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Abstract

Applications of Dempster-Shafer (D-S) belief functions to practical problems involve difficulties arising from their
high computational complexity. One can use space-saving factored approximations such as graphical belief function
models to solve them. Using an analogy with probability distributions, we represent these approximations in the form
of compositional models. Since no theoretical apparatus similar to probabilistic information theory exists for D-S
belief functions (e. g., dissimilarity measure analogous to the Kullback-Liebler divergence measure), the problems
arise not only in connection with the design of algorithms seeking optimal approximations but also in connection with
a criterion comparing two different approximations. In this respect, the application of the analogy with probability
theory fails. Therefore, in this paper, we conduct some synthetic experiments and describe the results designed to
reveal whether some belief function entropy definitions described in the literature can detect optimal approximations,
i.e., that achieve their minimum for an optimal approximation.

1. Introduction

Applications of Dempster-Shafer (D-S) belief functions to practical problems involve difficulties arising from their
high computational complexity. One can use space-saving factored approximations such as graphical belief function
models to solve them. Using an analogy with probability distributions, we represent these approximations in the form
of compositional models. However, no theoretical apparatus similar to probabilistic information theory exists for
D-S belief functions. There is no dissimilarity measure possessing the properties of the Kullback-Liebler divergence
measure. Thus, the problems arise in connection with the design of algorithms seeking optimal approximations
because we do not have a criterion comparing two different approximations. In this respect, the application of the
analogy with probability theory fails. Therefore, in this paper, we conduct some synthetic experiments and describe
the results designed to reveal whether some belief function entropy definitions described in the literature can detect
optimal approximations.

Like in probability theory, several entropy measures have been defined in the framework of belief functions. This
paper aims to test to what extent these measures serve our needs. The tests are organized as follows. We randomly
generate a set of belief functions, ensuring that one (say the first one) is superior to all others. It happens when this
first belief function contains all the information from all the remaining belief functions in the set. Thus, we expect
that a measure of uncertainty/conflict suitable to rate the optimality of the model should be lower for the first model
compared to the remaining ones from the set. In the study, we consider their theoretical properties and computational
complexity to address their applicability to real-life problems.

A theoretical foundation for the task is offered by compositional models. As superior belief functions, one can
consider the models called perfect decomposable models [18l]. For such models, the data-based machine learning pro-
cess consists of two steps. The first problem is estimating a system of low-dimensional basic probability assignments
(BPAs). Since we consider only low-dimensional BPAs, one can use one of the “statistical approaches” designed in
the literature, e.g.,[7,19]. In the second step, one must order the low-dimensional BPAs to get a joint model describing
the reality. And this is the problem for which we need a suitable entropy. This step is solved using information-
theoretic characteristics based on Shannon entropy when working with probabilistic compositional models. In the
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case of Dempster-Shafer belief functions, we have numerous definitions of entropy similar to Shannon entropy for
probability distributions [[19]]. In Section |8} we present results of computational experiments that should answer the
question of whether one can find a belief function entropy (described in the literature) that could be used to detect an
optimal solution or the extent to which a definition meets this goal. To help the reader understand what compositional
models are and how they are used to construct real-life joint models, Section [2] describes the original ideas suggested
in the framework of probability theory.

The remaining parts of the paper are organized as follows. Section |3|introduces the basics of D-S belief function
theory. Next, Sections ] and [5] introduce the main definitions of compositional models and their properties, respec-
tively. A survey of entropies for belief functions is briefly presented in Section [6} In Section [7] we explain by an
example how the computational experiments were conducted. Finally, Section [8]describes the experimental results.

2. Motivation

Space-complexity problems analogous to those discussed in Section [I] had to be solved in the 1970s by applying
probabilistic models to support a decision. Perez suggested using a class of space-saving approximations of joint
probability distributions that he called approximations simplifying the dependence structure [39].

Consider a large set of discrete random variables ‘W with a joint probability distribution 7. For an arbitrary
partition {U;, U, ..., U} of W, one can decompose the joint distribution 7 using the chain rule as follow:

k
n(W) = n(U)r(U|Uy) ... 7 (U (U U ... U Ui—y)) = Hﬂ(ﬂi|(ﬂ1 U...uUi_y)). (1)

i=1

In Eq. (I, fori = 1, a(U (U v ... U U;_y)) is just the marginal 7(U;). Fori = 2, n(U|U,) is the conditional
probability table for U, given U, etc. In large models (|'W| is large), it is rarely the case that the conditional marginal
of U; depends on all variables in U U ... U U;_;. This fact was exploited by Perez [39]], who suggested using an
g-admissible approximation by simplification of the dependence structureﬂ to overcome the computational complexity
problem. His basic idea is as follows. Substitute each set (U u...uU;_;) in Eq. (I) by its smaller subset 7; such that
the conditional probability distribution 7(U;|77;) is almost the same as 7(U| (U, U ... v U;_1)). The non-similarity
of probability distributions 7 and « defined on Q can be measured using the Kullback-Leibler (KL) divergence [33]]

defined as follows]
KL(n||k) = Z 7(x) log (@) . )

xeQuk(x)>0 K(.X)
Thus, consider a joint distribution as follows:

k
k(W) = nﬂ(’Ll,-|7'i) =(.((mU) (U, 0 T)) =rn(Us OT3)) . ..oa(Upy U Ti1)) =a(U U Tr), 3)

i=1
where the binary operator, called a composition operator, is as follows:
V1 ((Vl) > Vz((VQ) =V ((V1) . Vz((V2\(V1 |(V1 N (Vz)

A probability distribution that can be expressed in the form of a multiple application of the composition operator (as
that in Eq. (3)) is called a compositional model. If KL(r|«) < &, then « is an e-admissible approximation of 7.
Now, consider a different problem. Let {7V, V,,...,V;} be a set of subsets of W (generally not disjoint) such

joint distribution for ‘W such that all «;’s are its marginals. If such a distribution 7 exists, then a natural question is how

I'The notion reflects the fact that the considered approximation extends the set of conditional independence relations holding for the probability
distribution in question [49].

2Eq. (@) defines the KL divergence if x dominates 7, i.e., if for all x € Q, for which x(x) = 0, (x) is also 0. Otherwise, the KL divergence is
defined to be +00.



to find it, or, if its computation is intractableﬂ how to approximate it. Perez [39] looked for an approximation within
the class of approximations simplifying the dependence structure that could be assembled from the given system of
marginals {k;(V;)},_, ,. Thus, he considered all the permutation of indices (i.e., bijections) j : {1,2,...,k} —

.....

{L,2,...,k}, each defining a probability distribution

>~

k(i) = T T (Vi \T5) |50

i=1

where Ty = Vi 0 (Vi) v ... U Vji_1)). He was looking for the approximation (permutation j) minimizing
KL (|«[]). For this, he showed [39] thatﬁ

KL (x|«{j]) = +2( (Kt (Vi) = Hlki (To)) ) *

recall that Eq. (@) holds under the assumption that all «;’s are marginals of 7. If for some permutation j, all «;’s are also
marginals of «[j], then Eq. (@) can be further simplified getting KL (n|[j]) = H(x[j]) — H(x). Thus, regardless of
whether distribution 7 is known or not, he proved that its best approximation (that simplifies the dependence structure),

which can be set up from {«;(V;)},_, . is that which minimizes >\_, (H(Kj(i) (Vi) — H(kja (‘7'j(i)))) . Suppose

one considers only so-called perfect approximations, i.e., the approximations «[ j] having all ;’s for its marginals (and
still assuming that all «; are marginals of ). In that case, the best approximation minimizes its Shannon entropy
H([j]). As showed in [14], such an approximation is unique in the sense that for two different permutations j and
7', such that all ;’s are marginals of both [ j] and «[j'], [j] = «[j']. The minimization of the Shannon entropy also
corresponds with the intuition that the best approximation maximizes an information content, which can be expressed
for the considered compositional model [ ]

IC(([j]) = Y, H(x") = H(«[j]). )
Xew

Example. Consider four binary variables ‘W = {U, X, Y, Z}, their subsets V| = {U, X}, V, = {X, Y}, V3 = {V, Z},

and the corresponding two-dimensional probability distributions «;(‘V;), which are pairwise consistent, i.e., Kf
HX} HY} i " In this simple example, all possible permutations j : {1,2,3} — {1,2,3} (we will depict them
m a form of a vector (j(1), j(2),j(3)) in this example) define only two different approximations. If j(3) # 2, then
k[j] = «[(1,2,3)] is a perfect approximation. For the remaining two permutations «[(1,3,2)] = «[(3,1,2)] = «;«s.
For this distribution, variables X and Y are independent, which means that x, (see Table (1)) cannot be a marginal of

«[(1,3,2)].

Table 1: Two-dimensional probability distributions.

K[(U,X) Kz(X, Y) Kg(Y,Z)
(u,x) 0.2 (x,y) 0.4 (v,z) 0.25
(u,) 0.3 (x,y) 0.1 (».z) 025
(ir,x) 0.3 (x,y) 0.1 (y,2) 0.25
(@,x) 0.2 (x,y) 04 (y,2) 0.25

We have not defined the joint distribution r in this example, so we cannot compute the Kullback-Leibler divergence

k
of the approximations from 7. However, computing the value I'[j] = ] (H (i) (V@) — H(kji (7'1-(,-)))) for the

i=1

3 As proved by Csiszar [3]], the iterative procedure described in [5] converges to the required probability distribution. Nevertheless, the com-
putational complexity of this procedure is exponential with the number of variables, and therefore its practical application to multidimensional
probability distributions may easily become intractable.

“In the whole paper, H without any index denotes Shannon entropy [41]] of a probability distribution. Entropies and entropy-like functions for
belief functions will be denoted by H with different indices.



two permutations j = (1,2,3) and j = (1,3,2), we get I'[(1,2,3)] = 3.69 and I'[(1, 3,2)] = 3.97, which shows that
k[(1,2,3)] is a better approximation of any distribution 7 having «i, k2, 3 for its marginals than the approximation
x[(1,3,2)].

3. Belief Functions

There are several theories that use belief functions (and their equivalent representations such as basic probability
assignments, plausibility functions, commonality functions, credal sets, etc.) to represent evidence. The theories
differ mainly in the combination rules used to aggregate evidence. In this paper, we are interested in the Dempster-
Shafer (D-S) theory of belief functions, which uses Dempster’s combination rule [6]].

Asin Section let ‘W denote a set of variables with finite number of states. For X € W, Let Qx denote the set of
states of variable X. Let Qqy denote X xcwQy, the set of states for W.

A basic probability assignment (BPA) for variables U < W is a mapping mq; : 2% — [0, 1], such that
Yacqy, Mu(a) = 1 and my () = 0.

Consider a BPA mq, for U. If the set of the corresponding variables is clear from the context, we omit the subscript
U. Thus, we say that a is a focal element of m if m(a) > 0. A BPA with only one focal element is called deterministic;
tq; denote the deterministic BPA, for which t¢/(Qq/) = 1. Since ¢, represents a total ignorance, it is called vacuous.

A BPA m for Qq, can also be defined by the corresponding belief function (BEL), or by plausibility function (PL),
or by commonality function (CF) [40] as follows:

Belya) = . m(b),

bcSQq;:bca
Pl,(a)= Y m(b),

bSQqi:bna# s
On(@)= >, m(b)

bSQq:b2a

These representations are equivalent; when one of these functions is given, we can compute the others uniquely. For

example:
Pl,(a) = 1 — Bel,,(Qq/\a),

m(a) = > (—1)"" Bel,(b).

bca
m@) = > (=)0, (b). (6)
b= Qq:b2a

A BPA m on Qq, (or, equivalently, BEL Bel,, for U) defines a set P, of probability mass functions on Qg

P, = {n defined on Qq/ | Va € Qqy : Zn(c) > Belm(a)}

cea

that is called a credal set of m. The credal set of m uniquely defines m, and vice versa.

Marginalization. For BPA mq,, we often consider its marginal BPA mi;u for U < V. A similar notation is used also

for projections: for a € Qq, a*™ denotes the element of Qq; that is obtained from a by omitting the values of variables
in V\U. Formally, if a S Q, then
alt — (a'¥ : g e a).

The marginal mi;u of BPA m«, for U is defined as follows:

U
my'(b) = > myla).
acQq:al%=b

4



forallb € Q.

The projection of sets enables us to define a join of two sets. Consider two arbitrary sets U and V of variables
(they may be disjoint or overlapping, or one may be a subset of the other). Consider two sets a < Qq; and b S Q.
Their join is defined as:

axb={ceQu y:c*Yeca & ¢*V eb}.

Notice that if U and V are disjoint, thena xx b = a x b, if «f = V, thena < b = a n b, and, in general, for
¢ € Qq . ¢ is a subset of ¢'Y > ¢!V, which may be a proper subset.

Dempster’s Combination Rule. In the D-S theory, Dempster’s combination rule is used to combine distinct belief
functions. Consider two distinct BPAs mq; and m« for U and V, respectively. Dempster’s combination rule is defined
for each ¢ € Qq - as follows:

ru@m)© =% X mua) my(b) )

acQq,bSQq:aib=c

where the normalization constant

K= > maq(a) - my(b). ®)

acQq,bSQq:axb#

(1 — K) can be interpreted as the amount of conflict between mq; and m«. If (1 — K) = 1, then we say that BPAs mq,
and mq are in total conflict and their Dempster’s combination is undefined.

For this combination rule, the assumption of distinct belief functions is essential. In general m @ m # m. Double-
counting of evidence by combining non-distinct basic assignments leads to erroneous results. In directed graphical
belief function models consisting of priors and conditionals, all BPAs are distinct and we combine these using Demp-
ster’s rule. If we get some evidence represented as a BPA, and such a BPA is distinct from the BPAs in a graphical
model, then we can get a posterior joint BPA by combining all BPAs using Dempster’s rule.

Dempster’s combination rule may also be described using the corresponding commonality functions. Consider
two distinct BPAs mq, m+, and the corresponding commonality functions Q,,,, and Q,,, . Then, as shown in [40],

1
Qm’u@’"v (C) = (g) meu (ci’ll) Qm(v (cl(V)’ ©)]

where K is the same as that defined in Equation (8.
There is an important property of Dempster’s combination rule and marginalization called local computation [44]].
If7 < Uand (U\T) nV = &, then

(my ® m(v)w = (m’u)w @ my

Thus, when we want to find the marginal of mq; @ mq, for 7, by removing variables in ¢\7 that does not include any
variables in V, then we can avoid combination on the state space of U U V and do it instead on the smaller space of
T uU.

Suppose m is a BPA for X, and we observe X = x, where x € Qy. Let myx_, denote the deterministic BPA for
X such that my_,({x}) = 1. Then, in the D-S theory, our posterior BPA for X is m ® mx_,. An alternative way
of dealing with the observation X = x is to condition each 7 € P, using the observation X = x. This results in a
new credal set that corresponds to m combined with my_, using the so-called Fagin-Halpern combination rule [[11],
m@®ry my—y, which, in general, is different from m@®my_ .. In this sense, the credal set semantics of m is incompatible
with Dempster’s rule.

Removal. The inverse of Dempster’s combination rule is called removal. Since Dempster’s combination is defined as
pointwise combination of CFs followed by normalization, removal is defined as pointwise division of CFs followed
by normalization. Suppose U < V and Q¢ is a marginal CF of Q¢, i.e., Qi,(u = Qq. Then, Qv © Qq, is defined as
follows:

(Qv© Qu)(a) = K~' Oy(a)/Qu(a‘™), (10)



for all a € 2%, where K is a normalization constant given by

K= Y (=DF*'0y(a)/0u@"). (1)

P#Aa=Qy

We have defined the removal only for the case where we are removing the marginal Qq, from Q. Thus, if Qg/(a'¥) =
0, then O (a) = 0. In this case, we define 0/0 = 1. For more details of the properties of the removal operator ©, see
[42]. In [47], the removal operator is referred to as the decombination operator.

The CF QO © Qg defined in Eq. (T0) and (TI)) may fail to be a CF because the corresponding BPA m may have
negative probabilities that sum to 1. Such BPAs are called pseudo-BPAs. So, an important question is: Under what
conditions will removal result in a CF whose corresponding BPA is not a pseudo-BPA? The following proposition
answers this question.

Proposition 1. Suppose myy is a BPA for {X, Y} with corresponding CF Q,,,,. Let mx denote the marginal of myx,y
for X, i.e, my = (mxy)X. Then, Oy, © Qu, is a CF if and only if there exists a BPA m for {X,Y} such that
myy = mx @ m, and m\X is the vacuous BPA for X.

Proof. Let tx denote the vacuous BPA for X. If myy = mx ®m, Oy, = Oy @ O, i.€., foreach a e 221} we have

Oyy (@) = K" Oy (a*) Q(a) (12)

If we marginalize both sides of Eq. (T2) using the above-mentioned local computation property, we get O, (at¥X) =
K7 0y (@) O (at). As O (@) = 1, K1 = 1.

(me.y @ me)(a) = Kfl me,y (a)/me (alx)
= Kfl Omy (aiX) Qm(a)/me (aiX)
= K;'Qu(a). (13)

On the right side of Eq. (13), we have CF values for (X, Y). So, the left side of Eq. (I3) must also be CF values and
Ki'=1
: .
O

The intuition behind Proposition|[I]is as follows. Since pointwise multiplication of CFs represents a combination
of knowledge, pointwise division of CFs represents the removal of knowledge in the denominator from the knowledge
in the numerator. In the belief function literature, BPA m in Proposition |1|is called a conditional for ¥ given X [23]].
Proposition posits that if we remove knowledge my that is included in my y, and my y is Dempster’s combination of
the marginal my for X and a conditional m for Y given X, then such removal never results in a pseudo-BPA.

Plausibility and Pignistic Transforms. We discuss two probability transforms of a BPA m. After normalizing the
plausibility function for singleton subsets, one gets for each a € Q

IV )
2pea Pln({b})
a probability distribution on Q. A, is called a plausibility transform of BPA m [2].

Several other probabilistic transforms of a BPA m are described in the literature (e.g., [4]). Here, we are only
concerned with the pignistic transform [46, 48] defined as follows:

(@) = >, > %. (15)

acabSQ:acb

An(a) (14)

The plausibility transform of m; @m; is the same as the probabilistic combination of the plausibility transforms of
m and m,. This is not true for any other probabilistic transforms. Thus, it has been argued that only the plausibility
transform makes sense for the D-S theory [2]].



4. Composition Operator

In Section 2] we recalled that probabilistic compositional models are joint probability distributions composed
from a system of low-dimensional marginal probability distributions using the probabilistic composition operator. In
contrast with Dempster’s rule, the low-dimensional marginal distributions are not assumed to be distinct, especially
if the domains of marginals are not disjoint. The composition operator aggregates low-dimensional marginals and
considers common information in two non-distinct marginals.

The following axiomatic definition introduces a composition operator for (non-distinct) marginal BPA functions.

We say that two BPAs mg and mq, are consistent if mfrTm'u = m}urrm(”

Definition 1. By a composition operator =, we mean a binary operator satisfying the following four axioms:
Consider three (possibly non-distinct) marginal BPAs mq, mqy, and m«y for 7, U, and V, respectively.

Al (Domain): mg =>mq is a BPA for variables 7 v U.

A2 (Composition preserves first marginal): (mgs = mq V7 = my.

A3 (Commutativity under consistency): If ms and mq are consistent, then mq- > mq = mqq = Mq-.

A4 (Associativity under special condition): If 7 2 (U V), o, U > (T N V), then (my > mq) > my =
my > (mq = may).

Notice that axioms Al, A3, A4 guarantee that the composition operator uniquely reconstructs BPA mg_, from its
marginals, if there exists a losslessﬂ decomposition of mqg, into mq and mq,. Axiom A3 refers to situations, when
mq and mq, are consistent, which happens when there exists their joint extension. In such a case we can construct
their extension regardless we start with mqg or mq,. Surprisingly, it is axiom A4, which guarantees that no necessary
information from m-y is lost. Axiom A2 solves the problem arising when inconsistent BPAs are composed. Generally,
there could be two ways of coping with this problem. Either find a compromise (a mixture of inconsistent pieces
of knowledge) or give preference to one of the sources. The solution expressed by axiom A2 decreases the space
complexity of computational algorithms necessary for handling joint models.

In the next section, we will study compositional models, i.e., a joint BPA composed from a set of low-dimensional
marginal BPAs. Storing a system of low-dimensional marginal BPAs requires much less space than storing the joint
BPA (assuming that the latter can be done). More importantly, one can design efficient computational procedures for
making inferences from such joint BPAs without explicitly computing the joint. The properties that are a consequence
of Axioms A1-A4 are summarized in the following assertion (for proofs, see [[18]]).

Proposition 2. For BPAs mqg-, mq;, m«y the following statements hold.

. (Reduction:) If U < T, then mq =>mq = mq-.
. (Stepwise composition): If (T n U) < V < U, then (my = m,iv) B Mq = My = Nyy.
. (Exchangeability): If T > (U N V), then (mg = mq;) = mqy = (mg o> mqy) > mq.

. (Local computation): If (T N U) <V < (T U U), then (my =>mqy)¥V = m};—”"/ —m

A W N =

Uy
u .

Before we discuss the composition operator, notice that Dempster’s combination rule is not a composition operator.
Dempster’s rule should be applied only to distinct belief functions representing independent pieces of evidence. On
the other hand, the composition operator is typically used to combine two not distinct marginals with a non-empty
intersection. The composition operator is defined to avoid double counting of evidence from the two composed pieces
of evidence. Thus, the two operators have different properties. Whereas Dempster’s rule is always commutative and
associative, the composition operator has these properties only in particular situations. On the other hand, Dempster’s

5By this term we understand that, roughly speaking, there is a possibility to reconstruct mg-_ from its marginals mq and m«, without adding
an additional information about mq_ . It can be done if groups of variables 7\V and V\T are conditionally independent given T~ n V. For a
more formal introduction of this concept, see [15].



rule does not preserve the first marginal. Nevertheless, as shown below, Dempster’s rule may be used to define a
composition operator.

As we saw in Eq. (@), Dempster’s rule can be described as pointwise multiplication of CFs followed by normal-
ization. When composing uncertain knowledge, which may not be distinct, we must ensure that no information is
double-counted. One way to ensure that knowledge is not double-counted is to remove the common knowledge using
the removal operator described in Eq. (I0). We have to ensure that the composition preserves the first BPA. This
means we must ignore the information in the second BPA, which repeats or conflicts with the information in the first
BPA. The following composition operator does this.

Definition 2. Consider two BPAs mq, m«y, and their commonality functions Qy,,, and Q.. Their d-composition is a
BPA mq; =y mey, the corresponding commonality function of which is given by the d-composition of their commonality
functions defined for each ¢ = Qqq_ by the following expression:

l Qm'll (cl(u) ! Qﬂ‘lry (cl(v)
(Omy =4 Omyy)(€) = L Qmi/ﬂw(clfblmq/)

0 otherwise,

i LU~V
if mev‘u”(v (C ) > 0, (16)

where the normalization constant

i1 O (€9) - 0 (€7)
Qmi;”“"’ (clUn)

L= )y (-1)

cCSQqy 0 L,”n(v(ci“LIr\’V)>O
/nq/
If L = 0 then mq and m-y are in total conflict and the composition is undefined.

Remark Deﬁnition@]is taken from [[18]], where the reader can find the proof that ; meets all the axioms required from
a composition operator, as well as the instructions on how to introduce analogous operators of composition in some
other theories of uncertainty meeting the axioms of Shenoy’s valuation-based systems. It can be easily shown that
the computation of mq; ; m+ may be simplified by transforming the second argument m«, into Q,,,,, and computing
the corresponding conditional commonality function Qe ynq = Qmy © Qm}v'um'v. This may be done using Eq. (6),

transformed into the corresponding conditional BPA mayqqjv~q- Then, since

1
(qul Bd erv) = szu @ Qm“v @ Qm,lv‘um'v

we know ([40]) that
mq By My = My @ My vau-

Thus, the computations of d-composition are limited by the dimensionality of the second BPA because we do not
know how to avoid transforming the second BPA into the corresponding commonality function. Notice that, as a rule,
the representation of the corresponding commonality function requires the space for close to 2/%v| > 2™ values
regardless of the number of focal elements of m.

A disadvantage of the removal operator is that, as illustrated in the following example, the result of the d-
composition of two basic assignments may be a pseudo-BPA (some focal elements may be assigned negative values),

which may cause problems with the interpretation as well as when computing some entropies introduced in Section [6]
[311 1350 142].

Example of a pseudo-BPA Consider the case of composing two BPAs: m; defined for variable X, and m;, defined for
two variables X, Y. Consider Qx = {x,x},Qy = {y,7}, which means that [2%| = 4, and [2**7| = 16. Therefore,
m; and my may be defined by up to 3 and 15 values assigned to focal elements, respectively. In this example, each
of the two considered basic assignments have only two focal elements — see Table [2] In tables, we depict only focal
elements, or more precisely, if a € Q is not included in the table, then all its respective values equal 0.

The process of computing m; =; m, through Q,,, =y Q,,, using Eq. (I6) is shown in TableE], and the idea described
in the Remark is shown in Table[dl

In the framework of belief functions, another binary operator meeting the definition of the composition operator
was defined in [21]].



Table 2: m; and my

a my(a) a my(a)
{(x)} 0.2 {(x.)} 0.9
(.G |03 (). o). B0} | 0.
Table 3: Computation of (m; =4 m,)(a) using Eq. )
a m(@) | Q@) | m@) | Q@) | @) | Qi) | L EmE ] oy oy m)a)
”12 a
{(x,y)} 0.2 1 0.9 1 0.9 1 1 0.9
{(x,5)} 0.2 1 0.1 0.9 1 0.1
{(x,5)} 0.8 0.1 0.1 0.8
{(x,y), (x,9)} 0.2 1 0.1 0.9 1 0.1 -0.7
{(x,y), (%,5)} 0.8 0.8 0.1 0.1 0.1 0.8
{(x,5), (%,9)} 0.8 0.8 0.1 0.1 0.1 0.8
Quy\{(x,y)} 0.8 0.8 0.1 0.1 0.1 0.1 0.8 0.8

Definition 3. Consider two BPAs mq;, m. Their f-composition is a BPA mq, ¢ m defined for each nonempty
¢ € Qq by one of the following expressions:

lu v

o U~V maq (™) - my(c¥")

@ ifmy ™" (CUY) > 0and ¢ = ¢ €MV, then (my = may)(c) = Y (v
4%

i) if mi! Y (UV) = 0and ¢ = ¥ x Qupyy, then (mqg 5 may)(¢) = may(c'H);
(iii) in all other cases, (mq; =>f my)(c) = 0.

We have specified two composition operators. Which of these should be used to construct a joint? The two
composition operators differ in their theoretical properties and computational complexity. However, they yield the
same results for a class of belief function models.

Since mq; &> mqy is always a BPA (i.e., all the focal elements of this composition are assigned positive masses), we
are interested only in situations when also mq >; mq, is a BPA. Formally, using the corresponding basic assignments,
Eq. (I6) can be expressed as

U~V
m(u>dmfv:mw®mv@m}v ,

where © is an inverse operator to @. To be sure that this composition is a BPA, we deal only with situations when
(my © mfvw“(v) is nonnegative. To characterize it, we prove the following simple assertion (a similar result is stated

in [42] in the context of valuation-based systems).

Proposition 3. Consider nonempty sets of variables U < V and BPA m«y. If (mqy © m}v(um(v) is a BPA, then the
following two properties hold:

>

o my = mi,(u @ (my © m(lvq’mq/)

Lunv\'Y
o (my© my, s vacuous.

Proof. The first property is a direct implication of the associativity and commutativity of Dempster’s rule of
combination, and the latter follows immediately from the local computation property. O
To simplify the notation, and to make it a bit more lucid, let myjy = My O mi;urw. Moreover, in connection with
Deﬁnition@ we will identify situations when BPA m.jq/~q exists and is, in a way, “adapted” to mq,. We will say that



Table 4: An alternative way of the computation of (m; =y my)(a).

a my(a) | Ou,(a) | my*(a¥) s (at%) Oy (@) = Q%(lz:i) mavix) (@) | (m ®mi™)(a)
()} 0.9 1 0.9 1 1 0.9 0.9
(9} 0.1 0.9 1 0.1
{(x,y)} 0.1 0.1 1
{(x,y), (x,3)} 0.1 0.9 1 0.1 09 0.7
{(x,y), (%)} 0.1 0.1 0.1 1
{(x,5),(x,9)} 0.1 0.1 0.1 1
Qur\{(%,3)} 0.1 0.1 0.1 0.1 1 1 0.8

mey|y~ 18 tight with respect to mq, if for all couples of focal elements a and b (a is a focal element of mq,, and b is a
focal element of mey|q;~) the following condition holds:

forVbeb, Jaca, such that {a} = {b} # . an

Proposition 4. Let two basic assignments mq, my be such that my|y~q is nonnegative BPA. moyy~q is tight with
respect to mqy if and only if
mq = My = mq By Mey.

Proof. First, let us prove that both the operators coincide in situations when me~q is tight with respect to mq;.
For this, recall that for BPA m|q~q, the existence of which is assumed,

Vol
my = mg, @ my|yau,

(18)

and that the d-composition is defined
mq By My = mqy @ M|y qy-
What are the focal elements of mq; @ my|y~q? Let a and b be arbitrary focal elements of mq; and myy~qs,

. .. Vau . .
respectively. Due to Proposition , (m(vwﬁ(u)l "™ is vacuous, b*VYU = Qg g/, and ¢ = a x b # ¢F is a focal

element of mq; @ my|y~q. Therefore, when computing the Dempster’s rule of combination mq; @ my|y~q, the
corresponding coefficient of conflict (see Eq. (§))

2

acQq,bSQqaxb=g

(1-K)= mq(a) - maqgqy~u(b) =0, (19)

which will also be used in the second part of the proof.

The question is whether for a focal element ¢ of mq @ mqy|q~q it may happen that ¢ = a > b, and either a # ot
orb # ¢!V, Since 'V = Qqq;, for V a € a, 3 b € b, {a} = {b} is a singleton from ¢!¥ > ¢!V and therefore
a C ¢'Y. Similarly, the assumption that my|y~q is tight with respect to mq; guarantees that b = ¢!V, For all
ceaxb, 'Y e afrom the definition of a join, and therefore a 2 iy, Analogously, AV eb yields b 2 V. So,
we have proven that each focal element ¢ of mq; @ m)y~qq is created by a single pair of focal elements ct of my
and ¢*"V of may|q~q,. Therefore (using definition from Eq. (7) and Eq. (T9)),

(my @ myjy~u)(e) = 2 ma(a) - Moy aq(b) = ma(c'Y) 'mvwmfu(cw)~ (20)
acQq,bSQq:axib=c
In the same way, we get from Eq. (I8) also
nU U e}
m(V(CW) = (mi/q/ @mvwmw)(cw) = mi;q/ (CW w) 'mvrvm(u(cw)’ (21)
which gives that, under the given assumptions,
v
vy _ my(e*”)
myyru(e”) = —5—r——. (22)
| mer(Vmﬂ(cirymru)

10



Substituting Eq. (22) into Eq. (20), we get exactly the formula from case (i) of Definition[3] The fact that case (ii) of
this definition never creates a focal element of mq @ M|y ~q/ follows from the fact that each couple of focal elements
a and b (a is a focal element of mq, and b is a focal element of mqq/~q) gives rise of a focal element a > b of
mq @ myy~qg. Thus, whenever case (i) of Definition E] is used (under the assumptions of this assertion), then it
assigns zero.

Now, let us prove the other side of the equivalence by contradiction. Assume that mq >y mqy = mq; >; my, and
simultaneously mq|4~q, is not tight with respect to mq,. It means that for some focal elements a and b (such that a is
a focal element of mq;, and b is a focal element of nyjq/~), and some b € b, {a} > {b} = F for all a € a. It means

that b ¢ (a b)w. Thus, we have showed that there is at least one ¢ & Qq; (namely, ¢ = a < b), for which:
(i) cis a focal element of mq; =y mqy,

(ii) ¢ = a x b for focal elements a and b such that b 2 ¢!,
(iii) c =axcl?.

Since we assume that mq ¢ mqy = mq >; my, ¢ is also a focal element of mq; = mv, and (mq; >y my)(c) =
mqy =y my)(c). Recall, that in the first part of the proof we showed that the corresponding coefficient of conflic
Recall, that in the first part of the proof howed that th ponding coefficient of conflict

(Eq. (T9)) equals zero, and therefore (g = m)(€) = may(e*¥) - my(e*V) + mqyy(e*¥) - may(b). Since m} "V is
vacuous, mi;umq/(cﬂm(v) = 1, and one can see from Deﬁnitionthat (ma = may)(€) > mqy(e*¥) - myy(c*’V) only
when mfvﬂn(v(clw“(v) =0, and ¢!V\U = Qqnq,» which contradicts Property (ii) showed above. ]

Corollary Let two basic assignments mqy, mq, are such that m. exists. Ifm V" is vacuous, or, if V n U = F,
u, my V|VAU @
then
mq =f My = mq By Mey.

5. Compositional Models

By a belief function compositional model we understand a BPA m; = - - - > m,, obtained by a multiple application
of the composition operator. Thus, we can speak about d-compositional or f-compositional models in correspondence,
which of the two introduced operators of compositions are usecﬂ Let us emphasize that if not specified otherwise by
parentheses, the operators are always performed from left to right, i.e.,

memenys...om, = (...(n =m)=ms) >...>m_1) =>m,.

Consider a (finite) system W of small subsets of the considered variables ‘W. The vague assumption that U € W
is small is accepted to avoid the computational problems connected with computations with the corresponding basic
assignments. Thus, we assume that for each U € W we have (or we can easily get) a BPA mq,. Moreover, we assume
that these basic assignments, as well as the corresponding commonality functions Q,,,,, can effectively be represented
in computer memory. Thus, in context with the operator of d-composition, the cardinality of U € W is always less
than 5.

Having a system of low-dimensional basic assignments {mq,}qew we follow the idea of Perez described in Sec-
tion[2] We assume that there exists a BPA m having all these mq, for its marginals, and we want to find the best
approximation of m assembled from the given marginals. In other words, we are looking for a sequence of sets
(U;),—, .., from W such that the compositional model mq;, = mq, = - - - > mq,, approximates the unknown BPA m
best. To simplify notation, we denote m; = mq,. Therefore we will speak about a model m; =my . ..>m,, in which
BPA m; is defined for variables ;, and the corresponding commonality function is Q;.

The considered compositional model is a |U; U ... U U,|-dimensional BPA. It is said to be perfect if all m; are
marginals of m; =>m, > ... >m,. Thus, perfect models reflect all the information represented by the low-dimensional
basic assignments from which they are composed. So, it is not surprising that the optimal approximation will be, as a
rule, a perfect model.

If a model is not perfect, it can always be perfectized using the following assertion (proved in [18]]).

%We never consider a possibility that both operators are simultaneously used in one model.
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Proposition 5 (perfectization procedure). For any compositional model m=>my>. ..t>m,, the model in\=>my>. ..c>m,
defined

m; = my,

_ | UnU,
my = m; = my,

_ _ U (U ..U, —y)
n

my = m = my,

is perfect, and my =>mp >...>m, = M| >my >... >y,

Let us highlight that the assertion holds for both the operators introduced in the previous section. The procedure ap-
plies to any compositional model; nevertheless, its computational efficiency depends not only on the considered com-
position operator but also on a structure of the model, which is determined by the sequence of sets U, Uy, ..., U,. In
this context, the most advantageous models are decomposable models, for which the sequence Uy, U, ..., U, meets
the so-called running intersection property RIP):Vi=2,....n 3j(1 < j<i):Uin (Ui v...0Ui_1) €U,

When computing with perfect models, we can take advantage that several permutations of low-dimensional basic
assignments can equivalently represent a perfect model. In [18]], the following assertions are proved.

Proposition 6 (testing perfectness of models). Model m,>...=>m, is perfect if and only if for alli = 2,3, ..., n, basic
assignments (my > ... >m;_) and m; are consistent, i.e., (my > ... >m;_; V10U vUi1) — mj’w'ﬁ(%u"'u%_').
Proposition 7 (on consistent decomposable models). Consider a decomposable model m, = my > ... > m,. The
model is perfect if and only if basic assignments my,m, . ..,m, are pairwise consistent, i.e., ¥{i, j} < {1,2,...,n},

VUinU; VU U,

. =m .

i J

The verification of the perfectness of a compositional model using Proposition [fl may be computationally expen-

sive, and therefore Proposition [/|is often used. Checking the pairwise consistency of low-dimensional basic assign-
ments from a given sequence is computationally simple, and therefore we will rely on Proposition[7]in Section [§]

6. Entropy of Belief Functions

As explained in Section [2] to save the space necessary to represent multidimensional probability distributions,
one can approximate them by probabilistic compositional models. The same idea also holds for belief functions.
The economic representation of a joint BPA also often reduces the extremely high computational complexity of
the necessary procedures. However, the problem arises with determining the quality of such approximations. No
generally accepted similarity measure analogous to the probabilistic Kullback-Leibler divergence exists. We do not
know how to recognize which of the two approximations is better than the other. We do not know how to identify an
optimal approximation if the perfect one does not exist. Therefore, we set a goal to test whether some of the entropies
designed in the literature can be used to detect the optimal approximations. If such entropy is found, it will be subject
to a detailed future analysis.

Though we are aware of other recently introduced entropies, for the described pilot study, we considered the bat-
tery of entropy functions listed in Table 5] (primarily those described in [19])). Realize that not all of them were called
entropy by their authors. Some authors suggest their functions to measure other characteristics of belief functions,
such as a measure of conflict |28, 27]. Therefore, we should not be surprised that some entropy functions failed.
However, having developed a software system for this purpose, we were not limited by the number of the consid-
ered entropies. The only criterion for including an entropy-like function in the experiments was its computational
complexity.

In the experiments, we computed entropies for 20-dimensional models. For this, we had to keep the number of
focal elements of the considered models limited (see Figure EI) Nevertheless, theoretically, the maximum number of
focal elements is super-exponential with the number of variables. It is why we are not able to calculate entropies based
on the conversion of BPA to Belief function (Hohle), based on the conversion to Commonality function (Smets), or
the conversion to Plausibility function (Yager, Lamata & Moral). All these alternative representations are positive for

12



Table 5: A list of entropies of belief functions

Hohle [13]

Smets [45]

Yager [50]

Nguyen [37]

Dubois & Prade [10]]
Lamata & Moral [34]
Klir & Ramer [30]
Klir & Parviz [29]

Pal et al. [38]]

Harmanec & Klir [[12]]
Maeda & Ichihashi [36]
Abellan & Moral [1]
Jousselme et al. [26]
Deng [8]]

Jirousek & Shenoy [19]
Jirousek et al. [[17]
Decomposable [20]]

Holmy) = 32 moy(a)log(gr )

Hr(m(V) = CZQ IOg(Qm (a))

Hymy) = 31 my(a) log(7r )

Ha(my) = 3 mov(a) log()

Hy(mey) = ;ZQ v(a) log(Ja)|

Hy(my) = Hy(my) + Hy(my)

Hi(my) = Ha(my) — 3 my(a)log (1- 5 moy(b)52])
acQqy bcQq Ib]

Hilmy) = Hmw) = 3 m(a)log (1= 5 mo(b)520)

Hy(my) = 33 mov(a) log(5)

Hj(my) = max{H(n) | 7 € P(m)}

H;(mv) = Hy(my) + Hy(mey)

H,(mv) = H;(m) + KL(r||«) for specific 7, x € P(m)

Hj(my) = H(n,)

Hg(m(V) Hn(’"W) Zg:z m"V(a) log(z‘a‘ - 1)

H,{(mrv) H(/lmv) + Hd(mry)

Hy(my) = H(”mv) + Hy(mey)

Hy(my) = 3 (=1)" 0 (a) 10g(Q (a)

a substantial part of all possible states of variables, and their space complexity is, therefore, super-exponential to the
number of variables. Similarly, we had to exclude also entropies requiring maximization of Shannon entropy over the

credal set, i.e., Harmanec & Klir, Maeda & Ishibashi and Abellan & Moral definitions.

Except for special situations, the number of focal elements of compositional models exponentially increases with
the length of models. It holds even when the number of focal elements of BPAs, from which the models are com-
posed is limited. It is visible from Figure [I] depicting the situation of 10 representative compositional models (5
f-compositional, and 5 d-compositional). Each of these models is composed of 13 — 16 low-dimensional basic assign-
ments, and each graph describes how the number of the focal elements grows with the length i of the considered prefix
= m; (for the definition of various model types, see Section [§). Therefore, in the experiments
described in Section [8] we considered only the entropies, the computational complexity of which is a linear function
of the number of focal elements. This condition is also violated by Klir & Ramer, and Klir & Parviz’s definitions.

model m; =>my > ...

Therefore, we eventually computed only H,, Hy, Hy, Hj, H,, Hy, Hy, and Hg.

The last decomposable entropy Hy is some kind of an exception. It is defined using the commonality function:

Hg (my) =

Even though Hg (m« ) is not always nonnegative, its merit is that it is the only definition of belief function entropy
that satisfies an additivity property in the sense that Hg (my ® my|x) = Hs(mx) + Hg(my|x) (here, myx is a BPA
for X, and my|x is a conditional BPA for Y given X such that its marginal for X is vacuous). This additivity, which
is one of the fundamental properties of probabilistic information theory, makes the computation of the entropy for
high-dimensional perfect d-compositional models possible. It is the only entropy that can be computed for general

>, (DR, (a) log(Quy (a).

acQqy

d-compositional models for more than ten variables.

As mentioned above, we restricted the number of focal elements for our experiments so that the joint BPA has
a “reasonable” number of focal elements. It makes the computation of other entropies possible directly for the joint
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Figure 1: Number of focal elements for compositional models and their prefix sub-models

BPAs. To make the computation of the decomposable entropy possible, another restriction is given for the size of low-
dimensional BPAs from which the models are assembled. They should not be defined for more than four variables
because, when computing the entropy for the d-composition of two consistent BPAs mq, and m-y,

Hg (mq =g my) = Hs (mq) + Hs (Mo vau) 24)
one has to compute the conditional entropy according to the following formula
Hs (myaivear) = 3, (= 1) Oy (2) 108( Qi (2)). (25)
acQqy

which requires the transformation of mq, into the commonality function. Having this commonality function, one can
compute Oy gyiyny (@) = Omy (a)/Q,,1vou (a*V"™) for all a € Qq. Note that for V n U = &, Hs (mapqvru) =
VvV

HS (mrv)

7. An Example

Consider 20 binary variables A, B, C, ..., T, and a (randomly generated) perfect decomposable model assembled
from 15 low-dimensional BPAs:

My M{AGK} B M{AKs} B M{BpK} ™ M{aQT} B M{ap} ™ M{op} B> M{GH} > MNT} B> M5}
B miaLg}y B MYIFRy & MiaGM}y &= M{AEM} & M{coT} &= M{BJ}-
It is an easy task to verify that the model is decomposable. The random generator was set to generate pairwise
consistent BPAs. Therefore, due to Proposition[7] the perfectness of 9t; is guaranteed.

Using other permutations of the generated BPAs, we can set up a lot of other models, mostly non-decomposable.
Consider just (randomly selected) two of them:

My : micor} B Mgy} > ML} ™ M{ppk} > M{AEM} B M{aQT} B M{1s} B M{aGK} ™ M{GH)}

B mypRry & Miopy & Miaksy & Miagmy = MYNT} = Miapy,
N3 - M{aQr} ™ MAGMy B M{GH} ™ M{BDK} ™ M{AKS} ™ M{AEM} B M{IFR} B M{NT} B> M{AGK)}

B Mgy B NaLgy = Miopy B Myapy = Mcory & Myis}-
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Though assembled from the same system of low-dimensional BPA, these three models differ from each other. For
example, due to Proposition [/} we know that all the considered low-dimensional basic assignments are marginals of
model 9)t;, which does not hold for 9)t, and 9i5.

Table 6: Entropies of models iy, My, and N3.

f-compositional models d-compositional models
Entropy Ny Ny N3 AL N, ALY
H; - - - 3.442 3.835 3.642
H, 12.351 12.405 11.771 - - -
Hy 15.297 16.105 15.792 15.612 15.954 14.894
H, 27.648 28.511 27.563 - - -
H; 18.542 19.017 18.840 18.223 18.247 19.323
H, 69475 101676 90577 - - -
H, 34.613 35.620 35.287 34.466 34.789 34.790
H, 33.840 35.123 34.633 33.835 34.201 34.217

Since the condition of Proposition [] is rarely satisfied for randomly generated BPAs, these models also differ
depending on whether we consider f- or d-compositional models. Thus, we consider six compositional models. In
the left-hand side of Table [6] we see all the values of entropies that can be (using our software system) computed
for the considered three f-compositional models. As explained above, it is impossible to calculate the decomposable
entropy Hs for f-compositional models; therefore, the left side of the respective row is empty. On the other hand, the
computation of H,, Hy, and H, for d-compositional models failed in this particular example. The reason is that there is
at least one focal element with negative mass in d-compositional models 9t;, M, and M3 and the respective logarithm
is thus undefined. As illustrated by results in Section@ similar failures may appear for H;, H,, and H, because even
the respective probabilistic transforms may have some negative masses. It does not happen for the three considered
models i, My, Mi3. Both the pignistic and plausibility transforms for these models are nonnegative BPAs, and we
could compute H;, H,, H,. Realize that the Dubois-Prade entropy is calculable regardless of whether the considered
BPA is nonnegative.

Let us illustrate how the results recorded in Table [6] are interpreted in the process of the entropies assessment
described in the next section. Consider, say, f-compositional models. Based on the values of entropies from the
left-hand side of Table[6] we see that the Nguyen’s entropy

Hn(gﬁg,) < Hn(gﬁl) < Hn(ﬂnz),

which is not what we expect from the entropy used to detect the optimal approximations. On the other side, the values
of Dubois-Prade entropy minimizes the optimal compositional model

Hd(gﬁl) < Hd(‘JJE3) < Hd(ﬂnz)

Thus, f-compositional model M, is in the next section counted among those models that are successfully detected
by Hy (and also by Hj, H,, H,, H; and Hy) . Similarly, one can see from Table @that d-compositional model 9, is
counted among those models that are successfully detected by H;, H;, and H.

Even though it does not happen for the models considered in this example, it is not rare that an entropy achieves
the same value for the optimal and some non-optimal models. Then, if no non-optimal model has lower entropy than
the optimal one, we count the model among those weakly detected by the considered entropy.

8. Experimental Results

Using software developed in R-studio, we randomly generated 357 perfect decomposable compositional models
for 20 variables. To generate a decomposable model, we generated a sequence of sets of variables satisfying the
running intersection property. Then, we generated random BPAs for these sets of variables and ran the perfectization
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procedure described in Proposition [5] Inspired by [32]], we designed our random generator of BPAs to be able to
produce assignments with a specific structure and a predefined number of focal elements. Specifically, we generated
five types of models where all BPAs were as follows:

1. consonant (81 models) — all focal elements are nested;

2. consonant with Q (68 models) — all focal elements are nested, and the whole space of discernment € is among
them;

3. quasi-Bayesian (90 models) — Q is one focal element, all others are singletons;

4. random (68 models) — no restriction was imposed on the structure randomly generated focal elements;

5. random with Q (50 models) — the only restriction of the structure is that Q is among the focal elements.

Notice that the given type determines the low-dimensional basic assignments from which the joint is defined. It
does not mean that the joint is of the given type. After composition, the type is generally not preserved. It is easy
to see that the f-composition of two quasi-Bayesian BPAs is not quasi-Bayesian, whenever case (ii) of Definition
finds its use. On the other hand, it is not difficult to show that the d-composition of two quasi-Bayesian BPAs is
quasi-Bayesian.

In addition to the type of generated BPAs, the random generator was controlled by two parameters. The first is an
upper bound for the number of variables for which BPAs are defined (we used 3, 4, and 5), and the second parameter
is the maximum number of focal elements (we used 3,4,5 and 6).

These parameters were mainly used to control the computational complexity of d-compositional models. Note that
we are able to calculate (mq =>4 mq) if |'V| < 4 (in case of |'V| = 5 the corresponding conditional CF is determined
by 232 parameters and its conversion to BPA requires 2% comparisons.)

For each perfect decomposable model, we created several non-decomposable models assembled from the same
system of low-dimensional BPAs. We destroyed the running intersection property by randomly permuting the se-
quence in which the generated BPAs were composed. In this way, similar to the example described in the previous
section, we obtained for each randomly generated decomposable model several non-decomposable models (on av-
erage, about six). Altogether, we had 2077 different models. Then each model was converted into a joint BPA by
applying the composition operator. Note that this was possible because we significantly limited the number of focal
elements of generated low- dimensional BPAs. As a result, the number of focal elements of the joint BPA remained
reasonable, and it was possible to calculate them. If the number of focal elements of the joint BPA began to grow
(which happened a few times), it was impossible to calculate the joint BPA within a reasonable time. Therefore we
did not include these models in the results.

To test the behavior of each entropy function, we first considered f-compositional models. For each model we
calculated 7 different entropies H,, Hy, Hy, H,, Hp, H}, and H, of the joint. Then we calculated the relative difference
of the model entropy from the entropy of the corresponding decomposable model.

Recall that an ideal entropy function should always have a smaller value for a decomposable model than for
a non-decomposable one assembled from the same marginals. Therefore, the entropy of each non-decomposable
model, minus the entropy of the corresponding decomposable model, should be nonnegative, ideally positive. We
created histograms of these differences in Figure [2] for each entropy definition. In the case of an ideal entropy,
the region corresponding to the negative difference should be empty. Unfortunately, this does not happen for any
considered entropy. Nevertheless, if accepting a reasonable error, one can use entropies Hy, H,, and H; for detecting
the decomposable models as the best ones.

In another way, these results for f-compositional models are also presented in Table [/} The first row repeats the
numbers of decomposable models generated for the respective type of low-dimensional BPA. The remaining numbers
express the ability of the individual entropy to detect the optimal approximation. The first number (of each couple)
reads the percentage of decomposable models (strongly) detected by the respective entropy (entropy value for RIP
model is lower than values for all non-RIP models). The second number (in the parentheses) reads the percentage of
decomposable models weakly detected by the respective entropy (entropy value for the RIP model is lower or equal
than those for all non-RIP models).

From Table [7} one can identify some differences in the behavior of different entropies when applied to different
types of models (though, as mentioned above, it is not a type of a model but the type of low-dimensional BPAs
from which the model is composed). For example, while H, is not so bad in the case of consonant models, it fails
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Figure 2: Frequencies of differences of entropies of non-decomposable models and the corresponding decomposable models. F-compositional
models.

17



for quasi-Bayesian models. Also, the significant differences between the numbers of strongly and weakly detected
decomposable models deserve further analysis — see, for example, H; in the case of quasi-Bayesian models.

We do not have enough data to perform an earnest statistical analysis. Nevertheless, the best entropies may seem to
be for this purpose H; and H,. Notice that both are based on the Shannon entropy of the pignistic transform. Despite
its simplicity, H; detects the best model relatively successfully in all cases except quasi-Bayesian models. Note that
H,, which is grounded in Shannon entropy of the plausibility transform, was not so bad generally; however, it fails
for quasi-Bayesian models. On the other hand, the Nguyen entropy, which is the Shannon entropy of the BPA values,
does not seem to be the proper tool for this purpose.

Table 7: Detection rate (%) for f-compositional models. (In parentheses, percentage of weakly detected decomposable models.)

consonant consonant quasi random random all types
with Q Bayesian with Q

# of models 81 68 90 68 50 357
H, 68(%4) 49 (74) 17 (31) 54 (82) 50 (98) 46 (73)

H; 69 (9%) 50 (99) 24 (96) 60 (91) 50 (100) 50 (96)

H, 69 (95) 56 (99) 63 (99) 56 (84) 48 (96) 60 (95)

H, 1749 22 (59) 63 (100) 13 (32) 4 (16) 27 (56)

H, 51(72) 34 (72) 63 (99) 31(51) 6 (18) 41 (67)

H; 68 (94) 54 (94) 63 (99) 49 (76) 44 (86) 57 91

H, 65(93) 40 (56) 0(4) 57 (84) 50 (94) 40 (62)

The results achieved for d-compositional models are summarized in Table [8] which is organized similarly as
Table Nevertheless, the issue is that the computations with d-compositional models are much more time- and
space-demanding than with f-compositional models. To get the selected entropies, one must find all focal elements and
compute assigned probability masses. Usually, there are too many of them (much more than those for f-compositional
models). Our software could do it only in (about) one-fifth of all generated decomposable models.

Moreover, since some focal elements of d-compositional models are assigned negative values, not all the entropies
could be computed. From the first row of the table, one can see the number of models for which we succeeded in
computing all three entropies H,, H;, Hg. These entropies could be computed even when some focal elements are
assigned negative values. Since the numbers of analyzed models are too low, we do not dare to make any conclusions
from the contents of Table[§] We take it mainly as a clue for future research.

Table 8: Detection rate (%) for d-compositional models. (In parentheses, percentage of weakly detected decomposable models.)

consonant consonant quasi random random all types
with Q Bayesian with Q
# of models 20 12 16 12 9 69
H, 35(75) 25 (42) 44 (44) 42 (50) 56 (100) 39 (61)
H; 35(75) 25 (75) 6 (56) 42 (58) 56 (100) 30 (71)
Hs 5(75) 8 (83) 19 (88) 8 (75) 11 (78) 10(80)

However, the high number of d-compositional models for which we could not compute their entropy deserves
our attention. It refutes our original conception that d-compositional models, based on the idea of Dempster’s rule of
combination, may be exploited regardless of the negative masses assigned to some focal elements. It convinced us that
d-compositional models should only be used when defining a regular (i.e., nonnegative) BPA. Due to Proposition
it is guaranteed, for example, when the resulting models are equivalent to graphical belief function models. Then, as
shown in [24]], it happens surprisingly often that the d- and f-compositional models coincide.

The experiments were designed to detect possible differences among the considered entropies. As the reader
can see from the respective tables and graphs, none of the tested entropy definitions appeared to be a universal tool
recommendable for model learning. On the contrary, the experiments suggest that a further study of narrower classes
of models (e.g., those where Proposition 4 applies) will be necessary. For them, finding a suitable definition of entropy
may still be possible (regardless of their computational complexity).
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9. Summary & Conclusions

The paper contributes to an effort to find a criterion to assess the quality of belief function models. It is based on
the following idea: If a criterion is sound for machine learning procedures, it should detect a model containing all
given information from models containing only a part of this information. This idea, translated into the terminology
of compositional models, means that a sound criterion should distinguish a perfect compositional model from non-
perfect models set up from the same system of building blocks, regardless of whether it is a measure of information
or inner conflict.

Shannon entropy, being the first entropy introduced in probability theory, has many properties that predetermine
its role in machine-learning procedures. In the theory of belief functions, the situation is much more complicated.
In this theoretical framework, most authors distinguish characteristics indistinguishable in probability theory. In this
paper, we consider mainly a measure of entropy and a measure of inner conflict. This fact manifests in connection
with the design of machine learning procedures.

To realize computational experiments verifying which of the entropies described in literature meets the paradigm
mentioned above best, one has to cope with the problem of which of two composition operators is to be used for the
purpose. The d-composition operator is designed for the Dempster-Shafer theory of belief functions, the semantics
of which are clearly understood. Although the f-composition operator has some nice mathematical properties, we do
not know which theory of belief function it corresponds to and the semantics of such a theory. The solution to this
problem is a topic for future work.

In this paper, oriented towards computational experiments, we had to consider the computational complexity of
the necessary procedures. It was the primary criterion for selecting different definitions of entropy of belief functions.
Thus, the results are partially devalued because we did not care that some of these definitions are designed specifically
for specific theories of belief functions. For example, the decomposable entropy [25} 20] is explicitly designed for
the Dempster-Shafer theory, where belief functions constitute a graphical model. Some definitions, such as Maeda
& Ichihashi, Jousselme et al., Jirousek et al, make sense for the Fagin-Halpern theory of belief functions and its
corresponding semantics of credal sets. The d-composition operator is not appropriate for these definitions of entropy.
A composition operator corresponding to the Fagin-Halpern combination rule is yet to be defined. It is a topic for
future work.

It is well known that the Dempster-Shafer theory can be used for large graphical models with many variables
[43l144]. Tt is suggested in [20, 22]] that the decomposable entropy can be tractably computed for large belief function
graphical models even though the decomposable entropy is defined in terms of the commonality functions. How to
use it to assess the models’ quality is also a topic for future work.
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