(Y), immediately follows from Theorem
4.35 (i), because we assume P (X=x) > 0. Therefore, we only have to prove

E(Y|X=x)=E(Y) = YEX,

provided that x € X(Q) = {0, 1} and P(X=0), P(X=1) > 0. Without restricting generality, de-
fine x =0. Then

E(Y)=E(Y|X=0)-P(X=0)+E(Y|X=1)-P(X=1) ((3.38)]
= E(Y)=E()-P(X=0)+E(Y|X=1)-P(X=1) [E(Y|X=0)=E(Y)]
E(Y)-(1-P(X=0))=E(Y|X=1)-P(X=1)

= E()-P(X=1)=E(Y|X=1)-P(X=1) [P(X=1)=1-P(X=0)]

U
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= EWY)=EY|X=1). [P(X=1)>0]

Hence, we have shown that E(Y) = E(Y|X=0) implies E(Y) = E(Y|X=1). Because we as-
sume and P(X=0), P(X=1) >0, Proposition (4.37) then implies Y F X.
Proposition (4.41). If X(Q) =1{0,1}, then o(X) = 0(1x-,) and

YEX o E(Y|X) 5 E(Y) [Def. 4.34]
<  E(Y|1x=x) 5 E(Y) [0(X) = 0(1x=x), Def. 4.4 (b)]
& YFEI1y, [Def. 4.34]

Proposition (4.42). YFE1x_, is equivalent to E(Y|1x—,) = E(Y) (see Def. 4.34).

Proof of Theorem 4.37
E(Y|Z) = E(E(Y1X)|Z) [Box 4.1 (xii)]
= E(E(N)|Z) [E(YIX) = E(Y)]
= E(Y). [Box 4.1 ()]

Proof of Theorem 4.40

(). Let f: QL — R denote a factorization of E(Y|Z), so that E(Y|Z) = f(Z) [see Eq. (4.13)].
Then

YEX|Z
o EYIX,Z)5E(Y|Z) [(4.47)]
o 8X,2)=f(2) ((4.13)]
o g(x,2) = f(z), for Pxs-a.a.(x,z) €eQxxQy [(2.31)]
© E(Y|X=x,Z=z)=E(Y|Z=z), for Px z-a.a.(x,z) €Qyx Q. [(4.16)]

(ii). This proposition follows from (i) and P(X=x, Z=z) > 0.

Proof of Theorem 4.41
E(YIW,2) = E(E(Y|X,Z)|W,Z) [0(W,Z)co(X,Z),Box4.1 (xii)]
= E(E(Y|2)|Z) [E(Y|X,Z) = E(Y|2)]

EY|Z). [Box 4.1 (xi)]
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4.10 Exercises

> Exercise 4-1 Let X and Y be real-valued random variables on a probability space (Q, «#, P), that is,
assume that (R, %) is the value space of Y and X. Furthermore, assume that X(Q) = {xy,...,x,} and
P(X=x) >0 for all x € X(Q). Specify an element of the set &(Y|X) (see Rem. 4.5) that is not identical
to E(Y|X) defined in Equation (4.2).

> Exercise 4-2 Prove Rule (vi) of Box 4.1.

> Exercise 4-3 Why is the conditional expectation value E(Y|X=1, U=Joe) not uniquely defined in
the example presented in Table 2.1?

> Exercise 4-4 Consider the example presented in Table 1.2. Show that the random variable E(Y|X)
= P(Y=1|X) specified in this table satisfies conditions (a) and (b) of Definition 4.4.

> Exercise 4-5 Compute the four values of the conditional expectation E(Y'|X) in Example 3.46 and
compare them to the values of the linear quasi-regression in Figure 3.2.

> Exercise 4-6 Compute the values of the conditional expectation E(Y|X) in the example presented
in Table 2.1.

> Exercise 4-7 Compute the values of the conditional expectation E(Y|X,U) in the example pre-
sented in Table 2.1.

Solutions

> Solution 4-1 Let a € R\ X(Q), let a be a real number that is not an element of the image X(Q).
Then P(X=a) = 0. Now define

n
V= a Ly-—q+ ZIE(Ylex,')-lX:xi.
i=
Then Ve &(Y[X) and V = E(Y|X) =X | E(Y|X=X;)-1x=x;, but V # E(Y|X).
> Solution 4-2
X=za = XLY [Box 2.1 (iii)]
= E(YIX)= E(). [Box 4.1 (v)]

> Solution 4-3 In this example, P(X=1,U=Joe ) = 0. This implies that the conditional probabilities
P(Y=y|X=1,U=Joe) that are used in the definition of E(Y|X=1,U=Joe) [see Egs. (3.23) and (3.27)]
are not defined. If we use the version E(Y|X,U) = P(Y=1|X=1,U=Joe) specified in Table 2.1, then
its factorization g and Definition 4.22 yield

E(Y|X=1,U=Joe) = 99.

If, in contrast, we use the version E(Y|X,U)* = P(Y=1|X=1,U=Joe)* also specified in Table 2.1,
then its factorization g* and Definition 4.22 yield

E(Y|X=1,U=Joe) = .8.

This exemplifies that the conditional expectation value E(Y|X=1, U=Jjoe) is not uniquely defined in
this example. Therefore, it does not make sense to formulate propositions about this specific value.
However, propositions about Py, y-almost all values (x, u) € Q% xQy are meaningful. An example
for such a propositionis: 0 < E(Y|X=x,U=u) < 1, for Py, -almost all pairs (x, u) € Q)’( xQy.
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> Solution 4-4 According to Definition 4.4, E(Y|X) = P(Y =1|X) is a numerical random variable,
that is, the value space of E(Y|X) is R, 98). Hence, we consider all inverse images of the sets B € B
under E(Y|X). In this example, the o-algebra generated by E(Y|X) consists of the following four
inverse images:

Qu x{not x Qy ={w,w,,ws,ws}, if.6¢Band.45€B
Qu x {yes} x Qy ={ws, w4, w7,0g}, if.6e€Band.45¢B
Q={w,...,wg}, if.6eBand.45€B
0, if.6¢Band.45¢B

VYBe®: EY|X)"'(B) =

(see Table 1.2). These four inverse images are identical to the elements of o(X):

C1=Qux{no}x Qy ={w,wz,ws,we}, ifl¢Band0eB
Cr=Qu x{yes} x Qy ={w3,w4,w7,0g}, ifleBand0¢B
C3=Q={wy,...,0g}, ifleBand0€B
Cy=0, ifl¢Band0¢B

VBe®B: X B =

(see again Table 1.2). Hence, 6(E(Y|X)) = 0(X), and this implies that condition (a) of Definition 4.4
holds.

Now we show that condition (b) of Definition 4.4 holds as well. Using Equation (3.5) for the ran-
dom variable 1¢, - E(Y|X) and the probabilities listed in Table 1.2 yields

E(1c,-E(Y|X)) = 1-.45-(09+.21+.24+.06) = .45-.6 = .27.
Using the same formula and the same table for 1c, - Y yields
E(1c,-Y) =1-1-(21+.06) = .27.

Hence 15'(1C1 . E(YIX)) = E(1¢, - Y) holds for C; € o(X). The analog computations for Cy, C3, and
C, show that this equation also holds for the sets C,, C3, and C; in o(X). Hence, condition (b) of
Definition 4.4 is satisfied as well. This proves that the random variable E(Y|X) specified in Table 1.2
is in fact a version of the X-conditional expectation of Y.

> Solution 4-5

4

Y yi-P(Y=y;IX=1)
i=1

1-P(Y=1|X=1) + 2-P(Y=2|X=1)+0+0

E(Y|X=1)

P(Y=1,X=1) +2 P(Y=2,X=1)
P(X=1) P(X=1)
1/8 1/8
=1"— 4+2.—
1/4 1/4
1 1
=1-+2- = L5
2 2

The corresponding equations yield
E(Y|X=2) = 3.5, E(Y|X=3) = 3.5, and E(Y|X=4) = 1.5.

In contrast, the values of the linear quasi-regression in Figure 3.2 are identical to 2.5. In this example,
the linear regression of Y on X does not exist. In contrast, the linear regression of Y on (X, X?) does
exist (see Exercise 3-7).
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> Solution 4-6 The values of the conditional expectation E(Y|X) are the two conditional expecta-
tion values E(Y|X=0) and E(Y|X=1). Because E(Y|X=x) = P(Y=1| X=x), they can be computed
from Table 2.1 as follows:

P(Y=1,X=0) .35+.06
P(Y=1|X=0) = = = .5125,
P(X=0) .15+.35+.24+.06
P(Y=1,X=1) 0+.08
P(Y=1|X=1) = = = 4.
P(X=1) 0+0+.12+.08

> Solution 4-7 The values of the conditional expectation E(Y| X, U) in Table 2.1 are the four con-
ditional expectation values E(Y|X=x,U=u). Because E(Y|X=x,U=u) = P(Y=1|X=x,U=u), they
can be computed as follows:

P(Y=1,X=0,U=Joe) .35
P(Y=1|X=0,U=Joe) = = =7,
P(X=0,U=Joe) .15+.35
P(Y=1,X=0,U=Ann) .06
P(Y=1|X=0,U=Ann) = = = .2,
P(X=0,U=Ann) .24+ .06
P(Y=1,X=1,U=Ann) .08
P(Y=1|X=1,U=Ann) = = = 4.
P(X=1,U=Ann) .12+.08

The conditional expectation value E(Y|X=1,U=Joe) = P(Y=1|X=1,U=Joe) is undefined, because
P(X=1,U=]Joe) = 0. Choosing any number (such as 99) as a value of E(Y| X, U) for w3 = (Joe, yes, —)
and wgq = (Joe,yes,+) yields a version of E(Y|X,U). Different versions of E(Y|X,U) are identical
almost surely with respect to the measure P [see Eq. (4.7)].



Chapter 5

Conditional Expectation With Respect to a
Conditional-Probability Measure

In this chapter, we introduce the concept of a conditional expectation E X=x(y|Z) with
respect to a conditional-probability measure P*=*, assuming P(X=x) > 0. A conditional
expectation EX=*(Y|Z) with respect to P*=* has the general properties of a conditional
expectation, but also additional properties that are related to its uniqueness. We also intro-
duced the more general concept of a partial conditional expectation E(Y |X=x, Z), whose
definition does not presume P (X=x) > 0. Both concepts formalize the same intuitive idea:
describing how the conditional expectation of Y depends on a random variable Z if an-
other random variable X is kept constant at one of its values x. Among other things, we
study the conditions under which the expectation (with respect to P) of E X=x(y|Z), that
is, E(E*=*(Y|Z2)), is a uniquely defined number.

5.1 Conditional Expectation E*=*(Y|Z) With Respect to P*=*

In this section we introduce the concept of a conditional expectation with respect to a
probability measure PX=*_Assume that Pis a probability measure on (Q, «7), let x € X(Q),
{X=x} € of, and P(X=x) > 0. Then the measure PX=*: of — [0,1] is defined by

P(An{X=x})

X=x _ — —
P77 (A) = P(A|X=x) = PX=0)

, VAed. (5.1)
Equation (5.1) shows how PX=* and P are related to each other. According to this equation,
not only P, but also PX=%isa probability measure on (Q, &), and it satisfies

PX¥(A) = 0, VAedf with An{X=x}=0. (5.2)

Note that P*=* is a special case of the probability measure P® introduced in Equation
(1.21) for the event B ={X=x} = {w € Q: X(w)=x}.

Example 5.1 [No Treatment for Joe] The measures P, P*=°, and P*=! specified in columns
two, three, and four of Table 2.1 illustrate the relationship between the measures P, pX=0
and P*=! for the two values x = 0, 1 of the treatment variable X. <

Remark 5.2 [Notation EX=*(Y)] The expectation of a numerical random variable Y on
(Q, of, PX=¥) with respect to the measure P*=*: of — [0,1] is defined by

EX=x(y) = f Y dpX=~ (5.3)

This expectation is well-defined if we presume that [ Y*dP*=* or [ Y~ dP*=* isfinite (see
Def. 3.1). <
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Remark 5.3 [Discrete Y] If Y is discrete, then Equation (5.3) simplifies to

EX:)C(Y) — Z J/'szx(Yzy)

yeY(Q) (5.4)
[see Eq. 3.7)]. f Y (Q) ={y1,..., yn}, then this equation can also be written
n
EX=*(Y) =Y yi- PX (Y =y)). (5.5)
i=1
<

Referring to the measure P*=* and the expectation EX=*(Y) with respect to this mea-
sure, a conditional expectation with respect to P*=* can now be introduced as follows.

Definition 5.4 [ Z-Conditional Expectation With Respect to P*=*]

Let V., X, Y, and Z be random variables on (Q,<f, PX=%), where PX=* is a probability
measure on < defined by Equation (5.1). Hence, we assume x € X(Q), {X=x} € «/, and
P(X=x) > 0. Furthermore, assume that V,and Y are numerical and that Y is nonnega-
tive or has a finite expectation EX=*(Y) with respect to PX=*. Then V, is called a (version
of the) Z-conditional expectation of Y with respect to PX=%, if:

(@) o(V,) c o(2).
(h) EX**(1¢ V) = EX**(1¢-Y), VY Ceo(2).
If V. satisfies (a) and (b), then we also use the notation EX=*(Y|Z) := V,.

Remark 5.5 [EX=*(Y| Z) is a Conditional Expectation] Comparing Definitions 4.4 and 5.4
to each other shows that we only replaced the measure P (which is used to define an ex-
pectation and a conditional expectation with respect to P) by the measure P*=*, which
is used to define an expectation with respect to the measure PX=* [see Eq. (5.3)]. Hence,
EX=*(Y|Z) has all properties of a Z-conditional expectation of Y, provided that we re-
place the measure P by P*=* and the expectation E() with respect to P by the expectation
EX=%*() with respect to PX=*,

For example, the property E (Y|E(Y|X)) = E(Y|X) [see Box 4.1 (vii)] can be translated
to

EXY|E*=*(Y12)) = E*=N(Y|2). (5.6)

Similarly, E (E(Y|X)) = E(Y) [see Box 4.1 (iv)] can be translated to
EYY(EX=*(Y|2)) = E*=¥(). (5.7)
<

Remark 5.6 [Conditional Probability With Respect to P*=* Given a Random Variable]
For convenience, we also explicitly introduce the Z-conditional probability with respect
to PX=*. Consider the probability space (Q, <, P*=*y and let 1, denote the indicator of the
event A € o/ . We introduce the notation
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PX=¥(A|Z) = Esz(lAIZ) (5.8)

and call it the Z-conditional probability of (the event) A (with respect to P*=*). Further-
more, considering the event {Y =y} = {w € Q: Y(w) = ¥}, we also use the notation

P (Y=y|2) := P (Y=y}12) = EX(ly=y|2), (5.9
and call it the Z-conditional probability of (the event) {Y =y} (with respect to P*=%). <

Remark 5.7 [Expectation of EX=*(Y|Z) With Respect to P] Aside from the properties ofa
conditional expectation (see sect. 4.2), E X=X(Y|Z) has a number of properties referring to
the probability measure P on (Q,«/). Note that E X=x(y|Z) is not only a random variable
on the probability space (Q, <7, PX=%), but also a random variable on (Q, < P). This fol-
lows from the fact that (Q, <7, P) and (Q, o, P*=*) share the same measurable space (Q, «¢)
(see Def. 2.2). Hence, we may not only consider the expectation EX=*(E*=*(Y | Z)) with
respect to the measure P*=% but also the expectation E (E*=*(Y|Z)) with respect to the
measure P. However, this expectation is not always meaningful and even if it is, then it is
not necessarily identical to E X=x(Y). The crucial condition under which the expectation
E(E*=*(Y|Z2)) is meaningful is related to various kinds of uniqueness of EX=*(Y|Z) (see
sect. 5.2). <

Remark 5.8 [The Set £%=*(Y| Z)] As is true for all conditional expectations, there can be
more than one single version of the Z-conditional expectation of Y with respect to the pro-
bability measure PX=*, Therefore, we use & *=*(Y'| Z) to denote the set of all versions of the
Z-conditional expectation of Y with respect to P*=*. <

Example 5.9 [Joe and Ann With Randomized Assignment] The last column of Table 1.2
shows the values of the conditional expectation E X=1y|U) for all eight elements w; € Q.
This random variable takes on only two different values, the value .8 if w; € {U=Joe} and
A4 if w; € {U=Ann}. In this example, E X=L(y|0) is uniquely defined. This means that
the set &*=1(Y|U) has just one single element. Using Equation (3.13), the expectation of
EX=1(Y|U) with respect to the measure P is

E(EX=N(YID))

= EX=Y(Y|U=Joe)- P(U=Joe) + EX=Y(Y|U=Ann) - P(U=Ann)
=.8-5+.4-5 = 6.

Furthermore, the expectation of EX=!(Y|U) with respect to P*~'is

EX:1 (EXZI(Yl U))
= EXY(Y|U=Joe) - P*=Y(U=Joe) + EX~'(Y|U=Ann) - PX= (U =Ann)
=8-5+.4-5 = 6.

Hence, the two expectations are identical, which is due to the fact that, in this example, X
and U are independent. <

Example 5.10 [Joe and Ann With Self-Selection] In the example presented in Table 1.4,
the conditional expectation EX=1(Y|U) = PX=}(Y'=1|U) is also uniquely defined. In this
example, the expectation of E X=l(y|U) with respect to P is again
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E(EX='(YID)
= PpXYY=1|U=Joe) - P(U=Joe) + PX=Y(Y=1|U=Ann)-P(U=Ann)
=.8-5+.4-5 = .6.

However, the expectation of EX=!(Y|U) with respect to P*=!is
EX=1(EX=1(Y|U))

= PX=l(y=1|U=Joe) - PX=Y(U=Joe) + P*=Y(Y=1|U=Ann)- P (U=Ann)

_ P(U=Joe,X=1 _ PU=Ann,X=1
=pX=y=1|U=Joe) - PU=Joe,X=1) + PN Y=1|U=Ann)- PU=Ann, X=1)
P(X=1) P(X=1)
.02 .38
=8 =+ .4.-=
A A

.8-.05 + .4-.95 = 42,

Hence, in this example, the two expectations E (E*=!(Y|U)) and E*=!(E*=!(Y|U)) are not
identical. In this example, X and U are not independent. <

Example 5.11 [No Treatment for Joe] The last but one column of Table 2.1 shows the val-
ues of a version of the conditional expectation EX=1(Y|U) = P*=Y(Y=1|U) for all eight
elements w; € Q. This random variable takes on two different values, 99 if w; € {U=Joe}
and .4 if w; € {U=Ann}. In this example, the version EX=}(Y'|U) € £*=(Y|U) is uniquely
defined by the values in the last but one column of this table.

Using Equation (3.13), the expectation of E X=1(y|U) with respect to P is

E(E*='(YID))
= E*=1(Y|U=Joe) - P(U=Joe) + EX'(Y|U=Ann) - P(U=Ann)
=99-54+.4-5 =495+.2 = 49.7.
However, there are infinitely many other versions V; € & X=1(y|U), and each of these ver-
sions can have a different expectation with respect to the measure P. This is easily seen
replacing, in the last displayed equation, the value 99 by any other number. Exchanging
the number 99 by any other real number creates a new version V; € &*=!(Y'|U) provided
that the assignment of .4 to ws, ..., wg remains unchanged. The last column of Table 2.1 is
an example, in which, instead of 99, we assigned the number .8 to wy, ..., w,.
In contrast to E (E*=!(Y|U)), the expectation of EX=! (Y|U) with respect to P*=!is
EX=1 (EX=1 (Y| U))
= EX*Y(Y|U=Joe) - P*= (U =Joe) + EX~'(Y|U=Ann) - P*~ (U=Ann)
=99-0+.4-1 = 4.
Hence, EX=! (E*=!(Y|U)) remains unchanged if we replace the value 99 by any other num-
ber, and with it, the version V; € £*=1(Y|U) by another version Vi € £X=1(Y|U). <

5.2 Uniqueness, P*=*-Uniqueness, and P-Uniqueness of E*=*(Y|Z)

Remark 5.12 [PX=*-Uniqueness of EX=*(Y|Z)] Even if the set §%=*(Y|Z) has more than
one element, then
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YV Vi€ (YIZ): Vi = VE (5.10)

and, equivalently,
YV, Ve (Y12): P {weQ: Vi) =V (}) =1 (5.11)
(cf. Rem. 4.8). Equation (5.10) is what we mean saying that EX=*(Y|Z) is P*=*-unique. <

Example 5.13 [No Treatment for Joe] Using the probabilities PX=l{w; ) displayed in the
fourth column of Table 2.1 shows that

P {we: i(w) =V} =1

holds for V; = EX=}(Y|U) = PX"}(Y=1|U) and V;* = EX=Y(Y|U)" = PX"}(Y=1|U)" speci-
fied in Table 2.1. <

Remark 5.14 [EX=*(Y|Z) is Not Necessarily P-Unique] Although E X=x(y|Z) is always
PX=*unique, EX=*(Y|Z) is not necessarily P-unique, that is,

YV, Ve YIZ): Vs VY (5.12)
and, equivalently
VYV, Vi€ Y12): PloeQ: V() =V (w}) =1 (5.13)

do not necessarily hold. In other words, although the definition of E X=x(y|Z) implies that
it is PX=*-unique, it does not imply that is P-unique. <

Example 5.15 [No Treatment for Joe] Consider the versions V;, Vi* € &E*X=1(Y|U) consid-
ered in Example 5.13. Using the probabilities P({w;}) displayed in the second column of
Table 2.1 shows: P({w € Q: V;(w) = Vi'(w) }) = .5. # 1. Hence, EX='(Y|U) is not P-unique.
In contrast, in the same example, the conditional expectation EX=°(Y |U) = P*=%(Y =1|U)
is P-unique. It is even uniquely defined, that is, if Vj, Vi€ £%=°(Y|U), then V; = Vi <

The concept of P-uniqueness is closely related to concept of absolute continuity of a
measure with respect to another one. This term is defined as follows [see SN-Def. 3.70 (i)].

Definition 5.16 [Absolute Continuity of a Measure With Respect to Another One]
Let P and Q be measures on the measurable space (Q, /). Then the measure Q is called
absolutely continuous on «f with respect to P, denoted Q <P, if

VAed: P(A)=0 = Q(A)=0. (5.14)

Hence, if Proposition (5.14) holds, then this means: If A € o/ is a null set with respect to
P, then it is also a null set with respect to the measure Q.
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Lemma 5.17 [ PX=* is Absolutely Continuous With Respect to P]

Let X be a random variable on the probability space (Q, 4, P), let x € Q, {X=x} € o,
and P(X=x) > 0. Furthermore, let P*=* be the probability measure on (Q, «/) defined
by Equation (5.1). Then PX=% is absolutely continuous on < with respect to P, that is,

P *«< p (5.15)
o
(Proofp. 121)

Hence, if A€o/ is a null set with respect to P, then A is also a null set with respect to
pX=x,

Remark 5.18 [ P is Not Necessarily Absolute Continuous With Respect to PX=*] In con-

trast, under the assumptions of Lemma 5.17, P < P*=* does not always hold (see Example
5.19). <

Example 5.19 [No Treatment for Joe] In the example displayed in Table 2.1, the event
{X=1} = {(Joe,yes,—), (Joe, yes,+), (Ann,yes,—), (Ann,yes,+)}

that the drawn person is treated, has the probability P(X=1) =.12+.08 = .2, and the (X=1)-
conditional probability of the event

{U=Joe} = {(Joe, no,—), (Joe,no,+), (Joe,yes,—), (Joe,yes,+)}

that Joe is drawn is PX=1(U=Joe) = 0, whereas P(U =Joe) = .5. Hence, P is not absolutely
continuous on ¢ with respect to P*=1,
In contrast,

P)

P ({(Joe,yes,-)}) = P({(Joe, yes,+)})
P ({(Joe,yes,-), (Joe,yes, +)}) = 0

and

P*Y @) = P*=({(Joe,yes, —)}) = P*='({(Joe, yes, +)})
P*=1({(Joe,yes,-), (Joe, yes, +)}) = 0

(see columns two and four of Table 2.1). Hence, PX=1 is absolutely continuous on & with
respect to P. <

In the following lemma we consider the relationship between P*=*-equivalence and
P-equivalence of two random variables, presuming P < P*=*_thatis, presuming absolute
continuity on < of P with respect to P*X=*. Reading this lemma, remember that the set
{X£Y} = {weQ: X(w) # Y(w)} denotes the event that X and Y do not take on the same
value.



5.2 Uniqueness, PX=*-Uniqueness, and P-Uniqueness of EX=*(Y|Z) 109

Lemma 5.20 [An Implication of Absolute Continuity of P With Respect to P*=*]
Let X and Y be random variables on (Q, <, P), let x € Q%, {X=x} € o, P(X=x) >0, and
assume that PX=* is the probability measure on (Q, «/) defined by Equation (5.1). Fur-
thermore, assume{X#Y} € of . Then

X=
(przzxY/\Pf;P ) = X3V (5.16)
(Proofp. 121)

Example 5.21 [No Treatment for Joe] Consider the two random variables PX=}(Y=1|U)
and P*='(Y=1|U)" displayed in the last two colums of Table 2.1. Inspection of this table
shows that these two random variables are not identical, because Equation (2.27) does not
hold. For example,

PN Y =1|U) () # P*I(Y=11U)" ().

Furthermore, they are also not P-equivalent, because Proposition (2.28) does not hold:
There isno A € of such that P(A) =0 and

VweQ\A: PP Y=11U)(w) = PXY(Y=11U)*(w),

because the values of the two random variables differ for all elements of the set {wy, ..., w4},
and P({wy,...,w,}) = .5. In contrast, there is an A € o/, namely A = {wy,..., w4}, such that
PX=1(A) =0and

YweQ\A: PXYY=1U)(w) = PXH(Y=1U)* (w).

In other words
PXYy=1U) = P¥Yy=1U)"
P

X=1

holds, but neither
PXly=1|U) = PXYy=1U)*

nor
PXYy=1U) = P*Y(Y=1U)*.

Hence, this example shows: PX=*-equivalence of two random variables does not imply
that they are P-equivalent. According to Lemma 5.20, we need the additional requirement
P < P*, <

Remark 5.22 [A New Notation] Let Z be a real-valued random variable on a probability
space (Q, <, Q) and B € Z8. Then we define

ZeB o (FAeef: QA=0 A YweQ\A: Z(w) € B). (5.17)
<

Example 5.23 [Some Special Cases] Special cases in which we can apply the notation in-
troduced in Proposition (5.17) are:

(i) IfB=(0,oo),thenZ%B < 250.
(i) If(xe[Rande{(x},thenZ%B & Zg(x.
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(iii) If B = (—00,0], then Z%B < Z% 0.

Lemma 5.24 [Almost Sure Properties With Respect to P*=* and P]

Let X and Z,, x € X(Q), be random variables on a probability space (Q, <, P) and let
(R, 2B) the value space of all Z,, x € X(Q). Furthermore, let B € 8, and for all x € X(Q),
let{X=x} € o, P(X=x) > 0, and assume that P*=* is the probability measure on (Q, <)
defined by Equation (5.1). Then X (Q) is finite or countable and

(VxeX(@: Z, € B) & ( Y Zx~1X_x) € B. (5.18)
pr=x XEX(Q) P
(Proof p. 122)

Remark 5.25 [Absolute Continuity] In the Theorem 5.27, we present conditions that are
equivalent to P-uniqueness of a conditional expectation EX=*(Y'| Z) [see Eq. (5.12)]. In this
theorem, we use the notation

P(X=x|2)30 & P({weQ: P(X=x|2)(w)>0})=1, (5.19)
P < PX¥ e VCeo(2): (P*1(O)=0 = P(C)=0), (5.20)

and
Pz <5 P o VAedy: (PFHAN=0 = Py(A)=0). (5.21)

The first condition, P(X=x|2) > 0, means that the Z-conditional probability of the event
{X=x} is greater than zero, P-almost surely. Furthermore, P of% PX=* means that the mea-
sure P is absolutely continuous on the ¢-algebra ¢(Z) with respect to the measure PX=*
(see Rem. 5.18). And finally, P, §§ PZX:X means that the distribution P is absolutely con-

tinuous on the o-algebra <77 with respect to the measure P;=*. <

Remark 5.26 [Distribution of Z with respect to PX=*] Assume that Z is a random vari-
able on the probability space (Q, of, PX=%), where PX=* is defined by Equation (5.1), and
let (%, «7) denote the value space of Z. Then the function P}=*: oZ; — [0,1] defined by

PS=Y(A) = P*Y({ZeAY), VAedd, (5.22)
is called the distribution of Z with respect to PX=* (cf. Def. 2.27). <

Reading the following theorem, which is an adaptation of SN-Corollary 14.48, also re-
member that P, denotes the distribution of Z.

Theorem 5.27 [P-Uniqueness of EX=*(Y|Z)]

Let the assumptions of Definition 5.4 hold, let (Q%, </7) denote the value space of Z, and
assume that PX=* is the probability measure on (Q, «f) defined by Equation (5.1). Then
the following propositions are equivalent to each other.
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(a) EX=*(Y|Z) is P-unique
(b) P(X=x|2) > 0

X=x
(C) PcfE]P

X=x
(d) Py ;? P>~

Furthermore, if there is a version V, € 8X=X(Y| Z) such that E(V,) is finite, then each of
(a) to (d) is also equivalent to

(e) YV, Vie&XX(Y|Z): E(V,) = E(V;).

According to Proposition (e) of Theorem 5.27, if there is a version V, € &X=*(Y|Z) such
that E(V,) is finite, then the expectation E (E*=*(Y|Z)) is a uniquely defined number if
and only if EX=*(Y|Z) is P-unique. The following example shows why this property is im-
portant.

Example 5.28 [No Treatment for Joe] The last columns of Table 2.1 display versions of the
conditional expectations EX=°(Y'|U) = PX=%(Y =1|U) and EX=1(Y|U) = PX={(Y =1|U), re-
spectively. In this example, P*=°(Y =1|U) is P*=°-unique and P-unique. Itis even uniquely
defined. In contrast, the conditional expectation EX=!(Y|U) = P*=Y(Y=1|U) is neither
unique nor P-unique. However, it is PX~l-unique (see Example 5.21). In this example,
condition (b) of Theorem 5.27 does not hold for P(X=1|U), because P(X=1|U)(w;) =
P(X=1|U)(w,) = 0 but P({w;,w,}) = .5 > 0. Because EX=!(Y|U) = P*=}(Y=1|U) is not
P-unique, the expectations E (P*=(Y=1|U)) = 49.7 and E (PX=}(Y=1|U)") = .6 are not
identical and have no substantive meaning (see Exercise 5-2). <

5.3 Factorization of EX**(Y | Z)

Remark 5.29 [Factorization of EX=*(Y|Z)] Let the assumptions of Definition 5.4 hold, let
(Q%,<#4) denote the value space of Z, and let EX=%(Y|Z) € £X=*(Y|Z). Then there is a
measurable function g,: (Q%,<77) — (R, %) such that

EX¥(Y12) = g:(2) (5.23)

(see Cor. 4.16). The function g, is a factorization of E*X=*(Y'| Z) (see Def. 4.17). Note that a
factorization g, is a random variable on (Q, 7/, P,), whereas E X=*(y|Z) and the compo-
sition g,(Z) are random variables on (Q, <, pX=x, <

A factorization of EX=*(Y|Z) can also be used for the definition of a (Z=z)-conditional
expectation value of Y with respect to the probability measure P*=*. In this definition we
assume P(X=x) > 0, but not PX=*(Z=2z) > 0.

Definition 5.30 [(Z=2z)-Conditional Expectation Value With Respect to PX=*]

Let the assumptions of Definition 5.4 hold, let (Q%, <¢7) denote the value space of Z, and
let g (Qf, o)) — (R, 8B) be a measurable function satisfying Equation (5.23). Then, for
all ze Qy, wedefine



112 5 Conditional Expectation With Respect to a Conditional-Probability Measure

E*X=X(Y|Z=2) = g.(2), (5.24)

and call it a (Z=z)-conditional expectation value of Y with respect to the probability
measure PX=* .

Remark 5.31 [Values of EX=*(Y|Z)] The conditional expectation values E*=*(Y|Z=z) are
the values of EX=*(Y|Z). In more formal terms,
VweQ: EX¥YY|Z)(w) = EX**(Y|Z=2), ifwe{X=x,2Z=z]. (5.25)

Furthermore, if P(X=x,Z=z) >0, then P(X=x) >0, P(Z=z) >0, and

EXX(Y|Z=2) = E¥7*(Y|X=x) = EX*%%%(Y) = E(Y|X=x,Z=2) (5.26)
(see SN-Rem. 14.37). <
Example 5.32 [No Treatment for Joe] Now we compute the values of the conditional ex-
pectation E X=0(y|U) in the example presented in Table 2.1. According to Remark 5.31,
the values of the conditional expectation E X=0(y|U) are the two conditional expectation
values E(Y|X=0,U=Joe) and E(Y|X=0,U=Ann). Because, in this example, Y is binary,

E(Y|X=0,U=u) = P(Y=1|X=0,U=u),

the conditional expectation values E(Y | X=0,U=Joe) and E(Y|X=0,U=Ann) can be com-
puted from the probabilities of the elementary events presented in Table 2.1 as follows:

P(Y=1,X=0,U=Joe) .35
P(Y=1/X=0,U=Jjoe) = = =
P(X=0,U=Joe) .15+.35
and
P(Y=1,X=0,U=Ann) .06
P(Y=1|X=0,U=Ann) = = = .2.
P(X=0,U=Ann) .06+ .24

If we try to apply the equation that is analog to the equation for P(Y=1|X=0,U=Ann)
to the conditional probability P(Y=1|X=1, U=Joe), then we find P(X=1,U=Joe) = 0. This
implies that the fraction P(Y=1,X=1,U=Joe)/ P(X=1,U=Joe) is undefined. However, us-
ing the (version of the) conditional expectation E*=!(Y|U) = PX={(Y=1|U) specified in
the last but one column of Table 2.1 and Equation (5.24) yields

EX=Y(Y|U=Joe) = E(Y|X=1,U=Joe) = P(Y=1|X=1,U=Joe) = 99.

Obviously, from a substantive point of view, this number, is meaningless, because we
can replace it by any other real number. However, this does not mean that Definition
5.30 is a bad idea, because it still allows us to formulate meaningful propositions about
PX=*_almost all (Z=2z)-conditional expectation values EX=*(Y| Z=z). The arguments pre-
sented in Example 4.30 still apply if we exchange the measure P and the conditional
expectation E(Y|X) by the probability measure P*=* and the conditional expectation
EX=%(Y|Z), respectively. <
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5.4 Partial Conditional Expectation E(Y |X=x, Z)

Now we turn to a second concept that can be used to describe how the conditional expec-
tation of Y depends on a random variable Z if another random variable X is kept constant
at one of its values x. For this new concept we do not have to assume P(X=x) > 0.

According to Remark 4.12, the term E(Y'| X, Z) denotes the (X, Z)-conditional expecta-
tion of Y with respect to P. Let (Q%,«fy), (Q%,</,) denote the value spaces of X and Z,
respectively. Then the concept of a partial (X=x, Z)-conditional expectation of Y builds
on Corollary 4.16, according to which, for each version E(Y|X,Z) € £(Y|X, Z), there is a
measurable function g: (Q% x Q}, o4 ® <#}) — (R, ) such that

EY|X,Z) = g(X,2), (5.27)

where (Q% x Q7, o/%® f7) denotes the value space of (X, Z) (see sect. 2.1.5). In this equa-
tion, g(X, Z) denotes the composition of the multivariate random variable (X, Z) and g.
The function g is a factorization of E(Y|X, Z) (see Cor. 4.16). According to Equation (4.16),
for (x,2) € Q% x QF,

E(Y|X=x,Z=2) = g(x,2), (5.28)

is an (X=x, Z=z)-conditional expectation value of Y. _
In Definition 5.34, we will refer to the function g,: Q7 — R that, for x € Q%, is defined by

g.(2) = g(x,2), VzeQl. (5.29)
Hence, a value g,(z) is identical to E(Y|X=x, Z=z), that is,
g:(z) = g(x,2) = E(Y|X=x,Z=z2), YzeQl. (5.30)

Remark 5.33 [Uniqueness of E(Y|X=x,Z=2z)] In Equations (5.29) and (5.30) we do not
assume P(X=x,Z=z) > 0. However, there can be several versions E(Y|X,Z)e (Y |X, Z),
and even for a given version E(Y|X,Z) € £(Y|X, Z), there can be several factorizations
satisfying Equation (5.27) (see Rem. 4.31). This implies that E(Y | X=x, Z=z) isnot uniquely
defined if P(X=x, Z=z) = 0. (For more details see SN-section 10.4.4). <

Definition 5.34 [Partial Conditional Expectation]

Let X, Y, and Z be random variables on (Q, </, P) and let (Q%, %), (Qf, «£}) denote the
value spaces of X and Z, respectively. Furthermore, assume that Y is numerical and
nonnegative or with finite expectation E(Y), let E(Y|X,Z) € §(Y|X,Z) and let g be a
factorization of E(Y|X, Z) such that g(X,Z) = E(Y|X, Z). Finally, for x € Q, let g, be
defined by Equation (5.29). Then we call the function E(Y|X=x,Z): Q — R defined by

E(Y|X=x,Z) = g(2) (5.31)

a version of the partial (X=x, Z)-conditional expectation of Y (with respect to P).

Remark 5.35 [A Partial Conditional Expectation is a Random Variable] For all x € Q%, the
function E(Y|X=x,Z) = g.(Z) denotes the composition of Z and g,. Hence, for x € Qy,
E(Y|X=x,Z) is a Z-measurable random variable on (Q, «/, P) (see Rem. 2.13 and Lemma
2.24). <
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Remark 5.36 [Partial Conditional Probability] If A€o, then we also use the notation
P(A|X=x,Z) = E(L4|X=x,Z) and call it a partial (X=x, Z)-conditional probability of
(the event) A (with respect to P). Furthermore, if Y is binary with values 0 and 1, then we
use the notation P(Y =1|X=x, Z) := E(Y|X=x, Z) and call it a partial (X=x, Z) -conditional
probability of (the event) {Y =1} (with respect to P). <

Remark 5.37 [The Set £(Y|X=x, Z)] Note that E(Y|X=x,Z) is not uniquely defined for
two reasons. The first is that E(Y|X, Z) is not uniquely defined (see Rem. 4.5). The second
reason is that even for a given version E(Y| X, Z), the factorization gof E(Y|X,Z) = g(X, Z)
is not uniquely defined (see Rem. 4.31 and Cor. 4.32). Therefore, we use

E(Y|X=x,7Z) = {g«(2): g satisfies (5.30), where g(X,Z) € (Y |X,Z)}
to denote the set of all versions of the partial (X=x, Z) -conditional expectation of Y . <

Remark 5.38 [Discrete X] Under the assumptions of Definition 5.34, suppose that X is a
random variable on (Q, o/ P) and that the image X (Q) of X is finite or countable. Then

E(Y|IX,Z) = ) E(Y|X=x,Z)1x_x (5.32)
x€X(Q)
holds for the specific version E(Y|X,Z) € £(Y|X,Z) that is used in Definition 5.34 (for a
proof see SN-Exercise 14-6). Furthermore, under these assumptions,

V= Z EY|X=x,7Z)1x-,, ifVe&YI|XZ). (5.33)

xeX(Q)
That is, under these assumptions, each version of the conditional expectation E(Y|X, Z)
is P-equivalent to the sum on the right-hand side of Equation (5.32). <

Remark 5.39 [A Partial Conditional Expectation is not a Conditional Expectation] Note
again, a partial conditional expectation is defined even if P(X=x) = 0. However, this def-
inition is not unique (see Rem. 5.37). Also note that, in general, a partial conditional
expectation is not a conditional expectation (with all its well-known properties) unless
P(X=x) > 0. In the latter case a partial conditional expectation is in fact a version of a
conditional expectation. This is detailed in the following theorem. <

Theorem 5.40 [Relationship Between E(Y|X=x, Z) and EX=*(Y | Z)]
Let the assumptions of Definitions 5.34 hold and assume that x € Q%, {X=x} € of, and
P(X=x) > 0. Furthermore, let P*= be defined by Equation (5.1). Then

E(Y|X=x,2) € §5%Y|2). (5.34)
This implies

EY|X=x,2) = E*"(Y|Z), VE*7'(Y|2)e8*7'(Y|2). (5.35)

For a proof see SN-Theorem 14.33. According to this theorem, the partial conditional
expectation E(Y|X=x, Z) is also a version of the Z-conditional expectation of Y with re-
spect to PX=%, provided that P(X=x) > 0 and P*=* is the measure defined by Equation
(5.1).
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Box 5.1 Properties of P-uniqueness of £ X=x(y|2Z)

Let the assumptions of Definition 5.4 hold, let W be a random variable on (Q, &, P), and assume
that PX=* is the measure defined by Equation (5.1). Then:

EX=¥(Y|Z)is P-unique :& VYV, Ve &XX(Y|Z): v=v* M
EX=¥(Y|Z)is P-unique & PU<(<Z]PX:X (ii)
EX=X(Y|Z) is P-unique & P(X=x|Z2) >0 (iii)
EX=%(Y|Z)is P-unique = E*=*(Y|W)is P-unique, if o(W)co(2). (iv)

Additionally, let V, V* be random variables on (Q, < P), let Be</, P(B) > 0, and let P5 be the
measure introduced in Equation (1.21). Furthermore, let P‘f , EB(V) denote the distribution and
the expectation of V with respect to P, respectively. Then

EX=X(Y|Z) is P-unique = E*=*(Y|Z)is PZ-unique W)
E*=X(Y|Z)is P-unique = VV,V*e&*X(v|2): P} =P} vi)
EX=*(Y|Z)is P-unique = VY V,V*e&X=*(Y|2): EB(v)=EB(V*). (vii)

Let P(W=w) >0, EX=*(Y|Z) or E¥=¥(Y|Z) be real-valued, and o, f € R. Then

EX=X(v|2), EY=¥(Y|Z) are P-unique = o«E*X~*(Y|Z)+BEY=¥(Y|Z)is P-unique. (viii)
If Z(Q) is finite or countable, then:

(VzeZ(Q): P¥=¥(Z=2)>0) = EX=*(Y|Z)is P-unique. (ix)

5.5 Further Properties of E*=*(Y|Z)

Remark 5.41 [Relationship Between E X=x(y|Z)and E(Y|X,Z)] Let the assumptions of
Definition 5.4 hold, assume that the image X (Q) of X is finite or countable with {X=x} € o«
and P(X=x) > 0 for all x € X(Q), and that P*=* is defined by Equation (5.1). Then

EYIX,Z2) = ) E*(Y|Z)-1x=x (5.36)
xeX(Q)

(see SN-Rem. 14.34). Because the right-hand side of Equation (5.36) is (X, Z)-measurable,
this equation implies that it is a version of the conditional expectation E(Y|X,Z) [see
Prop. (4.8)]. For an indicator variable 1x_,, Equation (5.36) simplifies to

E(Y|lx-5,Z) 5 EX7"(Y|Z) Lx=x + EV75(Y|Z) Lyp, (5.37)

because {X=x}={1xy_,=1} = {w € Q: 1x_,(w) = 1}.
Furthermore, under the same assumptions,

(VxeX(@Q: EX*(Y|Z) > 0) o | Y E*(YI|Z)1x|> 0 (5.38)
pX=x X€X(Q) !
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< EYIX,Z) 30, (5.39)
[for the last equivalence proposition see Eq. (5.36)], where
EX(Y12) > 0 e (FAeet: PP(A)=0 A YweQ\A: EX=¥(Y]Z)(w) >0).

Proposition (5.38) follows from Lemma 5.24 if EX=*(Y|Z) takes the role of Z,, we use

EX*(Y|Z) > 0 o E*N(Y|Z) € RY, (5.40)
pX=x pX=x
and
Y EX_"(YIZ)-lx_x) >0 & ( Y E*N(Y1Z)-1x-x| € RY, (5.41)
XEX(Q) XeX(Q) :
where R* = (0,00) denotes the set of all positive real numbers [see Example 5.23 ()]. <

Remark 5.42 [ Properties Related to P-Uniqueness of £ X=x(y|Z)] Box 5.1 summarizes
some properties related to P-uniqueness of a Z-conditional expectation EX=*(Y|Z) of Y
with respect to the measure P*=*. This box is adapted from SN-Box 14.1. Proofs are found
in the solution to SN-Exercise 14-13. <

5.6 (Conditional) Mean-Independence With Respect to P*=*

Now we turn to mean-independence of a numerical random variable Y from a random
variable Z with respect to the measure P*=*. This concept specifies the intuitive idea of
keeping constant a value x of a random variable X and then postulating that the Z-condi-
tional expectation of Y actually does not depend on Z.

Definition 5.43 [Mean-Independence of Y From Z With Respect to PX=*]
Let the assumptions of Definition 5.4 hold. Then we define mean-independence of Y
from Z with respect to PX=*, denoted Y XI= Z, by

pX=x

EX(Y12) = E*(Y). (5.42)

Hence,

Y EZ o E*YY|Z) = EXN(Y). (5.43)

pX=x pX=x

In the following corollary we translate Theorem 4.35 to mean-independence with re-

spect to P*=*.In this corollary, we refer to P;=%, the distribution of Z with respect to PX=*
[see Eq. (5.22)].
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Theorem 5.44 [Mean-Independence With Respect to pX=7]

Let X, Y, and Z be random variables on (Q, <, PX=%), let PX=* be defined by Equation
(5.1), and let (Q%, s47) denote the value space of Z. Finally, assume that Y is numerical
and nonnegative or with finite expectation EX=*(Y).

(i) Then

YEZ o EY%Y|Z=2)=E**(Y), forP} ™ -a.a ze€Q}. (5.44)

PX:x
(ii) Ifz€ Z(Q), {Z=z} € of, and PX=*(Z=2z) > 0, then

Y EZ = EX*Y|Z=2)=EX*Y). (5.45)

pX=x

According to Theorem 5.44 (i), mean-independence of Y from Z with respect to P*=*
is equivalent to stating that the (Z=z)-conditional expectation values of Y with respect to
P*=* actually do not depend on the values z of Z, for P}=*-a.a. z€ Q. If PX=*(Z=2) >0,
then mean-independence of Y from Z with respect to P*=* implies that the two condi-
tional expectation values E X=x(Y|Z=2z) and EX=*(Y) are identical [see Th. 5.44 (i)].

Theorem 5.45 [Mean-Independence With Respect to P*=*: Special Cases]

Let X, Y, and Z be random variables on (Q, </, PX=*) and let P*=* be defined by Equa-
tion (5.1). Finally, assume that Y is numerical and nonnegative or with finite expecta-
tion EX=*(Y).

() If forallze Z(Q): {Z=z} € of and P*=*(Z=z) >0, then

Y EZ o EXY|Z=2)=EX*Y), VzeZ(Q). (5.46)

pX=x

(i) IfZ(Q)=1{0,1}, ze Z(Q), {Z=z} € of, and P*X=*(Z=z) > 0, then

Y EZ o EX¥Y|Z=z) =E*Y). (5.47)

pX=x

Hence, if PX=*(Z=2z) > 0 for all values z of Z, then mean-independence of Y from Z
with respect to P*=* is equivalent to stating that the (Z=2z)-conditional expectation values
of Y with respect to PX=* actually do not depend on the values z of Z [see Th. 5.45 (i)]. And,
if Z is binary and P*=*(Z=z) > 0, then mean-independence of Y from Z with respect
to PX=% is equivalent to EX=*(Y|Z=z) = EX=*(Y) [see Th. 5.45 (ii)]. Note that, under the
assumptions of Theorem 5.45 and PX=*(Z=2)>0,

Z(Q)=1{0,1} A EX°¥(Y|Z=2) = EX=*(Y) = EX*(Y|Z#z)=E**(Y). (5.48)

Remark 5.46 [Rewriting Some Propositions] Let the assumptions of Theorem 5.44 hold.
If we additionally assume {X=x} € o/ and that P is a probability measure on (Q, <) such
that P(X=x) > 0, then, according to Equation (3.24),
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E*X(Y) = E(Y|X=x). (5.49)
Similarly, if additionallly, z € Z(Q), {Z=z} € &/, and PX=*(Z=2z)>0, then
E*=(Y|Z=2) = E(Y|X=x,Z=2) (5.50)

[see Eq. (5.26)]. Hence, in these cases we can rewrite propositions (5.44) to (5.47) in terms
of the conditional expectation values E(Y|X=x) and E(Y|X=x, Z=z) replacing E X=x(y)
by E(Y|X=x) and EX=*(Y|Z=2z) by E(Y|X=x, Z=2z). <

Example 5.47 [Nonorthogonal Factors] In the example presented in Table 1.3, condition-
al mean-independence of Y from U given (X=x, Z=Ilow), holds for all three values x of X,
that is, for all x € X(Q),

EX$X,Z$ZOW(y|U:u) - EX:X,Z:IOW(Y), quU(Q),
(see the first two rows of the last three columns of Table 1.3). Similarly,
EX=0Z=hiy|\U=u) = EX=0Z7M(Y), YueU(Q),

for all values x of X (see the last two rows of the last three columns of this table). In con-
trast, the corresponding equation for E X=x,Z=med(y|17=y) does not hold for any value x of
X (see rows three to six of the last three columns of this table). <

Now we generalize the concept of mean-independence of Y from Z with respect to
PX=% to W-conditional mean-independence of Y from Z with respect to P*=*. This con-
cept formalizes the idea that the (Z, W)-conditional expectation of Y does not depend on
Z keeping constant X at its value x, presuming that P(X=x) > 0.

Definition 5.48 [Conditional Mean-Independence of Y From Z With Respect to PX=7]
Let the assumptions of Definition 5.4 hold and let W be a random variable on
(Q, o/, PX=Y). Then we define W-conditional mean-independence of Y from Z with re-
spect to PX=%, denoted pr':—xZ |W, by

EX(YIZW) = EX (Y IW). (5.51)

=X

Hence,
YEZIW o EX:"(YIZ,W)P;XEX:"(YIW). (5.52)

pX=x

5.7 Conditional Mean-Independence Revisited

In Definition 4.39 we introduced the concept of Z-conditional mean-independence of Y
from X, denoted YEX|Z, by

EYI|X,Z2) 5 E(Y|Z). (5.53)

In this section we present some propositions about Z-conditional mean-independence of
Y from X involving the conditional expectation E X=x(y|2).
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Theorem 5.49 [Some Proposition About Z-Conditional Mean-Independence]

Let X, Y, Z be random variables on the probability space (Q, of, P) and assume that Y is
numerical and nonnegative or with finite expectation E(Y). Furthermore, let x € X(Q),
{X=x}e of, P(X=x) >0, and let PX=* denote the measure defined by Equation (5.1).

(i) Then

YEX|Z = ET(Y1Z) = E(Y|Z) (5.54)
o EX'(Y|Z=2)=E(Y|Z=2), forP} ™ -a.a.z€Qj (555

(ii) 1If, additionally, for all x e X(Q), {X=x} € o, and P(X=x) > 0, then
YEX|Z < EX:X(YIZ)PX::XE(YIZ), VxeX(Q). (5.56)

(iii) If, additionally, for all pairs (x,z) e X(Q) x Z(Q), we assume {X=x,Z=z} =
{weQ: X(w) =x,Z(w) = z} € o/, and P*X=*(Z=2) > 0, then

YEX|Z o EXY|Z=2) = E(Y|Z=2), Y(x,2)eX(Q)*xZ(Q). (557)
(Proof p. 123)

In the following theorem we consider Z-conditional mean-independence from an in-
dicator 1x-,. This theorem is useful because the right-hand sides of Propositions (5.59)
and (5.60) only refer to a single value x of X. In this theorem we assume that not only P
but also PX#* is a probability measure on (Q, «#). This measure is defined as follows: let
xeX(Q), {X#x} € o/, and P(X#x) > 0. Then

P(AN{X#x})

X#x _ —
P77 (A) = P(A|X#x) = PX#£x)

, VAed. (5.58)

Theorem 5.50 [Z-Conditional Mean-Independence From an Indicator]

Let the assumptions of Theorem 5.49 hold, let0 < P(X=x) < 1, and let PX=* and P***
denote the measures defined by Equations (5.1) and (5.58), respectively. Furtthermore,
assume that EX=*(Y | Z) and EX**(Y|Z) are P-unique. Then:

YElx . |Z < EX%Y|2) =E(Y|Z) (5.59)

o EYY|Z)zE(Y|2). (5.60)
(Proof p. 123)

If Z is discrete and PX=*(Z=z) > 0 for all z € Z(Q), then Theorem 5.50 implies the fol-
lowing corollary.

Corollary5.51 [Z-Conditional Mean-Independence From an Indicator: Discrete 7]
Let the assumptions of Theorem 5.50 hold and, for all z€ Z(Q), let {Z=z} € o4, and
PX=%(Z=2z)>0. Then
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Box 5.2 Glossary of new concepts

Let X, Y, W, and Z be random variables on the probability space (Q2, < P). Let Y be numerical
and nonnegative or have a finite expectation EX=*(Y). Furthermore, let (Q%, <) and (Q}, <%})
denote the value spaces of X and Z, let x € Q%, {X=x} € of, and P(X=x) > 0.

pX=x The (X=x)-conditional-probability measure on the measurable space
(Q, 7). It is defined by PX=%(A)=P(A|X=x), VAed.

EX=%(Y) The expectation of Y with respect to P*=*.1f [ Y*dPX=* or [Y~dP*=* is
finite, then it is defined by EX=*(Y) = [ Y dPX=*.
PZsz The distribution of Z with respect to measure PX=*. A probability

measure on the measurable space (Q%,<#7) defined by PZXZX(A’) =
PX=*({zeA), VAl e oA}.

EX=X(Y|2) A (version of the) Z-conditional expectation of Y with respect to PX=X Ify
is nonnegative or has a finite expectation EX=*(Y), then EX=*(Y|Z) is de-
fined as a random variable V, on (Q, of, PX=%) satisfying

(@ o(Vy)co(Z) and (b) EXTF (1 Vo) = EX (1Y), VCeo(2).

EX=X(y|Z) The set of all random variables V, on (Q, «, PX=¥) satisfying (a) and (b).

g« Fact_orization of E X=X(y|Z). It is a measurable function gx: (Q’Z,gfz’) —
(R, ) such that EX=%(Y|Z) = g+(Z).

EX=X(Y|Z=z) (Z=z)-conditonal expectation value of Y with respect to PX=X_ 1t is de-
fined by EX=*(Y|Z=z) = g.(2). If PX=*(Z=z) > 0, then EX=*(Y|Z=z) =
E(Y|X=x, Z=z) is a uniquely defined number.

EY|X=x,2) A (version of the) partial (X=x, Z)-conditional expectation of Y.
&(Y|X=x,Z) The setof all versions of the partial (X=x, Z)-conditional expectation of Y.

PX=*_unique  In general, EX=*(Y|Z) is not uniquely defined. However, it is PX=*-unique
in the following sense: If Vy, V¥ € £X=X(Y| Z), then vxP;xvx*.

P <(<Z)PX:x Absolute continuity of P on 6(Z) with respect to PX=*_ It is defined by
o

VAeo(Z): PX¥(A) =0 = P(A)=0.
It is equivalent to P-uniqueness of EX=*(Y|2).

Y FZ Mean-independence of Y from Z with respect to PX=*_t is defined by
EX:x(YIZ)szszX:x(Y).

Y EZIW W-conditional mean-independence of Y from Z with respect to PX=*_ It is
pX=x X=x _ X=x
defined by E (YIZ,W)PX—:xE (Y |W).

YElx . |Z o EX*Y|Z=2)=E{Y|Z=z), VYzeZ(Q) (5.61)
& EXYY|Z=2)=E(Y|Z=z), YzeZ(). (5.62)
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5.8 Summary and Conclusions

In this chapter we introduced the concept of a conditional expectation EX=*(Y|Z) with
respect to a conditional-probability measure P*=*. This concept can be used to describe
how the Z-conditional expectation of Y depends on a random variable Z if another ran-
dom variable X is kept constant at one of its values x.

A conditional expectation EX=*(Y|Z) with respect to P*=* has the general properties of
a conditional expectation, but also additional properties that are related to its uniqueness.
It is uniquely defined if PX=*(Z=z) > 0, for all values z € Z(Q). By definition, EX=*(Y|Z)
is always PX:x-unique, which means that different versions of EX=*(Y|Z) are identical
P*=*_almost surely. However, E X=x(y|Z) can also be P-unique so that different versions
of EX=¥(Y|Z) are identical almost surely with respect to P. In this case, the expectation
E(E*=*(Y|Z)) of E*=*(Y|Z) with respect to P is a uniquely defined number that is iden-
tical for different versions EX=*(Y|Z) and EX=*(Y|Z)" of the Z-conditional expectation of
Y with respect to PX=*,

We also introduced the more general concept of a partial conditional expectation
E(Y|X=x,Z), whose definition does not presume P(X=x) > 0. However, if P(X=x) > 0,
then E(Y|X=x, Z) is also a version of the Z-conditional expectation of Y, and vice versa,
EX=%*(Y|Z) is also a version of the (X=x, Z)-partial conditional expectation of Y.

Box 5.2 summarizes these and related concepts such as the condition expectation value
EX=%(Y|Z=z), mean-independence of Y from Z with respect to P*=*_and absolute conti-
nuity of P on the o-algebra o (Z) with respect to P*=*. The latter is equivalent to P-unique-
ness of EX=¥(Y|Z) and to P(X=x|2) > 0 (see Th. 5.27).

5.9 Proofs
Proof of Lemma 5.17
P(AY =0 => PANn{X=xHh=0 [Box 1.1 (V)]
= P¥(A)=0. [(5.1)]
Proof of Lemma 5.20

X =Y AP« pX~
p)(:x o

o PXX#YN=0 A (VAest: PX"¥(4)=0 = P(A)=0) [Defs.2.35,5.16]
PUX#Y) =0 {X#Y}ed]
X=Y. [Def. 2.35]

U

¢
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Proof of Lemma 5.24

We start proving that X (Q) is finite or countable, if P(X=x) > 0 for all x € X(Q), using the

notation #{A} for the number of elements in the set A.

1 e
#{xEX(Q): P(X=x)= ;} <n. [P(Q) = 1, additivity of P]
Furthermore,
X(Q) = U {xeX(Q):P(X:x)z%}. [VxeX(Q): P(X=x)>0]
neN

However, a countable union of finite sets is finite or countable.
Now we show that for Ae o/, P(A) >0is equivalent to 3xe€ X (Q): PX=*(A)>0.

Q= | x=x} [def. of X(Q)]
xeX(Q)

and {X=x}n{X=x'} =0 if x # x' (def. of a mapping). Hence, for Ac Q,

A=AnQ= |J An{X=x}
xeX(Q)
and

AN{X=xh N (An{X=x'}) =0, ifx#x'.
Hence, for A€ o/,

PA) = Z P(An{X=x}) [(5.63), (5.64), o-additivity of P]
xeX(Q)

and therefore
P(A)>0
< FxeX(Q): P(An{X=x})>0 [P is nonnegative]
o JxeX(Q): P*FA) >o0.

Finally, we prove Proposition (5.18) by contradiction:

=

Y Z;lx.€B
xeX(Q) P

o JAed:P(A>0AVYweA:| Y Zi(w) ly(w)|¢B

xeX(Q)
o FJAed:IxeX(Q): P (AN{X=x})>0 AVxe An{X=x}: Z,(0) ¢B

o (VxeX(Q):Z, € B).
PX=x

(5.63)

(5.64)

(5.65)

The next to last equivalence holds because of (5.65), P*=*(A) = P*=*(An {X=x}), and

Voe An{X=x}:1xy_,(w)=1.
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Proof of Theorem 5.49
@.
E(Y|X,Z), EX=*(Y|Z) e 8%V X, Z) [SN-Th. 14.64]
= E(YIX,Z)szszX:x(YIX,Z)szszX:x(YIZ) [SN-Eq. (14.72)]
= E(YIZ)szszX:x(YIZ). [YEX|Z = E(Y|Z)€ &(Y|X,2)]

Now Proposition (5.55) follows immediately from Propositions (5.44) and (5.45).
(ii). The firstimplication, namely

YEX|Z = Esz(YIZ)sz EY|Z), VxeX(Q),

=X

immediately follows from (i). Hence, we only have to prove

Esz(YIZ)sz E(Y|Z), VxeX(Q) = YEX|Z.

=X

Now
EYIX,Z) 5 ) E*(Y1Z)-1x=x ((5.36)]

xeX(Q)

= Y E(Y|Z)1x=x [E(Y1Z) € 87X (Y|Z),V x e X(Q)]
xeX(Q)

=E(Y|Z)- ) 1x=x 3 E(Y|Z)-1q 5 E(Y|Z)-1

xeX(Q)
= E(Y|Z).

(iii). This proposition follows from Theorem 4.40 (i), PX=*(Z=2z) > 0forall (x, z) € X(Q) x Z(L2),
and Equation (5.26).

Proof of Theorem 5.50

(5.59). We start proving Y F1x_,|Z = EX:X(YIZ)P)(zsz(YIZ).

YE1x-,|Z
- EX:X(Y|Z)PX:=)¢E(Y|Z) [Th. 5.49 ()]
o EXNY|2) =E(Y|Z). [EX=*(Y|Z)is P-unique, Th. 5.27 (c), (5.16)]

Now we prove EX=*(Y|Z) =B(Y|Z) = YF1x,|Z.

E(Y|1lx=x,Z) = EX*(Y12Z) 1xer + EX*N(Y|Z) 1xpx [(5.37)]
= E(Y|1x=r,Z) 5 E(Y1Z)-1xex + EXX(Y|Z) Lxser  [EX(YIZ) 5 E(Y(2)]
= E(Y|1lx=x,Z2)1x-x 5 E(Y|Z) - 1x=x [ 1xox, 13- = Ixox, Lxox- Lxzx=0]

= EYI|1lx=x,2) P E(Y|Z) [Rem. 2.46]
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= E(Y|1x-x,Z) 5 E(Y|2) [E*=*(Y|Z) is P-unique, Th. 5.27 (c), (5.16)]
o YF1x,|Z, [Def. 4.39]

where |- 1x-, means multiplying both sides of the equation by 1y_,.
(5.60).

YE1x_|Z <o E{Y|1lx=x,”Z) gE(YIZ) [Def. 4.39]
<  E(Y|1lxyx, Z) fE(Y|Z) [0(1x=x,Z) = 0(1xyx, Z)]
& YF1xulZ [Def. 4.39]
s E*¥XNY|2) fE(YIZ). [(5.59)]

5.10 Exercises

> Exercise 5-1 Specify the probability measure P*=! in the random experiment presented in Table
2.1.

> Exercise 5-2 Consider Table 2.1 and compute the expectations (with respect to P) of the two dif-
ferent versions PX=1(Y =1|U), PX=}(Y=1|U)" € £X=1(Y|U) mentioned in Example 5.28.

> Exercise 5-3 Consider Example 5.28 and show that PX=l{w e Q: Vi(w) = Vi*(w)}) = 1 holds for
= PX=1(y=1|U) and Vi = PX=l(y=1| U)*, using the measure pX=1 specified in Exercise 5-1.

> Exercise 5-4 What does it mean when we assume that the conditional expectation EX=*(Y|Z) is
P-unique?

> Exercise 5-5 Which are the values of EX=°(Y|U) and the values of the conditional expectation
E(Y|X,U) for wgq = (Joe, yes,+) in the example presented in Table 1.2?

> Exercise 5-6 Which are the values of a Z-conditional expectation E X=x(y|Z) of Y with respect
to the probability measure PX=*?

> Exercise 5-7 Compute the values of the conditional expectation E(Y|X) = P(Y=1|X) in the ex-
ample presented in Table 2.1.

> Exercise 5-8 Compute the values of the conditional expectation E(Y|X,U) = P(Y=1|X,U) in the
example presented in Table 2.1.

Solutions

> Solution 5-1 The measure PX=! is specified if the probabilities PX=!({w;}) are specified for all
eight elementary events {w},...,{ws}. The probabilities of all other events can be computed from
the probabilities of these eight elementary events [see Box 1.1 (x)]. Hence, we just have to compute
the following probabilities:

Plwin{x=1}) 0

Fori=1,...,6: PXl(ju;}) = = =
P(X=1) 12+.08
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P({w7}n{X=1} 12

Xx=1 _ B B
Prlon) = =50y T 12r0s 0 C
PX=1 (o)) = Plogin{x=1) _ .08 _ B

P(X=1) 12+.08

> Solution 5-2 The first version Vj = PX=l(y=11U) € X1 (Y|U) is displayed in the last but one
column of Table 2.1. The second version, V{* = PX=ly=10) *, is obtained by replacing the number
99 by the number .8 in the first four lines of the table. Hence,

E(V7) =99-5+.4-.5 = 49.7 and E(V{) = 8-5+.4-5 = 6.

This shows that the two expectations are meaningless from a substantive point of view.

> Solution 5-3 The values of V; and V{* only differ for the outcomes wy,...,w4. According to Exer-
cise 5-1, PX=1({wy,...,w4}) = 0. Hence, PX"1({w € Q: Vi () = Vi (w)}) = 1.

> Solution 5-4 By definition, there may be different versions E X=x(y|Z) of the Z-conditional ex-
pectation of ¥ with respect to the probability measure PX=*. In general, all pairs of such versions are
identical, PX=!-almost surely [see Eq. (5.11)]. If we additionally assume that EX=*(Y| Z) is P-unique,
then we assume that all pairs of versions V,, Vi € &X=%(y|Z) are identical P-almost surely [see
Eq. (5.13)].

> Solution 5-5 EX=0(Y|U)(w4) = E(Y|X=0,U=Joe) =.7. In contrast, the value of E(Y|X,U) is
E(Y|X,U)(wy) = E(Y|X=1,U=Joe) = .8 (see the fourth row in Table 1.2).

> Solution 5-6 The values of EX=*(Y|Z) are identical to the conditional expectation values
EX=X(Y|Z=2z). In more formal terms, EX=*(Y | Z)(w) = EX=*(Y| Z=2), if v € Z~'({z}). If P is a pro-
bability measure on (Q, «/) and P(X=x, Z=z) > 0, then EX=X(Y|Z=z) = E(Y|X=x,7Z=2).

> Solution 5-7 The values of the conditional expectation E(Y|X) are the two conditional expecta-

tion values E(Y|X=0) and E(Y|X=1). Because E(Y|X=x) = P(Y=1| X=x), they can be computed
from Table 2.1 as follows:

P(Y=1,X=0) .35+.06

P(Y=1|X=0) = = = .5125,
P(X=0) .15+.35+.24+.06
P(Y=1,X=1) 0+.08
P(Y=1|X=1) = = =
P(X=1) 0+0+.12+.08

> Solution 5-8 The values of the conditional expectation E(Y | X,U) = P(Y=1|X, U) in Table 2.1 are
the conditional probabilities P(Y =1|X=x, U=u), which can be computed as follows:

P(Y=1,X=0,U=Joe) .35
P(Y=1|X=0,U=Joe) = = =7,
P(X=0,U=Joe) .15+.35
P(Y=1,X=0,U=Ann) .06
P(Y=1|X=0,U=Ann) = = = .2
P(X=0,U=Ann) .24 +.06
P(Y=1,X=1,U=Ann) .08
P(Y=1|X=1,U=Ann) = = = 4.
P(X=1,U=Ann) .12+.08

The conditional probability P(Y =1| X=1, U=Joe) is undefined, because P(X=1,U=Joe) = 0. Choos-
ing any number (such as 99) as a value of P(Y =1|X,U) for wz = (Joe,yes,—) and w4 = (Joe, yes,+)
yields a version of P(Y =1| X, U). Different versions of P(Y =1| X, U) are identical almost surely with
respect to the measure P [see Eq. (4.7)].






Chapter 6
Conditional Independence

In chapter 4, we introduced the concept of a conditional expectation and dealt with its
properties in some detail. In the first section of this chapter, this concept is used to define
conditional independence of events and of random variables given a random variable. In
the second section, we revisit (unconditional) independence of events and of random vari-
ables as a special case of conditional independence given a random variable and add some
useful properties of independence. In the third and fourth section, we turn to conditional
independence and (unconditional) independence with respect to a probability measure
pX=x, focussing on properties that involve both measures, P and pX=x

6.1 Conditional Independence Given a Random Variable

In chapter 4, we introduced the concept of a conditional expectation. Now this concept
is used to define conditional independence of events given a random variable and condi-
tional independence of random variables given a random variable.

6.1.1 Conditional Independence of Events

Independence of two events A and B has already been introduced in Definition 1.39. Now
we define conditional independence of two events A and B given a random variable. Re-
member, in Remark 4.10 we introduced P(A | X), an X-conditional probability of the event
Aby

P(AIX) = E(14]X), 6.1)

where E(14] X) denotes a (version of the) X-conditional expectation of the indicator of the
event A.

Definition 6.1 [ X-Conditional Independence of Two Events]

Let X be a random variable on the probability space (0, </, P) and let A,B € of. Then
the events A and B are called X-conditionally independent (with respect to P), denoted
ALB|X, if

P(ANBIX) 5 P(A|X)-P(B|X). (6.2)

If there is ambiguity with respect to the probability measure, then we also add the ref-
erence to the measure and use the notation AJ}.)LB | X instead of AL B|X.
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6.1.2 Conditional Independence of Random Variables

Now we define conditional independence of two random variables Y and Z given a ran-
dom variable X, generalizing the concept of independence of two random variables (see
sect. 2.4). Reading the following definition, remember that the terms o(Y) and o(2), the
o-algebras generated by Y and by Z, have been introduced in Definition 2.12.

Definition 6.2 [ X-Conditional Independence of Two Random Variables]
Let X, Y, and Z be random variables on the probability space (O, &/, P). Then Y and Z
are called X-conditionally independent (with respect to P), denoted Y 1. Z | X if

P(ANB|X) = P(A|X)-P(B|X), V(A B ea(Y)xa(Z). (6.3)

Comparing Equations (6.2) and (6.3) to each other shows
YULZ|IX o V(ABeo(Y)xa(Z): ALB|X. (6.4)

Hence, two random variables Y and Z are called conditionally independent given a ran-
dom variable X if all pairs of events (A, B) € 6(Y) x a(Z) are X-conditionally independent.
Again, if there is ambiguity with respect to the probability measure, then we add an ex-
plicite reference to the measure. Hence, in such acaseweuse Y Il Z | X instead of Y 1L Z | X
if conditional independence of X and Y is meant with respect to the measure P.

Some properties of conditional independence are gathered in Box 6.1. This box has
been adapted from SN-Box 16.3. Proofs are found in the solution to SN-Exercise 16-3. Note
that these properties hold for any random variables X, Y, Z, and W on the same probabil-
ity space. None of them has to be numerical and none has to be discrete.

Remark 6.3 [An Implication of Independence] Of course, the list of properties of condi-
tional independence displayed in Box 6.1 is not complete. For example, if X, Y, and Z
are random variables on the probability space (Q, <« P), then another useful proposition
about independence and conditional independence of two random variables is

(YLZ AoX)co(Y)) = (X1Z A YIZI|X). (6.5)

This proposition follows from Box 6.1 (ix), because Y 1 Z < (X,Y)1 Z, if o(X) < o(Y).
Hence, if Y and Z are independent and X is Y-measurable, then this implies indepen-
dence of X and Z as well as X-conditional independence of Y and Z. <

In the following theorem we present an implication of conditional independence that
has some appeal to our intuition about conditional independence of random variables.
According to Proposition (6.6), Y 1L Z| X implies that the (X, Z)-conditional probability of
the event {Y =y} that Y takes on the value y does not depend on Z, P-almost surely, once
we condition on X. (For a proof see SN-Cor. 16.24).
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Box 6.1 Conditional Independence of Random Variables

Let X, Y, Z, and W be random variables on a probability space (Q, </, P). Then:

YIUIZ|IX © ZIY|X ()

YI(W,Z2)|IX = YUWI|X AN YIUZ|X (ii)

XUYlZ > YIUZ|X (iii)

o(Z)coX) = YIUZ|X @iv)
Zgz,zeﬂé = Yl Z|X, whereQistheco-domainofZ (v)

(YJ.I_ZIX A G(W)co(Z)) => YLW|X (vi)
YIZ|IX © YIU(X,2)|X (vii)

YIW,2)|X © YLUZ|IX AYLWI|(X,2Z) (viii)

YI(X,Z) © YLIXAYLZIX (ix)
(Z=WAYLZIX) = YLWIX. x)

If Yp and Z, are random variables on (Q, </ P) that are measurable with respect to Y
and Z, respectively, then

YIUZ|X = YIUZI|(X, Y, Zy). (xi)

Theorem 6.4 [An Implication of Conditional Independence]
Let X, Y, and Z be random variables on the probability space (Q, <, P), let Qf denote
the co-domain of Y, let y € Qy, and{Y =y} € of. Then

YI1Z|X = PI=ylX,Z)zP{Y=ylX). (6.6)

Note that Theorem 6.4 applies irrespective of whether or not Y is discrete. In contrast,
in the following theorem, we consider the case in which the image Y (Q) of Y is finite or
countable. In this case Y1 Z|X does not only imply the equation on the right-hand of
Proposition (6.6). Instead, if this equation holds for all values y of Y, then the resulting
proposition is equivalent to Y L Z | X [see Prop. (6.7)]. (For a proof see SN-Theorem 16.26.)
Furthermore, if Y (Q) is finite or countable, then, according to Proposition (6.8), Y1 Z|X
is also equivalent to the right-hand side of Proposition (6.8).

Theorem 6.5 [A Property Equivalent to Conditional Independence]
Let X, Y, and Z be random variables on the probability space (2, <, P). Furthermore,
assume that Y (Q) is finite or countable and let{Y =y} € o, for all y € Y (Q). Then

YAZIX & VyeY(Q: P(Y=y|X,Z)=P(Y=y|X) 6.7)
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< VyeY(Q): Iy, 1 Z|X. (6.8)

Now we turn to an even more special case, considering a single value y of Y and the in-
dicator 1y-,. That is, we consider the special case 1y-, 1L Z| X. Although the indicator 1y-,
has two different values, 0 and 1, we only have to show P(1y-,=1|X, Z) = P(1y-y=1]X) in
order to prove 1ly-, 1l Z| X. The corresponding equation for P(1y-,=0|X, Z) follows. Fi-
nally, because {Y=y} = {1y-,=1} = {w € Q: Y (w) = y}, we can also conclude

Ly LZ|IX < PI=ylX,Z)zP(Y=ylX) (6.9)

(see Exercise 6-1). Hence, in order to prove that Z and the indicator 1y-, are X-condi-
tionally independent, we only have to show that the conditional probability of the event
{Y=y}doesnotdepend on Z, once we condition on X. This will be exemplified in Example
6.7.

Theorem 6.6 [Conditional Independence Involving an Indicator]

Let X, Y, and Z be random variables on the probability space (Q, <, P), let Qy denote
the co-domain of Y, let y € Qy, and {Y=y} € of. Then the following propositions are
equivalent to each other:

@ ly-, 1L Z|X
(b) P(ly-,=1|X,2)
© P(ly-,=0|X,2)
(d) P(Y=y|X,2)
(€) P(Y#y|X,Z)

P(ly-y=11X)
P(1y-y=01X)
P(Y=y|X)
P(Y#y|X).

|l

P

|l

(Proof p. 143)

Example 6.7 [Mortality] Table 6.1 displays the parameters of a random experiment that
consists of sampling a person from the set Qy = { Joe, Jim, Ann, Sue} of four persons and
observing whether (Y'=1) or not (Y=0) this person passes away in a specified year. Sex
and age of these persons are displayed as well, while, for simplicity, other attributes of
these persons (such as their physical, mental health, social support) are not.

The set of possible outcomes of this random experiment is

Q = QyxQy,

where Qy = {dies, survives}, and the elements of this set refer to the specified year.
Hence, Q has eight elements, the pairs (Joe, dies), (Joe, survives),..., (Sue, survives). The
o-algebra on Q is its power set, that is, o = 22(Q), which has 28 = 256 elements. The prob-
ability measure P on «f is completely specified by the parameters P({w;}) listed in the
second column of Table 6.1. The probability of each of the 256 elements can be computed
from these eight parameters, because, except for the empty set, each of these events is a
finite union of the eight elementary events {w;}.
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Table 6.1. Mortality

Possible outcomes w; Observables Conditional probabilities
>~
=) i
© S
i E _ N
g 2|5 = 8§ &
: 2 E = & E|T T WX
g £ 2 |2 % & E£|l® = = =
5 O [ (=¥ » < o | & [ ¥ ¥
w1 = (Joe, survives) 24 Joe m 86 0 04 05 .04 .04
w2 = (Joe, dies) .01 Joe m 86 1 04 05 .04 .04
w3 = (Jim, survives) 235 | Jim m 88 0 06 .05 .06 .06
w4 = (Jim, dies) 015 | Jim m 88 1 06 .05 .06 .06
ws = (Ann, survives) 24 Ann f 86 0 04 06 .04 .04
wg = (Ann, dies) .01 Ann f 86 1 04 06 .04 .04
w7 = (Sue, survives) .23 Sue f 92 0 .08 .06 .08 .08
wg = (Sue, dies) .02 Sue f 92 1 .08 .06 .08 .08

Comparing the corresponding columns of Table 6.1 shows
P(Y=1|U) 5 P(Y=1|2) 5 P(Y=1|W,Z2).

Hence, W1LY | Z holds, because Y is an indicator variable so that we can apply Theorem
6.6. For details of computing the values of P(Y=1|W, Z) and P(Y =1|Z2) from the proba-
bilities P({w;}), see Exercise 6-2. <

6.1.3 Conditional Independence and Conditional Mean-Independence

Now we address the relationship between conditional independence and conditional
mean-independence of two random variables. Remember, the notation YEZ|X is a
shortcut for

E(YIX,Z) = E(Y|X) (6.10)
(see Def. 4.34).
Theorem 6.8 [Conditional Independence Implies Conditional Mean-Independence]

Let X, Y, and Z be random variables on (Q, &, P) and assume that Y is numerical and
nonnegative or with finite expectation E(Y). Then

YILZIX = YEZ|X. (6.11)

(For a proof, see SN-Rem. 16.36). According to this theorem, if E(Y|X) is defined, then
X-conditional independence of Y and Z implies X-conditional mean-independence of
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Y from Z. Note that, in contrast to Y, neither X nor Z have to be numerical. They can
be unidimensional or multidimensional random variables consisting of several random
variables that do not have to be numerical.

Remember, according to Theorem 6.6,

o, LZ|IX < PY=ylX,Z2) 5 P(Y=y|X). (6.12)

Because P(Y=y|X, 2) = E(1ly-y|X,Z) and P(Y=y|X) = E(1y-y| X) [see Eq. (4.10)], this im-
plies

Ly, LZIX & 1,.,FZ|X. (6.13)

6.1.4 Conditional Independence of a Family of Events

Now we turn to conditional independence of a family of events given a random variable.
Such a family of events (A;, i € I) may consist, for example, of two (I = {1,2}), a finite num-
ber (I ={1,...,m}), or a countable number (I = {1,2,...}) of events. The index set I may
even be uncountable.

Definition 6.9 [Conditional Independence of a Family of Events]

Let X be a random variable on the probability space (Q, &, P). Furthermore, let I be a
nonempty setand let A; € o, i € 1. Then (A;,i €1) is called a family of X-conditionally
independent events, denoted 1L (A;,i €I)|X, if

p( ﬂ] Al-|X) = H]P(Al-IX), V finite nonempty J < I. (6.14)
= S

Remark 6.10 [Sequence of Conditionally Independent Events] If the index set I is finite,
thatis, if I = {1,...,m}, then a family (A;,i € I) of events is also called a finite sequence of
events. In this case, we also use the notation Aj,..., A,, instead of (A;,i €I). Similarly,
in this case, instead of 1L (A;,i € I)|X, we use the notation A;ll...1l A,,|X and say that
the events A,,..., A, are X-conditionally independent. For m = 3 events, for instance,
A; 1L A, 1l A3| X means that

(pairwise X-conditional independence) and
P(AIN AN A3l X) 5 P(A1]X) - P(Ax] X) - P(A3] X) (6.16)

(triplewise X-conditional independence). Equation (6.15) results from Equation (6.14) if we
consider the subsets J; = {1,2}, J, ={1,3}, and J3 = {2,3} of I = {1, 2,3}, and Equation (6.16)
results from Equation (6.14) if we consider the subset /=1 of I. <

Remark 6.11 [Triplewise and Pairwise Conditional Independence] Note that pairwise con-
ditional independence of three events [i.e., Eq. (6.15)] does not imply their triple-wise
conditional independence [i.e., Eq. (6.16)]. And vice versa, triplewise conditional inde-
pendence of events does not imply their pairwise conditional independence. <
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6.1.5 Family of Conditionally Independent Random Variables

Now we turn to the concept of a family (V;,i € I) of conditionally independent random
variables given a random variable. Again, the index set I may be finite, countable, or un-
countable.

Definition 6.12 [Family of Conditionally Independent Random Variables]

Let (Y;,i €1) be a family of random variables and X a random variable on the pro-
bability space (Q, <4, P). Then (Y;,i €1) is called a family of X-conditionally indepen-
dent random variables, denoted 1 (Y;,i€l)|X, if each family of events (A;,i €I),
A;eo(Yy), i€l is X-conditionally independent.

Remark 6.13 [Sequence of Conditionally Independent Random Variables] Analogously
to what we said for a sequence of events (see Rem. 6.10), if I ={1,..., m}, then we also use
the notation V3,...,Y,, instead of (Y;, i € I) and call it a finite sequence of random variables.
Similarly, in this case we also use the notation YjIlL...1lY,,|X instead of 1L (Y;,iel)|X
and say that the random variables Y),..., Y, are X-conditionally independent. Note that
Y, A...1Y,,|X is equivalent to

V(Ar,..., Ap) € 0(Y1) x...x0(Vp): P(AIN...NARIX) 5 P(A1|X)-... - P(Ajn| X). (6.17)

In contrast, P(A;N...N A, X) 5 P(A11X)-...- P(Ay| X) is not equivalent to X-conditional
independence of the events Ay, ..., A,, (see Rem. 6.10). <

Remark 6.14 [An Implication of Conditional Independence of Y3,...,Y,,] If (m—n) =2,
then

il UV, X = Y. UV, ,lX. (6.18)

For example, X-conditional independence of Y1, Y, Y3 implies their pairwise X-conditional
independence. More precisely,

VA, Ll¥X = YNAKIXANLBIXAY,ILYX, (6.19)

but not vice versa (see Exercise 6-3). <

6.2 Independence of Events and of Random Variables Revisited

Independence of events has already been treated in section 1.3 and independence of ran-
dom variables in section 2.4. Now we show that independence of events and of random
variables are a special case of conditional independence given a random variable and add
some useful properties.

6.2.1 Independence of Events

Now we consider
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X =x, where x€Qy (6.20)

and QY% denotes the co-domain of X. Hence, Equation (6.20) means that X is a constant,
P-almost surely (see Def. 2.35). In this special case,

P(A)=E(1y € &(L41X), (6.21)

that is, if X =X, then the constant P(A) is a version of the X-conditional probability
P(A|X) [see Eq. (4.9), Box 4.1 (vi), and Eq. (3.8)]. Of course, the corresponding argument
holds for the events B and AnB.

Remark 6.15 [Independence of Two Events] Let the assumptions of Definition 6.1 hold.
Then, for X being a constant, P-almost surely, Equation (6.2) is equivalent to

P(AnB) = P(A)-P(B). (6.22)

This equation defines AL B, that is, independence of the events A and B (see Def. 1.39).
Under the assumptions of Definition 6.1, independence of two events A and B, that is,
Al B, is a special case of ALl B|X for X being a constant, P-almost surely, that is,

X=x = (ALB|X & ALB). (6.23)

(see Exercise 6-4). <

6.2.2 Independence of Random Variables

Similarly, under the assumptions of Definition 6.2, if Equation (6.20) holds, then Equation
(6.3) and Proposition (6.21) yield

P(AnB) = P(A)-P(B), VY(ABeo(Y)xo(Z), (6.24)

which defines independence of the random variables Y and Z see (Def. 2.48). Hence, Y1 Z
is a special case of Y 1L Z | X for X =X, that is, for X being a constant, P-almost surely.

For X = x, Theorem 6.4 yields the following corollary.

Corollary 6.16 [An Implication of Independence]
Let Y and Z be random variables on the probability space (Q, <4, P), let Qy denote the
co-domain of Y, let y € Qy, and{Y =y} € o. Then

Y1Z = PI=ylZ)zP{Y=y). (6.25)

According to Proposition (6.25), Y 1L Z implies that the Z-conditional probability of the
event {Y =y} that Y takes on the value y does not depend on Z, P-almost surely. In other
words, under Y 1l Z, the probability P(Y=y) is a version of P(Y=y|Z).

In the following corollary we consider the case in which the image Y (Q2) of Y is finite or
countable. This corollary is a special case of Theorem 6.5 for X being a constant.
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Corollary 6.17 [A Property Equivalent to Independence]
Let Y and Z be random variables on the probability space (Q, </, P), assume that Y (Q)
is finite or countable, and, forall y € Y (Q), let{Y =y} € /. Then

YI1Z o VyeY(Q): P(Y=y|Z)5P(Y=y) (6.26)
o VyeY(Q): 1y, I Z. (6.27)

Hence, according to Proposition (6.26), if Y (Q) is finite or countable, then indepen-
dence of Y and Z (with respect to the measure P) is equivalent to P(Y=y|Z) = P(Y=y) for
all y e Y (Q). Furthermore, according to Proposition (6.27), Y 1L Z is equlvalent to indepen-
dence of Z and all indicators 1y, for which y € Y (Q).

In the following corollary we consider a single value y of Y and the indicator 1y-,, that
is, we consider the special case 1y-, 1L Z. This corollary is a special case of Corollary 6.6 for
X being a constant.

Corollary 6.18 [Independence Involving an Indicator]
Let Y and Z be random variables on the probability space (Q0, «, P), let y €Y (Q) and
{Y =y} € . Then the following propositions are equivalent to each other:

@ ly-, 1L Z

(b) P(ly-y=1|2) 5 P(ly-,=1)

(©) P(ly-y=0|2) 5 P(1y-y=0)

(d P(Y=y|Z) 5 P(Y=Y)

(e) P(Y#y|Z) = P(Y#Y).

=l

|l

According to this corollary, in order to prove that Z and the indicator 1y-, are indepen-
dent, we only have to show that the Z-conditional probability of the event {Y =y} does not
depend on Z, P-almost surely [see Prop. (d)].

6.3 Conditional Independence With Respect to P*=*

Now we turn to conditional independence with respect to the measure PX=*. This has
three purposes. First, we provide equations and other propositions involving this measure.
Second, and more important, we treat some propositions that involve the original measure
P and the measure P*=*. Third, we treat implications of Y1 Z|X for YJL Z that is, for
independence of Y and Z with respect to the measure PX=*,

Remark 6.19 [The Measure P*=*] Remember, P(X=x) and P(A|X=x) are just a more
convenient notation for P({X=x}) and P(A|{X=x}), respectively, where we assume that
{X=x}={we Q: X(w) = x} € «/. Hence, {X=x} denotes the event that X takes on the value
x € X(Q). Also remember, in Equation (1.10), we already defined the (X=x)-conditional
probability of the event A by
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P(An{X=
P(A|X=x) = DADIX=XD 6.28)
P(X=x)
Now, if X is a random variable on the probability space (Q, «#, P), x e X(Q), {X=x} € o,
and P(X=x) > 0, then we define PX=* by

PX=*(A) = P(A|X=x), VAed. (6.29)
Remember, PX=* is a probability measure on the measurable space (Q, «/), and it satisfies
PX¥(A) =0, VAeo with An{X=x}=0 (6.30)

(see Exercise 6-5). <

6.3.1 Conditional Independence of Events With Respect to P*=*

We begin with the concept of W-conditional independence of two events with respect to
PX=*_ or more briefly, W-conditional P*=*-independence of two events. Except for using
PX=* instead of P and exchanging Z by W, the definition is analog to Definition 6.2. Nev-
ertheless, we repeat it for convenience.

Definition 6.20 [IW-Conditional P*=*-Independence of Two Events]

Let X and W be random variables on the probability space (Q0, </, P) and let A, B € .
Furthermore, let x € X(Q), {X=x} € of, and P*=* be the probability measure on (Q, &)
defined by Equation (6.29). Then W-conditional independence of A and B with respect
to PX=*, denoted AP%LXB |W, is defined by

PX:x(AnBIW)PX::XPX:x(AIW)-PX:x(BIW). (6.31)

In the following theorem we show that (X, W)-conditional independence of two events
A and B implies their W-conditional independence with respect to the probability mea-
sure PX=%, provided that this measure is defined by Equation (6.29).

Theorem 6.21 [An Implication of A 1L B|(X, W)]

Let X and W be random variables on the probability space (X0, <, P). Furthermore, let
A,Beof, let xeX(Q), {X=x}€ o, assume P(X=x) > 0, and let PX=* be defined by
Equation (6.29). Then

ALB|X, W) = A;{.L B|W. (6.32)
pA=x
(Proof p. 143)

Remark 6.22 [A Special Case] Under the assumptions of Theorem 6.21, for W being a
constant, Proposition (6.32) yields

AULB|IX = AlB. (6.33)

pX=x
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Hence, under these assumptions, X-conditional independence of the events A and B im-
plies that they are independent with respect to the probability measure P*=* defined by
Equation (6.29) (see Exercise 6-6). <

6.3.2 Conditional Independence of Two Random Variables With Respect to P*=*

Now we turn to conditional independence with respect to PX=* of two random variables
given a random variable, or more briefly, conditional P*=*-independence of two random
variables given a random variable.

Definition 6.23 [W-Conditional P *=* -Independence of Two Random Variables]
LetW, X, Y, and Z be random variables on the probability space (Q, <, P), let x € X(Q),
{X=x} € o, assume P(X=x) > 0, and let P*=* be defined by Equation (6.29). Then
W-conditional independence of Y and Z with respect to PX=*, denoted Y 1. Z|W, is
defined by LESE

PX=*(ANnB|W) PX=:XPX:X(A|W)~PX:)‘(B|W), V(A B eaoY)xa(Z). (6.34)

Hence,
Y%LZIW < V(ABeoY)xo(Z): A%LBIW. (6.35)
paA=x pX=x

Analogously to what has been shown in Theorem 6.21 for events, now we show that
(X, W)-conditional independence of two random variables Y and Z implies their W-con-
ditional independence with respect to the probability measure PX=~,

Theorem 6.24 [An Implication of Y 1l Z|(X, W)]
Under the assumptions of Definition 6.23,

YILZIX, W) = Y%LZIW. (6.36)
pX=x

(Proof p. 144)

Remark 6.25 [An Implication of Conditional Independence Involving P*=*] Under the
assumptions of Definition 6.23, for W being a constant, Proposition (6.36) yields

YIZIX = Y%LZ. (6.37)
P =X
Hence, under these assumptions, X-conditional independence of the random variables Y

and Z with respect to P implies that they are independent with respect to the probability
measure P*=~, <

6.3.3 Implications on Conditional Mean-Independence With Respect to P*=*

In the next theorem we present an implication of X 1L Y| Z for the conditional expectation
E*=%(Y|Z), which been introduced in section 5.1. (For a proof see SN-Theorem 16.38).
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Theorem 6.26 [An Implication of Z-Conditional Independence]

Let X, Y, and Z be random variables on the probability space (Q, <, P), let x € X(Q),
{X=x}eof, P(X=x) >0, and let P*X=* be defined by Equation (6.29). Furthermore, as-
sume that Y is numerical and nonnegative or such that the expectation E(Y) of Y is
finite. Then:

XUY|Z = &Y|Z)c&T*Y|2) (6.38)
= E(YIZ)sz EX=X(Y|2). (6.39)

=X

According to Proposition (6.38), X 1L Y| Z implies E(Y|Z) € &X=*(Y|Z). 1t does not im-
ply EX=¥(Y|Z) € &(Y|Z).

Remark 6.27 [An Additional Implication if £ X=x(v|Z)is P-Unique] If, additionally to the
assumptions of Theorem 6.26, we assume that EX=*(Y|Z) is P-unique, then

XUY|Z = &Y|Z)=&*Y|2) (6.40)
Hence, under the assumptions of Theorem 6.26,
X1WY|Z A EX*X(Y|Z)is P-unique = E(Y|Z) = EX™*(Y|Z) (6.41)

[see Prop. (4.6)]. <

6.4 Independence With Respect to P*=*

Independence of events (with respect to P) has already been treated in section 1.3 and
independence of random variables (with respect to P) in section 2.4. Now we turn to in-
dependence of events and independence of random variables with respect to the measure
PX=* show that X-conditional independence of two events and of two random variables
with respect to P implies their independence with respect to P*=*, and add some useful
properties.

6.4.1 Independence of Two Events With Respect to P*=*

In the following definition we translate independence of two events A and B to their inde-
pendence with respect to the measure PX=* defined by Equation (6.29). This will allow us
to formulate some propositions involving both measures, P and PX=%,

Definition 6.28 [Independence of Two Events With Respect to pX=x]

Let X be a random variable on the probability space (O, &/, P) and let A,B € «. Fur-
thermore, let x € X(Q), {X=x} € o, P(X=x) > 0, and let PX=* be the probability mea-
sure defined by Equation (6.29). Then independence of A and B with respect to PX=~,
denoted AP%I:XB, is defined by
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PX=*(AnB) = P*=*(A)- PX=*(B). (6.42)

Hence,

ALB o P"(AnB)=P*(A)-P*(B). (6.43)
P =X
Comparing this definition to Definition 1.39 shows that we can apply all properties of in-
dependence of two events with respect to P (see, e. g., Box 1.2) to their independence with
respect to P*=*, provided that we replace the measure P by the measure P*=~

Remark 6.29 [A Special Case] Note that Equation (6.42) is a special case of Equation (6.31)
for W being a constant (see again Exercise 6-6). <

6.4.2 Independence of Two Random Variables With Respect to P*=*

Now we translate independence of two random variables with respect to P to their inde-
pendence with respect to PX=*, Again, this will allow us to formulate some propositions
involving both measures, P and pX=x,

Definition 6.30 [Independence of Two Random Variables With Respect to P*=*]

Let X, Y, and Z be random variables on the probability space (2, <, P). Furthermore,
letx e X(Q), {X=x} € o, P(X=x) > 0, and let P*=* be defined by Equation (6.29). Then
independence of Y and Z with respect to P*=*, denoted YP%I:XZ , is defined by

PX=*(AnB) = PX**(A)-P***(B), V(A B ea(Y)xa(Z). (6.44)
Hence,
Y1Z o VYABeoY)xa(Z): ALB. (6.45)
pX=x pX=x

Comparing this definition to Definition 2.48 shows that we can apply all properties of in-
dependence of two random variables (with respect to P) (see, e.g., Box 2.1) to their inde-
pendence with respect to PX=*, provided that we replace P by the measure P*=*,

Remark 6.31 [An Implication of X-Conditional Independence of Y and Z] Under the as-
sumptions of Definition 6.30,

YILUZIX = Y%LZ. (6.46)
pX=x

Hence, X-conditional independence of two random variables implies their independence
with respect to PX=* (see Exercise 6-7). <

The following corollary follows from Theorem 6.26 for Z being a constant.



140 6 Conditional Independence

Corollary 6.32 [An Implication of Independence]

Let X and Y be random variables on (Q, </, P), let xe X(Q0), {X=x}e «, P(X=x) >0,
and let PX=* be defined by Equation (6.29). Furthermore, assume that Y is numerical
and nonnegative or such that E(Y) is finite. Then

X1y = E({)=E*~*Y). (6.47)

Hence, if Y is numerical and nonnegative or such that E(Y) is finite, then X Il Y does
not only imply E(Y|X) = E(Y) [see Box 4.1 (v)], butalso EX=*(Y) = E(Y), provided that the
assumptions of Corollary 6.32 hold.

Now we translate Corollary 6.16, replacing the measure P by P*=*,

Corollary 6.33 [An Implication of Conditional Independence]

Let X, Y, and Z be random variables on the probability space (), </, P). Furthermore, let
xeX(Q), {X=x}eof, P(X=x) >0, and let P*=* be defined by Equation (6.29). Finally,
let Qy denote the co-domain of Y, let y € Qy, and {Y =y} € of. Then

YIZ = P¥(Y=y|Z) = P**(v=y). (6.48)
pX=x pX

=X

According to Proposition (6.48), independence of Y and Z with respect to PX=* implies
that the Z-conditional probability PX=x(y= ¥12) does not depend on Z. Instead, it is a
constant, PX=*-almost surely.

In the following corollary we consider the case in which the image Y (Q2) of Y is finite or
countable. Replacing the measure P by P*=* in Theorem 6.17 yields:

Corollary 6.34 [A Property Equivalent to Independence With Respect to PX=*]

Let X, Y, and Z be random variables on the probability space (), <4, P). Furthermore, let
x€X(Q), {X=x} € o, P(X=x) >0, and let PX=* be defined by Equation (6.29). Finally,
let Y (Q) be finite or countable and, forall y e Y (QQ), let{Y =y} € /. Then

YIZ & VyeY(Q: PX:x(YzyIZ)sz P*=*(Y=y) (6.49)

pX=x =X

< VyeY(Q): 1Y:J’p¥£xz' (6.50)

Hence, according to Proposition (6.49), if Y (Q) is finite or countable, then indepen-
dence of Y and Z with respect to the P*=* is equivalent to PX=*(Y=y|2) = PX=¥(Y=y) for
all y e Y (Q). Furthermore, according to Proposition (6.50), Y %l;(Z is equivalent to pX=x_
independence of Z and all indicators 1y-,, y € Y (Q). ’

In the following corollary we consider a single value y of Y and the indicator 1y-,, that
is, we consider the special case 1y- y, %I;XZ .
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Corollary 6.35 [Independence With Respect to P*= Involving an Indicator]

Let X, Y and Z be random variables on the probability space (), «, P). Furthermore, let
x€X(Q), {X=x} € o, P(X=x) >0, and let PX=* be defined by Equation (6.29). Finally,
let yeY(Q) and {Y=y} € . Then the following propositions are equivalent to each
other:

@ ly=y L Z
() PX**(1y=y=112) = P*(ly=y=1)

© PX*(ly==012) = P¥*(ly-,=0)

@ PX*(Y=y|2) = P**(Y=y)
@ PX(Y#y|2) = PX(Y#y).

According to this corollary, in order to prove that Z and the indicator 1y-, are indepen-
dent, we only have to show that the Z-conditional probability with respect to P*=* of the
event {Y =y} does not depend on Z [see Prop. (d)].

Example 6.36 [Nonorthogonal Factors] Consider the random experiment presented in
Table 1.3. In this random experiment, X ZJ.I_ dU holds, because
P =me

Y xeX(@=1{012}): P (X=x|U) =  PU(X=x). (6.51)

Inspecting the conditional probabilities P(X=1|U=u) and P(X=2|U=u) in rows three
to six of Table 1.3 [and with them P(X=0|U=u) = 1-P(X=1|U=u)-P(X=2|U=u)] shows
VxeX(Q)=1{0,1,2}:
pZmed (X =x|U)(w) = PZM4 (X=x|U=u), ifwe{Z=med,U=u} [(5.25)]

_ P(X=x, U=u,Z=med)
B P(U=u,Z=med)

{ P(X=x,Z=med)

, ifwe{Z=med,U=u} [(1.10), (1.26)]

3 , ifwe{Z=med}

P(Z=med)
0, otherwise

pZ=med (x—y) if we{Z=med}
= [(1.10), (1.26)]
0, otherwise.

Because PZ"(A) = 0, for A={w e Q: w ¢ {Z=med}} (see Def. 2.35), this implies Pro-

position (6.51), which, in this example, is equivalent to X ZJ.L dU . Note that, in this exam-
P =me

ple, neither X ZJ.IZ_ U nor X 1l U hold. <
pZ=lo

w pZ=hi
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Box 6.2 Glossary of new concepts

Let W, X, Y, and Z be random variables on the probability space (Q,«/, P) and let A, B € .
Furthermore, let x € X(Q), {X=x} € o/, P(X=x) > 0, and let PX=* be defined by Equation (6.29).

Al B|X X-conditional independence of the events A and B with respect to P. It is defined
by

P(AnB|X) 3 P(A|X)-P(B|X).

YIZ|X X-conditional independence of the random variables Y and Z on (Q, &/, P) with
respect to P. It is defined by

P(AnB|X) > P(A|X)-P(B|X), VY(ABea(Y)xo(Z).

A )J(.I: B|W  W-conditional independence of the events A and B with respect to PX=*_ It is
S defined by

PX=*(AnB|W) = PX=X(A|W)- PX=*(B|W).

Y UL Z|W  W-conditional independence of the random variables Y and Z on (Q, &/, P) with

L respect to PX=*_ It is defined by
PX=X(AnB|W) = PX=X(AIW)-PX=X(B|W), V(A B)ea(Y)xa(Z).
A )J(.L B Independence of the events A and B with respect to P*X=* Tt is defined by
pX=x . = -
PX=X(AnB) = PX=*(4)-P¥=¥(B).
Y )J(.L Z Independence of the random variables Y and Z with respect to PX=*. It is defined
pX=x

by
PX=*(AnB) = PX=*(A4)-PX=*B), V(4,B)ea(Y)xa(Z).

6.5 Summary and Conclusions

In this chapter we reviewed the concepts of conditional independence of events given a
random variable and conditional independence of random variables given a random vari-
able. We also revisited (unconditional) independence between events and independence
between random variables, and showed that these concepts are special cases of condi-
tional independence given a random variable. Furthermore, we added some propositions
about independence that refer to the concepts of a conditional probability of an event or
of a conditional expectation of a numerical random variable. Finally, we treated condi-
tional independence with respect to a probability measure P*=*, focussing on properties
that involve both measures, P and P*=* Box 6.2 summarizes the most important con-
cepts treated in this chapter. More details about conditional independence are found in
SN-chapter 16.
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Proof of Theorem 6.6

(@) = (b), (c). These implications immediately follow from Theorem 6.5.
(b) = (a).

P(y-y=11X,Z) = P(ly-,=1|X)

& 1-P(y-,=1|X,2) 5 1-P(ly-,=1|X) [1-(=1), |+1]
& P(y,=01X,2) = P(ly_y=01X)  [(4.11), P(y_y=0|X) = P(Ly_,#1|X)]
> P(ly-,=0|X,2) = P(1y-,=0]X), [Th. 6.5]

where |- (—1) means multiplying both sides of the equation by (—1) and | + 1 means adding
1 on both sides.

(b) & (c). This equivalence has just been shown using P(1y-,=0|X) = P(1y-,#11X) and
Equation (4.11).

(d) & (a), (e) © (c). These equivalences hold because

Y=y} = {1y-)=1} = {weQ:Y(w) =y}
and
{Y=y}° = {Y#y} = {ly.,=0} = {w e Q: Y(0) # ¥}

(see Rem. 4.10).

Proof of Theorem 6.21
AL B|(X,W)
< P(AﬂBIX,W)gP(AIX,W)-P(BIX,W) [(6.2)]
< E(1xnpl X, W) 5 EQ4 X, W)-E(15] X, W) [(4.9)]

= Esz(E(lAmBIX,W)|W)pX:=xEX:x(E(1A|X’W)'E(lB|X’W)|W)

[Box 5.1 (v), Box 4.1 (xiii)]
= EX(anslW) g EX(EalX, W) - E(15] X, W) [W)

[Box 5.1 (v), Box 4.1 (xii)]
= B WanslW) 2 BB AaIW) - EX 15 W) [W) [(5.35)]

=x

= B WanslW) = EX W W)-EX*(15lW)  [SN-Th. 2.57, Box 4.1 (xi)]

= PYNANBIW) = PYHAIW)-PYBIW) (491

=X

< Al B|W. [Def. 6.1]

pX=x
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Proof of Theorem 6.24
YU Z|(X,W)
< V(ABeo(Y)xo(Z): P(AnBIX, W) gP(AIX,W)-P(BIX,W) [Def. 6.2]
o V(ABeolY)xo(Z): ALB|(X,W) [Def. 6.1]
= V(ABeoY)xo(Z): AP;(.I;XB | W [Prop. (6.32)]
=4 YP%I;XZI w. [Def. 6.1]

6.7 Exercises

> Exercise 6-1 Prove Proposition (6.9), using Proposition (6.7).

> Exercise 6-2 Compute the conditional probabilities P(Y=1|Z=86) and P(Y=1|W=m, Z=86)
shown in the first row of Table 6.1 from the probabilities P({w;}) displayed in the second column
of this table.

> Exercise 6-3 Show that Y7 1L Y, Il Y3| X implies Y; 1L Y| X.
> Exercise 6-4 Prove Proposition (6.23).

> Exercise 6-5 Show that the probability measure PX=* on the measurable space (Q, «) defined by
Equation (6.29) satisfies Equation (6.30).

> Exercise 6-6 Show: Under the assumptions of Theorem 6.21, for W being a constant, P-almost
surely, Proposition (6.33) is a special case of Proposition (6.32).

> Exercise 6-7 Prove Proposition (6.46).

Solutions

> Solution 6-1 According to Proposition (6.7), for y e Y (Q),

XWly-)|Z & P(Y=y|X,Z)= P(Y=y|Z) A P(Y#Y|X,Z) = P(Y#y|Z).

Hence, X 1l1y=y|Z implies P(Y=y|X, Z) = P(Y=y|Z). Vice versa, P(Y=y|X,Z) > P(Y=y|Z) im-
plies X 1l 1y-y| Z, because

P(Y=y|X,Z) = P(Y=y|Z)
© 1-P(Y=y|X,Z2)z1-P(Y=y|Z)
< P(Y#y|X,Z) 5 P(Y#y|Z). [(4.11)]

Hence, if P(Y=y|X,2) 5 P(Y=y|2), then P(Y#y|X,Z) 5 P(Y+#yl|Z). However, according to Pro-
position (6.7) this implies Xly-y|Z.



6.7 Exercises 145

> Solution 6-2

P(Y=1,Z=86) .01+.01 .02
P(Y=1|Z=86) = = = — = .04.
P(Z=286) .24+.01+.24+.01 5
P(Y=1,W=m,Z=86) .01 .01
P(Y=1W=m,Z=86) = = = — = .04
P(W=m,Z=286) .24+ .01 .25

> Solution 6-3 According to Proposition (6.17), Y1 1L Y5 Il ¥3]| X is defined by
V(A Az, A3) € (Y1) x 0(Y2) x0(¥3):  P(A1NA2nA3lX) = P(A1]X)-P(A2|X)- P(A3]X).
Because Q € g(Y3), this implies
V(A1,A2) € o(Y1) xo(Ye): P(A1NA;n Q|X) > P(A11X)-P(A21X)-P(Q]X).
Finally, because A1 N A2 N Q= A; N Az and P(Q[X) Z 1, this implies

V(A A2) € o(Y1) xa(Y2):  P(A1NA2lX) = P(A1X)-P(A2]X),
and this is the condition that defines Y; 1. Y> | X.

> Solution 6-4 If X % that is, if X is identical to the constant x, P-almost surely, then

AlLB|X
& P(ANBIX) = P(A|X)-P(B|X) [Def. 6.2]
< E(anslX) 5 E(1alX)-E(15]X) [(4.9)]
< E(ang) =E4)-E(1p) [X=x, Box 4.1 (vi)]
< P(ANB)=P(A)-P(B) [(3.8)]
< AlB. [Def. 1.39]

> Solution 6-5 If An{X=x}=0, then

= PA X:
P = % [5.1)]
P
- P()Ez)x) [AN{X=x}=0]
=0 [Def. 1.4 (a), Box 1.1 (iv)]

> Solution 6-6 We show that W Sw implies

ALB|(X,W) © ALB|X and Al B|W < A1l B.
pX=x pX=x

IfWg w, then
Al B|(X,W)
< P(AnB|X,W) §P(A|X,W)-P(B|X,W) [Def. 6.1]
< P(ANB|X) > PA|X)-P(B|X) [W§ w, (4.9), Box4.1 (vi), (3.8)]
< AlB|X. [Def. 6.1]

Because a nullset with respect to P (see Def. 2.35) is also a nullset with respect to PX=%,

W=w = W =uw,
P pX=x
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[see Egs. (6.28) and (6.29)]. Hence,

Al B|W
pX=x
e PYHANBIW) = PYHAIW)-PENBIW) [Def. 6.20]
o PX=X(AnB) = pX=X(4).pX=¥(B) (W = w, (4.9), Box4.1 (vi), (3.8)]
pX=x pX=x
< Al B. [Def. 1.39 (i)]
PX:x
> Solution 6-7
YUZ|IX
< AlB|X, VABeo(Y)xo(Z) [(6.4)]
= A %L B, Y(AB)ea(Y)xo(Z) [(6.33)]
P =X
o Y1 Z [(6.45)]

pX=x
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