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ABSTRACT

In this thesis, we deal with the subject of Handling Uncertainty in the field of Knowl-
edge Representation using Dempster-Shafer theory. Our goal is to study an application
of Dempster-Shafer theory to Recommended Systems and measure the performance of
Dempster’s rule and belief computation when using an implementation that utilizes Con-
straint Logic Programming (CLP). Also, we aim to compare the performance of the CLP im-
plementation on random test cases to the performance of an implementation of Dempster-
Shafer theory using Moébius Transforms. In general, the computational time for the appli-
cation was rational. Regarding the comparison, each implementations has its pros and
cons.

SUBJECT AREA: Atrtificial Intelligence

KEYWORDS: Dempster-Shafer theory, Uncertainty, Mobius Transform, Recommender
Systems, ECLiPSe Prolog, ibelief, Comparison



NEPIAHWH

21NV TITUXIOKA £pyaoia auth Hag atraoXoAei To B€ua Tou Xelpiopou ABReRaidTnTag oTov
Topéa TNG AvatrapdoTaong MN'vwong xpnoiyotrolwvTag Tn Bewpia Twv Dempster-Shafer.
2 KOTTOG MAG Eival VO HEAETIIOOUE PIa EQapUOYH TNG Bewpiag o€ ZUCTANATA ZUCTACEWY Kal
VO METPAOOUUE TNV aTTOd00N TOU Kavova Tou Dempster kal TOu UTTOAOYIOUOU EUTTIOTOCOUVNG
XPNOIMOTTOIWVTAG MIa UAOTToIiNoN TNG Bewpiag Baoiopévn otov Aoyikd NMpoypauuaTioud
pe Meplopiopoug. AkOun, €mOupoUPE va ouykpivoupue TV atmdédoon TnG uAotroinong
Baoiouévn otov Aoyiké MNpoypaupaTIoNo Ye MNepIopIoPoUs O€ TUXAIES TTEPITITWOEIS OOKIUAG
ME PIa UAOTTOINON TTOU XPNOIYOTIOIEI HETAOXNMATIOMOUG MObius. Z€ yevika TTAdiola o uTro-
AOYIOTIKOG XPOVOG yia TNV e@apuoyr utrmpge Aoyikdég. Ocoov agopd Tn ouykpion, Kal ol
OUO TTEPITITWOEIG EiXAV BETIKA KAl apvnTIKA.

OEMATIKH MEPIOXH: Texvnt) Nonuoouvn

AEZEIZ KAEIAIA: Ocswpia Twv Dempster-Shafer, Xeipiopudg ABeBaidotntag, Mébius Trans-
form, ZuoTtpara XuoTtdoswyv, ECLIPSe Prolog, ibelief, ZUykpion
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Transform’s Implementations

1. INTRODUCTION

In the recent years, we’ve noticed a thrive in fields of Computer Science such as Artifi-
cial Intelligence (Al), Machine Learning (ML) and Data Science. The intriguing part is that
most of the algorithms used in those fields where implemented a few decades ago. The
reason why there is this burst of attention regarding them is because nowadays we have
the data and the computational power. Essentially, this means that now we can collect
many data and information and process it in order to come to certain conclusions.

This newly obtained amount of information has lead to the growth of the fields "Knowl-
edge Handling” and "Knowledge Representation”, where experts care to receive knowl-
edge, understand it and use it. However, knowledge is not always absolute and easily
obtainable. So, in many cases there is Uncertainty involved, which can occur from the
random behavior of a system, the lack of knowledge about a system or the unreliable
sources of information. Understandably, this has been a trouble to scientists for many
years and since uncertainty cannot be overtaken, many theories for handling it have been
developed. These theories suggest different approaches to reasoning under uncertainty.
A pretty interesting one was framed theoretically by Glenn Shafer and mathematically
defined by Arthur P. Dempster and is called Dempster-Shafer [30, 31, 10]. Dempster-
Shafer theory(DST), evidence theory or theory of belief functions is a generalization of
the Bayesian theory of subjective probability. With this method, if there is a substantial
amount of questions related to an initial question, we can find a satisfying Bayesian anal-

ogy.

Although Dempster-Shafer theory has some similarities with Probability Theory it should
not be confused with it. The belief functions used in Dempster-Shafer use probabilities
in order to achieve a degree of belief. Sometimes these degrees of belief have similar
properties to probabilities, but that does not always happen. The most significant differ-
ence is that Dempster-Shafer theory allows a source to assign credit to a group of states,
whereas Bayesian theory can be used to represent the belief in only one state. The mass
function, that will be explained later on, is the means to do the above assignment of belief
and thus cannot be equated with a classical probability in general.

Dempster-Shafer theory deals well with uncertainty which we can either describe as in-
sufficient, incomplete or controversial knowledge of some fact or as lack of information on
which to evaluate a probability. As we mentioned already, uncertainty and randomness
can be modeled by assigning degrees of belief to groups of states, but classic Probability
Theory would be a poor choice in some type of problems. For example, given a fact (ev-
idence) A = "Covidl9 will be a non — existent disease in the year 2030" and P(A) = 0.7,
in Probability Theory someone would say (without any doubt) that the complement fact
of A, A = "Covidl9 will be an existent disease in the year 2030” has the probability of
P(A) = 0.3 happening, as it is well known that P(4) = 1 — P(A). But, in some situations
knowing about A does not give us straightforward knowledge about the exact opposite
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fact and vice versa and, thus, these problems cannot be correctly modeled using proba-
bilities. For this reason, classic Probability Theory is not always chosen for representing
knowledge when there is uncertainty involved.

At this point, it must be noted that probabilities described in the classical way are suitable
for problems where there is Aleatory Uncertainty involved, which is the type of uncertainty
that results from the fact that a system can behave in random ways. It has been observed
that when probabilities are used to characterized Subjective Uncertainty, which is the type
of uncertainty that results from the lack of knowledge about a system and is a property
of the analysts performing the analysis, a great amount of times the characterization is
poor. Subjective Uncertainty is involved in many problems related to Artificial Intelligence
and Machine Learning, so Dempster-Shafer theory seems to be ideal for those kind of
problems. Of course, before applying the DS method to any Al problem, one should take
into consideration if that Al application is based on the frequency of the data’s appearance
or on some subjective belief.

Dempster-Shafer theory utilizes a mathematical entity called mass function in order to as-
sign confidence about a question. From these mass functions one can obtain the amount
of certainty, or as called belief for a question related to the events in our system. Also we
are able to combine these assignments, through Dempster’s rule of combination in order
to produce a unique confidence assignment for the system. However, the computation of
Dempster’s rule is a #P-complete problem and cannot be performed in an acceptable time
for a large amount of data. These definitions and more characteristics of DST are studied
in Chapter 2.

Because Dempster’s rule has exponential computational complexity, a lot of research has
been done in order to reduce this complexity. Some algorithms that prove to do so, are
algorithms based on Mébius Transforms. In Chapter 3 we discuss these algorithms and
the theory behind them.

In Chapter 4 we introduce two implementations of the DST, one based on Mobius Trans-
forms, as we studied their relation to the theory, and a second one based on CLP. The
first one was implemented by CRAN and the second one by Alexandros Kaltsounidis in
his BSc Thesis [16]. In later chapters we will be comparing them in terms of computational
time and other characteristics of the data.

Dempster-Shafer theory seems ideal for modeling real-life situations and problems. For
that reason, many applications of DST can be found in bibliography. In Chapter 5 we study
an application to Recommender Systems [33]. In Chapter 6 we use a dataset to measure
its performance using the CLP implementation when computing the combined mass func-
tions and the belief of some sets. The results are promising and the computations where
completed in a logical time frame.

Continuing to Chapter 7 of this dissertation, we compare the two implementations pre-

T. Boura 16
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sented in Chapter 4 on randomly generated test cases. In retrospect, the implementation
using constraints completes the computation of Dempster rule in acceptable time when the
total number of combinations is small, whereas the implementation using Mobius Trans-
forms is better when the possible number of events in our system is relatively small. For
the computation of the belief function such comparison could not be made, for reasons
that will be explained.

Finally, in Chapter 8 we provide a general conclusion of our work in this thesis and mention
ideas to expand our research.

T. Boura 17
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2. DEMPSTER-SHAFER THEORY

Dempster-Shafer theory (DST) [30, 31, 10] is a framework designed for reasoning un-
der uncertainty, that allows us to combine evidence from different independent sources.
Through the mass function or basic probability assignment (bpa), degrees of confidence
are assigned to an event. These mass functions can also be combined with Dempster’s
rule of combination in order to produce a combined bpa. All the above will be studied in
this chapter.

2.1 Definition of the theory

Below, the DS theory will be presented using the Axiomatic Approach.

As U (Universe or ©) is denoted the set containing all possible states of a system un-
der consideration or, more intuitively, all possible outcomes of an event. We are explicitly
interested in the powerset of U: 2V that includes all subsets of U thus, all combinations of
all possible outcomes, because we are looking for evidence to be associated with multiple
possible events in order to accomplish a higher level of abstraction.

The most fundamental function for assigning degrees of belief to a set of hypotheses
h such as h € 2V is the mass function m (known as bpa).

Before the function m is formally defined, it should be noted that DS is suitable when
there is no objective way of assigning belief values to the powerset. Here is an example
to make this statement understandable:

Example 2.1.1. Imagine a witness to a robbery being called into the police station to
identify the robber. The officers ask the witness what was the colour of the robber’s hair,
but because it was dark the witness cannot give an answer with certainty. Consequently,
they grant the belief of A = {black | The robber has black hair} the value m(A) = 0.6,
B = {blonde | The robber has blonde hair} the value m(B) = 0.1 and C = {black V
blonde | The robber has either black or blonde hair} the value m(C) = 0.3. These values
are representative of the independent belief of this witness, which means that another
independent witness may have assigned different values to each hypotheses.

That is a problem that classical probability theory would model poorly. As G.Shafer quoted
in [31]: "The theory of belief functions provides one way to use mathematical probability
in subjective judgement” and as mentioned before, alternatives to Probability Theory are
preferred when the system suffers from Subjective Uncertainty.

Also, assigning a belief value to a set A € 2V does not provide any information about
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the degree of belief of subsets of A. Going back to the Example 2.1.1 we notice that al-
though A € C and B € C, m(C) > m(B) but m(C') < m(A). So, the mass function of a
given set A, expresses the proportion of all relevant and available evidence that supports
the claim that a particular element of U belongs to A but to no particular subset of A.

Now, we formally define as mass function m a function m : 2V — [0, 1] with the following
properties:

1. m(0) =0
2. ZAGQU m(A) =1

Note thatin Example 2.1.1: m(0) = 0and }_ .o m(X) = m(0)+m(A)+m(B)+m(C) = 1.

The bpa is a useful means for computing the lower (belief) and the upper bound (plausi-
bility) of a probability interval for the set of interest, as defined later on.

It should be noted that every A € 2V that has non-zero bpa is called a focal element.

2.1.1 Belief Function

The belief of a set A € 2V, denoted as bel(A) is the total amount of certainty that the event
A has happened and is defined as follows:

bel(A) = 3 pe 4 m(B)
From the properties of the mass function we can easily presume that:
bel(B) = 0 and bel(U) =1
Since belief function defines the lower bound of a probability of an event A:

bel(A) < P(A) , where P(A) is the probability of the set A in the classical probabilistic
definition. (1)
2.1.2 Plausibility Function

The belief of a set A € 2V, denoted as pi(A) is the total amount of certainty that not the
event A has happened and is defined as follows:

pl(A) = bel(U) — bel(A) 22224

pl(A) =1 — bel(A)
Also, since for A, B €2V, AC Biff AN B =0 = bel(A) = 1 — pl(A), because
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bel(A) = >pcam(B) =3 pragm(B) =1- ZBmZ;ﬁ@ m(B) =1 - pl(A).

From the properties of the mass function and belief function we can easily presume that:

pl(0) =1—0bel(U)=0and pl(U) =1 — bel(D) =1

Theorem 2.1.1. The plausibility of a set A can be computed as pl(A) =
> prazp™m(B), VACU.

Proof. As defined, VA C U, pl(A) = bel(U) — bel(A) = yvcpm(X) = > ycam(Y) (2),
which means that from the masses of all subsets of U we subtract the masses of the
subsets of A, so now we have the masses of the subsets of U that intersect with A = (2)

= ZBmA;ﬁ@ m(B).
N

Since plausibility function defines the upper bound of a probability of an event A:

pl(A) > P(A) , where P(A) is the probability of the set A in the classical probabilistic
definition. (3)

Conclusively,
(1).(3)
=== bel(A) < P(A) <pl(A), VACU (4)

In (4) bel and pl are considered upper and lower probabilities as introduced by Dempster
in [10].

When bel(A) = pl(A) all probabilities P(A) are uniquely determined VA C U, which corre-
sponds to classical probability.

However, as noted in [31] the degrees of belief given by belief and plausibility functions
should not be interpreted as lower or higher bounds respectively on some unknown true
probability. If we wanted to define a probability-bound interpretation of belief and plausibil-
ity functions, then we would show interest only in groups of belief and plausibility functions
whose degrees of belief, when interpreted as probability bounds, can be satisfied simul-
taneously.

After seeing (4) we understand that the model of DST is designed to cope with varying
levels of precision based on the current information without any further assumptions.
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Let's compute the bel and pl function for Example 2.1.1 for A = {black}, A ¢ 2{black:blonde} -

bel(A) = > gcam(B) = m(0) + m(black) =0+ 0.6 = 0.6
PU(A) = 3 g azg m(B) = m(0) + m(black) + m(black V blonde)
=0+0.6+0.3=0.9.

So, the probability of the robber’s hair being black is 0.6 < P(black) < 0.9.

2.1.2.1 Belief Intervals

As defined before P(A), that is the probability of a set A in the classical probabilistic
definition, belongs to the bounded interval [bel(A), pl(A)]. Since this interval is the indicator
of the probability’s value, it should be studied in order to determine the possibility of the
event A occurring. The width w of the interval is

w = |pl(A) — bel(A)| = |1 — bel(A) — bel(A)| = 1 — bel(A) — bel(A).

In the Bayesian situation we know that bel(A) + bel(A) = 1 = w = 0.

Since in DST bel(A) 4 bel(A) < Y yeov m(X) =1 = w > 0.

The width of a belief interval (w) can also be interpreted as the amount of uncertainty
with respect to a hypothesis, given the evidence. More specifically, w is belief that is com-
mitted by the evidence to neither the hypothesis nor the negation of the hypothesis [13].

Even though w is a good indicator, the amount of uncertainty is not only defined by the
width of the belief interval, but also by the values of pi(A) and bel(A) respectively. If pl(A)
and bel(A) are evaluated low, we are quite certain A that the event will not happen.

That being said, only if w’s value is close to 0 and both values of belief and plausibility
are close to 1, we can be certain that the event A will happen. Consequently, if w’s value
is close to 0 and both values of belief and plausibility are close to 0, we can be certain that
the event A will happen.

2.1.3 Dempster’s rule of combination

Continuing with the Example 2.1.1, let’s suppose there is another witness to the rob-
bery and the police asks them the same question about the robber’s hair. They, then,
grant the belief of A = {black | The robber has black hair} the value my(A) = 0.7 and
B = {blonde | The robber has blonde hair} the value mq(B) = 0.3. This means that over
the same Universe {black, blonde} a second mass function m,, : 2{tlackblonde} 10 1] is de-
fined by the second witness. The second mass function m, is now needed to be combined
with the mass function m defined by the first witness in order to come to a conclusion about

T. Boura 21



Dempster-Shafer Theory Application in Recommender Systems and Comparison of Constraint Programming’s and M&bius

Transform’s Implementations

the robber’s hair colour. It is important to notice that the opinion of the second witness is
independent as the second witness has not heard the opinion of the first one and vice
versa. Dempster’s rule of combination is used for combining degrees of belief that are
based on independent items of evidence.

For the time being, we assume that all sources of information are reliable (Dempster’s
rule is symmetric).

The combination of these two mass functions is performed by Dempster’s rule of com-
bination and is denoted by the operator . The combination of two mass functions m, ms
from the same Universe U is declared as m; , = m; & my and is called joint mass. More
specifically:

1. ml,g(@) =0

2. mLQ(A) = ﬁZBmC:Aml(B) . mg(C), VA C U,A 7é 0 where K = ZBOC:®m1<B) .
mg(C’)

This rule strongly emphasizes the agreement between multiple sources and ignores all
the conflicting evidence through the normalization constant K.

Given mg, m;, me and ms defined over the same Universe.

Dempster’s Rule of combination is relative to the following algebraic properties:

1. Commutativity : my @ my = mo O my
2. Associativity : (m1 ® mg) ® mz =my D (ma B m3)
3. Neutral element: mo(U) =1, mg & my = my.

The third holds because m,(U) = 1 means that we don’t know exactly what is the degree
of belief of each subset of U, and thus no further information is provided.

Dempster’s Rule of combination is not relative to:

1. Idempotence : my B my # my

In order to completely understand Dempster’s rule let’s consider the following example:

Example 2.1.2. Ann and Bill are a couple and are considering buying a pet. They de-
cided that they will choose as pet one of the: cat(c), dog(d), fish(f), horse(h), iguana(i),
parrot(p), soU ={c,d, f, h,i,p}. Bill is more eager to buy a parrot and he tries to compute
the range of the probability of getting a parrot, P({p}). He gathers some evidence:

The family lives in a farm: m,({c,d, h,p}) = 0.5 and m,(U) = 0.5.
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Their child is allergic to pet hair: my({ f,i,p}) = 0.9 and my(U) = 0.1.
They are often out of town for the weekend: ms({c, f}) = 0.8 and m3(U) = 0.2.
Firstly, we’ll be computing K for m, s, K =3 g _ymi(B) - my(C) = 0. Then,
{p}) = 0.5 x 0.9 =0.45
{e,d,h,p}) =0.5x 0.1 =0.05
{f,i,p}) =0.5%x0.9=045
ng U)=0.5x0.1=0.05

A/SO, Ky for mi 23, K= ZBHC:(Z) mLQ(B) . mg(C) = m172({p}) . m3({C, f}) = 0.36. Then,

{c,d,h p}) = 0.015625
m1,23 {f,i,p}) = 0.140625
m172 3 U) 0.015625

Now, we compute bel and pl functions as follows,
bel({p}) = Yo pcppy M23(B) = 0.140625 and pl({p}) = 3" g py20 M123(B) = 0.3125

and so, 0.140625 < P({p}) < 0.3125.

2.2 Properties of DST

In this section will be showcased some not straightforward properties of the theory.

2.2.1 Combining information of different evidentiary spaces

In order to proceed we should define the term compatibility relation C between two spaces,
S and T, that characterizes possibilistic relationships between the elements of two spaces,
as stated in [35]: "An element s € S is compatible with an element ¢t € T if s is an answer
to S and t is an answer to 7" at the same time, or as we will from now on symbolize, sC't.
The granule of s is the set of all elements in 7" that are compatible with s is symbolized as
G(s)={t|teT, sCt}.”

So, knowing a probability distribution of space S and a compatibility relation C' between S
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and 7', one can deduce the probability distribution of space T" which is the a basic proba-
bility assignment of 7" denoted as:

m(A) = - : S ) where A € 27 (5)

G(s;)=0

The above result is very useful because it gives us the opportunity to combine probabilities
as they are defined by the classical way (probability distribution of space ) with a bpa as
defined by the DS theory. It, also, comes in handy in real life applications as it is more likely
to have indirect knowledge about one space of evidence which means having information
about another space of evidence and how it is related to the one we are interested in.
Let’s provide an example in order for the reader to strengthen their understanding of this
paragraph:

Example 2.2.1. On a not so busy street of Athens a robbery of a jewelry store has oc-
curred and the only witness is the owner of the shop, who called the police immediately
after the incident. The police’s response was quick and four suspects were arrested: Ann,
Bill, Conor and Dolly, so the suspect’s Universe is U = { Ann, Bill, Conor, Dolly}. Out of
the four suspects Ann and Dolly identify as women and Bill and Conor identify as men.
Also, Ann and Bill are less than 180 cm tall and Conor and Dolly have height equal to or
more than 180 cm. The robber was wearing a mask so their only feature that could be
used for suspect elimination is their height. The owner’s answer when they were asked
about the thief’s height was: ”| am 80% sure that their height was equal to or more than
180 cm”.

Using this information and defining:

C1 := one person’s height, as compatibility relation
Sy = {height < 180 em, height > 180 cm} and T :=U

p(height equal to or greater than 180 cm) = 0.8, from the owner’s interview,
the inducted bpa m is:

my({Conor, Dolly}) = 0.8 and m,(U) = 0.2
because for s := height equal to or greater than 180 c¢m, s € S; the granule G1(s,) =
({Conor, Dolly}) and applying (5) we have :

my ({Conor, Dolly}) = 2% = 0.8
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Due to the fact that there are no other witnesses and none of the security cameras has
recorded any useful information, the investigators decide to use some statistical facts in
their possession. It is true that in this area 60% of the robberies have been conducted by
men. Using the above logic and defining:

Cs := one person's sex, as compatibility relation
Sy := {woman,man} and T :=U

p(man) = 0.6, from the statistical fact,
the inducted bpa my is:

me({Bill, Conor}) = 0.6 and my(U) = 0.4

Using Dempster’s rule, the combined mass function m s is:

my2({Conor}) = 0.48 , myo({Bill,Conor}) = 0.12 , my2({Conor, Dolly}) = 0.32 and
m1,2<U) = 0.08

By computing the belief and plausibility for each suspect, the person that is most likely
to have conducted the crime is Conor, with a probability of 0.48 < P({Conor}) < 1.0.

So, in the above example, the number one suspect was found because of having a prob-
ability distribution about a suspect’s characteristic from an independent source combined
with statistical information about another characteristic of the suspect, which proves that
DS handles real life applications with ease and can lead to useful information.

2.2.2 Conducting more general conclusions

Let’'s assume that, given the Example 2.2.1, the police has now been informed that Ann,
Bill and Dolly live in the same building. Having that new information the authorities are
considering putting an undercover officer in front of the building in order to observe the
moves of the three neighbours. Due to the fact that there are not many officers as-
signed to the case, the head-officer uses belief and plausibility definitions in order to see
how possible it is that the robbery was involving one of the three suspects somehow, as
they want to be sure that putting a guard will benefit the case. Therefore they compute:
bel({Ann, Bill, Dolly}) = 0 and pl({Ann, Bill, Dolly}) = 0.52, which indicates that the
probability of Ann, Bill or Dolly having conducted the crime ranges from 0 to 0.52, so, al-
though not probabile, it is a possibility worth investigating.
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In this case DS was able to give us a more general information that we needed involving
a group, a set, and not a single element. Thus, DS is optimal when different levels of
abstraction have to be examined in order to come to a conclusion.

2.2.3 Dealing with various types of evidence and conflict

When gathering information from various independent sources, the type of evidence can
be [29]:

1. Consonant: Every independent source gives us an additional information, so informa-
tion is obtained over time and the size of evidentiary set is altered.

2. Consistent:. There is at least one piece of information that is believed to be true by all
independent sources.

3. Arbitrary: There is no piece of information supported by all sources, but some sources
believe in the same evidence.

4. Disjoint: All sources give different information. In this case we have conflicting evi-
dence.

The above types of evidence cannot be handled by traditional probability without pro-
ceeding to further assumptions. DS Theory, on the other hand, is able to combine many
kinds of evidence. There are only two problems:

The first one is that DST with Dempster’s rule as rule of combination cannot deal with
Disjoint evidence because, theoretically, the information the evidentiary set provides us
is undefined and, practically, because the value of K would be equal to 7 and, for that
reason, the value of the combined mass function would be undefined. The second prob-
lem is that DST with Dempster’s rule as rule of combination may produce some unwanted
results when one deals with high conflict data.

Let’s take a look at this example:

Example 2.2.2. Let’s suppose the two spouses Ann and Bill go to a wine tasting event.
They are put into different rooms so that they won’t be able to communicate with each
other at all, in order for them to form their own independent opinions. The budget is very
low and, thus, they are only given one glass of the same wine. After the tasting, a friend
of Ann and Bill’'s named Conor asks them what was the kind of the wine they drank. They
have to chose between three grape types: U = {Merlot, Grenache, Cabernet Sauvignon}.
According to Ann ma({Merlot}) = 0.98 and m 4 ({Cabernet Sauvignon}) = 0.02 and ac-
cording to Bill mg({Grenache}) = 0.99 and mg({Cabernet Sauvignon}) = 0.01. No doubt
the opinions of the two spouses are conflicting, so Conor decides to combine the informa-
tion using Dempster’s rule:
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map({Merlot}) = 55555 0 =10
ma,p({Grenache}) = 1—0.19998 0=0
ma p({Cabernet Sauvignon}) = Tlgggg -(0.01-0.02) =1

The result of the combination is that the wine’s kind was {Cabernet Sauvignon}, even
though both Ann and Bill had serious doubts about that. This happens, because Demp-
ster’s rule treats every opinion as equal and assumes all sources are reliable. Conflicting
items of evidence erode each other.

However, through the years many have suggested alternative combination rules in or-
der to deal with conflicting evidence and unreliable sources of information. All of them
suggest a way of treating conflicting data such as giving different degrees of trust to a
belief function or treating conflicting evidence as uncertainty etc. Some of these combi-
nation rules are Discount and Combine rule, Disjunctive Polling Rule, Yager’s rule [34],
Inagaki’s rule [15] and a few more with equal importance. In [29] many of them are pre-
sented shortly. In this section we will review two of the above: Discount and Combine rule
and Disjunctive Polling Rule.

2.2.3.1 Discount and Combine rule

This rule is mentioned as it is very intuitive and is an implementation of one’s first thought
when considering giving significance to an opinion. When the sources of evidence are
not completely reliable, this rule applies a discounting process based on source-reliability
and then combines the newly defined bpa’s. The goal of discounting is to reduce global
conflict before combination. The discounting operation may be defined as:

a x m(A), VACU
m(A) =

l—at+axm(U), if A=U
where, a € [0, 1] is the reliability degree of mass function m [37].

If o = 1, the sources and thus the evidence is completely reliable and the mass function
will not change, but if « = 0, the evidence is totally unreliable and we have no knowledge
about our evidentiary space, since m(U) = 1.

Prior to starting the discounting process one should evaluate the reliability of each source.
It can be assumed that the conflict is derived from the unreliability of the sources and,
therefore, the source reliability estimation is linked to some extent to the amount of con-
flict between different sources. So, one suggestion is to compute the relative reliability of
the source after the degree of conflict is computed. For more details the reader may refer
to [37].
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2.2.3.2 Disjunctive rule

In order to introduce to the reader the Disjunctive rule of combination we are going to
review shortly the Transferable Belief Model (TBM). The TBM was introduced by Smets
and Kennes in [19] as a subjectivist interpretation of DST. The TBM is a framework ideal
for representing and manipulating aleatory and epistemic uncertainties. It is based on two
levels: the credal level, where available pieces of information are represented by belief
functions, and the pignistic or decision level, where belief functions are transformed into
probability measures. In contrast to the original evidence theory the TBM propagates the
open world assumption suggesting that all possible outcomes are not known. Under the
open world assumption Dempster’s rule of combination is adapted so there is no normal-
ization. Also, in TMB is introduced a new combination rule: the Disjunctive rule as one
can thoroughly read in [32].

This combination rule is more robust than Dempster’s rule when conflicting evidence is
involved, and its use is appropriate when the conflict is originated from poor reliability of
some of the sources. It is similar to Dempster’s rule, but instead of intersections it com-
bines unions of bpa’s as follows :

Disjunctive rule of combination: [11, 12, 32]
M1, (A) = pueeami(B) -ma(C), VACU, A#0

The disjunctive rule can be used if only we assume that at least one of the sources is
reliable (consistent evidence), but we cannot know which. Note that by assuming at least
one source is reliable, we are weakening the assumption that was made by Dempster’s
rule. Also, just like in Dempster’s rule the assumption is that the sources are independent
and, thus, uncorrelated.

Because the union B U C' is empty only if both B and C are empty, there is no conflict
resulting from the disjunctive rule of combination and therefore no need for normaliza-
tion [25]. By definition, this rule is applied in order to combine information from different
(possibly unreliable) sources, so when we come across empty unions it means that the
information is contradictory and, thus, no attention is paid since we know that at least one
source is reliable. Actually, when applying this rule we consider having an Open World,
which means that our U is not exhaustive and for that matter the value of the uncertainty
regarding U is found in the empty unions.

Now, we will use the data from the Example 2.2.2 and applying the Disjunctive rule.
In order for the reader to understand, we will use the Table 2.1, where the first column
has the focal points of the mass function m 4 and the value assigned to them, the first row

has the focal points of the mass function m g and their value and in each of the remaining
cells the union of the focal points is presented as well as the product of their mass values.
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Note that a similar table can be created when applying Dempster’s rule. This approach
was not preferred when Dempster’s rule was presented as the goal then was to focus on
the algebraic computation itself.

Table 2.1: Unions of focal points in Example 2.2.2 and the product of their mass values

" {Grenache} 1 0.99 {Cabernet S.} 10.01
ma
{Merlot} {Grenache, Merlot} {Cabernet S., Merlot}
/0.98 10.9702 /0.0098
{Cabernet S.} {Grenache, Cabernet S.} {Cabernet S.}
/0.02 /0.0198 /0.0002

One can easily observe that the event more likely happening after applying the Disjunctive
rule is the event {Grenache, Merlot}, since my g, ({Grenache, Merlot}) = 0.9702.

This means that based on the information given by Ann and Bill, the wine’s kind is most
likely to be either Grenache or Merlot. That outcome is reasonable as Ann was quite sure
that the wine is Merlot and Bill was almost certain that the wine was Grenache. Given the
fact that one of their opinion’s is reliable (but we cannot know who), it is only correct to
assume that the wine’s kind is the first choice of either Ann or Bill.
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3. MOBIUS TRANSFORM

Dempster-Shafer theory provides a very good modeling of the data, but the computational
cost of Dempster’s Combination Rule is significant as the possible intersection computa-
tions can reach the amount of 2IYI+1 | Because of this fact, a lot research has been done in
order to reduce the complexity of the transformations used in the Combination Rule. The
basic two approaches are (1) powerset-based, (2) evidence-based [8]. In this thesis, of
our concern will be the powerset-based approach that introduces algorithms whose imple-
mentation is based on the constitution of the powerset of U, 2V and especially the M&bius
Transform family. Of course, it is worth bearing in mind that most of the time approximation
methods are used, e.g. Monte Carlo in order to achieve a lower computational cost.

3.1 Lattices, distributive lattices and lattice functions

Let (P, <) be a partially ordered set, where < is the satisfiable relation. Let S be a subset of
P. The greatest element of P, that is less than all the elements of S, is called the infimum
of S (noted A S or L), if it is unique. The least element of P, that is greater than all the
elements of S, is called the supremum of S(noted \/ S or T), if it is unique. If S = {z,y},
we may represent the supremum with the binary operator Vv such that = v y and the in-
fimum with the binary operator A such that z A y [21]. When (2%, C) is considered, the
infimum operator A is the intersection operator N, while the supremum operator V is the
union operator U. [7]

If any set S such that S € P and S # () has a supremum, we say that P is an upper
semilattice. If any set S such that S € P and S # () has a infimum, we say that P is a
lower semilattice. When P is both upper and lower semilattice, we say that P is a lattice.
From now on we will be noting the lattices as L. In (2%, C), any S € 2% such that S # ()
has an intersection and a union in 2. They respectively represent the common elements
of the sets in S and the cumulative elements of all the sets in S. For that reason, 2% is a
lattice.

Definition: We say that 2 covers y in a lattice (L, <), if + # y and y < z and there 7 » ¢
L\ {z,y}, suchthaty <z <.

An element j € L is join-irreducible if it cannot be expressed as a supremum of other
elements or, equally, if it covers only one element in L. The set of all join-irreducible ele-
ments of L are denoted by J(L). In (2, C), the join-irreducible elements are the singletons
{w}, where w € Q.

If Vz,y,ze€L, (zVy A(zVzx)==zA(yVuz),the Lis distributive.

In the powerset lattice 2%, for any sets w;, wy, w3 € 22 it is true that (w; Nwy) U (wy Nws) =
w1 N (wy Uws). Thus, the lattice 2 is a distributive lattice.
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It is suggested that N := {1,...,n} is a finite set which can be thought as the set of
players, also voters, criteria, states of nature etc. We consider finite distributive lattices

(L1,<4), -.., (Ly,<,) and their product L := L; x --- x L, endowed with the product
order < as L is also a distributive lattice. Elements ©z € L can be written in their vector
form (z1, ..., z,) . The elements in J(L) are of the form (L, , ..., L, 1, ji, Liv1, ...,

1,), for some i and some join-irreducible element j; € J(L).

Lattice functions are real-valued mappings defined over product lattices as defined above.
Lattice functions which vanish at | are called lattice games (or games) on (L, <). We
denote by R the set of lattice functions over L, and by G(L) the subspace of games.
Each lattice (L;, <;) may be different, and represents the (partially) ordered set of actions,
choices, levels of participation of player i in the game.

3.2 Boolean lattices

In a lattice (L, <) with supremum TL = sup(L) = s and infimum L L = inf(L) = i, an
element x € L is said to have a complement z* € L, ifx vV a* =i andif z A z* = s. For
example, if L is a powerset 2Y, then 2* = ¢ = E\z. L is called complemented, if Vo € L
exists a complement x* [23].

A Boolean lattice is defined as any lattice that is complemented and distributive. In a
Boolean lattice B, the complement of each element is unique and involutive = = (z*)*.
The mapping + — x* is a negation (i.e., an involutive dual automorphism) on B. Thus,
any Boolean lattice is self-dual. A Boolean lattice can be also called a Boolean algebra.

For each z,y € B, the following additional properties hold:

rVzr=iand x Ax* = s,

(xVy)=z*ANy*and (z Ay)" =a2*Vy*
The powerset (2V, C) containing all subsets of a set U ordered by inclusion is a lattice, as
we showcased previously. This lattice is also complemented and distributive and, thus, is

a Boolean lattice. It can be proven that the cardinality of a finite Boolean lattice must be
of the form 2V, where N > 1 is the number of elements.

3.3 Mobius Transform

For any partially ordered set (P, <), the Mdbius Transform of a mapping g : P — R is f,
the unique solution to the equation (that is the Mobius inversion formula) [27]:

fy) =20ey 9@l y) , Yy € P

T. Boura 31



Dempster-Shafer Theory Application in Recommender Systems and Comparison of Constraint Programming’s and M&bius

Transform’s Implementations

where p(z, y) is the Mébius function of (P, <) and is defined in its recursive form as follows
[8] :

1, if =y
Vo,y € P op(z,y) =

It should be noted that the mapping g : P — R of a function f : P — R is called zeta
transform and is defined:

Vye P, gy)=>,<.fW).

In other words the Mobius transform undoes the zeta transform it is referring to.

As mentioned in [17], if (P, C) is a Boolean lattice 2%V, endowed with inclusion, ;(4, B) =
(—1)IBI-14 vA B € Psuchas A C B.

In the next two sections we will summarize the contents of [7] regarding the topic of the
sequence of graphs that compute the zeta and Madbius transform.

3.3.1 Sequence of graphs and computation of the zeta transform

The goal is to minimize the number of operations when computing the zeta transform g(y)
for some y € P, where P is a partially ordered set. The main idea is the following: instead
of computing ¢(y) alone, one can compute ¢(y), Yy € P and reuse the partial sums that
appear. It is easy to notice that we can recursively built partial sums in order to get g(y)
by summing the values on some elements {x € P |z <y} asforeachy € Pif3z € P
such that y < z, then

9(2) = gy) + Zm? fx) [7]

Basically, what we would like to achieve is to define an ordered sequence of transforma-
tions computing g from f.

3.3.1.1 Graph Theory Formalization

We denote as G- = (P, E<) a directed acyclic graph whose nodes match P and every
arrow is directed by <. The set of arrows is referred as F< = {(z,y) € P? | x < y}.

We, now, present the operation f(z) + -, where the dot(-) represents the current state

of the sum associate with y. This operation in G<, and more specifically the f(-) + -, de-
scribes the transformation of 0 to g. More briefly, we will initialize our algorithm with values

T. Boura 32



Dempster-Shafer Theory Application in Recommender Systems and Comparison of Constraint Programming’s and M&bius

Transform’s Implementations

through f instead of 0 and exploit the combination of G and +. From now on, we will say
that the transformation (G<, f,+) computes the zeta transform of f in (P, <). Redefining
our initial goal: we want to minimize the total number of arrows to follow in order to com-
pute every ¢(y) and specifically, we are aiming to find an ordered sequence of graphs that
can compute the zeta transform with less arrows in total than (G<, f, +).

In order to work towards achieving our goal, we define as Ip = {(z,y) € P? | x = y}
the set containing all identity arrows and (Hi)ie{lf..vn} be a sequence of n directed acyclic
graphs H; = (P, E;). Let y € P be initialized with f(y). What we want is to find a graph-
sequence (H;)icq,.. »y €qual to the arrows of G.. The notation for transforming f to H,
through the arrows of E;, then H; to H, through the arrows of E, etc. until H, ; to H,
through the arrows of £, is ((H;)icq1,.- n}, f> +). In this computation, all identity arrows are
ignored and for that reason even though while computing this sequence we consider a
total of > | | E; | arrows, it transforms f to H,, using > | | E; \ Ip | operations.

Proposition 1. Let ) = {wi,ws, - -w,} and (H;),cq1,.. ny be a sequence of graphs such
as H; = (L, E;) where L is a Boolean lattice 2** with the relation C and the set of arrows
B = {(X,Y) € 29 x 2% | Y = X U{w;}}. The sequence H; computes the same zeta
transformation as G- = (2%, Ec), where Ec = {(X,Y) € 2% x 2% | X C Y}

This preposition can be proved using the Theorem 3 in [17]. It is proven in [7].

For the reader to understand the above more easily we will now provide an example from
[7]. The example is illustrated in Figures 3.1 and 3.2:

Example 3.3.1. Let Q = {a, 3,7} we have:
. Elz{(X,Y)629><29|Y:XU{04}}:

{ ((Z), {a})a ({Oé}v {Oé})v ({B}? {Oé, ﬁ})v ('{a"ﬁ}’//{-da’f})7 ({7}7 {Oé, ’Y}),
(a7} {an v ), (18,7}, Q), (9, ) y Sty ares

Ey={(0,{a}), {8}, {,8}), {7} {a,7}), ({87}, Q) }
c B ={(X,Y)€22x 22| Y = X U{B}} =

LO.08D), (oo, 8D). (18} 48D, ({ex B}, {81, ({3} {8.7)),
({a’ ’Y}, 9)7 ({ﬂ, ’Y}, {/8, 7})’ (Q7 Q) } ignoring all identity arrows

Ey={ (0.{8)). ({a}. {8}, (1} {8.7)). ({7}, 9) )
e By ={(X,Y) €29 x2? | Y =XU{y}} =
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Figure 3.1: lllustration of example 3.3.1.

{af {7} {8} v} {aw} B9 @

1:Y = X U{a} .\. .\. .\, .\.
2:Y =X U{B} .\.\. .\o\“
3. - XU{n) \\..\.\,

Figure 3.2: lllustration of example 3.3.1, without identity arrows.

(@), (e} (o) ({81430, (8L ), (D). 1o},
({C@ 7}’ {Oz, ’Y}), ({ﬂ’ 7}7 {57 7})7 (Q, Q) } Ignoring ail laentity arrows

By ={(0.{7}), (o} {e,7}), ({8} 48,71), ({a, 8},9) }

In Figure 3.1 are represented the paths generated by the arrows contained in the sequence
(H;)ieq, 3, where H; = (2%, E;) and E; = {(X,Y) € 29 x 2%/ Y = X U {w;}} and
Q = {wy,wq, w3} = {a, B,v}. This sequence computes the same zeta transformations as
G- = (2% Ec),where Ec = {(X,Y) € 29 x 22 / X C Y'}. The dot represents the node of
its column and each row i is correlated with both the tail of a possible arrow in H; and the
head of a possible arrow in H;_;. All arrows can be viewed as the actual arrows in each
graph H;. The bottom row corresponds to the heads of all potential arrows that could be
in Hs.

The illustrations presented in Figures 3.1 and 3.2 were introduced in [18] and display the
sequence of graphs.

After executing ((H;)ieq1,.- ny f, +) €ach element y € 29 is linked with the sum > wcy f().
In order to understand this statement we will look at (2 in Example 3.3.1, since it is the
perfect example to display the whole operation. The operation will be presented step by
step below. The reader is, also, advised to study the steps while looking at Figure 3.2.
Note that £, is the function resulting from the transformation ((H;)c1,... ny, f, +) ignoring
identity arrows, at each step .

1. Q is associated with f(€2).
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2. The value on (2 is summed with f({3,7}).

3. The result from the previous step is now summed with h;({a,~}) that equals with

FE) + f{an}).

4. The result from the previous step is now summed with hy({«, 5}) that equals with

hi({a}) + hi({a, 8}) = F(0) + f({a}) + fF{B}) + f({e, B).

After executing all the above steps we have H;(Q) = f(0) + f({a}) + f({B}) + f({a}) +
FE) + f{ev}) + F({8}) + ().

This graph sequence’s computation complexity is O(n - 2") in time and O(2") in space.
It is fundamental for the Fast Mébius Transform (FMT) algorithms.

3.3.2 Sequence of graphs and computation of the Mobius transform

At this point we would like to transform ¢ into f, i.e. the Mdbius transform of ¢ in (P, <).
This means that we would like to undo the previous computation. In order to achieve this,
check that for any step i in the transformation ((H;),cq1,.. ny, f, +), We have Yy € P,

hiy) =hia(y) + Y, hia(@) & k@) =h) - D hia(e).

(z.y)EENIP (zy)EENIp

This means that, as long as we know all H;_,(z), V¥(z,y) € E;\Ip at every step i and
Yy € P, or equally that for every arrow (z,y) € E;\Ip, there is no arrow (w, x) in E\Ip,
we can simply reverse the order of the sequence (H;);c(1,... »; and change the operator +
to —. Then, we can state that ((H,,—it1)ic(1,- n}, 9, —) computes the Mdbius transform of ¢
in (P, <).

Theorem 3.3.1. Let (H,)cq1,.. »} be a sequence of directed acyclic graphs H; = (P, E;) and
h., be the function resulting from the transformation ((H;)ic(1,.. n}, f,+), ignoring identity
arrows. If for every arrow (z,y) € E\Ip H(w,z) in E\Ip, then ((Hn—it1)ic(1, nys Py —)
yields the initial function f.

So, if ((H;)icq1, n}, f, +) computes the zeta transform g of f in (P, <) and Theorem 3.3.1
is met, then ((H,—i11)icq1,- n}, 9, —) computes the Mébius transform f of g in (P, <).

3.3.2.1 Fast M6bius Transform - Application to the powerset lattice 2

Let's remember the sequence (H,)icq1,.. »}, from the application of section 3.3.1 that is
equivalent to the computation of the zeta transform of f in (22, C). Since, if I(X,Y) €
E\Ie, then w; € X = W in 2 such that W U {w;} = X and, for that reason, A(1V, X) in
E;\I52. One can notice that the Theorem 3.3.1 is applicable and so ((H,,—i41)ic{1,- n}> Mn> —)
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Figure 3.3: lllustration similar to Figure 3.2, but altered to showcase the Mobius Transform.

computes the Mdbius transformation of ((H;)cq1,. n}, f,+), i.€. the function f. Also, any
orderin ((Hy—i+1)ic{1, n}, b, —) computes the Mébius transformation of ((H;)ic1,. n}, [, +)
because () is a set and each graph H; concerns an element w;, independently from the
others, any order in the sequence (H,);c(1.... ,y computes the zeta transformation.

Now, we can apply this knowledge to the Example 3.3.1 and compute the Mdbius trans-
form f of g in (2%, C), given that Q = {«a, 3,~}. At this point, the reader is advised to look
at the Figure 3.3 in order to understand the following with ease. Note that, after executing
((Hy)ieg1,- .y, b, —), every element y € 2 is mapped with f(y). Again, we will be looking
at Q, since it is the perfect example to display the whole operation in steps:

1. 2 is associated with ¢(£2).
2. From the value on 2 we subtract g({5,7}).

3. From the result of the previous step’s subtraction h;({«,~}) is now subtracted and
that equals with g({a,v}) — g({7})-

4. From the result of the previous step’s subtraction hy({«, 5}) is now subtracted and

that equals with 7, ({, 8}) — i ({o}) = g({a, B}) — 9({8}) — (9({a}) — g(D)).
After executing all the above steps we have

h3(Q2) = 9(Q) —g({8,7}) — [9({e,7}) —g({v}) ] = [9({e, B}) —9({B}) — [9({a}) —g(@) ] ]
=9(Q) —g({B,7}) — 9({e,7}) + 9({7}) — 9({a, B}) + 9({B}) + 9({a}) — g(D)

= 3 gla) (-,
XCQ

We stated earlier that p in (2%, C) = (—1)VI=IX1 for every couple (X,Y) € 29 x 2 Thus,
we have h3(Q) = f(9).

3.4 Mobius Transform in Dempster-Shafer theory

The Mdbius Transform defines a mapping between two categories. In our case we are
interested in a mapping between bel and m functions as well as pl and m [18, 17]. Taking

T. Boura 36



Dempster-Shafer Theory Application in Recommender Systems and Comparison of Constraint Programming’s and M&bius

Transform’s Implementations

into consideration the definitions presented in section 3.3 and it’s subsections, one can
present these the Mobius transform formulas.

If g is equated to the belief function bel(A) = > 5., m(B), VA € 2V and, thus, in this
context g = bel and f = m, then the Mdbius Transform of bel is:

m(A) = Y e 4 bel(B) - (—1) 4181 WA ¢ 2V,

Due to the relation between bel and pl functions bel(A) = 1 — pl(A), the Mdbius Transform
of pl is:

m(A) = ZBgApl(F) (=D)AEIBFL A € 2,
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4. IMPLEMENTATIONS OF DEMPSTER-SHAFER THEORY TO
COMPARE IN THE THESIS

In this section we will study and comment on two different implementations of DST. Specif-
ically, we are going to present one implementation based on CLP and one based on Fast
Mébbius Transforms. Bear in mind, that in later sections we are going to use these imple-
mentations, so that is why we will focus on explaining the code that frames them.

4.1 Constraint Logic Programming Implementation

This implementation was developed by Alexandros N. Kaltsounidis in his BSc Thesis [16].
Kaltsounidis focused on the optimization of Dempster’s rule of combination, by using CLP.
He implemented such a method in ECLIPSe Prolog and tested and compared it against a
method utilizing Logic Programming, but not CLP, computing the combined mass function
and the belief of random sets, of randomly generated test cases. Overall, his implemen-
tation offered reduced run-time in all computations.

4.1.1 Constraint Logic Programming and Prolog

Logic Programming is a formalism suitable for programming and representing knowledge
[22] and is based on first order logic. With the help of a logic programming language, one
can write logic programs. A logic program is a relation definition and is a sequence of
sentences in logical form, each of which expresses a fact or a rule for a given domain.
One example of such a programming language is Prolog [9, 28], a declarative language,
where rules and facts are defined in the form of Horn clauses.

A constraint satisfaction problem (CSP) [20] is described by set of variables, where every
variable has a finite and discrete domain, and a set of constraints. Every constraint is
defined over some subset of the original set of variables and limits the combinations of
values that the variables in this subset can take. The goal is to find one or more assign-
ments to the variables such that the assignment satisfies all the constraints. Constraint
programming (CP) is a general framework for modeling and solving CSP’s. [24]

Constraint Programming can be integrated into a logic programming language, where it is
referred to as Constraint Logic Programming (CLP) [14]. Dempster’s rule and the belief
function was implemented in ECLiPSe Prolog [2], a software system implementing Prolog
that also offers libraries for Constraint Programming. The implementation uses ECLIPSe’s
ic library that supports finite domain constraints and the ic_sets library which implements
constraints over the domain of finite sets of integers and cooperates with ic. These are
libraries that are used in Kaltsounidis’ implementation.
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4.1.2 Predicates

Since, later on, we are going to be referring to and using predicates from [16], these pred-
icates should me mentioned and described.

The first predicate we will present is the one responsible for combining the mass functions
and is no other that Dempster’s rule, vpa/2. This predicate is defined as vpa( -Tars, -
NewVals) and produces the new focal points Tars and their corresponding combined values
NewVals.

The second one will, of course, be the ve1lief/2 predicate, or more specifically velief (+
A, -v), that computes belief v for set o. Note that in order to find v, it is not required to call
bpa/2 prior to calling the belief predicate. This happens, because both predicates belief/2
and vpa/2 use the predicate findall( _, compute(_, _, _), _), Where compute(-A,-Val,+Hyper
) finds a combination of sets whose intersection is A and computes its value.

Similarly to the belief predicate, is defined the plausibility one p1au/2, which is plau(+a,
-Fina1V) that finds the plausibility Fina1v for set a, using the velief/2.

One last useful predicate is the predicate compute_K/1, compute_K(K), that computes the nor-
malization normalization factor K.

For more detailed descriptions of the above predicates as well as some examples, please
refer to [16].

4.2 Fast Mobius Transforms Implementation

In previous sections the computation of Mdbius Transforms and FMT’s, as well as the
relation between DST and Mdbius Transforms was thoroughly explained. Theoretically
this way of computing belief and plausibility is efficient and that is the reason why in next
sections we are going to use an implementation of belief provided by CRAN that utilizes
FMT’s.

4.2.1 Package ibelief

The package ibelief [1] from the Comprehensive R Archive Network (CRAN) provides
some basic implementations of belief functions. It includes transformation between be-
lief functions using the method introduced in [18]. It also includes evidence combination,
evidence discounting, decision-making, constructing and randomly generating mass func-
tions. In the current version, ibelief 1.3.1, are supported thirteen(13) combination rules and
six(6) decision rules. The package includes an implementation of Dempster’s rule as well
as FMT’s that compute belief from mass functions. We will use this package indirectly
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through Python with the help of the package rpy2 [4] that creates an interface between
Python and R.

4.2.1.1 ibelief modules

Again, as later on we will utilize functions from this package, here we will present these
functions and some of their characteristics.

First of all, to measure the performance of the combination rule and the belief func-
tion, mass functions should be created. The library provides an implementation to ran-
domly create mass functions with some requirements. The function is called RandomMass (
nbFocalElement, ThetaSize, nbMass, Type, singleton, Include). It's arguments represent the
following:

* nbFocalElement, NUMber of focal elements per generated mass function.
* ThetaSize, length of the discernment frame ©.
* nbMass, Number of masses to generate.

* Type, Which kind of mass to generate. For example, Type=1 for focal elements can be
everywhere. For more options refer to page 9 of ’ibelief’ package reference.

* singleton, the singleton element (with only one element) in the focal sets. It should
be given a number from 1 to ThetaSize if Type is from 5 to 11.

* Include, the natural id of the focal element (not ©) of SSFs, if Type is 15.

The return value of the function is the generated mass matrix, where each column repre-
sents a piece of mass. Each column has 2/7"<!el rows where the bpa for every subset of
the powerset is stored.

After creating the mass functions, the computation of the combined mass function is
next. The package provides different combination rules through the function psT(MassIn
, criterion, TypeSSF = 0) and the arguments are the following:

* MassIn, mMatrix containing the masses. Again, each column has 2/7"¢%l rows and
represents a piece of mass for every subset of the powerset.

* criterion, cOmbination criterion. We are interested in criterion=2, thatis the Dempster-
Shafer normalized criterion. For more options refer to page 5 of ’ibelief’ package
reference.

* TypeSSF, the parameter of LNS and LNSa rule.
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The function returns the combined mass vector that has dimensions 2/7%¢tal % 1.

Since the combination process has been explained, the following step is to present the
FMT functions provided by ibelief. The package provides a handful of them (see page 6
of 'ibelief’ package reference), but the one we used was mtobel (Inputvec) in order to com-
pute the belief from a combined mass. The argument Inputvec is the measure to transform
(here: the combined mass) and should be of size 27"¢!l x 1. The function returns the as-
sociated converted new measure. Here that is a matrix 1 x 2/7"<%l which holds the belief
for every subset s € 217"l |n this module exists also the FMT ntopl (Inputvec) that com-
putes the plausibility from the combined mass. We did not use that, as we can compute
plausibility for a set by computing the belief of its complement.

Below is provided a code example of how the functions are used.

# import for R - ibelief
import rpy2.robjects.packages as rpackages

# import R package needed
ibelief = rpackages.importr('ibelief')

# create masses

Mass=ibelief .RandomMass (nbFocalElement=5, ThetaSize=3, nbMass=4, Type=1)
print ("Printing masses:")

print (Mass)

# combine masses
MassCombined=ibelief .DST (Mass ,2)
print ("Printing combined mass:")
print (MassCombined)

# compute belief

Bel = ibelief.mtobel (MassCombined)
print ("Printing belief:")

print (Bel)

Output:

Printing masses:
[,1] [,2] [,3] [.4]
] 0.00000000 0.00000000 0.02336222 0.15781926
] 0.10842573 0.44519333 0.00000000 0.00000000
] 0.00000000 0.00000000 0.14233238 0.00000000
[4,] 0.09396573 0.11848799 0.41035060 0.25968586
]
]
]
]

[5,] 0.00000000 0.01033163 0.00000000 0.02614128
[6,] 0.13453683 0.00000000 0.09491176 0.20112460
[7,] 0.52519882 0.08784273 0.32904304 0.35522901
[8,] 0.13787288 0.33814432 0.00000000 0.00000000

Printing combined mass:
[.1]

[1,] 0.000000000

[2,] 0.238677809

[3,] 0.493537463

[4,] 0.031072186
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[5,] 0.140933796
[6,] 0.004843127
[7,] 0.090935618
[8,] 0.000000000

Printing belief:

[.1] [.2] [.3] [,4] [.5] [.6] [.7] [.8]
[1,] 0 0.2386778 0.4935375 0.7632875 0.1409338 0.3844547 0.7254069 1
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5. AN APPLICATION OF DEMPSTER-SHAFER THEORY IN
RECOMMENDER SYSTEMS

After studying DST and its properties as well as seeing some rather limited examples of the
theory’s application to real-life situations it is only normal to want to see how practical and
applicable DST is in extended real-life situations. One particularly interesting application
is creating a model for discovering user preferences from item characteristics [33] that
can find usage when implementing a Recommender System.

5.1 Recommender Systems

Recommender Systems (RSs) are software tools and techniques providing suggestions
for items to be of use to a user [26]. A RS uses data provided to it that can be a direct
representation of the user’s liking, for example products that the user has ’liked’ or rated,
or an indirect representation of the user’s liking, for example a set of characteristics of
a product that the user has purchased. There are many ways a RS can make sugges-
tions based on the way it processes the data. As mentioned in [6], based on the filtering
approach, the RS algorithm can be marked as:

1. Content-based recommenders, that make recommendations to a user based on the
user’s preferences in the past.

2. Collaborative recommenders, that make recommendations to a user based on the
preferences of users with similar activity.

3. Demographic recommenders, that make recommendations to a user based on the
preferences of users that belong to the same group based on personal attributes
(age, sex, socioeconomic situation etc.).

4. Hybrid recommenders, that make recommendations to a user combining the above
recommenders in some way.

5.2 Recommender System based on Dempster-Shafer theory

In this section we will present the RS model of [33]. Note that this is a model that:

1. Assumes that all items are described by the same characteristics. These character-
istics can have single or multiple values.

2. Assumes that the number of the focal points is significantly larger that the number
of items.
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3. Assumes that items can be grouped and user preferences can be expressed on
item groups. The values assigned to groups of items are obtained by the union of
characteristic values assigned to each item.

4. Does not consider rating or negative feedback.

5. Assumes that if the user prefers items with specific characteristic-values they will,
most likely, in the future prefer items with the same features.

6. Considers users to be homogeneous in terms of profiling characteristics.

5.2.1 Some definitions

In this approach, the preferences are deducted by ’like’ votes. Each item is described
by its characteristics, since they are our main focus. For that reason, we describe the
item set with the feature set C = {C4,(s,...,C,} , where C; with ¢ € {1,2,...,p} is a
discrete variable with domain ®; = {¢;1,...,¢;x,}. The integer k; describes the number
of the different values the feature described can take. The feature domain is described as
O = {Py,Dy,...,P,}. Now, I = {[,,15,...,I,} we denote as the item set in our model.
Every item I; is described by the tuple - vector (¢1j, 25, .., ¢, ), Where ¢;; € 2%, Last
but not least, the set of users is denoted as U = {U, Uy, ..., U,}.

Since the preferences are deducted by ‘like’ votes, a user liking an item /; means that
they like all the characteristics that describe it : (¢;;,¢25,...,¢,;). As we believe that a
user has a repeated behaviour and likes a certain and restrained amount of features in
our system, by taking into account the features and not the items we are indeed reducing
our search space.

5.2.2 Basic probability assignment for a feature set

As the model assumes that the users are homogeneous, the search can be limited to the
votes expressed be the users that as homogeneous to the querying user.

Definition. Feature basic probability assignment: Let C; with : € {1,2,... p} be a dis-
crete variable with domain ®; = {¢; 1, ..., ¢;x, }. The basic probability assignment m(K),
VK € 2% is defined as follows,

with Ux C U being the users whose selected products with features c; ; are part of &, i.e.
Ujerw,) ¢ = K and I(Ux) being the collection of items chosen by U.

Usually, for a feature ®,, the k; is not big. Even with small numbers, though, the powerset
of the feature domain would be significantly large and it would be hazardous to compute.
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But since the bpa depends on the users as defined above, the number of property sets
with a bpa larger that 0 is at most the n, where n is the number of users.

After computing the mass function for each feature, they cannot be combined using Demp-
ster’'s combination rule as the sets probably won't intersect, since they belong to different
features with different domains. The solution to that, is to project the bpa of each feature
to the item set i.e. compute a bpa for items with regard to a feature. We introduce the
item set as a shared domain on which to combine user-preferences expressed on each
feature. Specifically, in the article the below definitions explain the process:

Definition. /tem projection: Let C; with i € {1,2,...,p} be a feature with domain ®,.
Then V \Ij = {[1,[2, o ,IS} € 21 . pCZ(\Ij) = KJ g Q(bi, Wlth ¢i,q € Kj |ﬁ ¢i,q g Ci,m SUCh that
[m = (Cl,my Comy - - 7Cp,m)7 Vm € {1, 2, c. 7S} and q e {1, 2, ey ]{LL}

Definition. /tem bpa: Let V = {[,,[5,...,I;} € 2! be an item set and p¢,(¥) = K;
the item set’s projected feature set with regard to the feature C;. The mass function of the
projected feature set is : m(¥) = m;(pc, (V)) = m;(K;).

With the above definitions it is possible for us to match, for each characteristic, the basic
probability assignment for its domain to a bpa whose domain is the item powerset. After
that matching, the new mass functions can be combined using Dempster’s rule in order
to get a mass joint that represents the dataset.

In the following section we will apply the described model on a chosen dataset.

5.3 The Thesis System

Provided that we analyzed the theory behind the application, the next stage is to develop
a system based on the approach described in the section 5.2. The system is provided an
input-dataset. The system’s goal is firstly to process it appropriately and then do a series
of procedures in order to create the output, that is the projected mass functions.

The process that undergoes the dataset in the system in order to produce the output
can be seen in the Data Flow Diagram (DFD) 5.1. If you are not familiar with this type of
diagram, the DFD [36] maps out the flow of information for any process or system. The
types of nodes in this diagram are three:

1. an external entity that is an outside system that sends or receives data and is defined
with a simple rectangle

2. a process that is any process that changes the data, producing an output and is
illustrated with a rectangle with a horizontal line
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3. a data store that are files or repositories that hold information for later use and are
presented by rectangles with a vertical line

The edges showcase data transferred from one entity to another.

rocessed dataset
| User |datasethl p
l Pre-processing |

Altering the structure of I

the dataset

i ) user-centered dataset J

[

Computation of bpa's for
each feature

bpa for each feature l

] projected bpa for each feature | Computation of projected
File o bpa's

Figure 5.1: Data Flow Diagram of DST Application

Let us explain the diagram 5.1. The User, who is an external entity, provides the pro-
cess pre-processing With the data (here: the dataset). The process processes the dataset
(erases the information that is not needed and “polishes” the rest) and the processed
dataset is supplied to the process Altering the structure of the dataset, Where it changes
its form and becomes user-centered. Afterwards, the user-centered dataset is used by the
Processes Computation of bpa's for each feature and Computation of projected bpa's Which
produce the mass functions for each feature and, then, the projected mass functions re-
spectively. These projected mass functions are stored in a data store with the purpose to
be used later on. The processes and the data introduced in the diagram are going to be
thouroughly presented in the following sections.

5.3.1 Dataset of application

In order to apply DST as suggested in [33], a dataset was needed. The dataset had to
have items with characteristics and the users that preferred them, so the search was quite
explicit. After spending some time searching and researching a dataset was found in
Kaggle: netflix-audience-behaviour-uk-movies.

5.3.2 Description
The dataset found in the above link includes users in the UK who opted-in to have their

anonymous browsing activity tracked and the movies they watched on Netflix from their
desktop and/or laptop. The features of the movies that are:
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* row ID

* datetime, date and time of the click

* duration, seconds between this click and the user’s next tracked click on Netflix
* title, movie title

* genres, movie genre(s)

* release_date, movie’s original release date in movie theaters

* movie_id title ID

» user_id user ID

As one can see in the description of the dataset, the record number is 671736. Each
record is described by the above features. Also, there are 7925 unique values in the
title’s domain, 8472 in the movie_id’s domain and 161918 unique values in the user_id’s
domain. Some movies (movie_id’s) do not have genre(s) and/or release_date and when
that happens those feature are marked with the string 'NOT AVAILABLE'.

5.3.3 Processing

In order for us to use the dataset, a few adjustments are needed. For the procedure of
processing we will use Python and specifically the Pandas library [3] . This library provides
a visualisation (the DataFrame type) of the dataset, as well as a handful of operations on
the dataset.

5.3.3.1 Altering size of the dataset

Since the dataset is in .csv format, it can easily be loaded to a DataFrame structure that
is implemented in Pandas, as shown in Figure 5.2:

As mentioned before, in genres and release date if there is no value in those columns re-
garding a row, then that cell holds the value 'NOT AVAILABLE’. Those rows are dropped,
because (as quoted in [33]'s 7" page) “In this model it is assumed that only items sharing
all the characteristics are provided”. Below is provided the code that allows us to take
such action.

data
data

data.drop(datal[data.genres == 'NOT AVAILABLE'].index)
data.drop(datal[data.release_date == 'NOT AVAILABLE'].index)

After that, the remaining dataset consists of 639842 records. This is a huge dataset,
therefore fractions of it will be studied. To be precise, we will use a script in order use the
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Open dataset (.csv) and load it to a Pandas Dataframe.

Unnamed: @ datetime duration genres release_date user_id

Drama, Romance

\nimation, Action, Adventui

671731
671732
671733
671734

671735 2019-06- Chopsticks

6717

Figure 5.2: Image of dataset after loading it to a pandas DataFrame

following fractions: 0.002%, 0.004%, 0.006%, 0.008%, 0.01%. Larger fractions crush the
program with ‘global_trail _overflow’ error.

data = data.sample(frac = sys.argv[1])

Also, the features duration and row ID do not give us any indication about the user’s
preferences, so we will not be considering them.

data
data

data.drop(['duration'], axis=1)
data.drop(data.columns [0], axis=1)

The feature release_date seems quite specific, so at first we thought about using release
year as a preference. The problem with that is that |®,cjc.se yeor| IS large and, actually, it
is quite strange for one to watch movies released only in one specific year, but one can
prefer watching movies that were released a certain decade. So we will use as feature
the release decade (release_decade).

release_decade = []

for row in data['release_date']:
# split release date and use only release year
date_split_list = row.split("-")
# change last digit (ex. 1992 -> 1990)
list_of_char = list(date_split_list[0])
list_of_char([3] = 'O
date_split_list[0] = ''.join(list_of_char)
# store release decade
release_decade.append(date_split_list [0])

data['release_decade'] = release_decade

# dropping release date, because now we have release decade!
data = data.drop(['release_date'], axis=1)
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The feature datetime seems quite specific as well, so we thought of using click hour
(click hour) as a preference. But, again, because one is more likely to watch a movie
within a range of hours, we will make 5 categories for the click hour: Morning (06-11),
Midday (12-16), Afternoon(17-20), Evening(21-00), Night(01-05):

click_hour = []

for row in datal['datetime']:
# split date and time
date_split_list = row.split(" ")
# split time
date_split_list = date_split_list[1].split(":")

# use only hour
h = date_split_list [0]
if (h=='06') or (h=='07') or (h=='08"') or (h=='09') or (h=='10")
or (h=='11")
click_hour.append('Morning')
elif (h=='12"') or (h=='13"') or (h=='14") or (h=='15")
or (h=='16"):
click_hour.append('Midday"')
elif (h=='17"') or (h=='18"') or (h=='19') or (h=='20"'):
click_hour.append('Afternoon')
elif (h=='21"') or (h=='22") or (h=='23"') or (h=='00"):
click_hour.append('Evening')
else:
click_hour.append('Night')

data['click hour'] = click_hour
# dropping date_time, because now we have click hour!
data = data.drop(['datetime'], axis=1)

Continuing the processing of the dataset we thought of computing |®| regarding ¢ where
cq is the feature genre.

genre_values = []

for row in datal['genres']:
split_list = row.split(", ")
genre_values += split_list

genre_values= unique (list(set(genre_values)))
print (genre_values)
print (len(genre_values))

When the above code was executed, we noticed that || = 25 (The number is not fixed
as it depends on the fraction of the dataset after taken). In order to see the approach of
[33] in action, such big domain was no use to us and, thus, we decided to remove from the
dataset all movies that correspond to at least one of the following genres: Documentary,
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History, War, Talk-Show, Biography, Musical, Music, Sport.

movies_to_be_dropped = []

for index, row in data.iterrows():
split_list = row['genres'].split(", ")
if ('Documentary' in split_list) or ('History' in split_list) or
('War' in split_list) or ('Talk-Show' in split_list) or
('Biography' in split_list) or ('Musical' in split_list) or
('Music' in split_list) or ('Sport' in split_list)
movies_to_be_dropped.append(row['movie_id'])

for movie in movies_to_be_dropped:
data = data.drop(datal[data.movie_id == movie].index)

Lastly, we observed that there are some duplicate rows in the dataset, so we drop them,
as they are no use to our modeling.
data = data.drop_duplicates ()

data
data

data.reset_index () # make sure indexes pair with num of rows
data.drop(['index'], axis=1)

5.3.3.2 Altering the structure of the dataset

In this paragraph, our goal is to bring the dataset into a form that will allow us to compute
the mass functions of each feature easily. Gladly, in [33] in Table 1: "Structure of dataset
assumed by the model” one such form can be viewed by the reader. That structure is the
one we will use, with just a few mild alterations. Specifically, we are going to create a new
Pandas DataFrame with regards to the user’s preferences. The result will be a DataFrame
that for every user holds the films they have liked, the genres they have liked, the range
of hours they prefer to watch films and the decades their preferred movies were released.
# create new dataframe

d = {'user_id': [] }

data_per_user_ = pd.DataFrame(data=d)

# first column will be the users (1 user per row and no duplicates)
data_per_user_['user_id'] = (datal['user_id'].unique()).tolist ()
empty_sets = []

# create different lists of empty sets
for i in range(5):
empty_sets.append ([set () for x in range(len(data_per_user_))])

# make those sets part of the dataframe column-wise
data_per_user_['title'] = empty_sets [0]
data_per_user_['genres'] = empty_sets[1]
data_per_user_['movie_id'] = empty_sets[2]
data_per_user_['release_decade'] = empty_sets [3]
data_per_user_['click hour'] = empty_sets[4]
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# for each user
for index, row in data_per_user_.iterrows():

# make a dataframe with the preferences of this particular user
df _temp = data.loc[datal['user_id'] == row['user_id']]

LI |

now for every preference in the temporary dataframe (for every
film and its other characteristics) collect them together to
make only one row of the user preferences in the new user-
oriented dataset. Note that with sets being used duplicates

are avoided.
[ |

for movie in df_temp['movie_id'].unique().tolist():
row['movie_id'].add(movie)

for title in df_temp['title'].unique().tolist():
row['title'].add(title)

for genres in df_temp['genres'].unique().tolist():
split_genres = genres.split(", ")
for genre in split_genres:
row['genres'].add(genre)

for release_decade in (df_temp['release_decade'].unique()).tolist():
row['release_decade'].add(release_decade)

for hour in df_temp['click hour'].unique().tolist():
row['click hour'].add(hour)

Now in this new DataFrame, what we want to do is drop the rows that have only one
preferable movie, because we would like to see how DS theory behaves with multiple
user preferences.

# compute number of liked movies for each row(user) and store in new column

data_per_user_['length'] = data_per_user_.movie_id.str.len()

# drop rows that have cell value equal to 1

data_per_user_ = data_per_user_.drop(data_per_user_[data_per_user_.length ==
1] .index)

# make sure indexes pair with number of rows

data_per_user_ = data_per_user_.reset_index()

data_per_user_ data_per_user_.drop(['index'], axis=1)
# drop length column, as we no longer need it
data_per_user_ = data_per_user_.drop(['length'], axis=1)
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5.3.4 Computation of the basic probability assignment for each feature set

The first step in order to compute the mass function for an item (a movie) is to compute
the mass functions of each feature as showcased in section 5.2.2. There will not be any
computation of myue, Mmovie_ia @S these are not characteristics but two different ways for
us to refer to the item-movie . So, we want to compute the bpa, which is: m(A), VA € 2%
for every feature of the item-movie considered. The first approach one can think is to com-
pute all the subsets of the feature domain and then compute the mass function for every
subset. This process is computationally heavy as the complexity of computing the subsets
is exponential. But, because the bpa depends on the users and the maximum number of
focal points equals with the number of users, the computation of all subsets is not needed.
So, the computation of mass function becomes a task with polynomial complexity. The
process of the computation for each characteristic will be provided later on accompanied
by code.

Firstly, the computation of the total number of users (#U) is necessary.

number_of_users = len(data_per_user_['user_id'])

Also, we need to introduce a function that does bit-wise rounding of the numbers, as we
want to avoid an arithmetic malfunction and specifically an overflow, because then the val-
ues of each mass function will sum to >1, which is a problem for the Prolog implementation
we will use later.

# function to round float to the nearest allowable value

def roundf (x,bitsToRound):
i = cast(pointer(c_float(x)), POINTER(c_int32)).contents.value
bits = bin(i)
bits = bits[:-bitsToRound] + "O0"*bitsToRound
i = int(bits,2)
y = cast(pointer(c_int32(i)), POINTER(c_float)).contents.value
return y

For the feature genres compute #U, from the user centered dataset:

# create new dataframe to store bpa-related values

d = {'genres': [], 'count' : []1, 'bpa' : [], 'movies_proj' : [], 'sets_indexed
e [1}
df _bpa_genres_ = pd.DataFrame (data=d)

# for each user
for index, row in data_per_user_.iterrows():
# only focal points - from users only!
if (df_bpa_genres_['genres'] == set(row['genres'])).any() == False:
df _bpa_genres_.loc[df_bpa_genres_.shape[0]] =
[row['genres'], 1, 0, set(), set()]
else:
df _bpa_genres_.loc[df_bpa_genres_['genres'] ==
set (row['genres']), 'count'] +=1
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# use formula defined earlier (#Uk/#U)

for index, row in df_bpa_genres_.iterrows():
# round bt by 10 digits binary
df _bpa_genres_.loc[index, 'bpa'l = roundf ((row['count'])/number_of_users
,10)

# sum bpa's - must be ~1 (may not be exactly due to python arithmetic)
sum_g = np.sum(df_bpa_release_decades_['bpa'l.tolist())

Note that it is normal for the summation of bpa’s not to be exactly 1 as the process’ com-
putations might cause number underflow or overflow.

For the other two characteristics, the computation is similar.

5.3.5 Projection of the basic probability assignment of each feature set to items

We computed the mass function for each feature, but they cannot be combined using
Dempster’s combination rule as the sets correspond to different features with different do-
mains. The solution to that, provided by [33] and mentioned here in subsection 5.2.2, is to
project the bpa of each feature to the item set i.e. compute a bpa for items with regard to
a feature. So, we are going to compute the projected bpa’s for the features in our dataset.

Firstly, we need to get a hold of the movies that we are going consider after the process
of deleting entries (rows) in the dataset.

movies_considered = set ()

# get the unique movies from the user-centered dataset

for index, row in data_per_user_.iterrows():
movies_considered |= row['movie_id'] # A |= B -> A U B

# turn set into list for future purposes

movies_considered = list(movies_considered)

After that, we can compute the projected mass function with regards to each feature.

For the feature Crelease_decade:

# loop through all the movies we are considering
for i in range(len(movies_considered)):
# make a temp df of the entries that share the particular movie_id
df _temp = data.loc[movies_considered[i] == datal['movie_id']]
# for every release decade found in the temporary df (rd)
for rd in df_temp['release_decade'].unique().tolist():
# for every focal point of the characteristic
for index_rd, row_rd in df_bpa_release_decades_.iterrows ():
# if the rd intersects with the focal point...
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if rd in row_rd['release_decades']:
# ... then it belongs to the projected itemset
row_rd['movies_proj'].add(movies_considered[i])

For the feature c.;cx nour, the computation is similar.

For the feature cyeyyes:

for i in range(len(movies_considered)):
# make a temp df of the entries that share the particular movie_id
df _temp = data.loc[movies_considered[i] == data['movie_id']]
# for every genre(s) found in the temporary df (rd)
for rd_ in df_temp['genres'].unique().tolist():
# genres is a multi-valued feature and
# genre are strings like this : 'Drama, Romance'
split_list = rd_.split(", ")
for rd in split_list:
# for every focal point of the characteristic
for index_rd, row_rd in df_bpa_genres_.iterrows():
# if the rd intersects with the focal point...
if rd in row_rd['genres']:
# ... then it belongs to the projected itemset
row_rd['movies_proj'].add(movies_considered[i])

When the the multi-valued features click hour and genres are projected onto movies it is
possible that two or more identical sets may occur. Let’'s take a look at an example to
understand why that event is possible.

Example 5.3.1. Let’s suppose we have a dataset where we only have three(3) movies,
two(2) users that looks like in Table 5.1.

Table 5.1: Dataset example

Movie title Click hour Liked by user
"Pulp Fiction' {'Morning' Night'} 1
'Reservoir Dogs’ {'Morning' Night'} 2
"The Hate ful Eight' {'Evening', Morning', Night'} 1

Then, we can compute for the characteristic click hour the respective bpa’s: {Morning’,
‘Night} = ; and {"Evening’, ‘Morning’, ‘Night} = 3. After proceeding to project the bpa’s to
movies the result is:
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Click hour set Projected set bpa

{’"Morning’, Night’} {Pulp  Fiction’,  'Reservoir 0.5
Dogs’, 'The Hateful Eight’}

{’Evening’, 'Morning’, {Pulp  Fiction’,  ’Reservoir 0.5

‘Night’} Dogs’, 'The Hateful Eight’}

As the computations take place with the projected set, when the above result occurs, the
two projected sets should be zipped into one and their bpa’s should be summed. In this
example, that processing would result to the following projected set:

Projected set bpa

{’Pulp Fiction’, 'Reservoir Dogs’, ‘'The Hateful Eight’} 1.0

So, we should consider that situation in our implementation, as we could end up with mul-
tiple belief assignments for the same set (for the multi-valued characteristics). This can
be handled by adding the belief assignment values of the same set and keeping only one
instance: the one that contains the summation. The below code showcases that proce-
dure for the feature cyenres- FOI ceick nour, the computation is similar.

For the feature cyeyyes:

# drop columns that are not needed

df _bpa_genres_

= df_bpa_genres_.drop(['genres', 'count', 'movies_proj'l], axis=1)

# get the sets and store them into a list

list_of_sets_1 =

[sorted(list(s)) for s in df_bpa_genres_["sets_indexed"].tolist ()]

# sort the list

list_of_sets_1.sort ()

# get only one istance of each set

list_of_sets_1 =

list(list_of_sets_1 for list_of_sets_1,_ in itertools.groupby(list_of_sets_1))

# create new dict and then new df

dictionary =

{'sets_indexed': list_of_sets_1l, 'bpa' : [0.0 for i in range(len(
list_of_sets_1))] 2

df _bpa_genres_n = pd.DataFrame(dictionary)

# from old df sum bpa of same sets
for index_gn, row_gn in df_bpa_genres_n.iterrows():
for index_g, row_g in df_bpa_genres_.iterrows():
if sorted(list(row_gl['sets_indexed']))
== sorted(list(row_gn['sets_indexed'])):
df _bpa_genres_n.at[index_gn, 'bpa']l+= row_g['bpa']
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Note: Because Dempster’s rule in the ECLiIPSe Prolog implementation combines sets
of int's where each inti: i € {1,...,|Q2|} we did an extra operation and converted the
item-sets to int-sets with 1 — 1 correspondence. These sets are stored in the column
'sets_indexed' in the DataFrame.
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6. USING THE IMPLEMENTATION OF DEMPSTER-SHAFER THEORY
IN CONSTRAINT LOGIC PROGRAMMING FOR THE APPLICATION

In the previous section an application of DS Theory in Recommender Systems was studied
and a dataset was provided in order to explain the process computationally by code in a
real-life example. In this section we are going to use the implementation of Dempster’s
rule in CLP in order to combine the projected mass functions we computed earlier and
compute the belief of some item-sets. After that we will measure how well did the ECLiIPSe
implementation of DST perform when we compute the mass joint and belief regarding the
dataset of application.

6.1 Package PyCLP

We will present Dempster’s rule Prolog implementation in order to combine preferences
for movies and the belief implementation for computing the belief of different events. As
mentioned in Chapter 4, the implementation of DST in CLP was developed in the ECLiPSe
Prolog environment. The dataset pre-processing was done in Python, so the library Py-
CLP [5] was installed in order for Python to communicate with ECLiPSe Prolog. The
PyCLP can interface with ECLiIPSe’s version 6.1 and that is the version we will use. Here
we are going to describe the modules of the package and explain the differences between
the interface and the ECLIiPSe engine. Only after that we are going to introduce the code
and it's components.

6.1.1 PyCLP modules

In this paragraph we will present the modules we used in our code in order to start our
ECLIiPSe environment, load the needed predicates and initialize and use terms.

To begin with, to initialize the ECLiPSe engine and prior to any other function the pycip
.init () method is called.

After the initialization, in order to resume the ECLiPSe engine, pyclp.resume(in_term=None)
is used, with an optional argument for the Prolog predicate yie1d/2. This function returns
a tuple :

* (pyclp.SUCCEED,None), if execution succeed (equivalent to True)
* (pyclp.FAIL,None), if the goal fails

* (pyclp.FLUSHIO, stream_number), if some data is present in stream
< stream_number >
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* (pyclp.WAITIO, stream_number), if ECLiIPSe engine try to read data from stream
< stream_number >

* (pyclp.YIELD, yield_returned_value), in case of predicate call yie1d/2

* (pyclp. THROW, Term TagExit), an event have been thrown and no one have caught
it

To create an Atom, pyclp.Atom(atom_id) iS called, where atom_id is a string parameter with
the atom’s name.

Two classes that are often used in our code are pycip.var, that creates a Prolog variable as
well as the class pycip.PList that creates and reads Prolog lists. A list is constructed from
an instance of Python list or tuple and Python strings, floats and integers are automati-
cally transformed into terms. pList’s are the only terms in PyCLP whose value can change.

Another useful class of pyclp is pyclp.Compound(functor_string, *args), that creates com-
pound terms. In this Thesis by the term ‘compound’ we shall refer to these compound
terms .Here, also, Python strings, floats and integers are automatically transformed in
terms. It's arguments are: functor_string, a string with functor name and args, any num-
ber of arguments of type integer, float, string and PList, Atom, Compound.

When aiming to post a goal, the method post_goal () from the class pycip.PList is used.

In closing, to shutdown the ECLiPSe engine, we call the function pyclp.cleanup(). After
this function is called any operation on pyclp object or class produces undefined behaviour.

For more references one can visit PyCLP Module Reference.

6.1.2 PyCLP particularities

In this case, PyCLP was used in order to load Kaltsounidis’ code as a module in the Python
environment and utilize the exported Dempster’s rule and belief in order to combine the
mass functions and compute belief. The mass functions, as well as other compounds that
were needed, were written in another file that was used by the program where Dempster’s
rule is located as a module. These compounds where not created in the ECLiPSe engine
generated by PyCLP, but were stored in a new file, as the first option does not work.
That would work only if all Kaltsounidis’ code was transferred in PyCLP using the classes
and functions presented earlier. For this to happen external predicates are needed which
is a functionality provided by PyCLP. Specifically, the function pyclp.addPythonFunction()
registers a Python function to be called from ECLiPSe using the predicate ca11_python. An
example from the module reference manual is seen below:

from pyclp import *
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def external_predicate (arguments) :
# arguments store all arguments passed with call_python_function
# implements unify as described in ec_unify
return unify(arguments[0],arguments[1])

# init ECLiPSe engine
init O
# register function with 'my_name' atom
add_python_function('my_name',external_predicate)
my_var=Var ()
# call _python_function, 'my_name',[1,My_var])
Compound ('call_python_function',Atom('my_name'),[1,my_var]).post_goal()
resume ()
if my_var.value() != 1:
print ("Failed resume ")

Even though that seems like a manageable option, there is a feature of this functionality

that make the process of 1 — 1 transferring all the Prolog code to Python quite difficult. In

the registered Python function it is possible to use all classes to represent an ECLiPSe

object (Atom(), Compound() etc.) but not pycip.resume (), pyclp.init(), pyclp.cut() OF pyclp.
cleanup(). This means that if pycip.resume () Or pycip.cut () cannot be called, the debugging
process becomes difficult to perform and handle, especially when nested user-defined

predicates are used.

But, external predicates are not the only obstacle to translate Prolog code to Python.
Another problem is that compounds are created, but not universally stored and for that
reason predicates like finda11/3 and bagof/3 do not work as expected. Let’s take a look at

an example:

init() # init ECLiPSe engine
print ("Compounds are locally created")

my_compoundl=Compound ("b",1) # b(1).
my_compound2=Compound ("b" ,5) # b(5).

# create a prolog variable L

L = Var()

# findall(X, b(X), L)

Compound ("findall", X, Compound("b", X), L).post_goal()

res, st = resume() # resume execution of ECLiPSe engine
print("findall (X,b(X),L) is:", res, "and value of L is: ", L.value())
if res == FLUSHIO:

# open output stream

outStream = Stream(st)

# return data in a bytes object

data = outStream.readall ()

print (data)

# not required but implemented to support RawIO protocol
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outStream.close ()

cleanup() # shutdown ECLiPSe engine
Listing 6.1: findall/3 example, creating compounds through PyCLP

The expected output of the code snippet in Listing 6.1 is:

Compounds are locally created
findall(X,b(X),L) is: True and value of L is: [1,5]

But the actual output is:

Compounds are locally created
findall(X,b(X),L) is: 7 and value of L is: None
b'calling an undefined procedure b(_1663) in module ECLiPSe\n'

From the output it is clear that some other way of defining procedure »() must be found.
Let’s take a look at another example, which is the same as Listing 6.1 with the difference
that the compounds v(1) and v(5) are stored as a module in the file v.p1.

init() # init ECLiPSe engine

print ("\nCompounds are loaded from file")

L = Var() # create a prolog variable L

# use_module b.pl

Compound ("use_module" ,Atom("/home/tatiana/b.pl")) .post_goal ()
# findall(X, b(X), L)

Compound ("findall", X, Compound("b", X), L).post_goal()

res, _ = resume() # resume execution of ECLiPSe engine
print ("findall(X,b(X),L) is:", res, "and value of L is: ",
L.value())

cleanup() # shutdown ECLiPSe engine

Listing 6.2: findall/3 example, loading compounds from module

Listing 6.2 produces the correct-expected output:

Compounds are loaded from file
findall(X,b(X),L) is: True and value of L is: [1,5]

The conclusion is that for our ECLIPSe engine to access and use compounds they need
to be stored in an external file, which is inconvenient, but, unfortunately, it is something
that cannot be avoided.

There is another characteristic of the PyCLP library that should be taken into considera-

tion when using it. When there are more than one evaluations of a variable that make a
predicate true, pycip.resume() returns (True, None), but the variable is not instantiated. If
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findal1/3 is performed in order to collect all the values, the value of the list returned is not
the one expected. Again, we present an example.

init() # init ECLiPSe engine
Compound ("1ib", "ic_sets") .post_goal() # lib(ic_sets)

X
1L

Var() # create a prolog variable X
Var () # create a prolog variable L

Compound ("subsetof" ,PList ([1]), PList([1,2,3])).post_goal()
res, _ = resume() # resume execution of ECLiPSe engine
print ("[1] subsetof [1,2,3] is:", res)

Compound ("subsetof", X, PList([1,2,3])).post_goal()
res, _ = resume() # resume execution of ECLiPSe engine
print ("X subsetof [1,2,3] is:", res)

print("Value of X is: ", X.value())

# findall (X,subsetof(X,[1,2,3]),L)

Compound ("findall", X, Compound("subsetof", X, PList([1,2,3])), L).post_goal()
res, _ = resume() # resume execution of ECLiPSe engine
print("findall (X, subsetof (X,[1,2,3]),L) is:", res)

print("Value of L is: ", L.value())

cleanup() # shutdown ECLiPSe engine

Listing 6.3: ic_sets:subsetof/2 example

The expected output of the code snippet in Listing 6.3 is:

[1] subsetof [1,2,3] is: True
X subsetof [1,2,3] is: True

Value of X is: x{c] .. [1, 2, 31) : _240{0 .. 3}}
findall (X, subsetof (X,[1,2,3]),L) is: True
Value of L is: [(x{cr1 .. [1, 2, 31) : _215{0 .. 33}}]

The actual output is:

[1] subsetof [1,2,3] is: True

X subsetof [1,2,3] is: True

Value of X is: None

findall (X, subsetof (X,[1,2,3]),L) is: True
Value of L is: [_]

To sum up, PyCLP has some limitations compared to ECLiIPSe Prolog environment and
for that reason code written in Prolog may not be able to be written in Python. For our code,
these limitations caused some difficulties but were not deterrent and everything works as
expected.
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6.2 Computation of the mass joint and belief from dataset

6.2.1 Alteration of the initial implementation of Kaltsounidis

As the PyCLP module was explained previously, we are going to use it in order to com-
bine user-preferences and compute belief of item-sets from the dataset of application. As
mentioned earlier, Dempster’s rule was implemented in [16] and that is the code we use
with few minor alterations. These alterations will be explained shortly, in order for the code
to be understandable.

The first alteration is that the file dst_master.p1, where the combination rule is written, is
used as a module and the needed predicates are exported to our Python script.

# :- use_module(dst_master.pl)
Compound ("use_module",Atom("/home/tatiana/dst_master.pl")).post_goal ()

The second one is that the mass functions (n/3), Theta (theta/1) and number of mass
functions (num_of_m/1) are stored by Python in a Prolog module that is used by dst_master.
pl.

# create module that will contain the information about
# the Universe: theta, num_of m, mass functions
file_object = open('/home/tatiana/mass_func.pl', 'w+')

# write the information for module exporting
file_object.write(":-module(mass_func) .\n")
file_object.write(":-export(m/3) .\n")
file_object.write(":-export(theta/1) .\n")
file_object.write(":-export(num_of_m/1).\n")

# write about theta and num_of_func
file_object.write("\ntheta("+str (Theta)+") .\n")
file_object.write("num_of _m(3) .\n")

file_object.write("\n")
for m_num, focal_set, bpa in ml_rd:

file_object .write("m("+str (m_num)+","+str(focal_set)+","+str(bpa)+").\n")
file_object.write("\n")
for m_num, focal_set, bpa in m2_ch:

file_object.write("m("+str (m_num)+","+str(focal_set)+","+str(bpa)+").\n")
file_object.write("\n")
for m_num, focal_set, bpa in m3_g:

file_object.write("m("+str(m_num)+","+str(focal_set)+","+str(bpa)+") .\n")

file_object.close()

Also, the predicate’s vpa/2 arity was altered to vpa/3 as for the plots that will be presented
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in the next section we needed an argument that represents the number of intersecting
combinations. It's functionality remains the same.
%Tars are the subsets and NewVals their corresponding values
%bpa( -Tars, -NewVals, -TarsAndVals) produces the new focal points
%Tars, their combined values NewVals and returns combinations list
bpa(Tars, NewVals, TarsAndVals):-

theta(Theta),

findall( (A,Val), compute(A, Val, Theta), TarsAndVals),

sort (TarsAndVals, SortedTarsAndVals),

sum_same_sets (SortedTarsAndVals, NewTarsAndVals),

split_to_Tars_Vals(NewTarsAndVals, Tars, Vals),

sum(Vals,Div),

list_div(Div, Vals, NewVals).

Last but not least, we created a new predicate ve1lief_comb/3 that has the same functionality
as the predicate ve1ief/2, with the difference that it returns the vais list from which we obtain
the number of combinations. We did not change the existing predicate but created a new,
as not in all test cases in this article we care about the number of combinations and for
those we don’t there is no need of adding an extra functionality.

%belief _comb(+A, -V, -Vals) finds bel, V, for set A

% and returns Vals list

belief _comb(A, V, Vals):-

findall(Val, compute(_,Val,A), Vals),
norm_compute (Vals, V).

6.2.2 Code’s structure

Until now, we have mentioned some alterations that we did to the code of [16], not only
regarding the predicates, but also regarding the structure of the code as we use ECLIPSe
through Python. Also, we noted that we will use test cases in order to measure the per-
formance of the implementation when applied on the dataset. All this information may be
confusing to the reader when thinking about the architecture of the system, but mostly
when thinking about the data’s flow.

For this reason, the Data Flow Diagram (DFD) 6.1 is presented. In 6.1, the external entity
User provides the dataset to the script dst_application_mult_exec.sh Which runs multiple
executions of the process dst_applycation.py providing each time a different fraction of the
dataset to be used. The process dst_applycation.py creates the process mass_func.pl thatis
imported as a module from the process dst_master.pl. The latter provides dst_applycation
.py With the predicates needed to compute belief and the mass joint. The results of the
computations accompanied with some information are stored in five(5) data stores (.csv
files), that accord the input to the processes pilot_results_DR.py and plot_results_Bel.py.
Those two processes illustrate the plots that we will use as a measure of the implementa-
tion’s performance.
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Figure 6.1: Data Flow Diagram of DST Application using CLP

So, the main process in our program is the dst_applycation.py, that does all the prepro-
cessing in the dataset, computes the mass functions as explained in Chapter 5 and then
the mass joint and belief. Taking into consideration the altered predicates and PyCLP’s
functionality, an example of the code in dst_applycation.py used to call Dempster’s rule

and belief’s predicates is listed below.

# :- use_module (dst_master.pl)

Compound ("use_module" ,Atom("/home/tatiana/dst_master.pl")).post_goal ()

# resume execution of ECLiPSe engine
result, dummy = resume ()
if result != SUCCEED:

print (result ,dummy)

# create variables for Dempster's rule
V=Var ()

CombinedMass=Var ()

TarsAndVals=Var ()

# create compound for Dempster's rule and post goal
Compound ("bpa",CombinedMass ,V,TarsAndVals) .post_goal ()

# compute Dempster's rule

result, dummy = resume ()

if result != SUCCEED:
print (result,dummy)

create variables for belief
= Var Q)
Var ()
Var ()

QW= #

# initialize A as [1]
Compound ("=", A, PList([1])).post_goal()
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resume ()

# create compound for belief and post goal
Compound ("belief_comb",A,B,C).post_goal ()

# compute belief of {1}

result, dummy = resume ()

if result != SUCCEED:
print (result ,dummy)

Listing 6.4: Computing mass joint and belief of {1} for the application-dataset

As explained in the comments, the code’s purpose is to compute the mass joint from the
three mass functions of the dataset and the belief of set {1}. The actual code we used is
based on the one showed in Listing 6.4, but is more enhanced as we cared to produce
many test cases and store data for the plots presented next.

6.3 Results

After seeing the outline of the code, the next step is to evaluate the performance of it,
which, in our case, is the the performance of Kaltsounidis’ implementation when used on
the application of DST in Recommender Systems and specifically on our chosen dataset.
In this section we will do just that, by providing some plots to showcase the relation be-
tween the computational time and some other features of the data set. Before proceeding
to the plots, the reader should take into consideration that the code was executed in a
Dell, Inspiron 15, 5000 series laptop with Intel Core i5 5200U, 8 GB RAM and 1 TB HDD,
so in another machine the time results could be different, but we are more interested in
time growth and not the time value itself.

6.3.1 Computing the mass joint

In this section we demonstrate some figures that showcase the performance of the ECLIiP-
Se Prolog implementation of Dempster’s rule when used to combine mass functions from
the chosen dataset. In particular, three(3) figures are presented. Figure 6.2 shows the
relation between the time taken by Dempster’s rule to compute the combined mass in
nanoseconds and the number of focal points in every mass mass function. The second
figure, 6.3, demonstrates the relation between the time it took Dempster’s rule to compute
the combined mass in nanoseconds and the number of intersecting / non-intersecting
combinations. The third one, 6.4, displays the relation between the time it took Dempster’s
rule to compute the combined mass in nanoseconds and the size of ©.

In the first plot, 6.2, the number of focal points regarding the first mass function are col-
ored blue, the ones regarding the second mass function are colored orange and the ones
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Figure 6.2: Dempster’s rule : Plot - time(ns) and number of focal points per mass function

regarding the third, green. Here, the growth of the focal points of mass functions 1 and 2
regarding the time is exponential. This happens because due to the small domain of those
two features (|release_date| = 5 and |click_hour| = 5 ) even when we consider a large
fraction of the dataset, the number of possible focal points does not change drastically.
This does not apply to the third mass function, as the feature genres has a large domain
and the number of its focal points increases as the considered fraction is increased. We
may conclude that the summation of the focal points of the three mass functions shares a
similar behaviour to the plot of the focal points of the third mass function regarding time,
which is that as the number of focal points increases the computational time increases as
well.

From the plot 6.3 we notice that as the computational time increases, the number of com-
binations either intersecting or not becomes larger and vice versa. Again, as the num-
ber of combination grows larger, the growth of time is exponential. This behavior is ex-
pected, as CLP implementation produces results in reduced time when the number of
non-intersecting combinations is large.

Continuing to the observation of the plot 6.4, as one can see, increased computational
times correspond to larger © sizes and for |©| < 200 the computational time is low.

Decisively, the computation of the combined mass functions of the dataset is efficient,
for the amount of mass functions and their focal points that were provided. Even for big
©’s the computational time is acceptable as the maximum is 1.75 x 1el0 ns = 17.5 sec-
onds. For a larger amount of mass functions, focal points and movies the performance
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could not be measured, due to lack of processing power which prevents us from coming
to general conclusions.
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6.3.2 Computing belief

As we demonstrated the performance of Dempster’s rule, it is anticipated that we study
the performance of belief computation of item-sets in the dataset of application. For that
reason, we introduce four(4) plots. Plot 6.5 shows the relation between the number of
combinations performed by velief_comb/3 predicate and belief’'s computational time. The
next three Figures 6.6, 6.7 and 6.8 present the relation between the size of the Universe
and the time it took Prolog to compute the belief of the set {1}, a set S in the powerset of
© with the size of S being halt of ©’s and the belief of © respectively. Note that we won’t
be studying the performance of plausibility, as the plausibility of a set A can be computed
through the belief of A.

le10 combinations vs time

T T T T T T T T T
0 5000 10000 15000 20000 25000 30000 35000 40000
number of combinations

Figure 6.5: Plot - time(ns) and number of combinations

Figure 6.5 shows a linear growth of the time needed to compute the belief (regardless
the set) as the number of combinations ascends. This time is high for a large number of
combinations as, for example, for number of computations = 40000 the time needed is
« 1.5 - lelOns = 15000000000ns = 15seconds, but still acceptable, as most likely these
combinations correspond to the computation of ©’s belief.
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Figure 6.6: Belief of {1} : Plot - time(ns) and O size

Each of the Figures 6.6, 6.7 and 6.8 shows the computational time of set’s belief regard-
ing the |©|. In general, in all plots one can see that as |©| grows, time grows higher as
well. Computing belief of sets with bigger cardinality, though, is more time consuming as
one may notice in the 'time’ axis of the three Figures, since it ranges (0 — 1.5) - 1e7 in 6.6,
(0—5)-1e8in 6.7 and (0 — 1.5) - 1e10 in 6.8.

What is interesting is commenting on the growth of each Figure. Starting backwards,
in Figure 6.8 we notice a more “strict” ascend. By that we mean that, if we were to draw a
line to follow these points, an exponential one would fit. From this we could assume that
as |©| rises, the time to compute the belief of it rises with an exponential growth. As for
the other two Figures, 6.6 and 6.7, we do notice that for small ©’s the computational time
of {1} and S such that € 2°, |S| = |©]/2 is low, but as the Universe grows larger, it is not
necessary that the time grows with a fixed rate, or follows a specific function as before.
From that we conclude that the computational time of belief for a set A € © depends, to a
degree, on the size of ©, but also on other parameters such as the number of focal points
and the intersecting sets, which is essentially the number of combinations. For sure for
computing ©’s belief the number of combinations is relevant, but in this case this number
is fixed in the system, as the number of combinations equals to the number of possible
combinations of Dempster’s rule (| focal points per mass function|mass functionsl) \whereas
for two sets A, B such that A, B ¢ © and |A| = |B|, the number of combinations when
computing their belief may differ.

Here as well we can conclude that the belief’'s computations is efficient for the data pro-

vided. The maximum time of computation even for a large set and a large © is normal and
one would chose this implementation to compute belief for this dataset.
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Figure 6.7: Belief of S c 29, |S| = |©|/2 : Plot - time(ns) and © size
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Figure 6.8: Belief of O : Plot - time(ns) and © size
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7. COMPARING ECLIPSE’S AND IBELIEF’S IMPLEMENTATIONS

Both ECLiPSe Prolog’s and ibelief’s implementations provide functions to perform mass
combinations as well as compute belief. In ECLiPSe the code is developed with libraries
that use constraints, whereas in ibelief belief and plausibility functions use FMT’s. We are
going to explore what implementation performs better and under which circumstances.

7.1 Test cases

Our first thought was to compare the two implementations by their performance in the
application described in Chapter 5. Noticeably, we had no problem using ECLiPSe’s im-
plementation in order to compute the combined mass and belief. However, when using
ibelief’s implementation we faced some obstacles. These obstacles were: creating the
mass functions in the correct format so that they could be used as an input in ibelief’s
combination rules.

Let’s elaborate on that. The function psT needs an input matrix of dimensions 2/°! x
|mass functions| that represents the mass to be combined. Each column represents a
mass function and every cell represents the belief assignment of a set that belongs to
the Universe’s powerset. These belief assignments are not random, but correspond to
sets sorted first by size and then by lexicographical order. So, after projecting the feature-
based mass functions to item sets in order to create mass functions that correspond to
the same Universe, we needed to map these item sets to the Universe’s powerset. This
operation not only has a high computational cost but is against the logic of DST’s applica-
tion presented in [33]. This application prevents us from computing the whole powerset
of © which exempts us from computations of exponential complexity. So, mapping our
item sets to their position in the powerset introduces again this high complexity that we
were able to avoid when computing the projected mass functions. For this reason, we
decided to measure only Prolog’s performance in the application of DST and compare the
two implementations using random test cases, that will be described implicitly later on.

7.2 Code’s structure

We did analyze the libraries used to produce the results, but in order for the reader to
understand the components of the program and their connection through data, the Data
Flow Diagram 7.1 is presented.

In our system, the external entity User provides to comparison_mult_exec.sh the |U|, the
number of mass functions and the number of focal points that will be used throughout the
muItipIe execution of the Processes ibelief_results.py, prolog_results_Dempster.py, prolog_
results_bel.py and example_gen_ibelief_comparison.cpp. The Process example_gen_ibelief _
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Figure 7.1: Data Flow Diagram of comparison of the two implementations

comparison.cpp IS the one creating the test cases for the ECLiIPSe implementation and
is an alteration of a similar process implemented in [16]. The process ivbelief_results.py
computes the mass joint and belief using the ibelief module, while prolog_results_Dempster
.py and prolog_results_bel.py compute the mass joint and the belief of a set, respec-
tively, using Prolog. Then, the results for the computation of belief for every specific
data combination (|U|, number of mass functions and number of focal points) are stored
in a unique .csv file and the same happens with Dempster’s rule computations. These
data stores are then used by the two Python scripts plot_ibelief_vs_prolog_Dempster.py
and plot_ibelief_vs_prolog_bel.py t0o produce the corresponding plots.

7.3 Results

In the section, at first, we will present the results regarding the computation of the com-
bined mass function and, then, the results regarding the computation of the belief function.
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7.3.1 Computing the mass joint

In order to measure and discuss the performance of the two implementations several
test cases were created. These cases, we experimented with © size, number of mass
functions and number of focal points per mass function. Specifically, the test cases were
combinations of those three measures where |9| € {10, 15,20, 25}, number of mass func-
tions € {2,3,--- 10} and number of focal points per mass function € {4,6,--- , 14}.

Note that the test cases of these implementations are not the same for the both ap-
proaches. Since we are randomly generating them, the only thing we provide and assure
these cases have in common is the ©, the number of mass functions and the number of
focal points, which means that the test cases may differ on the focal point's placement
as well as their values. For these test cases, the comparison was made regarding the
amount of combinations, which is |focal points per mass function|™ess functions| put not
regarding the intersecting combinations, as they differed for each simultaneous input of
each implementation. Like we described earlier, it is computationally heavy in ibelief’s
implementation to find the index of a subset in the combined mass’ matrix. Thus, the
comparison won’t be made regarding the intersecting combinations.

The Tables 7.1, 7.2, 7.3 and 7.4 show the results for a fixed © size and the Figures 7.2,
7.3, 7.4 and 7.5 the relation between time in nanoseconds and combinations. Note that
the term ’inf’ in the columns of the tables that showcase time denotes that for the cor-
responding data the implementation of Dempster’s rule respectively did not compute the
mass joint due to the large amount of memory needed (in case of both Prolog and ibelief)
or it took a substantially large amount of time to compute the results (in case of Prolog).

1e8 |U]=10

0.8

time(ns)

0.2

csp

0.0 ibelief

0 1000 2000 3000 4000 5000 6000 7000 8000
number of combinations

Figure 7.2: Dempster’s rule : Plot - |©| = 10, time(ns) and number of combinations

Before elaborating on the results from the tables we should mention an observation we
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Table 7.1: Dempster’s rule : Results for |©| = 10, number of mass functions € {2,3,--- ,10} and
number of focal points per mass function € {4,6,--- ,14}
# combinations # focal points per mass # mass functions prolog time(ns) ibelief time(ns)
16.0 4.0 2.0 1292437.0 26797933.0
36.0 6.0 2.0 909922.0 26544086.0
64.0 4.0 3.0 1668409.0 35934945.0
64.0 8.0 2.0 1294463.0 26767646.0
100.0 10.0 2.0 2087335.0 26350989.0
216.0 6.0 3.0 4156883.0 28608844.0
256.0 4.0 4.0 4840496.0 28757001.0
512.0 8.0 3.0 6412341.0 28411180.0
1000.0 10.0 3.0 18847147.0 28606681.0
1024.0 4.0 5.0 15807758.0 28636158.0
1296.0 6.0 4.0 25838151.0 28587846.0
4096.0 4.0 6.0 63107997.0 35815056.0
4096.0 8.0 4.0 27544518.0 28449786.0
7776.0 6.0 5.0 102547800.0 28838079.0
10000.0 10.0 4.0 107223202.0 29042213.0
32768.0 8.0 5.0 258346754.0 28710539.0
46656.0 6.0 6.0 526539769.0 30750743.0
100000.0 10.0 5.0 1051353986.0 28748558.0
262144.0 8.0 6.0 1503998713.0 30880489.0
1000000.0 10.0 6.0 5388744823.0 30788290.0
100000000.0 10.0 8.0 inf 35690257.0
429981696.0 12.0 8.0 inf 31242430.0
1000000000.0 10.0 9.0 inf 32295844.0
1475789056.0 14.0 8.0 inf 31414183.0
5159780352.0 12.0 9.0 inf 32528683.0
10000000000.0 10.0 10.0 inf 32621344.0
20661046784.0 14.0 9.0 inf 32225067.0
61917364224.0 12.0 10.0 inf 32408753.0
289254654976.0 14.0 10.0 inf 32169609.0
1e8 U|=15
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3.0 ibelief
25
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Figure 7.3: Dempster’s rule : Plot - |©| = 15, time(ns) and number of combinations

made when running the test cases regarding the computation of the combined mass
through ibelief’s implementation of Dempster’s rule. For some tests, if the number of
mass functions is small, e.g. 2,3 or 4 when |©| = 10, up to 6 when |©| = 20, then the
matrix of the mass joint contains some negative values. The amount of negative val-
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Table 7.2: Dempster’s rule : Results for |©| = 15, number of mass functions € {2,3,--- ,10} and
number of focal points per mass function € {4,6,--- ,14}
# combinations # focal points per mass # mass functions prolog time(ns) ibelief time(ns)
16.0 4.0 2.0 650307.0 307086341.0
36.0 6.0 2.0 1193963.0 131125723.0
64.0 4.0 3.0 1835818.0 170421648.0
64.0 8.0 2.0 1791198.0 132225407.0
100.0 10.0 2.0 2990997.0 132703972.0
216.0 6.0 3.0 6064328.0 173506835.0
256.0 4.0 4.0 5565213.0 170321756.0
512.0 8.0 3.0 10860113.0 162833402.0
1000.0 10.0 3.0 22421459.0 164636218.0
1024.0 4.0 5.0 25940905.0 179248906.0
1296.0 6.0 4.0 33427735.0 168556146.0
4096.0 4.0 6.0 39123172.0 188456839.0
4096.0 8.0 4.0 100861624.0 169714678.0
7776.0 6.0 5.0 113333022.0 179050190.0
10000.0 10.0 4.0 151421327.0 170404507.0
32768.0 8.0 5.0 362481948.0 178947500.0
46656.0 6.0 6.0 722672648.0 184741121.0
100000.0 10.0 5.0 1714424770.0 174360808.0
262144.0 8.0 6.0 2588536081.0 184670414.0
1000000.0 10.0 6.0 12690947558.0 188298058.0
100000000.0 10.0 8.0 inf 359178186.0
429981696.0 12.0 8.0 inf 208862673.0
1000000000.0 10.0 9.0 inf 223772214.0
1475789056.0 14.0 8.0 inf 203652795.0
5159780352.0 12.0 9.0 inf 238656625.0
10000000000.0 10.0 10.0 inf 516761254.0
20661046784.0 14.0 9.0 inf 235277289.0
61917364224.0 12.0 10.0 inf 234746884.0
289254654976.0 14.0 10.0 inf 282396420.0
1e9 lU|=20
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Figure 7.4: Dempster’s rule : Plot - |©| = 20, time(ns) and number of combinations

ues seem to go up when the number of focal points is quite larger than the number of
mass functions. For example, this happens for nbFocalElement=50, ThetaSize=20, nbMass=5,
nbFocalElement=50, ThetaSize=10, nbMass=3 e€tC. Nonetheless, the summation of the matrix
values is correct (~ 1). Since we don’t have access to the code that implements Demp-
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Table 7.3: Dempster’s rule : Results for |©| = 20, number of mass functions € {2,3,--- ,10} and
number of focal points per mass function € {4,6,--- ,14}
# combinations # focal points per mass # mass functions prolog time(ns) ibelief time(ns)
16.0 4.0 2.0 515774.0 3288028486.0
36.0 6.0 2.0 1348252.0 3290169542.0
64.0 4.0 3.0 2296625.0 3278366156.0
64.0 8.0 2.0 2081308.0 3290209694.0
100.0 10.0 2.0 3240224.0 3302266385.0
216.0 6.0 3.0 5892695.0 3295881538.0
256.0 4.0 4.0 11816206.0 3736328412.0
512.0 8.0 3.0 17876675.0 3277489914.0
1000.0 10.0 3.0 24976686.0 3277787446.0
1024.0 4.0 5.0 29155612.0 4011749082.0
1296.0 6.0 4.0 32614797.0 3739609855.0
4096.0 4.0 6.0 62301190.0 4424250092.0
4096.0 8.0 4.0 90881997.0 3710901751.0
7776.0 6.0 5.0 218700943.0 4017582090.0
10000.0 10.0 4.0 309355675.0 3725569776.0
32768.0 8.0 5.0 707325395.0 4014971199.0
46656.0 6.0 6.0 696320020.0 4438223590.0
100000.0 10.0 5.0 2672132768.0 4021488021.0
262144.0 8.0 6.0 2778822925.0 4475155964.0
1000000.0 10.0 6.0 7723927897.0 4439892459.0
100000000.0 10.0 8.0 inf 5301937915.0
214358881.0 11.0 8.0 inf 5199852179.0
429981696.0 12.0 8.0 inf 5220471099.0
815730721.0 13.0 8.0 inf 5194784154.0
1000000000.0 10.0 9.0 inf 5504159994.0
1475789056.0 14.0 8.0 inf 5235751600.0
2357947691.0 11.0 9.0 inf 5754941650.0
5159780352.0 12.0 9.0 inf 5532124191.0
10000000000.0 10.0 10.0 inf 5896095161.0
10604499373.0 13.0 9.0 inf 5541434779.0
20661046784.0 14.0 9.0 inf 5506292544.0
25937424601.0 11.0 10.0 inf 5851495663.0
61917364224.0 12.0 10.0 inf 5875468916.0
137858491849.0 13.0 10.0 inf 5837184550.0
289254654976.0 14.0 10.0 inf 5863993507.0
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Figure 7.5: Dempster’s rule : Plot - |©| = 25, time(ns) and number of combinations

ster’s rule in ibelief, we cannot spot the origin of this behavior, but only make assumptions.
One assumption is that for a small amount of mass functions and a large amount of focal
points the computations cause overflow. Another one is that the normalization constant
K becomes larger than one and thus the computation 1 — K is < 0. But, again, these are
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Table 7.4: Dempster’s rule : Results for |©| = 25, number of mass functions € {2,3,--- ,10} and
number of focal points per mass function € {4,6,--- ,14}

# combinations # focal points per mass # mass functions prolog time(ns) ibelief time(ns)
16.0 4.0 2.0 786986.0 inf
36.0 6.0 2.0 1235151.0 inf
64.0 4.0 3.0 2625847.0 inf
64.0 8.0 2.0 2453673.0 inf
100.0 10.0 2.0 4097944.0 inf
216.0 6.0 3.0 7310990.0 inf
256.0 4.0 4.0 12271366.0 inf
512.0 8.0 3.0 14501299.0 inf
1000.0 10.0 3.0 33286909.0 inf
1024.0 4.0 5.0 36227683.0 inf
1296.0 6.0 4.0 63649170.0 inf
4096.0 4.0 6.0 53961381.0 inf
4096.0 8.0 4.0 173663698.0 inf
7776.0 6.0 5.0 185158950.0 inf
10000.0 10.0 4.0 321964699.0 inf
32768.0 8.0 5.0 996128004.0 inf
46656.0 6.0 6.0 747874301.0 inf
100000.0 10.0 5.0 2603244386.0 inf
262144.0 8.0 6.0 4042473276.0 inf
1000000.0 10.0 6.0 26213449461.0 inf
100000000.0 10.0 8.0 inf inf
429981696.0 12.0 8.0 inf inf
1000000000.0 10.0 9.0 inf inf
1475789056.0 14.0 8.0 inf inf
5159780352.0 12.0 9.0 inf inf
10000000000.0 10.0 10.0 inf inf
20661046784.0 14.0 9.0 inf inf
61917364224.0 12.0 10.0 inf inf
289254654976.0 14.0 10.0 inf inf

only assumptions. Also, bear in mind that we are not applying the rule directly from R, but
we do it through Python, which means that we cannot be sure if the cause of the negative
values lies within the implementation itself, the arithmetic of Python or any other reason.

While studying the Tables we observe that the ECLiIPSe implementation of Dempster’s
Rule was unable to finish within an acceptable amount of time (or in general) when the
number of combinations became > 100, 000, 000, or else when the number of mass func-
tions became larger than 7 and the focal points per mass function larger than 10. We
must point out that, these numbers are the same regardless of the size of ©. It also
seems that the computational time rises with a higher rate when the number of focal points
grows. For example in Table 7.4 for number of mass functions equal to 6 the time it took
Prolog to compute the mass joint for 8 focal points was 4042473276 ns and for 10 fo-
cal points 26213449461 ns that is about 6,5 times more(!). This verifies us the fact that
this implementation is sensitive to the number of combinations, as #total combinations =
(#fOCCLl points)(#mass functions) and (#fOCCLl points)(#mass functions) <

(#focal points + 1)#mass functions),

On the other hand, ibelief’s implementation seems to be consistent in the amount of time
it takes for it to compute Demster’s rule for a fixed |©|. For example, in Table 7.1 ibelief’s
computational time ranges from 26350989 to 35934945 ns regardless of the mass func-
tions or the focal points. The big time difference is between different |©|’s. If you take a
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look at the Tables 7.2 and 7.3 for |©|=15, 8 focal points and 5 mass functions the compu-
tational time was 178947500 ns, whereas for |©|=20, 8 focal points and 5 mass functions
it was 4014971199 ns, which is approximately 22 times more(!). The intuition that this im-
plementation is sensitive to the O size is confirmed by the fact that for |©|=25 ibelief could
not produce results due to the excessive amount of memory needed to allocate the mass
matrices. Remember that in this implementation each mass function is of size 2/l x 1,
that makes it necessary to allocate memory for 2/° x |mass functions| and as © grows
larger that becomes unrealistic.

To sum up, for a small amount of combinations, regardless the Universe size, ECLIP-
Se’s implementation is faster. For many possible combinations, though, ibelief’s imple-
mentation is significantly better, but only for small |©|’s. For |©] > 25 only Prolog is able
to produce the combined mass function.

7.3.2 Computing belief

It has been interesting to study the behavior of the two different implementations of Demp-
ster’s rule. However, a very important part of DST is measuring belief. Thus, in this section
we shall study the behavior of the two different implementations of calculating the belief
function.

Before continuing, some differences between the two implementations should be high-
lighted:

1. ibelief’s implementation of belief function mtobe1 uses FMT’s, while Kaltsounidis’s
implementation constraints.

2. ibelief’s mtobel Nneeds an input argument that is the combined mass, which means
that prior to calling mtobe1 @ combination rule should be performed, otherwise the
computation cannot take place. For ECLiIPSe’s implementation that is not needed.

3. mtobel requires as an argument the combined mass and returns a vector where the
belief values are computed for every subset of the powerset of ©. That means,
that the computational time of belief in ibelief’s function is the same Vs € 2/°l. In
ECLIiPSe’s implementation, on the other hand, the predicate velief (+A,-V) is used
to compute the belief of a specific set A and, thus, the computational time of belief
may vary between different A € 2/°!,

Like before, in order to measure the performance of the two implementations several, sim-
ilar but not identical, test cases were created where we experimented with © size, number
of mass functions and number of focal points per mass function. Since the test cases are
not exactly the same, the results of each implementations cannot be compared to one
another. Specifically, the test cases were combinations of those three measures where
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|©] € {10, 15,20,25}, number of mass functions € {2, 3,--- 10} and number of focal points
per mass function € {4,6,--- ,14}. Additionally, different sets with different sizes(lengths)
were used to measure the performance of the computation of their belief.

In the Tables 7.5, 7.7, 7.9 and 7.11 one can see for a fixed © size the time taken by
CSP implementation to compute belief for some of the test cases. Respectively, in the
Tables 7.6, 7.8, 7.10 and 7.12 can be seen for a fixed © size the time taken by ibelief
implementation to compute belief for the similar test cases. The difference between the
columns ’ibelief time(ns) bel’ and ’ibelief time(ns) bel and rule’ is that the first showcases
the time it took mtove1l to compute the belief, whereas the second showcases the time it
took Dempster’s rule to compute the joint mass plus the time it took ntobel to compute
the belief, as -like we mentioned previously- in ibelief’s implementation it is required to
perform a combination rule before computing the belief. Again, if any time column has the
symbol "in f’ in its cell, it means that for these data, the implementation could not produce
a result in an acceptable time frame, or could not produce a result at all due to failure of
allocating the required memory.

The Figures 7.6, 7.9, 7.11, 7.13 plot the relation between the length of the set of which we
computed the belief and the time required for the computation in the CSP implementation.
From these, 7.6, 7.9 and 7.11 include four(4) sub-figures each. These sub-figure’s have a
fixed |©| and |mass functions| but every one has different | focal points per mass function|
€ {4,6,8,10,14}. Also, the scale in the time columns may vary between each sub-figure.

Similarly, the Figures 7.7, 7.8, 7.10, 7.12 plot the relation between the length of the set
of which we computed the belief and the time required for the computation in the ibelief
implementation. From these, 7.7, 7.10 and 7.12 include four(4) sub-figures each. These
sub-figure’s have a fixed |©| and |mass functio

ns| but every one has different | focal points per mass function| € {4,6,8,10,14}. Again,
the scale in the time columns may vary between each sub-figure.

You may have noticed that we did not study the relation between the computational time

and the number of combinations, as in ibelief the number of combinations is difficult to
compute, for reasons described in the beginning of this chapter.
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Table 7.5: Belief : Results for |©] = 10, number of mass functions € {2, 6,10} and number of focal

T. Boura

points per mass function € {6, 10,14} and different set-lengths, CSP Implementation

set +# focal points per mass # mass functions prolog time(ns)
- 10.0 10.0 inf
- 14.0 10.0 inf
[2] 10.0 2.0 188560.0
[23] 10.0 2.0 315721.0
[179] 10.0 2.0 440499.0
[45910] 10.0 2.0 659600.0
[236910] 10.0 2.0 687533.0
[1245678] 10.0 2.0 937524.0
[12456789] 10.0 2.0 1136888.0
[12345678910] 10.0 2.0 2152068.0
[2] 6.0 2.0 137853.0
[23] 6.0 2.0 211251.0
[179] 6.0 2.0 316605.0
[45910] 6.0 2.0 236484.0
[236910] 6.0 2.0 426193.0
[1245678] 6.0 2.0 430492.0
[12456789] 6.0 2.0 468090.0
[12345678910] 6.0 2.0 738826.0
[2] 10.0 6.0 204197620.0
[23] 10.0 6.0 939505504.0
[179] 10.0 6.0 1218814249.0
[45910] 10.0 6.0 1007546797.0
[236910] 10.0 6.0 2593043430.0
[1245678] 10.0 6.0 4122068060.0
[12456789] 10.0 6.0 4329988717.0
[12345678910] 10.0 6.0 5883572280.0
[2] 6.0 6.0 22131541.0
[23] 6.0 6.0 46487865.0
[179] 6.0 6.0 134642355.0
[45910] 6.0 6.0 181678904.0
[236910] 6.0 6.0 168693919.0
[1245678] 6.0 6.0 329077877.0
[12456789] 6.0 6.0 243166054.0
[12345678910] 6.0 6.0 374595878.0
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Table 7.6: Belief : Results for |©| = 10, number of mass functions € {2, 6,10} and number of focal

T. Boura

points per mass function € {6, 10, 14} and different set-lengths, ibelief Implementation

set

# focal points per mass

# mass functions

ibelief time(ns) bel

ibelief time(ns) bel and rule

- 10.0 10.0 229645.0 33329556.0

- 14.0 10.0 225728.0 32538103.0

[21 10.0 2.0 1903993.0 29633414.0

[23] 10.0 2.0 1903993.0 29633414.0
[179] 10.0 2.0 1903993.0 29633414.0
[45910] 10.0 2.0 1903993.0 29633414.0
[236910] 10.0 2.0 1903993.0 29633414.0
[1245678] 10.0 2.0 1903993.0 29633414.0
[12456789] 10.0 2.0 1903993.0 29633414.0
[12345678910] 10.0 2.0 1903993.0 29633414.0
[21 6.0 2.0 1931024.0 28357844.0

[23] 6.0 2.0 1931024.0 28357844.0
[179] 6.0 2.0 1931024.0 28357844.0
[45910] 6.0 2.0 1931024.0 28357844.0
[236910] 6.0 2.0 1931024.0 28357844.0
[1245678] 6.0 2.0 1931024.0 28357844.0
[12456789] 6.0 2.0 1931024.0 28357844.0
[12345678910] 6.0 2.0 1931024.0 28357844.0
[21 10.0 6.0 291041.0 31343920.0

[23] 10.0 6.0 291041.0 31343920.0
[179] 10.0 6.0 291041.0 31343920.0
[45910] 10.0 6.0 291041.0 31343920.0
[236910] 10.0 6.0 291041.0 31343920.0
[1245678] 10.0 6.0 291041.0 31343920.0
[12456789] 10.0 6.0 291041.0 31343920.0
[12345678910] 10.0 6.0 291041.0 31343920.0
[2] 6.0 6.0 311265.0 54626327.0

[23] 6.0 6.0 311265.0 54626327.0
[179] 6.0 6.0 311265.0 54626327.0
[45910] 6.0 6.0 311265.0 54626327.0
[236910] 6.0 6.0 311265.0 54626327.0
[1245678] 6.0 6.0 311265.0 54626327.0
[12456789] 6.0 6.0 311265.0 54626327.0
[12345678910] 6.0 6.0 311265.0 54626327.0
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1e7 |U|=10, number of mass functions=>5, number of focal points per mass function=4 1e8 |U|=10, number of mass functions=>5, number of focal points per mass function=6
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Figure 7.6: Belief : Plot - |©| = 10 and number of mass functions=5, time(ns) and set-length, CSP
Implementation
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Figure 7.7: Belief : Plot - |©| = 10 and number of mass functions=5, time(ns) and set-length, ibelief
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|U|=10, number of mass functions=10, number of focal points per mass function=10
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Figure 7.8: Belief : Results for |©| = 10, number of mass functions=10 and number of focal points
per mass function=10 and different set-lengths
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Table 7.7: Belief : Results for |©| = 15, number of mass functions € {2, 6,10} and number of focal

T. Boura

points per mass function € {6, 10,14} and different set-lengths, CSP Implementation

set # focal points per mass # mass functions prolog time(ns)
- 10.0 10.0 inf
- 14.0 10.0 inf
[23] 10.0 2.0 435965.0
[17911] 10.0 2.0 556271.0
[459101315] 10.0 2.0 580377.0
[2369101115] 10.0 2.0 585609.0
[124567891314] 10.0 2.0 1068912.0
[124567891112131415] 10.0 2.0 1376826.0
[123456789101112131415] 10.0 2.0 2600528.0
[23] 6.0 2.0 226289.0
[17911] 6.0 2.0 385285.0
[459101315] 6.0 2.0 431471.0
[2369101115] 6.0 2.0 392125.0
[124567891314] 6.0 2.0 1957206.0
[124567891112131415] 6.0 2.0 3665968.0
[123456789101112131415] 6.0 2.0 1148991.0
[23] 10.0 6.0 2448670750.0
[17911] 10.0 6.0 4251734577.0
[459101315] 10.0 6.0 3755364414.0
[2369101115] 10.0 6.0 7128690003.0
[124567891314] 10.0 6.0 7041457108.0
[124567891112131415] 10.0 6.0 10077762547.0
[123456789101112131415] 10.0 6.0 15007304845.0
[23] 6.0 6.0 25777044.0
[17911] 6.0 6.0 99032047.0
[459101315] 6.0 6.0 127449988.0
[2369101115] 6.0 6.0 135277907.0
[124567891314] 6.0 6.0 325724331.0
[124567891112131415] 6.0 6.0 304477618.0
[123456789101112131415] 6.0 6.0 337611761.0
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Table 7.8: Belief : Results for |©] = 15, number of mass functions € {2, 6,10} and number of focal

T. Boura

points per mass function € {6, 10, 14} and different set-lengths, ibelief Implementation

set # focal points per mass # mass functions ibelief time(ns) bel ibelief time(ns) bel and rule
10.0 10.0 5867578.0 232530875.0
14.0 10.0 7371342.0 237183145.0
[23] 10.0 2.0 6765085.0 159171871.0
[17911] 10.0 2.0 6765085.0 159171871.0
[459101315] 10.0 2.0 6765085.0 159171871.0
[2369101115] 10.0 2.0 6765085.0 159171871.0
[124567891314] 10.0 2.0 6765085.0 159171871.0
[124567891112131415] 10.0 2.0 6765085.0 159171871.0
[123456789101112131415] 10.0 2.0 6765085.0 159171871.0
[23] 6.0 2.0 8388635.0 141476347.0
[17911] 6.0 2.0 8388635.0 141476347.0
[459101315] 6.0 2.0 8388635.0 141476347.0
[2369101115] 6.0 2.0 8388635.0 141476347.0
[124567891314] 6.0 2.0 8388635.0 141476347.0
[124567891112131415] 6.0 2.0 8388635.0 141476347.0
[123456789101112131415] 6.0 2.0 8388635.0 141476347.0
[23] 10.0 6.0 5626713.0 200412473.0
[17911] 10.0 6.0 5626713.0 200412473.0
[459101315] 10.0 6.0 5626713.0 200412473.0
[2369101115] 10.0 6.0 5626713.0 200412473.0
[124567891314] 10.0 6.0 5626713.0 200412473.0
[124567891112131415] 10.0 6.0 5626713.0 200412473.0
[123456789101112131415] 10.0 6.0 5626713.0 200412473.0
[23] 6.0 6.0 4906463.0 222229092.0
[17911] 6.0 6.0 4906463.0 222229092.0
[459101315] 6.0 6.0 4906463.0 222229092.0
[2369101115] 6.0 6.0 4906463.0 222229092.0
[124567891314] 6.0 6.0 4906463.0 222229092.0
[124567891112131415] 6.0 6.0 4906463.0 222229092.0
[123456789101112131415] 6.0 6.0 4906463.0 222229092.0
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Figure 7.9: Belief : Plot - |©| = 15 and number of mass functions=5, time(ns) and set-length, CSP
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Figure 7.10: Belief : Plot - |©| = 15 and number of mass functions=5, time(ns) and set-length, ibelief
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Table 7.9: Belief : Results for |©] = 20, number of mass functions € {2, 6,10} and number of focal

T. Boura

points per mass function € {6, 10,14} and different set-lengths, CSP Implementation

set # focal points per mass # mass functions prolog time(ns)
- 10.0 10.0 inf
- 14.0 10.0 inf
[11] 10.0 2.0 339762.0
[235] 10.0 2.0 453052.0
[1791214] 10.0 2.0 589446.0
[45910111315] 10.0 2.0 978985.0
[236910121617 18] 10.0 2.0 997195.0
[124567891012161719] 10.0 2.0 1471476.0
[124567891011121314151618] 10.0 2.0 1835805.0
[1234567891011121314151617181920] 10.0 2.0 3176732.0
[11] 6.0 2.0 196277.0
[235] 6.0 2.0 251878.0
[1791214] 6.0 2.0 256056.0
[45910111315] 6.0 2.0 499904.0
[236910121617 18] 6.0 2.0 375263.0
[124567891012161719] 6.0 2.0 356064.0
[124567891011121314151618] 6.0 2.0 634572.0
[1234567891011121314151617181920] 6.0 2.0 1163379.0
[11] 10.0 6.0 352850196.0
[235] 10.0 6.0 2463948525.0
[1791214] 10.0 6.0 4200157353.0
[45910111315] 10.0 6.0 4731250464.0
[236910121617 18] 10.0 6.0 5969690349.0
[124567891012161719] 10.0 6.0 7784238489.0
[124567891011121314151618] 10.0 6.0 12498186673.0
[1234567891011121314151617181920] 10.0 6.0 17157224439.0
[11] 6.0 6.0 87833959.0
[235] 6.0 6.0 49053790.0
[1791214] 6.0 6.0 185377768.0
[45910111315] 6.0 6.0 195026731.0
[236910121617 18] 6.0 6.0 234010228.0
[124567891012161719] 6.0 6.0 246320784.0
[124567891011121314151618] 6.0 6.0 391411848.0
[1234567891011121314151617181920] 6.0 6.0 479217444.0
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Table 7.10: Belief : Results for |©| = 20, number of mass functions € {2,6,10} and number of focal

T. Boura

points per mass function € {6, 10, 14} and different set-lengths, ibelief Implementation

set # focal points per mass # mass functions ibelief time(ns) bel ibelief time(ns) bel and rule
- 10.0 10.0 350259919.0 6171708669.0
- 14.0 10.0 351484739.0 6196369091.0
[11] 10.0 2.0 365276629.0 3671799192.0
[235] 10.0 2.0 365276629.0 3671799192.0
[1791214] 10.0 2.0 365276629.0 3671799192.0
[45910111315] 10.0 2.0 365276629.0 3671799192.0
[23691012161718] 10.0 2.0 365276629.0 3671799192.0
[124567891012161719] 10.0 2.0 365276629.0 3671799192.0
[124567891011121314151618] 10.0 2.0 365276629.0 3671799192.0
[1234567891011121314151617181920] 10.0 2.0 365276629.0 3671799192.0
[11] 6.0 2.0 363140204.0 3646258854.0
[235] 6.0 2.0 363140204.0 3646258854.0
[1791214] 6.0 2.0 363140204.0 3646258854.0
[45910111315] 6.0 2.0 363140204.0 3646258854.0
[23691012161718] 6.0 2.0 363140204.0 3646258854.0
[124567891012161719] 6.0 2.0 363140204.0 3646258854.0
[124567891011121314151618] 6.0 2.0 363140204.0 3646258854.0
[1234567891011121314151617181920] 6.0 2.0 363140204.0 3646258854.0
[11] 10.0 6.0 375933276.0 4860138713.0
(2351 10.0 6.0 375933276.0 4860138713.0
[1791214] 10.0 6.0 375933276.0 4860138713.0
[45910111315] 10.0 6.0 375933276.0 4860138713.0
[23691012161718] 10.0 6.0 375933276.0 4860138713.0
[124567891012161719] 10.0 6.0 375933276.0 4860138713.0
[124567891011121314151618] 10.0 6.0 375933276.0 4860138713.0
[1234567891011121314151617181920] 10.0 6.0 375933276.0 4860138713.0
[11] 6.0 6.0 383512103.0 4801744301.0
[235] 6.0 6.0 383512103.0 4801744301.0
[1791214] 6.0 6.0 383512103.0 4801744301.0
[45910111315] 6.0 6.0 383512103.0 4801744301.0
[23691012161718] 6.0 6.0 383512103.0 4801744301.0
[124567891012161719] 6.0 6.0 383512103.0 4801744301.0
[124567891011121314151618] 6.0 6.0 383512103.0 4801744301.0
[1234567891011121314151617181920] 6.0 6.0 383512103.0 4801744301.0
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Figure 7.11: Belief : Plot - |©| = 20 and number of mass functions=6, time(ns) and set-length, CSP
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Table 7.11: Belief : Results for |©| = 25, number of mass functions € {2, 6,10} and number of focal

T. Boura

points per mass function € {6, 10,14} and different set-lengths, CSP Implementation

set # focal points per mass # mass functions prolog time(ns)
- 10.0 10.0 inf
- 14.0 10.0 inf
[11] 10.0 2.0 818320.0
[235] 10.0 2.0 475385.0
[1791214161718] 10.0 2.0 505819.0
[45910111315161718] 10.0 2.0 1050615.0
[23691012161718192021] 10.0 2.0 596812.0
[124567891012161719222324] 10.0 2.0 2721990.0
[1245678910111213141516182021222324] 10.0 2.0 1975667.0
[12345678910111213141516171819202122232425] 10.0 2.0 4164803.0
[11] 6.0 2.0 272901.0
[235] 6.0 2.0 331663.0
[1791214161718] 6.0 2.0 304766.0
[45910111315161718] 6.0 2.0 552304.0
[23691012161718192021] 6.0 2.0 356236.0
[124567891012161719222324] 6.0 2.0 510568.0
[1245678910111213141516182021222324] 6.0 2.0 913778.0
[12345678910111213141516171819202122232425] 6.0 2.0 1498549.0
[11] 10.0 6.0 530231193.0
[235] 10.0 6.0 1739800923.0
[1791214161718] 10.0 6.0 4542183258.0
[45910111315161718] 10.0 6.0 4972265929.0
[23691012161718192021] 10.0 6.0 8126537570.0
[124567891012161719222324] 10.0 6.0 8751664178.0
[1245678910111213141516182021222324] 10.0 6.0 12149414893.0
[12345678910111213141516171819202122232425] 10.0 6.0 15831163790.0
[11] 6.0 6.0 22312188.0
[235] 6.0 6.0 77384597.0
[1791214161718] 6.0 6.0 474763428.0
[45910111315161718] 6.0 6.0 383199830.0
[23691012161718192021] 6.0 6.0 480587642.0
[124567891012161719222324] 6.0 6.0 688360883.0
[1245678910111213141516182021222324] 6.0 6.0 705003298.0
[12345678910111213141516171819202122232425] 6.0 6.0 1145708957.0
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Table 7.12: Belief : Results for |O| = 25, number of mass functions < {2, 6,10} and number of focal

Figure 7.13: Belief : Plot - |©| = 25 and number of mass functions=6, time(ns) and set-length

T. Boura

points per mass function € {6, 10, 14} and different set-lengths, ibelief Implementation

set # focal points per mass # mass functions ibelief time(ns) bel ibelief time(ns) bel and rule
- 10.0 10.0 inf inf
- 14.0 10.0 inf inf
[11] 10.0 2.0 inf inf
[235] 10.0 2.0 inf inf
[1791214161718] 10.0 2.0 inf inf
[45910111315161718] 10.0 2.0 inf inf
[23691012161718192021] 10.0 2.0 inf inf
[124567891012161719222324] 10.0 2.0 inf inf
[1245678910111213141516182021222324] 10.0 2.0 inf inf
[1234567891011121314151617 1819 202122232425] 10.0 2.0 inf inf
[11] 6.0 2.0 inf inf
[235] 6.0 2.0 inf inf
[1791214161718] 6.0 2.0 inf inf
[45910111315161718] 6.0 2.0 inf inf
[23691012161718192021] 6.0 2.0 inf inf
[124567891012161719222324] 6.0 2.0 inf inf
[1245678910111213141516182021222324] 6.0 2.0 inf inf
[1234567891011121314151617 1819 202122232425] 6.0 2.0 inf inf
[11] 10.0 6.0 inf inf
[235] 10.0 6.0 inf inf
[1791214161718] 10.0 6.0 inf inf
[45910111315161718] 10.0 6.0 inf inf
[23691012161718192021] 10.0 6.0 inf inf
[124567891012161719222324] 10.0 6.0 inf inf
[1245678910111213141516182021222324] 10.0 6.0 inf inf
[1234567891011121314151617 1819 202122232425] 10.0 6.0 inf inf
[11] 6.0 6.0 inf inf
[235] 6.0 6.0 inf inf
[1791214161718] 6.0 6.0 inf inf
[45910111315161718] 6.0 6.0 inf inf
[23691012161718192021] 6.0 6.0 inf inf
[124567891012161719222324] 6.0 6.0 inf inf
[1245678910111213141516182021222324] 6.0 6.0 inf inf
[1234567891011121314151617 1819 202122232425] 6.0 6.0 inf inf

1e10/U[=25, number of mass functions=6, number of focal points per mass function=10
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No differently than the Dempster’s rule performance, when computing belief, ECLiIPSe’s
implementation does not perform well when the number of possible combinations be-
comes large. This is expected, as both predicates’ functionality ve1ief/2 and bpa/3 are
based on the same predicates as stated when introducing the predicates of this imple-
mentation. What cannot be seen from Tables 7.5, 7.7, 7.9 and 7.11 is that velief (+4,-V)
may produce results for a number of mass functions larger than 6 and number of focal
points larger than 10 when 4’s length is less than 6, but the computation is so slow, that it
is not worth mentioning. For that reason, Figure 7.8 showcases only the performance of
ibelief’s implementation. Similar figures could be plotted for other © sizes, but they would
not have been different. The performance of ibelief in test cases that ECLiPSe cannot
handle can be seen through the previously mentioned tables.

In the other cases, where Prolog does produce results, we notice that for fixed |©| sizes,
number of mass functions and focal points the computational time of belief does not nec-
essary grow when asking for the belief of a set that contains more elements. The Figures
7.6,7.9,7.11,7.13 are a proof of that, as we can see that the line is not strictly ascending.
Despite this fact, the line is still ascending, which means that, generally, for larger sets
the computation of their belief with this method is more time consuming. Also, as the |O|
size enlarges, the computation of the belief of a specific set takes more time, but not sig-
nificantly. For example, in Table 7.5 for the set {2,3} and 2 mass functions with 10 focal
points each, Prolog computed the belief in 315721 ns. For the same data, in Table 7.7 the
belief is computed in 435965 ns, that is just 1.3 times more.

We already explained that ibelief’s implementation computes the belief for every subset
of the Universe’s powerset and for that reason, the computational time depends solely
on the dataset and not on the set whose belief we want to compute. Here as well, the
factor that affects the performance of mtovel is the size of the Universe and neither the
number of mass functions, nor the focal points per mass function. This fact can be ob-
served in both columns that refer to ibelief’s time in Tables 7.6, 7.8, 7.10 and 7.12. Since
computing the mass joint is essential to compute the belief in this implementation, it is
self-explanatory why this implementation does not produce results due to the inability of
allocating the needed memory for large |©|, as seen in Table 7.12 and Figure 7.13.

As we mentioned, there cannot be a comparison between the performance of the two
implementations, as the test cases may differ, but some general remarks can be made.
For example, for a smaller amount of focal points, and thus combinations, ECLiPSe pro-
duces results quick, but when the number of focal points is large, the computational time
ascends. Also, for smaller sets Prolog computes their belief quite fast. On the other hand,
ibelief computes quickly the belief for small Universes, but does not perform well at all
for larger ones and the main problem for that is that it is not able to allocate the needed
memory for the mass matrix.

Previously, we wrote that mtobel produces a vector of size 1 x 2/°/ where the belief is
stored Vs € 2/°l. In that vector, the belief value for each s is stored regarding the sets

T. Boura 96



Dempster-Shafer Theory Application in Recommender Systems and Comparison of Constraint Programming’s and M&bius

Transform’s Implementations

size and elements, which means that the sets are sorted first by size and then lexico-
graphically. So what happens if we want to compute the belief for a set s = {1, 2} through
ibelief? Let’s suppose that we have © = {1, 2, 3}. First of all, we compute the mass joint,
then call the function mtove1 that returns the vector v and then we have to find the index
of s in v. We compute the index of s (which is 5) and go to v[5] in order to find the belief.
So, after computing the belief, there is an overhead of finding the index of the set we are
interested in, in order to retrieve it’'s belief. For large ©’s this overhead is not minor and
for sure makes ibelief’s implementation not user friendly.
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8. CONCLUSIONS AND FUTURE WORK

Dempster’s rule of combination and the computation of belief are the two backbones of
Dempster-Shafer theory but are very costly in terms of computational time. Kaltsounidis
in his thesis developed an implementation based on CLP in order to try and reduce this
computational cost. Through several randomly generated test cases he observed a re-
duced run time. Continuing his work we observed the behavior of his implementation in an
application of DST and specifically using a real-life dataset. The problem we faced was
that the pre-processing of the dataset used in order to compute the mass functions as
defined by the application took long time as the fraction of the dataset we used increased.
Thus, we could not measure the performance of the implementation for © sizes larger
that 400 and number of focal points larger that 160. For the fraction of the dataset we
used, though, the ECLiPSe Prolog implementation computed the mass joint and the be-
lief within an acceptable time range, with the most costly computation taking 17.5 seconds.

Our next step was to compare Kaltsounidis’ implementation to the ibelief’s one. Unfor-
tunately, that could not be done in the dataset of application because of the way FMT’s
implementation takes its input. So, the comparison was made with artificial test cases.
It should be noted, also, that we could not compare the two implementations regarding
the computation of belief, as we did not ensure identical test cases. The resolution is that
ibelief’s implementation generally produces correct results faster for © sizes smaller than
25, when computing Dempster’s rule. For larger ©’s it cannot produce results at all. Also,
the CLP implementation may produce the results in less time if the total number of com-
binations is small, when talking about the combination rule. For a high amount of focal
points and mass functions this implementation is unable to compute the mass joint.

For the belief function computation, CLP could not produce results for a high number
of combinations, but had a steady computational time within different © sizes for fixed
number of mass functions and number of focal points. As for ibelief’s implementation, it
was unable to produce results for large O sizes but had quite similar computational times
for different number of mass functions and number of focal points within the same ©. So,
both implementations have their pros and cons and one should take into consideration the
structure of the dataset before choosing one of the two implementations.

Decisively, ibelief’s implementation is not very user-friendly. First of all, the input of the
combination rule requires the mass for each subset of Universe’s powerset for every mass
function, which is computationally heavy for real-life applications. Another problem that
can be observed when using this implementation, is that to combine the mass functions
and produce the mass joint, a matrix of size 2/° x |mass functions| has to be allocated.
When the © becomes large, that matrix cannot be allocated and the implementation can-
not produce results. If that matrix was not to be allocated and another data structure was
to be used, probably such problem was not to be faced and ibelief could produce results.
In that case, we could measure the performance of FMT's in test cases with large Uni-
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verses and not deal with the limitations of the data structure itself.

Generally, it would be interesting to observe the behavior of Kaltsounidis’ implementation
on different datasets, with more mass functions and reduced pre-processing time. Also,
a comparison of this implementation with another on a real-life application would help us
come to the conclusion if the implementation is applicable and if Dempster’s rule can be
used as a combination of degrees of belief. Additionally, a compelling continuation of this
Thesis would be to ensure identical test cases in both CSP’s and ibelief’s implementations
in order to compute the belief and compare their performance. Lastly, we mentioned that,
usually, time approximation methods are used in order to combine mass functions and
compute belief. An interesting work would be to compare these methods against each
other and against CLP’s implementation and FMT’s implementation.
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T. Boura

ABBREVIATIONS - ACRONYMS

DST Dempster-Shafer theory

BPA Basic Probability Assignment
TBM Transferable Belief Model

FMT Fast Mdbius Transform

CSP Constraint Satisfaction Problem
CP Constraint Programming

CLP Constraint Logic Programming
CRAN The Comprehensive R Archive Network
RS Recommender Systems

DFD Data Flow Diagram

Al Artificial Intelligence

ML Machine Learning
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ANNEX |

PyCLP Package Installation

Installation source: https://sourceforge.net/p/pyclp/

In this appendix the installation process of the PyCLP package will be discussed as it
had some complexities. This discussion will hopefully be useful for anyone who will be
trying to install this package in the future.

The PyCLP package is an interface to ECLiIPSe Constraint Programming System. This
package was installed in an Ubuntu 18.04.5 LTS machine. Personally, | found it easier to
try and install the package via command line, but that could be done as well in a PyCharm
project.

Let’s run through the pre-installation requirements: A Python 2.x or 3.x version should
be installed, as well as the Cython package and, of course, the ECLiIPSe Constraint Pro-
gramming System, but the 6.1 version. Although the requirements mention that the library
is supported through a Python 3.x version, | was able to install it only when Python 2.7
was used as with other version’s the Cython’s module could not be found.

Because Python 2.7 was used, rpy2 2.8.6 was installed.

If one has multiple Python versions installed in their machine, they can choose with sudo
update-alternatives --config python Which one will be used.

Another problem that appeared was that with Python 3.6 and 3.7 the compilation process
with Cython (both on gcc and msvc) had given the error:

src\pyclp\pyclp.pyz:753:40: Cannot convert Python object to 'pword'

This error was fixed by manually replacing the following block of code in the file pyclp.pyXx,

if len(tail) == 0:
tatl_pword=pyclp.ec_nil ()
else:
tail_pword=PList (tail)

with the block,

if len(tail) == 0:
tail_pword=pyclp.ec_nil ()

else:
tatl_pword=PList (tail).get_pword ()

However, even though the installation was only possible when Python 2.7 was used, but
when the program was run, then it worked perfectly well with Python 3.10.
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We must highlight again that the needed ECLiPSe version is 6.1 and not the latest, 7,
otherwise a hand-full of errors will occur.

It should be noted, also that in setup.py | had to replace all relative paths with absolute
ones.

The last obstacle before being able to run the project was that the import from pycip import
« failed and the following error was produced

ImportError: libeclipse.so: cannot open shared object file: No such file or
directory

From the error it was easy to understand that the linker was not able to find the location of
the file libecliplse.so. In order to solve this the environment variable LD _LIBRARY PATH
was added in the /etc/environment file since,

LD_LIBRARY_PATH is the search path environment wvariable for the
linuz shared library

In Linux, the environment wvariable LD_LIBRARY PATH 4s a colon-

separated (:) set of directories where libraries are
searched for first before the standard set of directories.
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