Generalized Net Model of Multicriteria Decision
Making Procedure Using Intercriteria Analysis

Krassimir Atanassov2(®) | Evdokia Sotirova2, and Velin Andonov®

! Department of Bioinformatics and Mathematical Modelling,
Institute of Biophysics and Biomedical Engineering, Bulgarian Academy of Sciences,
105 Acad. G. Bonchev Str., 1113 Sofia, Bulgaria
krat@bas.bg
2 Intelligent Systems Laboratory, Asen Zlatarov University, 8010 Bourgas, Bulgaria
esotirova@btu.bg
3 Information Modeling Department, Institute of Mathematics and Informatics,
Bulgarian Academy of Sciences, Acad. G. Bonchev Str., bl. 8, 1113 Sofia, Bulgaria
velin_andonov@yahoo.com

Abstract. The Generalized Nets (GNs) are extensions of the ordinary
Petri nets and the other Petri net modifications. A GN-model of a multi-
expert multi-criteria decision making process is described. It is extended
with an intercriteria analysis of the criteria used by experts — an addition
to the standard decision making procedure that changes in the end of a
concrete procedure the criteria used by experts during it, so, in the next
procedure they work with the modified set of criteria.
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1 Introduction

In a series of papers of G. Pasi, R. Yager and the author, different multi-criteria
decision making procedures are described, that contains essentially new ideas in
this area. Here, we describe the process of functioning and the results of the work
of such procedures. They are described by one of Petri Net extensions, called
Generalized Net (GN; see [1-3]). Each GN has transitions, but now, they contain
not only input and output places, but also, moments of activation, duration of
the active state, predicates determining which token from input place to which
output places can be transfered, capacities of transition arcs and a condition
for activation of the transition, when the activation moment arises. Each token
has initial and current characteristics, that it can keep and use during the GN
functioning.
Below, we use the following three types of sets:

— FE = {F1,Es,...,E,} is the set of the measurement tools employed in the
decision process;

- A={A1, As, ..., Ay} is the set of the alternatives considered,;
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- C={C1,Cy,...,Cy} is the set of the criteria used for evaluating the alterna-
tives, which are ordered before their use.

The experts use as standard or given to them criteria, as well as new criteria
suggested by the experts, participating in the current procedure. Each expert
can use only those of the criteria, that he/she prefers. Each expert has own score
in the form of Intuitionistic Fuzzy Pairs (IFPs; see [4,7]) (a,b), where a,b € [0, 1],
so that a+b < 1 and a, b are respectively degree of validity, correctness, etc. and
degree of non-validity, non-correctness, etc.

To illustrate the expert’s reliability score we give the following example: a
sports commentator made 10 prognoses for the results of 10 football matches.
In 5 of the cases he predicted correctly the winner, in 3 of the cases he failed and
in the remaining 2 cases he did not engage with final opinion about the result.
That is why we determine his reliability score as (0.5,0.3).

When the i-th expert determines the criteria, which he/she likes to use, he
orders them on the vertices of an oriented graph. As it is shown, e.g., in [5], each
graph can be represent by an Index Matrix (IM, see [5]) in the form

L L,
ki ak, iy Gkyly - Gkl
[K,L, {aki’lj ]E 2 |Qky,ly Qkaly -« Qko,ly ,
K| Qi 7 Qi ls -+ - Qo 1,

where for a fixed set of indices I and for set R of numbers (0 and 1; natural,
real, etc.), propositions, variables, predicates, IFPs, etc., K = {k1, k2, ..., kn} C
I,L={l,ls,....ln} CI;for 1 <i<m,and for 1 <j<n:ap;, €R.

For two IMs different operations are defined, such as “addition”, some types
of “multiplication”, “subtraction”, “projection”, “restriction”, “substitution”
and others; and some operators are defined, e.g., hierarchical operators.

When the elements of R are IFPs, the IM is Intuitionistic Fuzzy IM (IFIM).
When some IFPs are associated to the arcs and/or vertices of a given graph, the
graph becomes an Intuitionistic Fuzzy Graph (IFG).

2 Generalized Net Model

The present GN model (see Fig.1) is an extension and modification of the
model from [10], that is an extension of the GN-model from [9]. Since some
of the places and transitions in the new model coincide in both models, we use
the same notation. By this reason we use notation for transitions and places:
Y1, }/2, }/37 }/47 kl, ceuy ]Cg from the second model, Zl, ZQ, Z3, l17 ceey l14 from the first
model and now for the new model: X1, Xs, X3, X4, m1, ..., m7.

The GN that we describe below has seven types of tokens — a-, -, v-, J-,
€, (- and n-tokens. The third, fourth, ..., and seventh tokens are unique, while
a-tokens are m in number and they generate m in number (-tokens, that in
place k7 are united in one token (.

velin_andonov@yahoo.com



Generalized Net Model of Multicriteria Decision Making Procedure 101

The a-tokens are ordered by some criterion (e.g., alphabetically following
experts’ names) and their order is not important. Each of the a-tokens has
an initial characteristic: “expert’s name, his/her own (current) reliability score
(6;,€i) € [0,1)% such that §; +&; < 1, and his/her own (current) number of
participations in experts’ investigations v;" (1 <i < m).

In the initial time-moment of the GN functioning, the first a-token, oy (let
a; denote the i-th a-token) and the ~-token enter places ki and I3, respec-
tively. The later token has initial characteristics “list of the alternatives, i.e.
Ay, As,y o AL

The first GN-transition (as we noted above, it is not met in the GN from

[10]) has the form:
B kQ kd
R

The current token «; splits into two tokens - the same token «; that enters
place ko without a new characteristic and the token [3; that enters place k3 with
a characteristic “list of the estimation criteria that the i-th expert likes to use
for his/her estimation, i.e., Ci1, Cio,...,Ciq” (1 <i<mand 1 < g < gey),
where ¢, is the current number of criteria that the experts can use.

ky ks
Yo = ({ko, ka}, {ka, ks5}, ko|true false),
ky|Vaa Vags
where
Va4 = “in the current step no token enters place k; and the current token has

stayed the longest time in place k4 in respect to all other tokens currently staying
in the same place”,
Vias = V4.

The a-tokens enter place k4 without a new characteristic. They are collected
there, waiting for the beginning of the process of experts’ estimation. When
predicate Vj 5 is valid, a-tokens enter place ks with the characteristic “IFG G;
of the expert’s opinion for the order among the criteria”. The vertices of the IFG
G represent all or a part of the criteria from the last 8-token characteristic. The
arcs of this IFG are labeled by the i-th expert’s scores.

Token € permanently stays in place k7, with an initial and current charac-
teristic “list of actual criteria (qe, in number) that can be used for the current
expertise”.

ks | false true
k7| Vze Vool
k15| false true

}/3 = <{k37 k77 le}a {k67 k7}a

where
Vz6 = “in the current step no token enters place k;”,
Ver=-Vig.
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Yo Ya
k4 kg
Y,
k2 ks
k1 51
Vs —»O—»
ks ke Is
— X4
k7
kis

Fig. 1. GN-model

The i-th B-token (let us call it ;) enters place k7. It unites with the e-token,
that stays in place k7. Let us call it 8. It waits for the beginning of the process
of experts’ estimation and it obtains as a current characteristic
Bi

cu—1>

B

Loy = JUiu—l Uz
i.e., the list of all criteria that are formulated by the first ¢ experts.

Token 3 from place k5 enters place k7, where it is united with token &, that
obtain as a new (current) characteristic

xiu = ‘/I"iufl U xfu

When predicate V7 ¢ = true, then token e splits into token e that continues
to stay in place k7 and token [ that enters place kg with the characteristic
x U A;, where A\; C 2%, is the list of the criteria, different from these in the

i

cu—1
set xfﬁ_l that the i-th expert likes and will use, too.
‘ ks I ly
_ ks| true false false
Y;L = <{k57k65k8}7{k8311712}7 kG false false ‘/6,2 )
ks V&g V&l false
where
V6,2 = V3,1 = “in the current step no token enters place ks”,
Vsg = V3.
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The a-tokens enter place [; without any new characteristic, while token (8
enters place I with a characteristic “IFG G, obtained by the procedure described
below”.

The new IFG G is obtained by operation “+,” over the IFGs G;, which for
two IMs A = [K, L, {ay, 1, }] and B = [P,Q, {bp, 4. }] has the form

A+, B=[KUP,LUQ,{ct, .},

where
Ak, ;5 ift,=ki€e Kandv, =l; € L -Q
ort,=ki€ K—Pandv, =1 € L;
by, .qes ifty,=p,€Pandv,=q; €Q—L
Cloyvy = orty,=pr € P—K and v, = ¢s € Q;

ag;1; 0 bp, g, ity =k =p. € KNP
andv, =l =¢. € LNQ
0, otherwise

and for two IFPs (a,b) and (c, d), operation o can be, e.g.

(max(a, ¢), min(b,d)), if ois v
{a,b) o {c,d) = ¢ (min(a, c),max(b,d)), if o is A

(afe bbdy if o is @

or others.

With this operation, we obtain an IM corresponding to the IFG G of all
experts’ opinions about the criteria ordering. Now, its arcs have intuitionistic
fuzzy weights being the disjunctions of the weights, of the same arcs in the sep-
arate [IFGs. Of course, the new graph may not be well ordered, while the expert
graphs are well ordered. Now, we reconfigure IFG G as follows. If there is a cycle
between two vertices V; and V5, i.e., there are vertices Uy, Us,...,U, and ver-
tices Wy, Wa, ..., W,,, such that Vi,Uy,Us,...,U,, Vo and Vo, Wy, W, ..., W,,, V1
are simple paths in the graph, then we calculate the weights of both paths as
conjunctions of the weights of the arcs which take part in the respective paths.
The path that has smaller weight must be cut in two, removing its arc with
smallest weight. If both arcs have equal weights, these arcs will be removed.
Therefore, the new graph is already cycle-free. Now, we can determine the pri-
orities of the vertices of the IFG, i.e., the priorities of the criteria. Let them be
©1,92, .., Pq.. - For example, they can have values 5=1 for the vertices from the
s-th level bottom-up of the IFG with t+1 levels. We shall use these values below.

The first transition of the GN from [9] that now is in the subnet of the present
GN, has the form:

Zl = <{l17 127 l37 l7}a {147157 16717}7

‘ ly l5 lg Iy
l1| true false false false
lo|false false Wag false),
l3|false false false true
lz|false Wy s false Wy
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where
W77 = “there is a token in place [;”,
Wae =Wrs =-Wrr.

If predicate Wy 7 = true, then token v stays in place l; without a new
characteristic. Only when predicate W7 7 = false, i.e., when predicates Wy ¢ =
Wr6 = true, token ~y enter place 5 without any characteristic, too. Token a;
enters place [4 and obtains as a next characteristic an IM that we shall describe
in more details. Having in mind that the i-th expert can use only a part of the
criteria and can estimate only a part of the alternatives, we can construct the
IM of his/her estimations in the form

A A, . Alm
Ci, o
(@] 107 k)
Ci,
1<k<p;<p)
Oiqi

where: af ., 0, € [0,1],, o}y + 67, < 1 and (a},,5,) is the i-th expert
estimation for the k-th alternative about the j-th criterion; Cj,,...,C;, and
Ay, s Ai,, are only those of the criteria and alternatives which the i-th expert
prefers. In the cases when pair (a’ ;, 3% ) does not exist, we will work with pair
(0,1).

On the other hand, when all a-tokens transfered to place ly, token [
enters place lg with a characteristic, the set of all a-token’s characteristic, i.e.,
“{81,52, ey S}

The GN-transition Z5 has the form:

[ ls 1y o
ly| true false false
“ls|false false true )
lg|false Wg g false

Zy = <{l4a ls, lS}v {lg, ly, llO}

where
Wg,9 = “there is a token in place {1;”.

The a-tokens are collected without any characteristic in place lg. They will
continue their path to place lg, without a characteristic, too, when there is an
objective estimation of the alternatives (token ¢ in place l11). Token ~ obtains
as a characteristic the following IM
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AL Ay LA,
Cy
(@, Bjoke)
Cs
§= (1<J < deus
1<k<p)
chu

where o, and 3; ; can be calculated by different formulas, with respect to some
specific aims. For example, such formulas are the following:

m

> 6.l

sk
Qjk = m

m .

>oepl

& ek
ﬁj,k: m

m
Z 6i,] &k
=1
Qjk m
m .
ik
i=1 b
Bik = —p——

(here only the experts’ degrees of reliability estimated by the corresponding
criteria are taken into account).

m .
ot

= J,k
Qjk = m

m — ’

> Bik

=1
Bik = —m—

where a;i, , and B;k can also be calculated by various formulas, according to
particular goals and experts’ knowledge. For example, such formulas can be:

Q& -0ij + B i

—i o g+ 0.0
Y N AakaY) 7,k
/Bj,k = Y- ¥ + 1
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or
i Ot l—cig
gk T Sk 2
5 g Gtl-0i
e e

The first formula takes into account not only the rating of each expert by the
different criteria, but also the number of times he has given an opinion (the
first time is neglected, since he does not have a rating then). Obviously, the so
constructed elements of the IM satisfy the inequality: o, + 3;, < 1. This IM
contains the average experts estimations taking into account experts ratings.
Let each one of the criteria C;(1 < j < gcy) have a priority ¢; € [0,1]. This
information will be put in the initial characteristic of token 3. We can determine
for every alternative Ay the global estimation (ay, Ox), where

qcu
> Pk
=

U= T e
QCu
> vi-Bik
=

P = Jeu

Transition Z3 can be activated only when token ¢ enters place l;; with an
initial (unique) characteristic in the form of an IM with elements (objective)
values about the different criteria:

Ay Ay ... A,
Ch
- (ajk, bjk)
(1 < .] < Geu,
1<k<p)
qu:u

where: aj,k,bj,k S [O, 1] and ajx + bj’k <1

Here we mention a significant difference between the four examples. It consti-
tutes in the time needed for the experts to understand how well they have made
their evaluations and prognoses. In the case of election prognoses, the experts
obtain their own score at the moment of the final announcement of the results
of the vote. On the other hand, when a job candidate is evaluated, the experts
can estimate his/her work in the company in a longer period of time, including
periods of adaptation and training, and first finished projects. Moreover, in such
case the expert’s appraisal may be subjective and liable to refutation.

The transitions Zy and Z3 will be active until all a-tokens from place lg go
to place [12 through place lg. Its form is

Zs =<Alg,l10, i1 }, {li2, l13, la },
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| e hs g
lg | true false false
lio|false false true
l11|false true false

In the present model, token § leaves the GN via place ;3 without a final char-
acteristic, but in the future GN-models they will obtain characteristics related,
e.g. to the behaviour of the process flow and GN functioning, to the alternatives
and criteria, etc.

Token «; enters place l12 with final characteristic “expert’s new rating, (0;,€;),
and new number of participances in expert investigations, y.”. The values of this
characteristic are estimated by formulas

and
Cyn — G
g = Y0t
Z Y=
o i M
k3 ,Yé )
where
qcu p 9 oN1/9
2 kzl (k= ajn)® + (Bjx — bjr)*)
=1 k=
C; = 5
PYcu
and

Yy

~
Il
—

Cpr =
n
Other formulas for the expert’s rating are also possible and they will be discussed
in a next research.
Token ~ enters place 14 with a characteristic “IM T”. We remind that its
previous characteristic is IM S.
The GN-transition X; (the first of the new transitions) has the form:

ko ko

X1 = <{l6,ll4},{kg,k10}, l@ true false}.
l14| false true

Token « from [14 enters place k19 with a characteristic “list of all used criteria
in the process of decision making”. Therefore, it contains the criteria, given to
the experts, as well as the new criteria, introduced by the separate experts and
used in the time of the process.
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Token (3 from lg enters place kg with a characteristic “IM U”, where

A171 e Al,mAl,erlAl,erQ Ce Ap71 Ce Ap,mAp,m+1Ap,m+2
Cq
(Qh,i,s Bsing)
U— i, i, 7
(1<i<m,
1 <7 < qew,
CQCu 1 S k S p)

where (@i j, Brk,ij)y (Qkmt1jsBremt1y) and (Qkm-2j, Bkm+2,;) are, respec-
tively, the evaluations of the i-th expert (1 < i < m), aggregated evaluation of
all experts (with index ¢ = m+1) and objective result (with index i = m+2) for
the k-th alternative about j-th criterion. Alternatives Ay ; for each ¢ coincide,
but their evaluations are different and by this reason we can interprete them as
different objects. IM U can have simpler form, if we include in it only experts
evaluations, i.e., without the aggregated evaluations and objective results.

Token ¢ enters place ki; with initial characteristic “(meta)criterion for a
choice for near criteria”. We discuss its meaning below.

In place k12, tokens 8 and ¢ unite in token § with a characteristic “IM V, list
of near pair of criteria”. The first component of this characteristic is obtained by
the procedure, that we describe following [5,6,8]. It is the basic component of
the so called intercriteria analysis. Here, it is described from intuitionistic fuzzy
point of view (see, [8]).

Let us have the set of objects O = {01, O, ..., O, } that must be evaluated
by criteria from the set C = {C1,Cs, ..., Cp, }.

Let us have an IM

O, - O - 05 - O,
Cilac,,0, **" acy,0; *** 0Cy,0; T GCy,0,

Ck |acy,, 0, *** ACy,0; " ACy,0; " ACy,0,
A= . . ) R
Cilac,,0, ** ac,o0;, *** ac,0; " * 4c,0,
Cmlac,,,0, *** 0C,,,0; """ AC,,,0; " AC,,,00

where for every p,q (1 <p<m, 1 <qg<n):

(1) C, is a criterion, taking part in the evaluation,
(2) Oy is an object, being evaluated.
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(3) ac,,0, is a variable, formula or ac, 0, = (ac,,0,,c,,0,) is an intuitionistic
fuzzy pair, that is comparable about relation R with the other a-objects, so
that for each i, j, k: R(ac,,0,,ac,,0,) is defined. Let R be the dual relation
of R in the sense that if R is satisfied, then R is not satisfied and vice versa.
For example, if “R” is the relation “<”, then R is the relation “>”, and vice
versa.

Let S,’:l be the number of cases in which

<O‘Ck70¢ ’ ﬂck70i> < <O‘Ck-70j ’ ﬂck70j>

and

(acy,0:,0c,,0,) < (a0, 80,0,
or

(acy,0:5 Boy,0:) = (acy,0,: Bey.0;)
and

(acy,0:,Bc,0:) > (ac,0;,Bc.0;)

are simultaneously satisfied.
Let S,’;l be the number of cases in which

<O‘Ck70i ) ﬁckvoi> > <O‘Ck,Oj ) ﬂck7oj>

and

(acy,0:,0c,,0,) < (a0, Bc,,0,),
or

(acy,0,5 Boy.0:) < (acy.0,8cy.0;)
and

(acy,0:,Bc,0:) = (ac0;,Bc.0;)

are simultaneously satisfied.
Obviously,

n(n—1
Spi+Sp; < nn—1) )-

2
Now, for every k, I, such that 1 < k <l < m and for n > 2, we define
—9 S,‘;l y —9 SZJ
By, n(n — 1)7 Cr,Ch n(n — 1)'
Hence,
+ =2 S +2 kLo
Hey,c Ci,Cy n(n — 1) TL(TL — 1) >

Therefore, (uc,.c,, Ve, c,) is an IFP.
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Now, we can construct the IM

‘ Cy C
Ch <,LL017017V017C1> <l‘l’cl7cm7yclac7n>

Cm </’I/C7nycl ? VC77L701> o </’(‘C'm7cm ? Vcnuc'm>

that determines the degrees of correspondence between criteria Cq, ..., Cy,.

When objects Oq,...,0, and criteria C1,...,C,, from the above procedure
coincide with our alternatives and criteria, respectively, we obtain the IM V
that is the first component of the token (8 characteristic. The second component
of this characteristic is obtained on the basis of the token ¢ characteristic. Using
it, we obtain the list of the near criteria.

Token 7 enters place ki3 with initial characteristic “(meta)criterion for a
choice of a better criterion between two given ones”. This (meta)criterion can
determine the better criterion because it is easier for checking, chipper, requires
less time for checking. etc.

In place ky4, tokens 8 and 7 unite in token 8 with a characteristic “list of
bad criteria”.

In place ki5, tokens 3 and ~ unite in token § with a characteristic “list
of good criteria”, i.e., 22, = z7, — x'fufl, where operation “—” between both
characteristics is in set-theoretical sense.

3 Conclusion

The paper is a first attempt to unite two mathematical objects - the GNs and
intercriteria analysis, that is used for increasing the effectiveness of decision
making processes.

In a next research we shall discuss a possible extensions of the so constructed
GN-model including other decision making activities and other applications of
the intercriteria analysis.

The authors work on two projects, provided by the Bulgarian National Sci-
ence Fund. The present paper is the joint point of both ones.
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