Mathematical aspects of learning Bayesian networks:
Bayesian quality criteria

Milan Studeny*
Institute of Information Theory and Automation of the ASCR
email: studeny@Qutia.cas.cz

December 29, 2008

Abstract

The motivation for this research report is learning a Bayesian network (BN) struc-
ture by the method of maximizing a quality criterion. The aim is to summarize the
mathematical grounding for the Bayesian approach to learning a BN structure. At first,
some of basic statistical concepts are recapitulated. Then the classes of multinomial and
Dirichlet distributions are dealt with in more detail. A peculiar question what is, in fact,
the correct dominating measure for (the class of) Dirichlet distributions is answered.
After that basic Bayesian terminology is recalled and the (statistical) model of a discrete
BN is formally introduced. It is shown to be an exponential family. This allows one
to introduce a Bayesian model for (learning discrete) BN structures, including explicit
specification of the mathematical assumptions taken from the literature. This leads to
the formula for the (data vector of the) corresponding Bayesian quality criterion (= the
logarithm of the marginal likelihood).

Keywords: learning Bayesian network structure; statistical model; multinomial distribution;

Dirichlet distribution; exponential family; Bayesian quality criterion; data vector.

1 Introduction

The general motivation for this technical report is learning a Bayesian network (BN) struc-
ture by the method of maximizing a quality criterion, often named score metric, scoring
criterion or simply score by other authors [6, 22, 7]. More specifically, what is meant is
an algebraic approach to learning Bayesian networks, in which every BN structure is repre-
sented by a special integral vector, called the standard imset and the data(base) is encoded
in the form of a special real vector (of the same dimension), called the data vector. This
approach is described in more detail in Chapter 8 of [27].

A popular class of quality criteria (for learning a BN structure) is the class of Bayesian
criteria, also referred as the (logarithm of the) marginal likelihood in the literature [9]. A

correct mathematical definition of a quality criterion of this type is based on a series of
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special technical assumptions. In the literature on this topic (the author of this report
has an opportunity to consult) these assumptions are either not mentioned explicitly or
formulated in a vague way, not in clear mathematical terms.

Moreover, some natural mathematical questions have been omitted in those papers and
books, perhaps intentionally. The reasons could be different: experts in Bayesian statistics
may consider them to be evident from an intuitive point of view, while computer scien-
tists may simply wish to skip technical details that are not important from their point of
view. However, these questions are quite important from the point of view of a mathemati-
cian. One has to clarify these things in order to be able to deal with deeper subsequent
mathematical questions.

This technical report is a kind of a review directed towards special assumptions of
the Bayesian approach (to learning a BN structure). It is an attempt to re-formulate
these assumptions consistently in mathematical terms. Therefore, the report involves (some
of) the definitions of elementary statistical concepts, which are well-known in statistical
community (and, typically, omitted in common statistical papers).

The goal is to summarize basic concepts and assumptions of the Bayesian approach
to learning a (discrete) BN structure. These assumptions have to be clarified in order to
establish the basis for reliable research in deeper mathematical questions related to this

approach. For example, the future research can deal with:

e the asymptotic behavior of Bayesian quality criteria, which is related to the question

of their statistical consistency,

e the geometric aspects of the task to maximize a quality criterion of this kind.

2 Preliminaries

This is to review a few elementary statistical concepts, just for the purpose of this report.

The discrete case is only considered.

2.1 Sample space

In probability theory, by the sample space is usually meant the set of all possible outcomes
(= results) of an experiment or of a series of experiments. Thus, from the point of view
of statistics, the sample space is the set of possible values for the data. However, from the
mathematical point of view, there are three different levels of generality /understanding for

this concept.

A. Single outcome In this case, the elements of the sample space are possible outcomes
of one single experiment /measurement. Thus, the sample space coincides with the set
of all outcomes, called the outcome space (for a single experiment) in this report. Since

the discrete case is only considered here, the outcome space X will be a non-empty



finite set throughout this report.! In the case of the discrete BN model described
later in §6, the outcome space X has a special form (= internal structure): it is
the Cartesian product [[;cy X; of certain (non-empty) finite sets X; assigned to (=
indexed by) elements of the set N of variables in consideration.

The most appropriate name for the probability distribution on the outcome space X,
which is meant to have the crucial role in a “data-generating process”, is probably

the theoretical distribution.

B. Sample = database In this case, the elements of the sample space are ordered (fi-
nite) sequences of possible outcomes of successive experiments/measurements. This
corresponds to a series of experiments. If the sequence has the length d > 1 then
an element of this space is called a sample of the size d. Note that some computer
scientists prefer the phrase a database of the length d instead.

Mathematically, the sample space is now the d-th power X {14 of the outcome
space, that is, the collection of all mappings from {1,...,d} to the outcome space X.
In this report, the probability distribution on this sample space will be named samp-
ling distribution, in order to distinguish it from the (theoretical) distribution on the

outcome space X .2

C. Table of counts = contingency table In this case, the elements of the sample space
are possible tables of counts (of particular outcomes in a sample). Of course, this ap-
proach has reasonable sense in the discrete case only. Formally, the table of counts
corresponding to a sample y',...,y? of the size d > 1 is a function ¢ from the out-
come space X to {0,1,...,d}, which ascribes to every x € X the number ¢(x) of its
occurrences in the sample: c(x) = |{j; ¥/ = x}| for x € X. Some people also use the
phrase contingency table instead in the situation the outcome space X has the special
form [];cn X; with a finite set N of variables. Mathematically, the sample space is
now the collection of all mappings c: X — {0,1,...,d} such that > __y c(z) = d.
The corresponding distribution on this space is then the multinomial distribution,

discussed in more detail in §3.2.

In this report, the standard symbol for the sample space will be X. Depending on the

considered situation (= one of three cases mentioned above) one can have:
e X = X, where X is the outcome space, or

o X = X{Ld} for some d € N, or

o X={ce{0,1,....d}""; ¥ exc(z)=d}.

Tt is natural to assume that X has at least two elements, that is, at least two different outcomes of the
experiment are possible.

2Note that the phrase sampling distribution has often wider meaning. It is also used to name the distri-
bution of a statistic, that is, of a (measurable) function on X {4},




Since the (basic) outcome space X will be assumed to be finite throughout this report, the

corresponding sample space X will be finite as well, in all these three cases.

In general, however, statisticians may also consider an infinite sample space, typically (a
special subset of) the real Euclidean space R™, n > 1. Then the sample space X is, moreover,
endowed with a o-algebra X of its subsets, typically the o-algebra of Borel subsets (in the
corresponding Euclidean /metric space). Thus, the sample space becomes a measurable space
(X, X), and this mental step allows one to use tools of measure theory.

Of course, in the case of a finite sample space X mentioned above, the o-algebra X will

always be the collection of all subsets of X.?

2.2 Statistical model and exponential family

In statistics, the situation when the probability distribution on the sample space is only

partially known is in modelled by means of the concept of a statistical model.

Definition 1 (statistical model)
Let X be a sample space, endowed with a o-algebra of subsets X. By a statistical model

will be meant a parameterized class of distributions on the measurable space (X, X):
P = {Pg; RS @}
The set © will be called the parameter space then.

What is assumed quite often is that the parameter space © is endowed with a o-algebra
A of its subsets and the class P is a Markov kernel from (0, A) to (X, X'), that is,

vSeXx 0 — Py(S) is A-measurable mapping.

The parameter space © is typically an open connected subset in an (affine) Euclidean space

and A is the class of Borel sets in it then.

More specifically, very common assumption on the statistical model is that it is an
exponential family. The following definition can be found either in § 2.7 of [20] or in § XIV.3
of [1].

Definition 2 (exponential family)
Let (0©,.A) be a parameter space and (X, X) a sample space. A class P = {Fy; 6§ € ©}
will be called an exponential family (of distributions) if there exists a o-finite measure p on
(X, X) such that

Voo Py <,

3Later, in the connection with the Bayesian approach, we will also consider infinite sets in place of sample
spaces, but we will not denote them by X because of their different role in the joint global model - see §4
and §5 for details.



that is, p is a dominating measure for P, and, moreover, the densities of distributions can

be expressed in the form

ary

i () = po(x) =c(f) - u(z) - exp(z gs(0) - ts(z)) for z€X, 00O, (1)

s=1

where one has
emeN, qg,...,¢m:0 >R, t1,...,t,: X— R,
o u:X —[0,400), ¢: O — (0,+00),

are all (correspondingly) measurable functions.

The value ¢(0) for 6 € O is the normalizing constant (for pg). The vector function
t(z) = [t1(z), ...ty (2)] is then a sufficient statistic for the class P = {Py; § € ©}. This
means the conditional distribution on X given the value of ¢ does not depend on 6.* As
mentioned in § 1.9 of [20] (see also § XV.5 of [1]), to verify that one can use the factorization

criterion of sufficiency, which requires py(z) can be written as follows:
po(x) = g(0,t(x)) - h(x) for 6 €0, zeX,

where g and h are (correspondingly) measurable.

Indeed, we put g(6,y) = c(0) -exp (D12, q5(8) - ys) for y = [y1, ..., ym] and h(z) = u(z).

Remark Note that the terminology concerning exponential families is not completely uni-
fied. Some people understand by an exponential family a class of distributions of the form
(1), where © is a subset of R™ and qi,...,¢, are coordinate functions.® To name the
situation the actual dimension of the set of parameters © is smaller than the number m of

components of the vector statistic they use the phrase a “curved exponential family”.

3 Discrete statistical models

Basic discrete statistical model for a single outcome, that is, a model for discrete (strictly)

positive theoretical distributions, can be introduced as follows:

Fixed parameter: r > 1.

The meaning of this constant parameter is the number of possible outcomes.

Sample space: X = {ay,...a,}.
This is a finite set of outcomes/results of a certain experiment/measurement (= the

outcome space). The k-th outcome is denoted by aj here.

4The intuitive meaning is that (all) the essential information about the value of the parameter 6 € © that
can be read from the value x in the sample space X is brought by the value ¢(z) of the sufficient statistic.
®Some of them then implicitly assume that © is convex or modify (= extend) © to get a convex set.



Parameter space: © = {0 = (01,...,0,); 0, >0, > 0, =1}
Having r fixed, the parameter space is the interior of so-called probability simplex in
R", that is, of {6; 0 > 0, > ;_,0r = 1}. Because of the functional dependence
> k—10x = 1 between vector components (= single parameters) the actual number of

free parameters in © is 7 — 1; it is an open set in the corresponding affine space.

The formula for the density of Py (with respect to the arithmetic measure on X):
Vo eo polag) =0 fork=1,...,7.

The value of the density for the k-th outcome aj is the k-th component of the vector
parameter . Thus, in fact, the single parameters themselves are the theoretical

probabilities of particular outcomes.
It is straightforward that this defines an exponential family, c.f. (1):
e 1 is the arithmetic measure on X, m=r,u=1,c=1,

e ¢s(0) =Infb for s=1,...,m,

o t(z) =1if x = as, ts(z) = 0 otherwise.b

3.1 Sampling distribution

One of the central concepts in statistics is that of a random sample. Specifically, by a
random sample of the size d > 1 from a (theoretical) distribution P is meant the sequence
&1, ...,& of random variables that are independent and identically distributed, with shared
distribution P. The distribution P is usually unknown, but it is assumed to belong to
a statistical model (for theoretical distributions). Then, our knowledge about the (joint)
distribution of the random sample can also be described in this way.

In other words, the previously mentioned statistical model for a single (discrete) out-
come induces a statistical model for a sample of the size d > 1. The parameter space is
the same, but the sample space is already the d-th power of the outcome space. The cor-
responding sampling distribution is the d-multiple product of the theoretical distribution.

More specifically, the statistical model is given as follows:

Fixed parameters: d,r € Z, d,r > 1.
The meaning of the parameter d is the size of the sample, r is again the number of

(possible) outcomes.

5This simple parameterization, which is a basis for later parameterization of the statistical model of a
BN structure in §6, is “symmetric” relative to the outcomes (= elements of X). On the other hand, it has
the property that the actual dimension of © is less than m. One can provide an alternative parameterization
of the same statistical model for positive theoretical distributions in which m = r — 1 coincides with the
dimension of the corresponding parameter space. For example, s ~ In 5(“5) for s =1,...,r — 1, but this

ar

r
alternative parameterization is not “symmetric” because it has a distinguished outcome a,.




Sample space: X = X{b@ where X = {a1,...a,}.
The set X is a finite set of outcomes/results of a certain experiment/measurement (=
the outcome space). The k-th outcome is denoted by ai. The sample space X is the
collection of samples of the size d, that is, of (ordered finite) sequences of outcomes
of the length d.

Parameter space: © = {0 = (01,...,0,); 0, >0, >, 0, =1}

The parameter space is again the interior of the probability simplex in R".

The formula for the density (with respect to the arithmetic measure on X):

Voe® Yy=[y, ...,y eX poly) =07 ... 07, (2)
where x denotes the number of occurrences of a in y (for k=1,...,7).
For each 6 € ©, the sampling distribution on X is nothing but the d-multiple product
of the corresponding theoretical distribution on X.

The formula (2) for the density can be derived as follows:
The theoretical probability of ay is pj(ax) = 0y for k = 1,...,r. If &1(w),...,&q(w) is a random

sample from this theoretical distribution, then the probability of occurrence of y = [y!,...,y%] is
Prob ({w; [61(w), ..., &a(w)] = [y, .. HProb {w; &(w Hpe
r=1

Now, by the definition of z1, the term pj(ai) = 61 occurs z;-times in the last product. This gives
a contribution #7*. Analogously, 02 occurs xa-times, etc. Hence, the last product is nothing but
67 ... 6% . Therefore, this is the value of the sampling density for y = [y!, ..., y%].

Again, it is easy to see that, having d,r > 1 fixed, the above class of sampling distribu-
tions defines an exponential family:

e 4 is the arithmetic measure on X = X {4 with X = {a4,...a,},
e m=r,

e c(f)=1 for0 e O, u(ly)=1 foryeX,

e ¢s(0) =Infy for6 € ©® and s=1,...,m,

o ti(y) =z = {1 <0<d, y* =as}| fory=1[y',....y7 eX

More specifically, let us substitute to the formula (1):

m

po(y) = c(0) u(y)-exp(D ta(y) qs(0)) =1-1-exp (> wy-Inb,)

s=1 s=1
= exp(i Infes) = ﬁ exp (In 03¢ ) = ﬁ 05 =071 - ... 67,
s=1 s=1 s=1

which is the expression in (2).



In particular the vector function t : X = {aq, ... ar}{l"“’d} — R" given by:

ts(y) = x5 = {61 <0<d, y° = as} 3)
fors=1,...,r and y=[y',...,y% € {a1,...ar}{1"“’d}’

defines a sufficient statistic for this statistical model. Observe that t(y) = [t1(y),. .., (y)]
is nothing but the table of counts corresponding to the sample y = [y!, ..., y%].

Terminological remark Some authors in computer science [16, 17, 22] use a special
phrase “multinomial sample” to name (a sequence of random variables with the) distribution
on X = X{bd} given by (2). They were probably inspired by (a single sentence from a
book by) Good [14], who used this phrase when he tried to relate this sampling distribution
to the classic multinomial distribution for the corresponding tables of counts (see §3.2).

In my view, using the adjective “multinomial” is inappropriate and misleading in con-
nection with distributions on X = X{b-d}  Of course, this adjective perfectly fits the
distributions on (possible) tables of counts since the corresponding formula (4) below con-
tains the multinomial coefficient; but there is no good reason for using this adjective in the
context of the distributions for samples. That’s why I use the phrase “sampling distribu-
tion” in this report instead.

Actually, I have found out that some young researchers in computer science, probably
inspired by the above mentioned authors, have tried to use the phrase “multinomial distri-
bution” to name a (strictly positive) theoretical distribution on X = {ai,...a,}. Again,
there is no reason for the use of the adjective “multinomial” here, and, even worse, this
is in direct contrast with common statistical terminology! The reader can learn in any
basic (text)book on statistics that by a multinomial distribution is meant a special discrete
distribution for tables of counts — see below.

3.2 Multinomial distribution

The multinomial distribution is one of the most important discrete multidimensional dis-
tributions in statistics. It can be interpreted as the distribution on (the collection of all
possible) tables of counts corresponding to a random sample (from a strictly positive discrete
theoretical distribution).

In other words, the statistical model for a sample (of the size d > 1) mentioned in §3.1
induces a statistical model for tables of counts. The parameter space is the same, but the
sample space is now the collection of all possible tables of counts. More specifically, the
class of multinomial distributions can be introduced as follows (c.f. § XI.1. [1]):

Fixed parameters: d,r € Z, d,r > 1.
The meaning of the parameter d is the number of trials (= sample size), r is the
number of (possible) outcomes.

Sample space: X = {[z1,...,2,]; 2 €{0,...,d} > _jzr=d} CR".
Thus, one deals with r-dimensional discrete distributions. The sample space can be

interpreted as the collection of tables of counts for the outcome space X = {1,...,r}
and the sample size d. Of course, it is only a formal difference if one has X =
{ai,...,a,} instead (as in the previous sections).

Parameter space: © = {0 = (01,...,0,); 0, >0, >, _, 0. =1}
The parameter space is again the interior of the probability simplex in R".



The formula for the density (with respect to the arithmetic measure on X):

Vo= (61,...,0,) €© Va=[zr,...,z]eX
d! - .
pe(iﬂ):m'91 R (4)
The formula follows from the above mentioned interpretation of multinomial distribu-
tion. The name of the distribution is clearly motivated by the multinomial coefficient

(, d ) = % which occurs in the formula (4).
1.2 1l xy!

More specifically, the formula (4) can be derived as follows:

Let X = {a,...,a,} be the outcome space. If § = (61, ...,0,) € © defines the theoretical distribu-
tion pj(ar) = 0 for k =1,...,r, then the formula (2) gives the probability of occurrence of a sample
(= database) y = [y',...,y% € X1} Tt suffices to find out which of these samples correspond
to the table of counts & = [z1,...,2,] € X and sum their occurrence probabilities. Nevertheless, by
(2), all these samples have the same probability 67* -...-0*~. Thus, to get the formula (4) is suffices

to verify that the number of these samples (= databases) is 11!».d.!.»z -

Indeed, for the choice of the positions of the occurrence of a; in [y',...,y%] one has #!711)!

options, because this is equivalent to the choice of an zj-element subset of {1,...,d}. Then an
(d — x1)-element subset remains and for the choice (of the positions) of as one has as many options
as the number of xg-element subsets of this (d — z1)-element set, that is, % options. By

multiplying we get the overall number of options for positions of both a; and as:

d! (d—x1)! B d!
xl'(d—xl)' xgl'(d—,fl—l'g)! - xll-xg!-(d—xl—xg)!'
We proceed by induction and, in the end, get the desired value zl!fi,!,-zr!'

Again, it is easy to observe that, having d,r > 1 fixed, the class of multinomial distri-
butions is an exponential family:

e 4 is the arithmetic measure on X = { [z1,...,2,]; @, € {0,...,d} > _jzr =d},

e m=r,
e c(0)=1for e 0O,

d!
. u(x):ﬁ for z = [z1,...,2,] € X

gs(0) =Infs for0 €O, s=1,...,r,
o ty(x) =z, forxeX s=1,...,r.

To check that let us substitute to the formula (1):

m d! T
i) = ) ue) exp (3 o) 00) = 1 e (3 )
d! Z . d! . .
- xll'”'.xrl-exp(711116‘55):3:1!..”"%!-ljlexp(lnﬁss)
d! e d! . .
- xll-..uarrllli[le{:xl!-..uxr!.ell.'”.er’



which is the expression in (4).

Well-known formulas for the expectation vector and the covariance matrix of a random
vector [(y, . .., ;] with multinomial distribution are as follows (see § XI.1, Theorem 2 in [1]):

E()=d-0,, var(C)=d-0-(1—0;) forke{l,...r}
cov (C, () =—d-0-0; fork#1, kle{l,...r}.

4 Dirichlet distribution

Dirichlet distribution is a very important continuous multidimensional distribution. It is a
kind of standard distribution on the parameter space © for the discrete statistical models
from the previous section. The class of Dirichlet distributions on © can be viewed as a
statistical model, too.

4.1 Sample space and the correct dominating measure on it

Thus, the sample space for (the class of) Dirichlet distributions is nothing but the interior
of the probability simplex in R", r > 2:

O={0=(01,....0,); 0, >0, > =1},
k=1

which is the parameter space in all three cases mentioned in § 3.

However, before giving the formula(s) for the densities of Dirichlet distributions one
should specify with respect to which dominating measure the densities are considered. The
affine hull of © is the set

aff (@) ={0 = (61,...,0,); i@kzl}.
k=1

It is an affine (= shifted linear) subspace of R", of the dimension r — 1. Therefore, one
can define consistently the (concept of the proper) Lebesgue measure on aff (©) (see §B.3,
Definition 14 and Proposition 14, for details). However, the usual standard formula for the
density of the Dirichlet distribution given below is not meant with respect to the restriction
of this proper Lebesgue measure on aff (©) to ©, but with respect to its %—multiple!

That measure is the restriction (to ©) of the image of the standard (r — 1)-dimensional
Lebesgue measure on R{b--m"\ by the lifting mapping to aff(©) C R} for arbitrarily
chosen [ € {1,...,1r}:

Olkeq,.oniy — (Odreqopy- 0=1— D 6k) (5)
k=1 koAl

It appears the image of the Lebesgue measure on RiL-+"M\Ml by this transformation does
not depend on the choice of [ € {1,...,r} and, moreover, it is nothing but the %—multiple

of the proper Lebesgue measure on aff (0) - see Proposition 17 in § B.4.

10



Definition 3 (dominating measure for Dirichlet distributions)

Given © = {0 = (01,...,0,); 0, >0, >;._,0r =1}, r > 2 the symbol pe will denote the
restriction (to ©) of the image of the (r — 1)-dimensional Lebesgue measure by (5). It will
serve as a standard dominating measure for Dirichlet distributions.

Remark The specification of the dominating measure (for Dirichlet distributions) is ty-
pically omitted in the literature. Indeed, I was not able to find that particular piece of
information in any book dealing with Dirichlet distributions (I had a chance to consult).
Perhaps some of the authors consider it to be intuitively clear that the lifting transformation
(5) always leads to the same measure on aff (©). However, since this transformation is not
an isometry (neither a multiple of an isometry), the proof of this fact is not straightforward
and deserves some special geometric considerations — see § B.4.

4.2 Definition of Dirichlet distributions

The class of Dirichlet distributions can be introduced as follows.

Fixed parameter: r > 2
This is the dimension of the Euclidean space in which the sample space for Dirichlet
distributions is placed. Alternatively, the meaning of r is the number of outcomes (of
the ascribed experiment). Formally, it could also be r = 1, but then the corresponding
Dirichlet distribution is a degenerate discrete distribution.

Sample space: © = {(01,...,60,); 0, >0, > 0, =1}
As mentioned above, this is the interior of the probability simplex in R", which serves
as the parameter space for (the classes of) discrete distributions introduced in § 3.

Parameter space: Z={a = (a1,...,q;); ap >0}
This is the interior of the positive quadrant in R". To distinguish terminologically this
space Z from ©, which usually plays the role of the parameter space, = will be named
the hyper-parameter space and its elements (vector) hyper-parameters. Observe that
there is no functional dependence between hyper-parameter vector components (=
single hyper-parameters). Therefore, the actual dimension of = is higher than the
dimension of © (by 1).

The formula for the density (with respect to pe from Definition 3):
VaE(al,...,ar)EE v95(917,9)€@

do([61,...,0,)) = sz’flo"“ H 0) (6)

The normalizing constant in (6) is the correct one because [g dqo(8) due(d) = 1 for
each o € E. This follows from the formula (10) presented in the next section.

The Dirichlet distribution corresponding to the collection of hyper-parameters [oy];,_; will
be denoted by D([a]}_)-

4.3 Auxiliary formula

The following observation simplifies many computations concerning Dirichlet distributions.

11



Proposition 1 Vr>2, Vai,...,a, >0

r—1 r—1
Qe — Oy — _ HT: F(ak)
{I};[l (9k) 1} . {1 — ];Zl Hk} 1 d91 . 07_1 == m . (7)

Proof. This can be shown by induction on r > 2. The induction hypothesis for r = 2
follows from well-known formulas for Beta and Gamma function (see § A):

1
/ o0t {1 — 0132 doy = / 6171 (1—6)*""df
0

01>0
01<1

_ Blay,ay) = o) Tlas) [Thoy Do)
b Clar+az) T, an)

Now, we assume r > 3 and try verify the induction step. First, we observe that the induction
premise implies the formula: Vaq,...,0,_1 >0

{H 0]@ ag— 1 {1_Zek}aT 1—1 doy...0,_ H P(ak) ) (8)
k=1 F( k:lak)

The next step is to verify that (8) implies a formally stronger version:
Vo<~ <1, ai,...,ar—1 >0

r—2 r—2
{(IIo™>" =Dt dm s
k=1

N seees Np—2>0 k=1
—2
Yo <Y

— 7(22;}0%)_1 Ii- 11F( )) (9)

(Zk 1%k

Indeed, to see (8)=(9) we apply the substitution fyaa(x) F)due™(y) = [.cx foplx)du(z),
where we specifically have © = [01,...,0,_2], X is determined by inequalities 61,...,6,_2 > 0,

Z;? Or < land p(z) =y = [n,...,N0r—2] is defined by the relation g =~ -0 for k=1,...,r—2.
Then ¢(X) is the domain of the integral in (9). The measure p is the restriction (to X) of the
product of y-multiples of one-dimensional Lebesgue measures. Thus, e~ ! is the product of one-
dimensional Lebesgue measures, that is, the (r— 2) dimensional Lebesgue measure. The function f is
the argument of the integral in (9): f(y) = {[Ti=s (me)™ '} {7 = Srs me } 1. By substituting
=0 for k=1,...,7 — 2 to this we get the expression for f o p(x):

PN R .
k=1 k=1

r—2 r—2 r—2
= H,Ymcfl . Hegk—l .{,.Y_,_Y.Zek}arflfl
k=1 k=1 k=1
r—2 r—2 r—2
= [Iv - Ilet et = o
k=1 k=1 k=1
r—1 r—2 r—2
= H,Yakfl, Hegk—l.{l_ZGk}ar,lfll
k=1 k=1 k=1

12



Thus, by using the substitution we express the left-hand side of (9) in the following form:

r—1 r—2 r—2
/ fop(x)du(z) = / T TIoe -4 => ooty 2 dby ... 0r s
wox orrt _ymo k=1 k=1 k=1
TrZ2 o<1

r—1 r—2 r—2
= ([ Y / IIon "t 1 => o ""dby...0,»
k=1 01r im0 k=1 k=1
Trl o<1
B N ) PRy T N PR | S NCTO
I'(3 k- 1a;€) I'(3 k= 1a;€)
Here, in the first line, we used the fact that p is (r — 2)-multiple product of y-multiples of the
(one-dimensional) Lebesgue measures; then (8) was used in the third line. This concludes the proof
of the implication (8)=-(9).
Now, the formula (9) can be used to verify the induction step by means of the Fubini
theorem, where one has y =1—0,_1:

r—1 r—1
(L0 (1= S0 dby .0,
k=1 k=1

61,..,0p_1>0

Z;;} 0, <1
r—2 r—2
— / oot / (T 00" {1 =01 = > Ok} ™" dby ... 00 2| db,_y .
0<0,_1<1 01,...,0,_5>0 k=1 k=1

2
b1 0p<1—0,._1

The internal integral has, by (9), where we replace a,_1 by a, and put v =1 — 6,_1, the
value .
(1 . 9T_1)(ZZ:1,;¢¢7-71%)—1 . Hk:i,k;ﬁr—1 P(Oék) ’
L ket pstr—1 %)

and one can write, using well-known formulas for Beta and Gamma function from § A:

HZ:l,k;ér—l I'(ag)
F(ZZ:I,I@;&T—I ak)

9;‘231—1 (1 - 91“_1)(22:1,1@7&%10%)_1 . db,_1

0<07‘71<1
HZ 1,k#r—1 (
N0/ 1Lk#r—1 Yk 0

k)
)
IT;— Lktr—1 L) a - a
N0y 1 ktr—1 %) o r_17k:1%7;r—1 )
)
)

1
gor—171 . (1 — §)Ehrizr—1 %) =1 gg

ITi= 1k#r—1 ' (ou,
N0 1k#r—1 %k

. Dlar—1) - T ko1 1 k) _ Tia Tew)
(> )1 k) INODY

which concludes the induction step. a

The above formula has the following consequence

13



Corollary 2 Given r > 2, denote ay =Y ,_; oy for any oq,...,ar >0 . Then

/ T 60 duo(e) = L=t Tl0x) (10)

o i [(ory)

Proof. As explained in §4.1, e is the image of the Lebesgue measure on RiL-+"=1} by the

lifting mapping
r—1

Colis — (B2 0 =1-) 0,
k=1
which is the specification of (5) for I = r. Therefore, the integral after ug in the left-hand

side of (10) can be computed by the substitution £; this means one has to compute the
integral (7) from Proposition 1. O

The above formula (10) implies easily the formulas for the expectation and covariance
of the Dirichlet distribution: (c.f. page 269 in [9] or page 47 in [6]):

oy, ag - (ay — ag)
E0y) = —, var (0) = —4¥————~
(6) oy (6) o2 - (ay+1)

—ay - o
cov (O, 0) = ———
( ) o? - (ay +1)

Indeed, one can write using the formula (6):

E(0r) 2/9 O - ﬁ L0 due(0) = ﬁ'/@ 71;[1(971)[1"71 due(0),

da([01,...,67])

for k € {1,...r},

for k#1, k,l e {1,...r}.

n=1

where O = ar + 1 and 3, = a, for n € {1,...r} \ {k}. Thus, using the formula (10) for a different
system of hyper-parameters:

Ploy) Iy TBn) _ Dlag)  T(Bk) Ilay)  Dlox+1)

B0 = T~ TG T TG T+ Faw
B Play) o Tlow) _ o
ay Tloy)  T(ow) ag’

where we have used the well-known formula (32). Analogously, one can derive

2y F(Our) ' F(Oék + 2) . (Oék + 1) Be7X
E(6:) = D(ay +2) T(ar)  (ay+1)-ay’

and then we use the well-known formula for the variance:

_B(@) - B(ey? = (et Dok ok ow(0g —an)
var(0y) = E(0;,) — E(0,)° = (ar+D)ar & T ol (ar¥l)
By the same procedure
E(9 .0 ) _ F(O‘Jr) ) F(ak + 1) ) F(Oél + 1) _ QR - o
k- 0r Dot +2) I(ag) o) (ap +1)-ay’

and by the well-known formula for the covariance:
g - Qg o o —Of -

0r,0)=Er-0)—-E6;) El)=—""F " — " —=...= 5———.
v = B0 = EOS B0 = G s e o7 (o +1)
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Remark The consequence of the formulas above is that, for r > 2, the mapping

lag]r_y — D([agl}_,) is an injective mapping.

Indeed, let o = [oy]}_; and B = [Bi];,_; be two strictly positive vectors and assume D([ax]}_;) =
D([Bk)r—1)- Then Yk one has ok =E() = g—i, which means §; = t - oy, where t = g—i > 0.
Hence, by the formula for the variance and the substitution . =t- a4, By =1 - ag:

BBy —B) _ t-o-(t-agp —t-op) - (o — i)

B3 - (B +1) t2-ar - (t-ay+1) a2 - (t-ay+1)°

ag - (ar — ag)
o (g +1)

= var () =
Hence, by canceling, ¢t - a4 +1 = ay + 1. Thus, t =1 and [ = oy, for every k.

Remark (the relation of the Dirichlet distribution and beta distribution)

A common distribution in statistics is beta distribution, defined as follows: the parameters
are a,b > 0, the sample space is the interval (0,1) and the density (with respect to the
Lebesgue measure) is given by the formula

f@) = gt (=)

where B(a,b) is the value of the Beta function. Note that ﬁ is the correct normalizing

constant (see §A) and a = b =1 gives the uniform distribution on (0, 1).

Beta distribution is, in fact, one-dimensional marginal of the Dirichlet distribution.”
More specifically, if » = 2 the Dirichlet distribution is settled on a slantwise segment © =
{(61,62); 01,02 > 0, 01 + 02 = 1}. For parameters ay,as > 0, its density is given by

(g + a2)

da(01:02) = TS5 Ty

S(01) T (B) 2

This is meant with respect to the image of the Lebesgue measure on (0,1) by the lifting
mapping £y : 01 — (61,1 — 61), or alternatively, by the mapping Ly : 0 — (1 — 62,05).
Thus, D(aq, a2) can be interpreted as the beta distribution 3(ay, ag) transformed by £ to
O, or alternatively, as the beta distribution 3(aq, o) transformed by Lo. It is evident, that
the marginal of D(ay, az) for 0y is f(aq, ae) and its marginal for 6o is G(ag, aq).

Finally, it is easy to see that the class of Dirichlet distributions is also an exponential
family (for fixed r > 2):
e 1 is the dominating measure pg from Definition 3 (in §4.1),

e m=r,

F T
c(a)zwforaea
[Ti=1 Tax)
e u(f)=1 for § € O,
e gs(a)=as;—1 fora€E s=1,...,r,

e t,(0)=Inf; foreO,s=1,...,7.

"Note that the class of Dirichlet distributions is not closed under marginalization.
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To check that let us substitute to the formula (1):

do(0) = c(a)-u(d) -exp(z gs(@) - t5(0)) = M -1 -exp(Z(as —1)-1Iné;)

s=1 Hk—l F(ak) —1
o (Zk 1 ) . ex n(6,)* 1) Zk 1ak expln
= Ty o Zl =T 5H1 pln (
_ (Ek 1 Ok) . as—1 _ Ek 1o‘k ) 1
a Hk 1 Do) 51_[1(95) Hk T 1;[

which is the expression in (6).

5 Bayesian approach

The aim of this section is recall the basic idea of the Bayesian approach. This approach
will be later applied, in §7 and §8, to the special case of a Bayesian network model.

5.1 Bayesian terminology

First, following the Preface of the book [12], we recapitulate the basic terminology in this
area. A so-called Bayesian experiment is specified by the following items:

e A measurable space (©,.4), called the parameter space.
e A measurable space (X, X)), called the sample space.

e A system P = {Fp; 0 € O} of probability distributions on (X, X’) which is a Markov
kernel from (©,.A4) to (X, X) (see §2.2). They are called sampling probabilities.
That means, the statistical model in the sense of Definition 1 is given.
Usually, P is specified by a system of densities p(z|f), z € X, § € © with respect to a
dominating measure on (X, X).

Quite often, it is an exponential family in the sense of Definition 2.

e A probability distribution on (©,.A), called the prior probability. It is usually defined
by means of the density 7(#), # € © with respect to a dominating measure on (0, .A).
The density is then called the prior density.

The components above define a probability measure IT on the product measurable space
(0@ x X, A x X). This measure is called a “Bayesian experiment” by Florens, Mouchart
and Rolin [12]. Typically, there exists a dual decomposition of IT to its marginal on (X, X)
and the system probability distributions on (©,.4) which is a Markov kernel from (X, X)
0 (0,A).% That means, the (joint) density II(#,z) of II (with respect to the product of
“standard” dominating measures on (0,.4) and (X, X)) and can be written as follows:

w(0) - p(x|0) =1(0,x) = p(x) - m(0]x) for 0 € ©, z € X.

This allows one to introduce two other important components of the Bayesian experiment:

8This is ensured, for example, if sampling probabilities are given by a system of densities with respect to
a dominating measure, or alternatively, by suitable topological assumptions on the parameter space (©,.A).
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e The marginal measure of IT on (X, X) is called the predictive probability. Its density
p(z) is obtained by integrating the joint density II(,x) over the space (0,.4) (with
respect to the corresponding dominating measure).

Some authors [9], in the case X is the collection of all samples of the size d (see §3.1), call this
marginal measure the “marginal probability of data”.

e The system of probability measures {m,; x € X} will be called the system of posterior
probabilities. Their densities m(f|x) can be obtained by dividing the joint density
I1(0, z) by the density p(z) of the predictive probability.

The Bayesian approach consists in the interpretation of the above mentioned components.
For example, if x € X is interpreted as the outcome of a series of measurements then the
posterior density m,(0) = m(f|z) describes the adaptation of the original (probabilistic)
knowledge about the parameters expressed in the form of the prior density m(0).

5.2 Conjugate family

Quite often, not just a single prior distribution, but a whole (parameterized) class of distri-
butions S on the parameter space (6, A) is considered.’ Prior distributions are then chosen
from this class §. The potential parameters of probability measures in & are then called
hyper-parameters. The usual technical requirement is as follows.

Definition 4 (conjugate family)

A class S of probability distributions on the parameter space (0, .4) will be called conjugate
to a class 7 of probability distributions on the sample space (X, X) if the following condition
is valid: whenever the prior probability belongs to S and the sampling probabilities to 7°
then every posterior probability belongs to S, that is,

(@) eS8, V0e€O pxlf)eT = VeeX nmllz)eS.

The importance of the class of Dirichlet distributions (see §4) consists in the fact it
is a conjugate family to (each of) the discrete statistical models from §3. Below we show
this both for the class of sampling distributions from §3.1 and the class of multinomial
distributions from § 3.2.1°

5.2.1 Conjugacy of Dirichlet distributions to sampling distributions
Assume d,r € Z, d > 1, r > 2 are fixed. Consider the following spaces (cf. §4.2 and §3.1) :
e Z=={a=(aq,...,ap); ar > 0} is the set of hyper-parameters,

e O={0=(61,...,0,); 0, >0, > _, 0, =1} is the parameter space endowed with
the dominating measure pug (see Definition 3 in §4.1), and

o X = X{Ld} where X = {ai,...a,}, is the sample space. The dominating measure
on X is the arithmetic measure.

9 Again, it is often an exponential family in the sense of Definition 2.
10The statistical model for the theoretical distributions (= a single outcome) mentioned in the beginning
of §3 is a special case of the model for sampling distributions from §3.1: one has d = 1 in this case.
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Now, assuming « € = is fixed, (6) gives the formula for the respective prior density:

Vo€  w(0)=da(d) = 7%(?’1‘“?1(2’;)) T @)
= k=1

Analogously, (2) gives the formula for sampling densities:

Vy=[y', ...,y e xtbd  voeco
p(y|0) = H(Hk)xk where z, = |[{y*;1<(<d, y* =ap}| fork=1,...,r
k=1

Therefore, the joint density has the form

1H0.1) = 7(6) - ly10) = P2 H N | (SRR g
! = k=1 -1 pale

Hence, one can get the predictive density by integrating: Vy € X {1-d}

— _ F(Z;:l ak) X - ap+zr—1

P = [ 100) duel0) = [ LI T] @0 dia)
_ Zk 1O‘k ) T o) . [T5oq Tk + zx)
I Dlaw) /@ k=1 doll) = [liei Tlow) Ty o +an)

where in the second line we used the formula (10) from Corollary 2 in §4.3.
Thus, the formula for the predictive density in terms of o € Z is as follows:

I (y) — P(Zz:l Oék) . Hz:lr(ak + Jfk)
“ [Thei Do) T(jmy e + 1)

Having fixed y € X{1+4} one can compute the posterior density by dividing:

11

where zp = |[{y;1<0<d, y*=ar}|. (11)

ag) aptxr—1 , ”
sty M0 Tt T G0 ™ ron ey e m) I1 )+
B - F(ero‘)_n,r(a-l-w) — T T .

P(y) H;:];FI(a:) r(kzi:l a’;+m’;) Hk:l (g + k) Pty

That means, the posterior distribution is again Dirichlet; more specifically

D> ko ok + o) ' . aptar—1 _
) = [Ty g IL 0™ = dasal0) (12

where the vector = [z1,...,2,]isgiven by 2, = {y% 1 <0< d, y* =ap }| fork=1,...,7r

5.2.2 Conjugacy of Dirichlet distributions to multinomial distributions
Again, having d,r € Z, d > 1, r > 2 fixed, consider the spaces (cf. §4.2 and §3.2):
e the set of hyper-parameters = = {a = (a1,...,q;); ag >0},

e the parameter space © = {0 = (01,...,0,); 0, >0, >} _, 0 =1} endowed with the
dominating measure pug from Definition 3 (see §4.1), and

" Observe that pa(y) > 0 for any y € X. Note also that (11) is nothing but the the formula (A.14) in [9].
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e the sample space X = {[z1,...,2,]; zx € {0,...,d} Y ;_;xr = d} C R" with the
arithmetic measure as the dominating measure.

Having « € = is fixed, the formula for the prior density (6) is the same as in §5.2.1:

VOeO  m(6)=da(8) = % N
= k=1

but what is different is the formula for the sampling probabilities, now given by (4):

T

d!
V$E[$1,7$T]GX, VHE(Hl,,HT)E("’) p(w‘@):m ||(9k)mk
k=1\"R p—

The only substantial difference is the additional factor, namely the multinomial coefficient
%. Thus, one can, more or less, repeat the calculations from §5.2.1 and obtain the
k=1 :

formula for the predictive density:

Palx) = dt . P k= an) . [Ty (o + )
T M @) Thhea Tlew)  T(Shey o + )

Since the joint density has the same additional factor, in the calculation of the posterior
density this additional factor cancels and the result will be the same formula as in §5.2.1:

where x = [x1,...,2,].  (13)

T gy ok + k) ' . aptar—1 _
Ta(0]7) = szl T(ax + z1) kl;Il (Ok) = dot2(0) - (14)

Thus, in both cases the “move” from the prior probability to the posterior probability is
the change D([ax];_y) — D([ox + zklj—y)-

Remark The relation of predictive probabilities in these two cases is as follows. In the case
of sampling distributions, the predictive probability (11) is the same for those samples (=
databases) which yield the same table of counts. That means, it is constant on respective
equivalence classes.'> The predictive probability in the multinomial case is obtained from
it by simple summing probabilities of samples yielding the same table of counts. Since
they are equiprobable this reduces to the multiplication by the number of samples in the
equivalence class, which is the corresponding multinomial coefficient, which gives (13).

6 Statistical model of a discrete Bayesian network

The theoretical basis of the procedures for learning a BN structure (by the method of
maximizing a quality criterion) is the interpretation of every BN structure as a statistical
model. This statistical model is specified in this section.

Throughout this section we fix an acyclic directed graph G over a finite non-empty set
of nodes (= wariables) N. Moreover, for every variable i € N, we fix the set X; of possible
values for i.

12Here, two samples are considered to be equivalent if they yield the same table of counts.
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6.1 Sample space and notational convention

We assume |X;| > 2 to ensure that the random variable corresponding to 7 is not degenerate
and, therefore, at least one free parameter corresponds to ¢ in the parameterization described
below.

Assumption: 1 < |N|<oo, VieN 2<|X;|<o0
Sample space: The joint sample space will be the Cartesian product Xy = [];cy Xi.

The following series of notational conventions is desirable to have elegant formulas for
(Bayesian) quality criteria.

Conventions I
First, for every A C N, we denote by X4 the set of all possible configurations for A, that
is, the set of lists [z;];ca such that z; € X; for i € A.13

For every A C N we choose and fix an ordering of the set of configurations X4 for A.

e The letter i will be used as a generic symbol for a node/variable: .
Then r(i) will denote the number of elements of X;: r(i) = |X;| for i € N.

e The letter k will be used as a generic symbol for (codes of) node configurations:

(kef{l,....r(i)}]
More specifically, for any node/variable ¢ € N consider the chosen fixed ordering of
configurations for A = {i}: X; = {y}, 42, ... ,y:(i)}. Then each k € {1,...,7r(i)} will
be the code for yf.m Moreover, for every x € Xy, the symbol k(i,z) will denote the
code of its marginal node configuration for 7, that is, it is the unique k € {1,...,r(i)}
for which z; = yF.

Further conventions are related to the given acyclic directed graph G (over N). For
every node/variable i € N let pa; (i) denote the set of parents of i in G:

pag(i)={h € N; h —iin G}.

Denote by ¢(i, G) the number of parent configurations for i, that is, the number of elements
of Xpae(iy: 41, G) = [Xpa, ()| for i € N.1°
e The letter j will be used as a generic symbol for (codes of) parent configurations:
Je{l.,q6,G)}}
More specifically, for any node/variable i € N consider the fixed ordering of configu-
= {z} ...,zf(Z’G)}. Then j € {1,...,q(i,G)} will be

1

rations for A = pag(i): Xpac;(i)

13Observe that this definition of a configuration has reasonable sense for A = (. The configuration for the
empty set is then the empty list. In particular, there exists (just one) configuration for the empty set, that
is, [Xp| = 1. On the other hand, if A # @) then X4 is nothing but the Cartesian product [, , Xi.

M1n fact, a fully correct approach would be to consider for each i € N a distinct generic symbol k; for
the codes of elements of X;. However, this would unnecessarily complicate later notation by second order
indices. We can drop these superfluous indices because in the formulas we are going to write the generic
symbol k will always be used in the situation the variable i € N is specified and there is no danger of
misunderstanding.

5Recall that if pag (i) = @ then, by our definition of a configuration, [Xpag iyl = [Xp| = 1 and, therefore,
q(i,G) = 1 then.
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the code for zf , the j-th configuration in the ordering.' Moreover, for every = € Xy,
the symbol j(i, ) will denote the code of its marginal parent configuration for i, that

is, the unique j € {1,...,q(i, G)} such that z,, ) = zl.

6.2 Parameter space

Now, it is possible to specify the parameter space. Single (one-dimensional) parameters
correspond to (ordered) triplets

[node = variable, parent configuration, node configuration |,

where the configurations correspond to the variable. This is reflected by the notation for
these single parameters with three indices:

0ij. whereie N, je{l,...,q(i,G)}, ke {l,...,7(i)}.

The statistical model we consider here is the class of strictly positive probability distributions
on Xy that are Markovian with respect to G.

Parameter space is the Cartesian product of (interiors of) probability simplices:

q(i,G) r(4)
®G = H H @(1]) where @(m) = { [9,];@]2(:”1 N eijk >0 Z Hijk =1 } .
1EN j=1 k=1

In particular, every vector parameter 8 € O decomposes into components:
60 = [0ijklicN, jef1,..ai.G)} be(L, (i)} -
Formula for the density (with respect to the arithmetic measure in Xy):

1EN

One can verify (see Lemma 8.1 and Remark 8.4 in [27]) the following observations:

Lemma 3 For every 6 € Og, p? is the density of a strictly positive probability distribution
on Xn. Moreover, the mapping @ — p° is a one-to-one mapping of ©¢ onto the class
M (G, Xy) of strictly positive distributions on Xy that are Markovian with respect to G.

Interpretation Moreover, it is shown in Lemma 8.1 from [27] that
VieN Vjie{l,...,q(i,G)} VYke{l,...,r(i)}
01 is the conditional probability praG(i) (y¥|2]).

In other words, every single parameter 60;;;, in the parameterization has the interpre-
tation of the value of the conditional probability of the (corresponding) node config-
uration given the (corresponding) parent configuration.

16 Again, it would be more precise to use, for each i € N, a distinct generic symbol j; for the codes of
elements of Xpg (i) Nevertheless, like in the case of node configurations, the generic symbol j for parent
configurations will only be used when the variable i € N is specified.
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6.3 Exponential family

Having fixed the acyclic directed graph G (over N) and the sample space Xy, the above
described parameterized class of Markovian distributions M (G, Xy) defines a curved ex-
ponential family, which is a result reported already in [13]. To show this fact one needs to
re-write the density (15) in the form (1):

PO (z) = ¢(8) - u(z) - exp ( Z ts(z) - qs(0)) for any @ € ©g and x € Xy .
s=1

More specifically, one has

M= en ZQ(ZG SO 1= Yien (i) - a0, G),
e ¢(0) =1 for any 0 € Og,

u(z) =1 for every z € Xy,

qs(0) =Inb;j, for s ~ (i,5, k),

ts(x) = 46(i, j, k|z) for s ~ (i,7,k), where

. [ 1 ifx; =yF and Tpag (i) = zg,
o0, J, k) = { 0 otherwise.

forany i€ N, j€{1,...,q(i,G)}, k€ {1,...,7(i)} and = € Xy.17

To evidence that let us re-write the formula (15):

q(i,G) r
pe(x) = H 91](1 z) k(i,x) — H H H 9” Lokle) GXp ln H H H 9? ,],k\m)
iEN iEN j=1 k=1 i ik

(4,G) r(3)

exp ZZZI HU;JM —11exp2226z],k|x lnﬁuk)

iEN j=1 k= 1
uk(m) ql]k(o)

= ¢(0)- u(x)- exp(z te(x) - qs(0))
s=1

which is the required expression. Here, the second equality can be justified as follows: for fixed
i € N the only 0y for which 0(i, j, k|x) # 0 is just 0; ¢ 2)k(i,z)- Thus, if 6(4,7,klz) = 1 then
05577 = 0, 56 2y w(ise)» while if 8(i, 5, k|z) = 0 then 67" =1.

ijk 5
The actual dimension of Og is Y, n[r(i) — 1] - ¢(4, ), which is less than the number m
above. That is why we only claim is a curved exponential family.

6.4 Likelihood function

The next step is to derive the formula for the likelihood function, that is, the density of
the sampling distribution. To write an elegant expression for it one needs another series of
conventions.

"By Conventions I, Tpag (i) = zf and z; = y¥ is nothing but the requirement j = j(i, z) and k = k(3, z).
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Conventions II
Let D :z',...,z% d > 1 be an ordered sequence of elements of the joint sample space Xy,
that is, a database over N of the length d (= a sample of the size d — see B in §2.1).

If Xy is fixed then the symbol DATA(N,d) will denote the collection of all such databases.

Given r € Xy and D € DATA(N,d), d > 1 the symbol df,) will denote the number of
occurrences of x in the database:

d[m]:’{lggﬁd, xzzx}\.

Moreover, for every triplet (i, j, k) wherei € N, j € {1,...,q(i,G)} and k € {1,...,r(i)} the
symbol d;;, will denote the number of occurrences of the respective (marginal) configuration
in D, analogously for a pair (i,j) where i € N, j € {1,...,q(i,G)}:

dijr = [{1<e<d; :cf}upaG(i)z(yﬁZf)}l,
dj = [{1<e<d; b, =2}

Observe that it follows from the definition that d;; = 22(31 d;ji for every i,j and that

jﬁ’f) d;j = d for every i € N.

Likelihood function: the sampling distribution has the following density with respect to
the arithmetic measure on Xy x ... x Xy = DATA(N, d):
N—_— —

d—times
v0cOc VD eDATA(N,d) pe(D)=[] [] [I6* = L6,D). (16)

To verify the formula (16) one “assumes” that D is a random sample from the theoretical
distribution P?. In other words, one considers the d-multiple product of po (with the density pe)
on Xy X ... x Xy. Thus, we write:

q(3,G) (@

d
8(i,g,klz%) 95(i=j7k|x[)
ZJk - ijk

iEN j= 1 (=1

=

i Ev

d i,G)
pe(D) = H H

J

“E‘“

,_.
b
Il

[ []

eEN
i,G) r(i) (ke - (i,G) r(3)
UU s T T o

EN J iEN j=1 k=1
Here, the second equality can be justified by the same arguments as in (the proof from) §6.3 and
the last equality follows from the definition of d; ;.

Note that it follows from the formula (16) that the class of densities {pg(D); 0 € O}
is also an exponential family.'® The corresponding sufficient statistic for that class of
distributions is then the vector statistic

-

d = [diji]ieN, je{1,...q(i,0)}, ke{l,..r(i)} -

80ne can use the similar arguments to those from §6.3 in the case of the theoretical distribution; just
the sample space Xy is replaced by Xn X ... X Xn.
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In other words, d is the collection of marginal counts for all possible parent configurations:

Vie N, Vje{l,...,q(i,G)} ci;j = [dijk]z(:i)l is the respective marginal table of counts.

Remark One can also easily derive a formula for the distribution on possible (joint) con-
tingency tables d : Xy — {0,...,d}, 3 x, d(z) = d.'? TIn fact, the “probability” of a
particular contingency table d can be obtained as the sum of “probabilities” of (distinct)
databases D that lead to d. Since all these “probabilities” are the same?’ it is enough to
multiply the shared “probability” by the number of these databases, which is a special type
of the multinomial coefficient:

q(3,G) 7(3)

AL % = v

po(d) =
HIEXN x- €N j=1 k=

7 Bayesian model for a Bayesian network structure

A further step is to enrich the statistical model of a BN structure by a prior probability on
the parameter space, that is, to introduce a Bayesian experiment in the sense of Bayesian
terminology from §5.1. The aim of this section is to introduce a whole class of such prior
distributions, which appears to be a conjugate family to the considered statistical model.

Throughout this section we keep the conventions from §6. Thus, we fix an acyclic
directed graph G over N and the sample space Xy = [[;cn Xi With 2 < |X | < oo for each

i € N. Moreover, we consider the parameter space Og = [[;cn H y of the product
form and the system of (theoretical) distributions {p?; 8 € ©5} on XN glven by (15).

7.1 Assumptions

We are going to formulate and comment three assumptions on the prior distribution on O¢:
e parameter independence,
e local Dirichlet, and
e hyper-consistency.

Parameter independence assumption is that the prior probability is a product

measure on [ [,y Hq(Z C) Oij):

= H H Tij) where () is a probability measure on O ;).
ieN j=1

Local Dirichlet assumption is that every component 7(;; in this product measure
is a Dirichlet distribution on the (open) probability simplex ©;;:

Vie N, Vie{l,...,q(i,G)} 75 ~ D([aijk]z(:i)l) for some parameters a;;, > 0.

9This is the analogue of the multinomial distribution — c.f. §3.2.
20This follows from the formula (16).
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Both these assumptions were already introduced by Spiegelhalter and Lauritzen in [24],
where they presented their Bayesian scheme for learning parameters of the statistical model
of a discrete BN structure. The first assumption, called global and local independence in
[24],2! is quite natural because it allows one to decompose the “global” Bayesian experiment
into a system of “local” Bayesian experiments with parameter spaces © ;. The second
assumption is also natural from this point of view because then every “local” statistical
model is a “classic” discrete statistical model for a single outcome with parameter space
O(i;) and the sample space X; (see §3). A conjugate family to this class of distributions
is the class of Dirichlet distributions on ©;;) (see §5.2.1). These assumptions were later
taken over by other researchers, including Heckerman, Geiger and Chickering [17]. 22

To write elegant formulas for the predictive probability and the posterior probabilities
the following notational convention is suitable.
Convention ITI
Under the above-mentioned assumptions we will use the following shorthand notation:
r (i)
VieN,Vie{l,...,q;, )} iy =Y o

Lemma 4 If the assumptions and be fulfilled and D € DATA(N,d) is a database of
the length d > 1 then the predictive probability of D is given by the formula

LG r(t
iEN j=1 2(:2)1 NG I(oij + dij)

and the posterior probability is again the product of Dirichlet distributions, more specifically

qa(i,G)
D)~ [T TI P +diii) . (18)
ieEN j=1
The proof is, in fact, the modification of arguments from §5.2.1, where, for every pair
(,7), one considers a localized Bayesian experiment.

Proof. The dominating measure on O¢g = [[,cx Hq(l O;;) is the product of dominating
measures pe;; for local Dirichlet distributions (See §4.1), while the dominating measure
on DATA(N,d) = (X)? is the arithmetic measure. Then the joint density (with respect to
their product) is, by the assumptions | 1| and , and the formulas (6) and (16), as follows:

r(1) r(2)
(6,D) = H H %k 104uk) H Zj};:gk 1 H H H mllik

iEN j=1 kl(wk)kl iEN j=1 k=1
q(1,G) r(1)

_ H H al]) X H 0a23k+dzgk 1
- ijk

iEN j=1 Hk 1 (azyk) k=1

2'More specifically, by global independence was meant the assumption that 7 decomposes with respect to
variables ¢ € N and by local independence was meant the assumption that, for each ¢ € N, the respective
component further decomposes with respect to the parent configurations.

22For example, Assumption 2 in [17] is parameter independence and Assumption 4 in [17] is local Dirichlet.
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Now, for fixed D, the predictive probability p(D) is obtained from that by integrating with
respect to the corresponding dominating measure:

q(i,G) r(4)
a’L Qg dij —1
p(D) = / 1(6.D) dues(9) = [] H/ mijﬂ%k” " duey,, (Or)
Oc ieN j=1 “©up H Oézgk) k=1

q(i,G) r(z

al] Qijrtdijr—1
= H H i / zy;cj Y dlu@(ij)(oijk)
OGj) k=1

iEN j=1 Hk )1F auk

q(1,G) r(1)
111 I(ovij) Hk 1 Dlaijn + dije)
ien =1 T Dlar) TSR ain + dige)

Here, the second equality follows from the Fubini theorem and the last one from the formula
(10) in Corollary 2.

The formula for the posterior density can be obtained by dividing the joint density by
the density of the predictive probability:

, which is another form of (17).

I (aij + dlj) H aiiktdiir—1
T ocuet
ijk )

q( ZG T'(aij) r(1) a;iptdiip—1
m(0|D) = ne,0) _ Hien Il;= ) F(]aijk) Al O
p(D) 0 Hq iG) _ T(ay) LY Dla+di)
EN Hz(i) C(ovijn) (au‘f‘du)
G (e T(Z
_ H H ( )/H @ (azyk) . H Qo‘bﬂc"'db]k 1 F(Oéij —|—dij)
o (i ijk (i
eEN j=1 ( )/H ( (azyk) ’ k(:)l P(aijk + dijk)
(1_[ r(1)
j=1

1EN

which is, by (6), the density of the product [[,c Hq

Z(zi)l C(oije + diji) &

1,G) r(7
e D([oviji + dijk]k(:)1)' 0

The third assumption concerns the parameters of local Dirichlet priors.

Hyperconsistency is the assumption that the parameters of (local) Dirichlet priors
can be obtained by marginalization from a (global) strictly positive function on Xy:

Ja: Xy — (0,00) Vie N, Vje{l,....qli,G)}, Vke{L,...,r(i)}
Qijk = Z{a(a:); € XN & Z{ijupag(i) = (yf,zf)}

Observe the assumption also implies an analogous relation for derived parameters c;:
VieN,Vje{l,...,q(i,G)} o= Z{a(a:); T EXN & Tpu () = zg }.

It is a kind of mutual relation requirent to individual hyper-parameters ;. To emphasize
that it concerns the hyper-parameters it is named hyperconsistency. This terminology was
inspired by Dawid and Lauritzen [10], who considered an analogous condition in the context
of discrete decomposable (undirected) graphical models.?> They formulated it in the form
of a condition on prior measures for components of their parameter space — see § 3.1 in [10].
There are at least two reasons to accept this assumption:

ZEvery such model can be interpreted as a statistical model of a BN structure.
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(i) The previous two assumptions |1|and |2 | allowed in Lemma 4 to derive formulas for
the predictive probability and the posterior density. It follows from those formulas
that the corresponding hyper-parameters «;j; can be interpreted as “prior” estimates
for the respective contingency tables, say, on the basis of previous measurements.?*
However, the vector of counts d = [diji]ieN, je(1,...q6,@)}, ke{l,...r()} always satisfies
the following necessary condition:

dd: Xy —{0,...,d} Vie N, Vje{l,....q(i,G)}, Vke{l,...,7(i)}
digr, = Y _{d(@); v € Xn & T(iyupagy = W1 2) )

where d : Xy — {0, ...,d} is the “joint” contingency table. Since the marginal table
counts d; i, satisfy this condition and we would like to interpret the numbers «;j;, as
their prior estimates, it is natural require they satisfy that condition as well.?>

(ii) The second reason for the acceptance of |3|is that it is closely related to the require-
ment compatibility of prior distributions for distinct (acyclic directed) graphs. This
looks like a natural assumption made to derive Bayesian criteria for learning a BN
structure — see later discussion in §8.2. In fact, the compatibility condition is the
requirement that the function « from |3|is the same for all graphs.

7.2 Hyper-parameter space interpretation

The above-mentioned assumptions allow one to introduce a certain conjugate family of dis-
tributions to the statistical model {P?; 8 € ©¢} from §6. There are two ways to introduce
the corresponding hyper-parameter space. The one which is chosen here is seemingly not
related to the graph G and is more elegant, but it does not lead to a one-to-one correspon-
dence between elements of the space and distributions. Later we relate it to the other way,
which is more complicated, but leads to a one-to-one correspondence between elements of
the (alternative) space and distributions.

Hyper-parameter space is the set of strictly positive functions on Xy:

(11

={a; a: Xy — (0,00) }.

Prior distributions: We introduce a class of probability distributions on ©g:

q(i,G

) .
o = H H D([aijk]z(zl)l) for any o € E,
iEN j=1

where the hyper-parameters o;;;, are obtained from « by “marginalizing”:

Vie N, Vje{l,....q(i,G)}, Vke{1,...,r(i)}
aije = Y {al@); 2 €Xy & Tupen = W2} (19)

24 Actually, the philosophy of the Bayesian approach consists in the interpretation of the prior infor-
mation as the knowledge obtained by gathering information from previous measurements.

25 Observe, that, by formula (18), the validity of the condition is kept if for “updated hyper-parameters”
ik + dijk.
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Proposition 5 Given an acyclic directed graph G over N, the class of distributions
{6 a€E}

is a conjugate family to the statistical model {P%; @ € Og} of a discrete BN network.

More specifically, for every a € Z and D € DATA(N,d), d > 1 the formula for the
predictive probability is (17) and the posterior probability is 7+, where d : Xy — Z* s
the (joint) contingency table given by D.

Proof. This follows from Lemma 4 and the fact that the hyper-parameters «;j;, can be
computed from « : Xy — (0,00) by the same formula (19) as d;j, from d: Xy — Z*. O

However, the mapping o +— 7 is not injective. One can easily observe this:

Lemma 6 Given o, 3 € 2 one has g = Fg iff a and B have the same marginals for the
(mazimal) sets from the system {{i} Upag(i); i € N}, that is:

Vie N Vy¢& X{i}UpaG(i)
> {al@); v €Xy & Tyupaem =¥} = D _{B@); 7€ XN & Tiyupagi) =¥} -

Proof. First, realize that the condition above can be re-formulated in this form: o, = B
for any i € N, j € {1,...,q(i,G)} and k € {1,...,7(i)}. This is because, given i € N, any
pair (j, k) encodes a parent-node configuration (y¥, z}) € X{itupa, G (i) '
Moreover, 7g = ﬂg iff, for any ¢ and j, one has D([aijk];;(:l)l) = D([ﬂijk]z(zz)l). Thus,
the sufficiency of the condition is evident and the necessity follows from the one-to-one
correspondence between parameters and distributions for the class of Dirichlet distributions
— see the remark following Corollary 2 (on page 15). O

Thus, to have a one-to-one correspondence between the elements of the hyper-parameter
space and priors one should introduce the space as follows. Let A(G) denote the system of
mazimal sets (with respect to inclusion) in the class { {i} U pag(i); i € N}. Then put:

B¢ = {loalaca); where ay: X4 — (0,00) are such that Ja : Xy — (0,00)
with a(y) = Z{a(:n); T € XN & T{iyupas (i) = Y } for y € Xa, A € A(G) } .
Given a = [aa]aca(@) € Zc the corresponding hyper-parameters are computed by:

Vie N, Vie{l,...,q(i,G)}, Yk e {l,...,r(i)}

aije = Y {aa(@); z€Xa & Tgiupase) = W1, 7) }
for some A € A(G) such that {i} U pag(i) C A.

Note that the assumption a € Eg implies that the values of a;;, do not depend on the
choice of A € A(G) satisfying {i} Upag(i) C A. The respective class of (prior) distributions
on B¢ is defined analogously:

q
&= 11
1EN

(i,G) '
H D([aijk]z(zl)l) for any o € E¢ .
j=

[y
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It follows from the construction that
{n&; a € B} = {nG; a € g},

which means Z¢ can also be viewed as the hyper-parameter space for the conjugate family
to the statistical model {P%; 6 € O¢}.

Remark (warning) The reader may have the temptation to believe that one can perhaps
introduce a suitable hyper-parameter space for {P%; 8 € ©4} as follows:

=G ={a" : Xy — (0,00); a* is a (positive) multiple of a distribution in M4 (G, Xy) }.

Indeed, this way would ensure, by Lemma 6, that the mapping o — p®, a € 27 is an
injective mapping. On the other hand, the restriction to the class {p“; a € Z¢} is not a
good idea, because it is not a conjugate family to {P?; 8 € O}/

This is an example. Let us put N = {a, b, c,d}, X; = {0,1} for every i € N and consider

the following graph G over N:
a
/ O\
QO O
b\ / c
O
d

The basic idea is to construct a special a probability density ¢ : Xy — (0,1), namely the
product ¢ = ¢4 X qpe X qq where gy, is not a product on X, x X.. Then consider any af € =
of the form af = k- ¢, k > 0. The argument is that there is no 8 : Xy — (0,00) which is

a multiple of a Markovian distribution from M, (G, Xy) and satisfies 77‘(3‘; = ﬂg. Indeed,

by Lemma 6, one should have then alb = B, e = Bac and aZCd = Bpeq. In particular, for

the hypothetical p € M, (G, Xy) with 8 = k - p, one must have pay = Gups Pac = Gac and
Dbed = Qoed- SINCE Gap = G X @ and gue = o X qc one has a 1L 0|0 [p] and a 1L ¢|( [p]. The
Markov condition for p (with respect to G) implies b L ¢|a [p]. Thus, by basic properties
of conditional independence, pgpe = Pa X Pp X Pe, Which implies py. is a product on X x X..
Then pp. = ¢y contradicts the original choice of q.

To show that {p*; o € Ef} is not a conjugate family to {P?, 0 c ©g} it suffices to
put o = 1 (which belongs to Zf,) and to construct D € DATA(N,d) such that, for the
corresponding contingency table d : Xy — Z7T, the sum « + d has the form of mentioned
above. In particular, the posterior probability 7% does not belong to {p*; a € EG}.

Remark (conjecture) This is a natural conjecture: for (independence) equivalent graphs
G and H over N and « € E, the prior distribution 7 induces by the mapping 6 +— Y,
0 € O¢ (see Lemma 3 in §6.2) on M (G, Xn) = M (H,Xy) the same distribution as 7¢;
by its respective mapping from O to M (H,Xy).?

26This is (maybe) a hint for a possible proof. Owing to transformational characterization of (independence)
equivalence one can consider without loss of generality that G, H € DAGS(N) differing by legal arrow reversal
a — b. Then observe that the transformation 8 — 19 from ©¢g to Op given by pe = 10"9 is “local” for
the pair (a,b): it only concerns Hie{a’b} Hj O(i;)- Finally, for given a : Xy — (0,00), observe that the
“local distribution” [, D([aacjk]) x[1;, D([abij]) is transformed by that local transform to [ D([aix]) x
I1;, D([af,]). This is perhaps relevant to Lemma 7.2 from [10].
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Remark If one considers, instead the sample space (Xy)? = DATA(N, d), the collection
of all possible joint contingency tables d : Xy — {0,...,d}, > ox, d(z) = d, then the
formula for the predictive probability differs from (17) only by the multinomial coefficient:

(Z G r(1
p*(d) = 11 qH Do) T Dlose +dige).
erxN [] : iEN j=1 T(Z (azyk) F(aij + dl])

8 Bayesian criteria for learning a Bayesian network structure

Bayesian approach leads to a class of quality criteria for learning a BN structure. In
this section, we first recapitulate what is meant by a quality criterion (for learning a BN
structure) and then formally introduce a class of Bayesian criteria defined as the logarithms
of predictive probabilities.?” Throughout the section we accept the following notational
convention:

Convention IV
Given a non-empty finite set of variables N, the symbol DAGS(V) will denote the collection
of all acyclic directed graphs over N (= having N as the set of nodes).

8.1 The concept of a quality criterion

The method for learning a BN structure by maximizing a quality criterion is based on the
following concept:

Definition 5 (score equivalent quality criterion)
By a quality criterion for learning a BN structure is meant a real function of two variables,
namely of an acyclic directed graph and a database:

O : DAGS(N) x DATA(N,d) =R, d > 1.

A quality criterion will be named score equivalent if it does not distinguish between graphs
defining the same statistical model (= the same BN structure):

Q(G,D) = Q(H,D) whenever G, H € DAGS(N) are independence equivalent.

Here, graphs are independence equivalent if they induce the same conditional independence
structure, that is, define the same collection of conditional independence restrictions through
the correspoding separation criterion, described for example in §3.2.2 of [19].28

The interpretation of the value Q(G, D) for G € DAGS(N) and D € DATA(N,d), d > 1
is that it should evaluate how the statistical model determined by G fits the database D.
Whether a particular criterion Q really meets such an intuitive requirement is a more subtle
question, closely related to the question of statistical consistency of Q — see [22] or [7] for

2TThese criteria are equivalent to what some other authors call either “marginal likelihood” or “marginal
probability of data” [9].

2Note one can show that if [X;| > 2 for any 4 € N, which is our assumption from §6.1, then Markov
equivalence of acyclic directed graphs (over N) coincides with their independence equivalence — c.f. §6.1.1 in
[27]. More specifically, M (G,Xn) = My (H,Xn) for G, H € DAGS(N), which means they define the same
statistical model in the sense of § 6, iff G and H are independence equivalent.
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(informal) definitions of this concept. The topic of statistical consistency of Bayesian quality
criteria is omitted in this report; the intention is to deal with it in detail later.

Thus, the learning procedure should consist in maximizing the function G — Q(G, D),
where D € DATA(N,d), d > 1 is the observed database. The requirement that Q is
score equivalent is then quite natural from the point of view of the purpose of the learning
procedure: the aim is learn a BN structure! The term “score equivalent” was taken over
from [5]. Note that there are simple graphical characterizations of independence equivalence
of acyclic directed graphs — see §3.2 in [27] for an overview.

The second important technical requirement on quality criteria was formulated in con-
nection with machine learning approach to the maximization problem. Since direct maxi-
mization of the function G — Q(G, D) seems, at least at first sight, to be infeasible, various
local search methods have been proposed instead. These methods are applicable to criteria
which satisfy the following condition:

Definition 6 (decomposable quality criterion)
A quality criterion Q will be called (additively) decomposable if there is a collection of
functions ¢; 5 : DATA({i} U B,d) — R, where i € N, B C N \ {i} and d > 1, such that

Q(G,D) = > Gilpag(i)(Diijupag()) for every G € DAGS(N), D € DATA(N,d).  (20)
1EN

Here, the symbol Dy for ) # A C N and D € DATA(N,d) denotes the a projection of the
database D : z',..., 2% onto X4, that is, the sequence of respective marginal configurations
Dy: xk,...,xi.

The criterion Q will be called strongly decomposable, if, moreover, the functions g;z only
depend on the marginal table of counts d{;}upa, (i) glven by D{i}upac(i).zg

This definition was basically taken over from §2.3 of [7]. However, in that paper,
Chickering was not completely clear what he means by “data” in his definition. His word
description indicates that he has probably in mind data represented in the form of a sample
(see item B in §2.1). On the other hand, later (in §4.1 of [7]), he restricts his attention
solely to the criteria that do not depend on the order of items in a database; this more
corresponds to “data” in the form of a contingency table (see item C in §2.1). In this
context, the reader has natural implicit tendency to interpret Chickering’s definition in the
sense that the components g;,,,(;) n (20) also should not depend on the order of items
in the database. Since this requirement is indeed a stronger condition, but valid for most
criteria used in practice, I have distinguished that stronger condition terminologically.?°

Another potential source of misunderstanding in connection with the concept of a de-
composable criterion is that some other authors [16, 9] consider “multiplicative” versions of
(decomposable) quality criteria. These are criteria Q : DAGS(N) x DATA(N, d) — (0, c0),
d > 1 that factorize relative to the graph, which means

O(G,D) = [[ GitpactyPiiyupac()) for G € DAGS(N), D € DATA(N, d).*!
1eEN

29This essentially means the functions ¢i|B do not depend on the order of items in the database.

300ne can show using the results of §8.4.2 in [27] that if a criterion is decomposable and does not depend
on the order of items in a database then it is strongly decomposable.

31That means, the criterion decomposes multiplicatively, not additively.
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However, this is just a small technical difference, because on can switch between the additive
and multiplicative version of a decomposable criterion easily: Q(G, D) = In Q(G, D). Since
the logarithmic transformation is order-preserving the task to maximize G+ Q(G, D) is
equivalent to the task to maximize G — Q(G, D).

The following auxiliary observation is useful — for the proof see Lemma 8.3 in [27].
Lemma 7 A quality criterion Q is score equivalent and strongly decomposable iff there

exists a collection of real functions {ts; A C N}, each ty depending on the respective
marginal contingency table dy : X4 — {0,1,...,d}, d > 1 computed from D4, such that

Q(G.D) = Y { t{0pac)(diipupac®) — toag®) (dpag(®) } (21)
iEN

for every G € DAGS(N) and D € DATA(N,d).3?

8.2 Compatibility assumption

The predictive probability depends on the (choice of the) prior distribution, which is, how-
ever, defined on a specific parameter space O¢ (of the statistical model) given by an acyclic
directed graph G. However, since we are in the situation we are supposed to compare
different structural models (= corresponding to different graphs), we have to accept some
assumption of compatibility of prior distributions for distinct structural models. In our
context, it is the following assumption:

J o : Xy — (0, 00) such that, for every G € DAGS(N), the prior distribution 7g&
on the parameter space O is specified as follows:

e the hyper-parameters of priors are given by (marginalization from) a:
Vie N, Vje{l,...,q(i,G)}, Vke{1,...,r(i)}
aicj'k = Z{Oé(ﬂ?), reXy & T{i}upag (i) = (yf7zi) }7

e and the prior is the product of corresponding Dirichlet distributions:

q(1,G

) |
n& =[] I s

ieN j=1
In particular, for every G € DAGS(N), the assumptions from §7 are fulfilled. The
function a : Xy — (0, 00) will be called the (shared) hyper-potential.

Having fixed a hyper-potential o : Xy — (0,00) the corresponding (Bayesian) quality
criterion, considered in this report, is given by

LMLo(G, D) = In p&(D)  for G € DAGS(N), D € DATA(N, d), (22)

where pg(D) denotes the predictive probability of D under the assumption the prior dis-
tribution on B¢ is ﬂg.?’?’ For the reasons that become evident later in §8.3, we consider

32The marginal table of counts dy for A = (§ is the function on one-element set Xy having the value d.
Thus, the value tg(dp) is, in fact, a constant (= it only depends on d and the fixed joint sample space).
33The abbreviation LML stands for “logarithm of the marginal likehood” .
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an additive version of the criterion. Other authors [17] consider the multiplicative version
instead, which is just the predictive probability pg(D).

The question of the choice of prior distributions on spaces Og, G € DAGS(N) was
discussed in detail by Heckerman, Geiger and Chickering [17]. The main result of that paper
is that the above-mentioned compatibility condition follows naturally from considerations
about what are reasonable requirements on (Bayesian) quality criteria. Those requirements
are formulated in [17] in the form of assumptions and the compatibility condition is derived
as their consequence. They also give a formula for the respective (multiplicative version
of the) quality criterion, called “BDe-metric”. Moreover, the compatibility condition is
formulated in [17] in slightly different form. More specifically, they require a@ = ay - p,
where p : Xy — (0,1) is a probability density and a4 > 0 . This formulation leads to the
following interpretation. The number o is called “user’s equivalent sample size” and the
density p is named “prior network”.

The compatibility issue was also dealt with by Dawid and Lauritzen in §6.2 of [10],
in the context of (undirected) decomposable graphical models. They basically suggest the
same procedure for the choice of prior distributions for different structural models.

The basic observation concerning the above-mentioned criterion is as follows.
Proposition 8 If the compatibility assumption is valid and o : Xy — (0,00) is the given

hyper-potential then the corresponding Bayesian criterion is given by the following formula:
for every G € DAGS(N) and D € DATA(N,d)

LML (G, D) = In 4 ln B
iEN j=1 P(a +d zyk+dljk)

where ozg-k are corresponding hyper-parameters and d;ji, the corresponding marginal counts.

Moreover, the criterion is score equivalent and strongly decomposable. More specifically, if
we put, for AC N,

)+ da(y)
ZX U Ta) 20

where ay : Xa4 — (0,00) denotes the marginal hyper-potential and dy : X4 — {0,1,...,d}
the marginal contingency table, then one has
LMLo(G,D) = > { it upac () (@Liyupac () — tpag(i)(@pag () } (25)
1EN

for every G € DAGS(N) and D € DATA(N, d).

Proof. The formula for the predictive probability pg (D) is given by (17) in Lemma 4. By
taking its logarithm one gets

qa(i,G) G r (i) a
(e} F(az ) k=1 F(az ik + dzyk)
mpgD) =3 Y I ] ' P(aGid..) ;
ieN j=1 [T D (agy) ij T dij
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and then, by standard re-writing, the formula (23) is obtained. Morever, it can written as
follows (the superscript G' with «;j;’s is dropped):

r(1)

G s
LML.(G,D) = > 3 21 a”’;:d”’“) _ 1 Do * dij)

i€N j=1 C

q(i,G) r(3) q(i,G)

=S 1 Lk + digr) S I(aij +dij)

ien | =1 k= [(eviji) pu T (ovy)
= > I P fiyupag (i) () + diyupag( (v))
€N | Y€ X{iyupag (i) I( QfilUpag() (y))

n F( Cpag (i) (y) + dpaG(i) (y) )
2 ! M apa @)

ye XpaG (%)

Here, the third equality is valid because, for fixed i € N, pairs (j, k) encode elements of
the corresponding marginal sample space X(;}upa., (i), While j’s encode elements of Xy, ().
By (24), the formula (25) is obtained. The fact that LML, is score equivalent and strongly
decomposable then follows from Lemma 7. O

Remark If one considers, alternatively, the predictive probability on the collection of
joint contingency tables, then the corresponding formula has one more term, namely the
logarithm of the multinomial coefficient (c.f. the remark concluding §7):

r (@)

() (k)
Inp*(d)=In =———— + In ———42 Ny T
HmeXN d[q)’ ,%:V jzl I(ovj + dij) ; [eviji + diji)

LML, (G,D)

This modification, however, is not suitable, because the additional term “destroys” strong
decomposability of the criterion, which is quite desirable property. Indeed, if In p®(d) had
been strongly decomposable then, because LML, is strongly decomposable, their difference
(which, in fact, does not depend on G at all)

G D) = — P () - S In (dgy))

would have been strongly decomposable.

This is a counter-example: put N = {a, b}, X; = {0,1} for every i € N and consider the
empty graph G over N. Decomposability hypothesis for Q leads to the requirement there
exist functions ¢, and g, (of the respective marginal contingency tables) that Q(G,D) =
qa(diqy) + qp(dgpy). Let us consider two databases D' and D? of the length d = 4 with the
following joint contingency tables:

1.
CONEN DL e coanonan -1

—
—
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Clearly, d%a} = d%a} and d%b} = d%b}. Thus, if O had been strongly decomposable then it
would have been Q(@, D') = O(@, D?). But direct computation gives

Q(G, DY) = In(4!) —2In(2!) —2In(0!)) =3In2+1In3 —2In2—2Inl1 =1n2+1In3,
Q(G,D?) = In(4!) —4In(1) =3mm2+1In3—4In1=3mn2+In3.

Hence, O(G, D) # O(G, D?), which is a contradiction.

8.3 Formula for the data vector

The basic idea of an algebraic approach to learning a BN structure presented in Chapter 8
of [27] is to represent both the BN structure and the database by a special real vector. The
algebraic representative of the BN structure is a certain integral (= integer-valued) vector.
These integral vectors are called imsets in [27]:

Definition 7 (standard imset)

An imset u over a (non-empty finite) set of variables N is a function u : P(N) — Z, where
P(N)={A; A C N} denotes the power set of N. Given A C N, the symbol d4 will denote
a special imset given by:

1 fB=A
= ’ C
d4(B) {O B £ A for B C N.

Then, the standard imset for an acyclic directed graph G € DAGS(N) is given by the formula

uG =068 =0+ Y {0pasti) — Siyupac()} - (26)
ieN

We will regard every imset as a vector whose components are integers and are indexed
by subsets of N. Note the standard imset is uniquely determined representative of the BN
structure: Corollary 7.1 in [27] says that, given G, H € DAGS(N), one has ug = uy iff they
are independence equivalent.

Actually, any real function m : P(N) — R can be interpreted as a (real) vector in the
same way. The scalar product of two vectors of this type will be denoted as follows:

(m,u) =Y m(A) - u(A).

ACN

The point is that every database D € DATA(N, d), d > 1 can be represented by a real vector
of this type. The following observation is a simple consequence of Lemma 7:

Corollary 9 Let Q be a score equivalent and strongly decomposable criterion. Then there
exist a real function s : DATA(N,d) — R and a vector function t2 : DATA(N,d) — RP(N)
such that

Q(G,D) = s% - (t%,u(ﬁ for every G € DAGS(N), D € DATA(N,d). (27)

Here, s% and t% denote the respective values of the above functions for D € DATA(N,d)
and, for every A C N, tlQ)(A) only depends on the marginal contingency table d 4.
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Proof. Let us consider the formula (21), where we put t2(A) = t4(d4) for any A C N:

QG,D) = > {3, Supag) — (1B Opag)} = (35 D {8(iupag) — pag) })
ieEN 1EN

= <tD7 On —0p — [On — g + Z{ pac(i) — OitUpac (i) 1))
iIEN

ug
= (t3,6n — 0y) —(t3, ug) .
—_———
59

This gives the required formula and t%(A) only depends on dg4. O

The obtained formula (27) basically says the criterion can be viewed as an affine function
(= a linear function plus a constant) of the standard imset.

Definition 8 (data vector)

Given a score equivalent and strongly decomposable criterion @ and D € DATA(N,d),
d > 1 by the data vector relative to Q will be named any vector tQ that satisfies (27). The
function s% from (27) will be called the saturating function of Q.

Note that the saturating function is uniquely determined by the criterion: it is the value
of the criterion for (any) complete acyclic directed graph over N. On the other hand, the
data vector is not uniquely determined but it becomes unique if one requires the following
standardization condition:

t2(A) =0 for any A C N with |A] < 1.

For the corresponding arguments see Lemma 8.7 in [27].

Now, Proposition 8 allows one to derive elegant formulas for the data vector:

Corollary 10 If the compatibility assumption is valid and o : Xy — (0,00) is the given
hyper-potential then the formula

[MLa( ) = Z In ‘E;;;l( y)) (28)

-1

= > Z ) +0), (29)

YEX4,da(y)>0

yeXa

for A C N, gives a (non-standardized) data vector relative to LML,,.

Proof. The first formula (28) follows from Proposition 8 by repeating the consideration in

the proof of Corollary 9. The formula (29) then follows from the basic facts about Gamma
functions from § A: if d4(y) = 0 then the ratio W islandInl=0,if da(y) >0
then formula (34) is applied. O
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Now, the uniquely determined standardized data vector tLMLO‘

standardization (see Lemma 8.7 in [27]):

can be obtained by

tp " (A) = 1" (A) = ST I (i) + (Al - 1) - 5" () for every A C N.
i€cA

More specifically, by (28) we have for any A C N, |A| > 2:

LML 4 y) +da(y))
t yer: In ) (30)
B a{} ) +diy(2)) 1. Plet +4d)
;42;(1 Tlag ) A= =Ry

where a; = > {a(z); z € Xy}. Of course, (28) can be replaced by (29) here.
Remark By an analogous consideration the saturating function can be expressed:

o _ ilMLa o +d( ) Doy +d)
sIMLa _ pLMLa(y _ pLML, Zl = N F(J;Jr)

zEXN
d(z)— d—

= Z Z In (« - Z In(ay +¢).

z€XN,d(z)>0 (=0 =0

[y

~

A Gamma function
The following facts can be found in several handbooks of mathematics, e.g. in [4].

Definition 9 Gamma function T is defined on the interval (0, +00) by the formula:
+oo
Va>0 T(a)= / et tat (31)
0

In particular,

e I'(ar) > 0 for any a > 0,
because the function inside the integral in (31) is strictly positive on (0, 00),

o lim, o4 ['(a) = +o0
because the limit is, in fact, the integral f0+oo e~t-t~1dt, but lim; o e”* =1 and t~! has
infinite integral at 0: fol t~ldt =

Two well-known values are
e I'(1) =1, and
. I(}) = V7.
The basic formula is as follows:

Va>0 Na+1l) =a-T'(a). (32)
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It implies well-known relation of Gamma function to the factorial:
VneN F'n+1)=n!. (33)

Indeed, this follows by the induction from (32) and I'(1) = 1.

Another well-known formula relates Gamma funtion to Beta function:

I'(p) - T'(q)
L'(p+4q)

where the Beta function B is defined by the formula B(p,q) = fol a1 (1 —2)7 de.

Vp,q>0  B(p,q) =

)

The following formula is utilized in §8 of this report:

Fact 1 Va>0 Vde N

QL

Fa+d) ! ol
in=fs? = (ot 0). (34)

~
Il
o

Proof. By induction after d, for a fixed o. The induction hypothesis for d = 1 follows from
(32): In Fifg)l) =In O‘FIZS) =lna= Z%;é In(ov 4+ £). Note that I'(ar) > 0 for o > 0 makes
this computation possible. The induction step for d > 2:

1ml“(owkd) T Fla+d) T(a+d-1) _ In I'(a+d) +lnF(a—i—d—l)
I'a) MNa+d-1) o) Fla+d—1) I'a)
_ 1m(a—i—d—1)'1“(oz+al—1)_an(a—i-d—l)
Fla+d—1) ()
d—2 d—1
= 1n(a+d—1)+Zln(a+€) = In(a+ 7).
=0 =0

Indeed, since d > 2 and o > 0 one has a+d —1 > 0 and I'(a + d — 1) > 0, which allows
one to make the step in the first line. Then (32) for « +d —1 is used in the second line and
both cancelling of I'(ac + d — 1) and the induction premise in the third line. 0

B Uniformly distributed measures

B.1 Volume of a ball in the Euclidean space

It is a well-known fact that the volume (= the n-dimensional Lebesgue measure) of every
ball in R™ with diameter s > 0 is k,, - s, where k,, is a constant, only depending on the
dimension n.3* More specifically, the volume &, of every unit ball in R™ is given by:

T2 2

K;TL: g

rG+1) n-IY

(35)

I3 I3

7
See, for example, Exercise 15.10 on pages 431-432 of [2].

Example 1 The well-known formulas say k1 = 2, ko = 7 and k3 = 2 - 7. However, one

3
has /14:%-7T2. O

34Nevertheless, the value of the constant k, is not substantial for the later considerations in this report.
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B.2 Isometries between affine spaces

Definition 10 (affine subspace of an Euclidean space)

Assume 7 > 2, denote [r] = {1,...7} and consider the Euclidean space RI".. By an affine
subspace of R of the dimension n, 1 < n < r is meant the set A of the form A = z + L,
where z € RI"l and I € RI" is a linear subspace of the dimension n.35

An example of an affine subspace was mentioned in §4.1:

A= {(01,...,0,); Y O =1}.
k=1

Here, one can take = (1,0,...,0) and L = {(61,...,6,); > p_10r = 0}. Thus, its
dimension is » — 1. Every affine subspace can be viewed as a (separable) metric space
endowed with the restriction of the Euclidean metric from R

for z,y € A C R,

Note that the metric on A is, in fact, determined by the set A itself through its identification
as a subset of an Euclidean space; the dimension r of the Euclidean space in which A is
embedded only has an auxiliary role. Below we show that every affine subspace of the
dimension n is isometrical to R with n-dimensional Euclidean metric (Lemma 12).

Definition 11 (isometry)
Let (M, p) and (N,s) be metric spaces. An isometry (between M and N) is a mapping
t: M — N onto N which transfers the metric:

Vez,ye M p(z,y) = <(t(x),t(y))-

It is evident that an isometry is a one-to-one mapping (between M and N).36 Moreover,
the inverse mapping to an isometry is also an isometry. Every isometry naturally transfers
metrical concepts like separability. One can also observe that isometry transfers Borel sets
on M to Borel sets on N. Therefore, one can naturally transfer every Borel measure on M
to (a Borel measure on) N.

We will utilize three basic ways to establish/construct an isometry between affine sub-
spaces of the Euclidean space(s). These are:

a shift (in R,
an orthogonal transformation (in RI)),

an embedding (of RI" into RI #/ > 7).

351t is straightforward that the linear subspace L in A = & + L is uniquely determined by A. Therefore,
the dimension of A is uniquely defined, too.
36 _ _ _ —
Indeed, Vz,y € M t(z) =t(y) = <(t(z),t(y)) =0 = plz,y) =0 = z=y.
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Shift in the space RI"

This is a transformation
yeRMN — y4zeRlT,

where z is a fixed vector in R["l. It transfers an affine space A = z + L to the affine space
A" = (z+ z)+ L. If we restrict this mapping to A then it is an isometry between A and A’.

Example 2 The set A = {(61,...,6;); > r_10r = 1} is an affine subspace. One can
choose the back shift with z = (—1,0,...,0) and trasform A by y — y + z to the linear
subspace L = { (01,...,60,); > _1 0 =0} O

Orthogonal transformations in R[]

These are linear mappings/tranformations of R onto itself which preserve the angles bet-
ween vectors. To construct them one can utilize the concept of an orthonormal basis (for
Rw), which has the meaning of a coordinate system.

Definition 12 (orthonormal basis)
By an orthonormal basis of the Euclidean space R["l, » > 1 is understood a finite set of
vectors £ C Rl such that two conditions hold:

e Vu,v €& (u,v) = dyy,
1 ifu=nw,

where (u,v) =", _; ui - vy and dy, is the Dirac’s delta symbol: &y, = { 0 ifutv

e VzeRlM Ja, eR,uec& such that T=) csu-U.

Note that the first condition can be formulated in this form: Vu,v € £ ,u # v one
has (u,v) = 0, which means the vectors are mutually orthogonal, and, Yu € £ one has
|ul|?> = (u,u) = 1, which means each vector u € & has the length ||u|| = 1. The condition
implies the elements of £ are linearly independent.?” Owing to the second condition, £ forms
a linear basis of R, and, therefore, |E| = r. Since it is a linear basis, for any x € Rl the
decomposition = ) ¢ @, - u has uniquely determined coefficients c,. In particular, they
can be regarded as the “coordinates” of  with respect to (a coordinate system) £.

Lemma 11 Givenr > 1, £ : u1,...u, and F : v1,...0, two ordered orthonormal bases
of R’ there exists (just one) linear mapping O : Rl — R such that Yk =1,...,r
O(uy) = vy. This mapping is an isometry of R onto itself.

Proof. The first step is to observe that, for the chosen orderings uq,...u, and vy,...v,,
there exists an r X r-matrix Q such that Vk=1,....r O up = v.

For example, consider an auxiliary concept of the standard orthonormal base ey, ..., e,, that is, co-
lumn vectors ey, given by (ex); = 0 for k,I = 1,...,r. There exists a matrix W with W - e;, = vy,
for k =1,...,r: it suffices to put vy as the k-th column of W. Analogously, there exists a matrix V
with V-ex = ug for k =1,...,r. Since its columns are linearly independent, the matrix V is regular
(= invertible). In particular, V=1 . uy = ej for k = 1,...,r and the matrix O = W - V~! satisfies
Ve=1,....,r O-up=W- (V1. uy)=W:ep=uvy.

*"Indeed, Y, ¢ o - u =0 implies Vo €E 0= 1(0,0) = (3, ce u - u,0) = Do (U, 0) =3 o Qu -
Ouv = Q. Thus, Vv € € a, =0.
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The desired linear mapping O : Rl — R can be introduced as the multiplication by this
matrix: O(z) = Q -z for € RI"). The next observation is that the matrix O is unitary,
which implies, one has ||Q - z|| = ||z|| for every 2 € RI"].

For example, this follows from Theorem 2.6 (on page 48) in the textbook [11]: one of equivalent defi-
nitions of the unitary matrix is the condition 5° from [11] requiring that there exists an orthonormal
basis uq, ..., u, such that O - uy,...,0 - u, is an orthonormal basis, too. Thus, another equivalent
definition of the unitary matrix the condition 2° implies Yz € RI"l O - z|| = ||z]|.

Therefore, Vz,y € R one has by linearity of the mapping z — O - :

plr,y) = [z -yl = |0 (z—y)| = |0-2-0-y|| = p(0-2,0-y),

which means O is an isometry of RI"! onto itself.?® The uniqueness of this linear mapping
follows from the uniqueness of the matrix Q.

Indeed, if O@; and Q9 are two matrices of that form then O — Q9 satisfies (Q; — Qs) - up = 0 for
every k = 1,...,r, and this, since uy,...,u, is a linear basis of R["l, implies @; — Q5 is the zero
matrix. O

An isometric linear mapping O of RI"l onto itself transfers (every) linear subspace L
of Rl to a linear subspace of the same dimension. Therefore, it is an isometry of the
corresponding metric spaces (= of L and its image O(L)).

Example 3 The linear subspace L = {(01,...,0,); S5_,0r = 0} of RI"l can be trans-
ferred by such an isometry to another linear subspace

K =1{(61,....0,); 6, =0}.

To this end, it suffices to choose a suitable orthonormal basis £ : uq,...,u, such that the
linear hull of uq,...,u,_1 is just L. For example, one can put

1 1 —Vk

up = e , ,0,...,0 fork=1,...,r—1,
N SV SRR/ s RV s )
k—times
and u, = (%, e %) In the place of F one can choose the standard orthonormal basis

e1,...,er, which has the property that the linear hull of ey, ..., e,_1 is just K. Then Lemma
11 can be applied to get an isometric linear mapping O : Rl — RI7): it tranfers L to K. O
Embedding of RI"! into R[], +/ > r.

This is a mapping which identifies every vector of the lower dimension r with a vector of
the higher dimension r’ by “adding” zero components. More specifically:

_foap fork=1,...,7
(‘T17-"7x7’) — (y17"'7y7“/) where yk_{ 0 fork‘ZT‘—Fl,---,T,-

It is straightforward from the definition of the metrics that it isometrically transfers RI"! to
the linear subspace {(y1,...,Yw); Yro1 = ... =y = 0} of R 39

38 Another equivalent definition of an unitary matrix is — see the condition 3° in Theorem 2.6 of [11] — is
that Vz,y € R one has (O-2,0-y) = (z,y), which means the mapping = +— O - z preserves the scalar
products of vectors (= the angles between vectors).

*Indeed, the distance of two vectors u,v in both spaces is \/>_j_, (ur — vx)2.
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Example 4 The image of RI'""U, r > 2 by the embedding
L (91, v ,97»_1) — (91,. .o ,97»_1,0)

is the (above-mentioned) linear subspace K = {(#1,...,6,); 6, = 0} of RI'l. The inverse
mapping to ¢, therefore, transfers isometrically K onto R, O

Lemma 12 Let A be an affine subspace of R, > 2 of the dimension n > 1. Then A is
isometrically isomorphic to the Fuclidean space R,

Proof. One can utilize the above mentioned constructions of isometric mappings
between affine subspaces. The first step is that A = x + L is isometrically transferred by a
shift to the (uniquely determined) linear subspace L C Rl of the dimension n.

The second step is an orthogonal transformation in RI") which isometrically transfers L
to the linear subspace

K = {(91,...,97«); 0”+1:"':9T:0}-

This mapping can be constructed by Lemma 11.
Indeed, one first chooses a linear basis by, ..., b, of L and completes it to a linear basis b1, ..., b, of
the whole space RI"). Then one can apply well-known Gram-Schmidt process (for orthogonalizing)
to it (see e.g. page 51 in [11]). The result is an (ordered) orthonormal base £ : uy, ..., u, such that
the linear hull of wuq,...,u, is just L. Then one can choose for F the standard orthonormal base
e1,...,e. of Rl Tt has the property that the linear hull of e1, ..., e, is just K. Then Lemma 11 is
applied to get a linear mapping O with O(ug) = ex for k = 1,...,r, which is an isometry.

The third step is to observe that K is isometrically isomorphic to R for this pur-
pose, one can use the inverse mapping to the embedding of R into RI"). Of course, the
composition of these three isometries is again an isometry. O

B.3 Proper Lebesgue measure on an affine subspace

The above-mentioned Lemma 12 is the first step to introduce the concept of a proper
Lebesgue measure on an affine subspace of an Euclidean space. The second step is the next
definition.

Definition 13 (uniformly distributed measure)
Let (M, p) be a separable metric space. Given z € M and s > 0, let us denote by

Ulz,s) = {y € M; p(z,y) < s}

the closed ball around x with diameter s. A Borel measure p on (M, p) will be called locally
finite it Vo € M 3s > 0 with u(U(x,s)) < co. A locally finite Borel measure p on (M, p)
will be called uniformly distributed if

Ve,ye M Vs>0 w(U(z,s)) = w(U(y,s)).

It is straightforward that an isometry between metric spaces M and N tranfers a uni-
formly distributed measure (on M) to a uniformly distributed measure (on N).%® The basic
observation concerning uniformly distributed measures is this:

40T'his is a trival consequence of the fact that an isometry transfers a ball with diameter s > 0 to a ball
with diameter s.
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Lemma 13 A non-zero uniformly distributed measure on a separable metric space M is
uniquely determined up to a positive multiple. In particular, if s > 0 is such a diameter
that measure of the ball with diameter s is non-zero and finite, then uniformly distributed
measure on M is determined uniquely by the measure of this ball.

Proof. Note that this uniqueness result was already given in [8], in the context of a locally
compact Hausdorff topological space with uniform structure. Lemma 13 follows from the
results of [26]:

Specifically, Consequence V2 on p. 61 in [26] says this: if there are two uniformly distributed measures
w and v on a separable metric space and p # 0 then there exists ¢ > 0 such that v =t - u. Thus, if
v # 0 then ¢ > 0. This observation implies that whenever s > 0 exists such that u(U(z, s)) < oo for
some z € M (which means, since y is uniformly distributed, for every « € M) then v(U(z, s)) < oo
for any other non-zero uniformly distributed measure v on M. Therefore, if 0 < p(U(zx,s)) < oo
and p(U(z, s)) = v(U(z, s)) for some x € M then the relation v =ty gives t = 1. Hence, v = . O

Now, one can introduce the concept of a proper Lebesgue measure on an affine subspace.

Definition 14 (proper Lebesgue measure on an affine subspace)

By a proper Lebesgue measure on an affine subspace A C R, r > 2 of the dimension n > 1
will be meant (necessarily non-zero) uniformly distributed Borel measure A4 on A such that
the measure of the unit ball in A is the same as in the Euclidean space R"| that means,

M(Ua(z, 1)) = Ky for every x € A,
where Ua(z, s) denotes the closed ball in A with diameter s.
Finally, the previous facts allow one to get the basic existence and uniqueness result:

Proposition 14 On every affine subspace A (of the Euclidean space) of the dimension
n > 1 there exists a proper Lebesgue measure A, and is determined uniquely. It satisfies
the following formula

A(Ua(z,s)) = kp - s" for every z € A, s > 0. (36)

Proof. By Lemma 12, A is isometrically isomorphic to R™ and the standard Lebesgue
measure on R satisfies the requirement that the measure of the ball with diameter s > 0
is Kp - 8. This measure is transferred by the isometry to A and one gets in this way a
(locally finite) uniformly distributed measure on A such that the measure of the unit ball
is kp. Therefore, the proper Lebesgue measure on A exists and its uniqueness follows from
Lemma 13: for s = 1 the measure of the ball with diameter s is non-zero and finite. The

formula (36) for arbitrary s > 0 is transferred from R[™ by the isometry. O

It follows from the definition that an isometry between affine spaces transfers proper
Lebesgue measures on themselves.

B.3.1 Lebesgue measure of cuboids

The proper Lebesgue measure on a linear subspace L of an Euclidean space can equivalently
be introduced as the (uniformly distributed) measure on L which ascribes the value one to
every unit cube in L. Of course, the concept of a cube, respectively of a cuboid, in a linear
subspace is relative to a coordinate system.
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Definition 15 (cuboid in a linear subspace)

Given r > 2 and a linear subspace L of RI"] of the dimension n > 1, let £ be an orthonormal
basis of L. Then by the £-cuboid determined by the parameters a, < by, u € £ will be
meant the set of those vectors in L whose coordinates with respect to £ fall within those
limits:

H(au,bu] = {a;eL;ifx:Zau-u then a, < a,, < b, foruef}.
uel uel

Example 5 If L = RI'l and £ is the standard orthonormal basis ey, ..., e, of L then &-
cuboid is nothing but the usual classic cuboid, that is, the Cartesian product of correspoding

intervals: [],ce(au,bu] = [T;— (as, bs). O

To prove the desired formula for (proper) Lebesgue measure of a cuboid we need an
auxiliary concept, well-known from the textbooks on probability theory, e.g. [25]:

Definition 16 (c-additive system)
Let S be a system of subsets of a non-empty set X. It will be named o-additive if

e it is closed under disjoint finite union: VA,Be S ANB=0 = AUBES,
e under proper difference: VA, BeS ACB = B\AeS, and

e under monotone countable union: V{4,} CS A, CA,;1,neN = [J A, €S.

It is evident that the collection of those (measurable) sets on which two finite non-
negative measures equal each other is a g-additive system. Well-known fact (see e.g. State-
ment 1.15 on page 35 of [25]) is that whenever L is a system of subsets of X closed under
finite intersection (= VA,B € L ANB € L) and containing the basic set (= X € £) then
the least o-additive system containing L is the o-algebra generated by L.

This implies that, for two (o-finite) Borel measures p and v on a metric space M, to
show p = v it suffices to show that p and v are finite and equal on a system /C of sets,

e which is closed under (finite) intersection,
e M is the monotone countable union of some elements in I, and
e the least g-additive system containing /C is the Borel o-algebra on M.

Indeed, since M = UHGN Sy, where S, € IC, S,, C Sp4+1 for n € N, it suffices to verify for every n € N
that 1 = v on Borel subsets of S,,. This is because p(A4) = limy, 0o #(ANS,) = lim,,— oo (ANS,) =
v(A) for every Borel set A C M. One can consider the class £L = {K N S,; K € K} C K. Then
p=von L and v(S,) = u(S,) < co by the assumption. Therefore, 4 = v on the least o-additive
system containing £, that is, on the o-algebra o (L) by the above-mentioned fact applied to X = .5,,.
However, o(L) is the class of Borel sets in Sy,.

Lemma 15 Given r > 2, let L be a linear subspace of R of the dimension n > 1 and &
an orthonormal basis of L. Then

(i) The class Kg of all E-cuboids in L is closed under (finite) intersection. The least o-
additive system of subsets of L containing K¢ is the Borel o-algebra on L.
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(ii) The proper Lebesgue measure (on L) of E-cuboids is determined by the formula

AL ( H(au, by]) = H(bu —ay) whenever a,, < by,u € £. (37)
uef uct

Proof. Let us order the elements of £ into a sequence ug,...,u, and then complete it to
an orthonormal basis uq, ..., u, of the whole R"). Then consider the standard orthonormal
basis eq, ..., e, in R By Lemma 11 construct a linear isometric mapping O of R onto
itself such that O(ux) = e for k = 1,...,r. This one-to-one mapping transfers L onto
K ={(b1,...,0;); Opy1 = ... =06, =0}. The linear subspace K can be identified by the
inverse 1~ (of the correspoding embedding) with R[™. Tt is clear that U = .= 0 O is a
one-to-one mapping from L to R, saves set operations and transfers E-cuboids to classic
cuboids in RM.

Indeed, if u = Y7, _; ag - ux € L for some o, € R then oy = 0 for k =n+1,...,7 and O(u) =
O p_qjak-ug) =>4 ok Olug) =Y 1 ag-ep and U(u) = D 7_ | oy - éx, where é1,...,8é, is
the standard orthonormal basis for R[™.

Since the class of classic cuboids is closed under (finite) intersection, the same is true for the
class of £-cuboids. Because U saves set operations, it transfers the least o-additive system
containing K¢ to the least o-additive system containing classic cuboids. This is, however,
the Borel o-algebra on R, which, by measurability of U™, is transferred to the Borel
o-algebra on L. This implies the condition (i).

Since U is an isometry of L and R, it transfers the (proper) Lebesgue measure on L to
the standard Lebesgue measure on R Therefore, Az, measure of the £-cuboid Hue clay, by]
is the n-dimensional Lebesgue measure of its image, that is, of []*; (ay,, by,]. This equals
to JTie;(bu; — au;) = [1,ece(bu — avu). This gives the condition (ii). O

The consequence of the formula (37) is that the proper Lebesgue measure of a unit cube,
that is, of a cuboid [[,c¢(@u, by) with b, —a, =1 for u € £, is 1. Moreover, it follows from
the arguments above Lemma 15 that the unique Borel measure satisfying the formula (37)
is the proper Lebesgue measure on L.

B.4 Lifting less-dimensional Lebesgue measure

In this section, we introduce a special lifting transformation from the Euclidean space to
a certain affine subspace in a higher-dimensional space. Then we show it transforms the
Lebesgue measure to a multiple of the proper Lebesgue measure on the affine subspace.

Definition 17 (lifting transformation)
Assume r > 2, denote [r] = {1,...7} and consider | € [r]. By a lifting mapping from RN
to the affine space

A= {(01,...,6,); Y b =1}
k=1

will be meant the mapping £; : RIFIMB — A defined as follows:

O =m. for k€ [r]\{l},

r : 0 , here
v ey v Okdkery W O =1 Y heppy M-
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The lifting mapping £; from RIS to A is not (a multiple of) an isometry, but one can
imagine it as the composition of three mappings, two of which are isometries.

e The first one is the embedding of R\ into R["), whose image is the linear subspace
K; = {(m,....n,); m =0} C R given by

us Melkepngy —— [klke) where Zf:(;?k for k € [r]\ {I},

e The second in a linear transformation 7; : K; — L, where
L={(01,...,0;); > 1_10r =0}, defined by the relation

) . ék:ﬁk forkE[T]\{l}a
T . 0 o— Okleer where  ; o
ERAPES [Orker 0 =— Zke[r]\{l} Mk -

It transforms K; onto L.

e The third mapping is a shift in R[") given by
St Oulier) —  Orliepr) + [hlker) = Okliey)  where 2) = 6y for k € [r].

It transforms L onto A.

The aim is to show that lifting transforms the Lebesgue measure to its certain multiple.
The basic step to show this is to verify an analogous fact for the linear transformation 7;.

Lemma 16 Let r > 2, [r] = {1,...r} and | € [r]. Then the image of proper Lebesgue
measure on K; by the linear transformation 7; is the %—multiple of the proper Lebesgue
measure on L: ]
-1
Arg; o (7h) :W‘)\L-

Proof. Let us consider a linear subspace K = K; N L of R, that is,

K = {[Oklrepy; 1=0& > 0 =0}.
kelr]

Then choose an orthonormal basis € of K and introduce two vectors u,v € RI":

vk:\/rlj for k€ [r]\ {1}, v =0
| o1
Uk:m for ke [r]\{l}, w=-— T

Clearly, v € K;, uw € L, ||v|| = ||u|| = 1. It is easy to see that £ U {v} is an orthonormal
basis of K; and £ U {u} an orthonormal basis of L.

Indeed, both v and u are perpendicular to all elements of K.
Let us observe that the transformation 7; can equivalently be introduced as follows:

Ifr e K; with z= Z ay-w and 7Tj(x) = Z B - w
wefU{v} weEU{u}

then YweEE Bpy=ay & Bu=V7r-ay.
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Indeed, since £ U {v} is an orthonormal basis of K the corresponding coefficients can be obtained
as the scalar products:

V’J)E(‘:U{v} <x,w>:<2aw-w,w>:2aw-<w,w Zaw- wiw — Oqp -

Analogously, Vw € £ U {u} one has (7;(z),w) = Bz because £ U {u} is an orthonormal basis of L
and 7;(z) € L. Thus, for every w € £ we write

= Buw = (z,w) — (Ti(z),w) = (z — Ti(z),w) =0,
where the last equality follows from the definition of 7;: one has (7;(z))r = xy for k € [r] \ {I} and

w; = 0 for every w € £ C K. Then we write analogously, owing to the definition of v:

o, = (x,v) = Z
N\ {1}

and, owing to the definition 7;(z) and u:

B = G@a)=———— 3 o+ (L - Y w)
= NG

ke[r]\{l1} ke[r]\ {1}
1 vr—1 T
= (m'ﬁ—i_ 7 ) - Z xk:\/;/_Tl. Z T ,
ke[r]\{l} kelr]\{l}

and, therefore, 8, = /7 - .
Now, the observation above implies that each & U {v}-cuboid of the form [ ], ey (@w, bu]
is by the transformation 7; transferred to the £U {u}-cuboid of the form [],,cei1yy (aw bw],

where a,, = /7 - a,, and b, = /r - b,. Thus, by Lemma 15(ii) the proper Lebesgue measure
of the former cuboid is

Ak ( H (aw, bw]) = (by — ay) - H(bw—aw),
weEU{v} we€
and the proper Lebesgue measure of the latter one is

Al [T (@ bul) = (bu = au) - [ (0w = aw) = V7 - (bo — a0) - [ (bw — aw).

weEU{u} we€ wee
In particular, VA € Kgyy,y one has AL(7;(A)) = f Ak, (A), which means VB € Kgygy)
one has A\r(B) = 7 Ak, ((T})~1(B)), that is, 7 AL(B) = Ak, o (T)"Y(B). Thus, the
equality % AL = Ak, o (7))7! holds for all £ U {u}-cuboids and both measures are finite

on those cuboids. By Lemma 15(i) the smallest o-additive system containing Kgyy,y is the
Borel g-algebra on L. That’s why the equality extends to all Borel set — see the arguments
above Lemma 15. O

Now, the desired statement can easily be obtained.

Proposition 17 Assume r > 2, put [r] = {1,...r} and consider | € [r]. Then the image
of the (standard) Lebesque measure on the space RIS by the lifting mapping L; is the %—
multiple of the proper Lebesque measure Ag on A. In particular, the image of the Lebesgue
measure on RN by £, does not depend on the choice of 1!

Proof. This follows directly from Lemma 16 and the fact that £; is the compositions of
two isometries and the linear transformation 7;. Indeed, isometries between affine spaces
transfer proper Lebesgue measures onto themselves. O
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