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1. Decision making

Decision-Making is a book based on contributions by different authors. The book synthesizes 
the analytic principles with business practice of decision-making [1]. The book provides an 
interface between the main disciplines of engineering/technology and the organizational, 
administrative, and planning abilities of decision-making. It is complementary to other sub-
disciplines such as economics, finance, marketing, decision and risk analysis, etc.

Decision-making can be understood as a method to select an option into a set. The method can 
be exact or not, quantitative/qualitative, and so on, and therefore, the option can be optimal 
or not [2]. These operations are done for anyone every day in anywhere. The decisions can 
be classified according to the period as politic (very long period), strategic (long period), and 
operational (short period).

The scientific advances, together with the competitiveness in the market, have led that this 
concept will be very important nowadays, generating a large number of research publica-
tions, new software, specific profiles in the human resources, etc., in every industry field.

Nowadays the industry is employing the new technologies and information system in deci-
sion-making. Business analytics employs data to build quantitative models to manage deci-
sions due to the unknown future. The methods are based on statistical analysis, management 
science, operational research, etc. [3, 4].

It requires advanced methods for advanced analytics [5–8]. Triantaphyllou showed a paradox 
on what decision-making method should be used to choose the best decision-making method 
[9]. A state-of-the-art survey of multiple attribute decision-making is discussed in Refs. [6, 10].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2 Decision Making 

New methods are being presented [11–13], where the artificial intelligence is being one of the 
most important [14–16]. This book presents also several methods for different case studies.

Charnes et al. [17] presented a research work on measuring the efficiency of decision-making 
units. Linear and nonlinear programming methods were presented. This study also consid-
ered the engineering and economic connections to decision-making.

The chapters introduce and demonstrate a decision-making theory to practice case studies. It 
demonstrates key results for each sector with diverse real-world case studies. The theory is 
accompanied by relevant analysis techniques, with a progressional approach building from 
a simple theory to complex and dynamic decisions with multiple data points, including big 
data, lot of data, etc. Computational techniques, dynamic analysis, probabilistic methods, 
and mathematical optimization techniques are expertly blended to support analysis of multi-
criteria decision-making problems with defined constraints and requirements.

The book is focused on graduate students and professionals in business administration,
industrial organization, operations management, applied microeconomics, and the deci-
sions sciences, either studying decision-making analysis or who are required to solve large,
specific, and complex multi-criteria decision-making problems as a part of their jobs. The
work will also be of interest to industrial engineers and engineering designers working with
optimization problems, but this is not the main audience and finally researches from the
academia.
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Abstract

Energy as an essential basis for the social development has a vital role for survival and
development of humankind as an environmental factor. Energy consumption of Turkey has
become an important problem through the exorbitant price increase in the fundamental
energy source of the world and rapid development in the economy of Turkey. The necessity
to create correct decision-making processes related to future in order to eliminate this
problem has appeared as well. For that reason, views of decision-makers upon the relative
importance of selection criteria were determined, using analytical hierarchy process (AHP)
and technique for order preference by similarity to ideal solution (TOPSIS) based upon type-
2 fuzzy sets (FSs) that were used in order to list the best energy alternatives.

Keywords: energy planning, strategy management, type-2 fuzzy sets, multi-criteria
decision-making (MCDM), technique for order preference by similarity to ideal solution
(TOPSIS), analytical hierarchy process (AHP)

1. Introduction

Energy system plays an important role in the economic and social development of a country
and life quality of people. In order to encourage the use of sustainable energy and implemen-
tation of energy productivity precautions and technical changes, some new government poli-
cies have been adapted. Since the beginning of civilization, energy sources have become
important for people [1, 2].
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6 Decision Making 

Furthermore, making a decision on energy planning based upon the energy demand includes 
balancing various ecological, social, technical and economic aspects on time and place. This 
balance is critical for the survival of nature and welfare of the population dependents to energy 
[3, 4]. 

When we try to select any energy alternatives using some criteria, we should regard the 
inconsistent points between the considered criteria. Making a selection among energy resource 
alternatives is a multi-criteria decision-making (MCDM) problem including several criteria 
conflicting with each other. We are obliged to evaluate some alternatives, considering the 
advantages and disadvantages in terms of selection criteria. Meanwhile, energy evaluations 
should cope with qualities and components that are hard to define and can include both 
qualitative and quantitative factors. Accordingly, this problem should be overcome through 
multi-criteria decision-making (MCDM) method. This method can present alternatives to 
overcome complicated energy management problems [5, 6]. 

In 1970s, it was popular to discuss energy problems through mono-criteria approaches aiming 
to define low-cost most productive energy supply choices. Moreover, in 1980s, common values 
changed due to the raising awareness on environment. The necessity of considering the 
environmental and social concerns while performing energy planning required use of multi-
criteria approaches. Multi-criteria decision-making (MCDM) methods were commonly 
performed upon social, economic, industrial, ecological and biological systems besides the 
energy systems [7, 8]. 

Some methods have been suggested in order to overcome fuzzy multi-criteria group decision-
making problems. Type-2 fuzzy sets (FSs) are more efficient than ordinary FSs in terms of 
coping with wrong and missing information in real-world practices. A type-2 FS is a member-
ship function (MF) represented by a [0–1] interval FS. Type-2 FSs include membership func-
tions with certain intervals used commonly for high-level FSs due to the relative simplicities 
[9–11]. Type-2 FSs qualified with primary and secondary membership are an extension of type-
1 FSs [12, 13]. In the literature, some articles related to type-2 FSs can be encountered. Chen 
and Lee [14] suggested a type-2 fuzzy technique for the priority sequence close to an ideal 
solution (TOPSIS) aiming to overcome group decision-making problems based upon TOPSIS. 
Chen [15] suggested a beneficial method in order to decrease tolerance prejudice during the 
decision-making processes based upon type-2 interval FSs and to forecast the importance of 
criteria in multi-criteria decision-making (MCDM) process. Chen [16] suggested multi-criteria 
decision making (MCDM) method including fuzzy numbers generalized as intermediate value 
under incomplete weight. Chen et al. [17] developed a method to discuss multi-quality group 
decision-making problems depending upon the sequence of type-2 interval FSs. Chen [18] 
suggested a new method in order to overcome multi-criteria group decision-making problems 
depending upon type-2 interval FSs and to determine the targeted importance of criteria. 
Wang et al. [19] suggested multi-criteria decision making (MCDM) methods depending upon 
arithmetic operations of type-2 interval fuzzy sets and sequence values. 

In this chapter, a fuzzy multi-criteria decision making (MCDM) methodology based upon 
type-2 FSs was suggested for the decision-making problem related to energy alternatives. The 
suggested methodology will be used in order to determine the most appropriate energy 
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alternative for Turkey. In the first stage, criteria weights will be determined with type-2 
interval analytical hierarchy process (AHP) method. Then, the sequence of all alternatives will 
be determined according to their priority determined by type-2 interval fuzzy Technique for 
Order Preference by Similarity to Ideal Solution (TOPSIS) method. In order to meet realizable 
energy demands for best alternative or alternatives, it was aimed to reveal general energy 
alternatives of Turkey and to determine consistent strategies, using fuzzy MCDM methodol-
ogy based upon type-2 interval FSs. 

2. Decision-making methods 

2.1. Type-2 fuzzy sets 

During the decision-making process, because of the increasing complexity of the socio-
economic environment and uncertainty of the immanent subjective nature of human thought, 
the information related to quality values is generally ambiguous, and fuzzy. This reality has 
caused many researchers to perform fuzzy set (FS) theory in order to model uncertainty and 
ambiguity during the decision-making processes [18, 19]. 

Some multi-criteria decision-making (MCDM) methods were suggested depending upon the 
type-1 FSs. Type-2 FSs include more uncertainty rather than the type-1 FSs. Those provide us 
more freedom level in order to represent the uncertainty and fuzziness of the real world. Type-
2 FSs can be considered as an extension of type-1 FSs. Because type-2 interval FSs are used 
instead of traditional type-1 FSs in order to represent weights of the qualities and evaluation 
values, type-2 FSs provide us a more beneficial method for the solution of the fuzzy multi-
criteria decision-making problems in a more flexible and intelligent way [20–24]. 

Basic concepts and processes of type-2 FSs were presented below, and some definitions of 
type-2 FSs and type-2 interval FSs were analyzed shortly. The fuzziness of type-1 membership 
function shifting the points on the triangle to the right or left without the obligation of being at 
the same rate as in Figure 1 (b) was presented in Figure 1 (a). Then, there is no even one 

residual value for the membership function in a specific value of “x” such as “x 
0 
”. Instead of 

this, the membership function gains value at the point where vertical line intersects with the 

Figure 1. Type-1 and type-2 membership functions [26]. 
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8 Decision Making 

fuzziness. It is not necessary for these values to be weighted similarly. Accordingly, we can 
provide a width distribution for all these points. Implementing this to all x ∈ X, we create a 
three-sided membership function-a type-2 membership function- qualifying a type-2 fuzzy set 
[24, 25]. 

A as a type-1 FS ~~Let us assume A ¼ ða1; a2; a3; a4; H1ðAÞ; H2ðAÞÞ with isosceles trapezium as 
shown in Figure 2. H1ðAÞ indicated the membership value of, a2 element, and H2ðAÞ indicates 
the membership value of a3 element. According to this, it is 0 ≤ H1ðAÞ ≤ 1 and 0 ≤ H2 Að Þ ≤ 1. If 

A triangle-shape type-1 FS [26]. ~ a2 ¼ a3, the type-2 FS becomes 

~~ 

~ A be represented with type-2~ can 

A can be 

Definition 1: In X universe of discourse, the type-2 FS 

A ¼ 
A ~~ 

~~ 

membership function μ as shown below [13, 25, 27]: 

~~ 

A 

n� � o 
ÞÞ ∀x ∈ X; ∀u ∈ JX ⊆ 0; 1 

A 

~~ 

�; 0 ≤ μ Þ ≤ 1ð Þ; μ ð ½ ðx; u x; u x; u 

Here, 0 ≤ μ Þ ≤ 1 and JX indicates an interval in [0, 1]. Moreover, the type-2 FS ðx; u
A 

represented as below: 
" #ð ð ð ð 

A ¼ ~~ 

~~ 

μ ð Þ=ðx; uÞ ¼  Ð μ ð Þx; u x; u =u =x~~ ~~A A x ∈ X u ∈ JX u ∈ 
x ∈ X x 

ÐÐ 
Here, JX ⊆ ½0; 1� and express all combination upon x and u. According to this, x is the 
primary variable, JX ⊆ ½0; 1� indicates the primary membership of x, u is the secondary variable, Ð ÐÐÐand μ =u indicates the secondary membership function in x (MF). expresses all ðx; uÞ u ∈ ~A~ 

~~ ~~ 
~~ 

~~ 

~~ 

x P Ð 
valid combination on x and u. For different discourse universes, takes place of . 

A as a type-2 FS in X discourse universe represented with type 2 

A A 
A is called type-2 interval fuzzy set. A as a 

Definition 2: Let us assume 

membership function μ . If it is μ Þ ¼ 1, then ðx; u 

type-2 FS can be considered as a special type of type-2 FS indicated as below [13, 18, 25, 28]. 

Figure 2. Isosceles trapezium shape type-1 FS [26]. 
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#ð ð ð ð 
A ¼ ~~ 1=ðx; uÞ ¼  1=u =x 

x∈ X u∈ JX x∈ X u∈ jx 

~ 

~ 

Here, x is the primary variable, JX ⊆ ½0; 1� indicates the primary membership of x, u is the 

~ 

Ð 
secondary variable, and 1=u is the second membership function in x.u∈ jx 

Definition 3: In this chapter, we evaluated fuzzy MCDM problems using type-2 interval FSs. 
For the reference point, size of upper and lower membership functions related to type-2 
interval FSs was used. Upper membership function and the lower membership function of 
such type-2 interval FS indicate type-1 membership function. This can be presented as below: 

� � �� � � � �� � � � � ��� 
Ai ¼ A A A A A~~ 

A H Ai j. ~ ~~ 

~ 

~~ 

~ 

~~ U U U L LU U U U 
i1; ai2; ai3; ai4; H1 

L L L L 
i1; ai2; ai3; ai4; H1; H2 ; H2¼i ; a ; aAL 

i i i i i 

U U U U L L L L 
i1 , ai2, ai3, ai4 , ai1, ai2, ai3 ve ai4 are the reference points of Here, and are type-1 FSs, and aAU 

i AL 
i 

U Uthe type-2 interval expresses the membership value of a element in whichi AU
i ,i jð þ1Þ 

A 

~~ 

is the upper isosceles trapezoid-shape membership function. According to this, 1 ≤ j ≤ 2, 
L 

Ai sequence value, which is type-2 interval FS in isosceles 

~Hj [13, 25]. i 

Ai 
~~Definition 4: Rank as the 

~~~~~ 

trapezoid shape is defined as below [13, 28]. 

Ai A A A A A ~~ U L U L U L
Rank ¼ M1 A~ þM1 þM2 þM2 þM3 þM3i i i i i i 

~~~~ 
� � � � � � � � � � � � � � � � �� 

A A A A
1 U L U L U L U L ~ 

~ 

~ 

~ 

~A A A 

A A 

S1 A~ 

~ 

þ S1 

A 

þ S2 þ S2 þ S3 þ S3 þ S4 þ S4i i i i i i i i4 
U L U L þH1 A~ þH1 þH2 þH2i i i i 

~~ ~~ 
j j 

A Aj jandHere, Mp indicates the average of elements, Mp ¼a ai iip i pð þ1Þ 

~~ 

j j j ja =2, 1 ≤ p ≤ 3, indicates the standard deviation of a and a elements,ip þ ai pð þ1Þ iq i qð þ1Þ rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi � � � �2 � �
j j

A A 
Pqþ1 Pqþ1j j1Sq , 1 ≤ q ≤ 3, indicates the standard deviation of S4¼ a ak¼q ik ,i ik¼q2 ik � 1

2 

~ 

~ 

~ 
rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi � � � �2 � �

j P4 P4 j
A ik � 1 Aj j j j 

i1, ai2, ai3, a  j j1elements, S4 Hp indicates the member-¼a a k¼1 ai k¼1 ii4 ik4 4 

j 
i pð þ1Þ Aj 

i, 1 ≤ p ≤ 3, j∈ship value of a element in in fU; Lg,ve 1 ≤ i ≤ n: as an isosceles trapezoid 

~~ 

~ 

shaped membership function; and Figure 3 represents a type-2 interval FS in an isosceles 
trapezoid shape. 

A~ 

For the formation of type-2 interval FSs, AU as isosceles trapezoid shaped upper membership i 

function and as isosceles trapezoid shaped lower membership function were used.AL 
i 

created using type-2 interval FS is as below [13, 25, 30]. 
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~ ~A [29].Figure 3. Isosceles trapezoid shaped membership function of the type-2 interval FS 

~~~~ 

Addition:
               

A1 ¼ A A A A A 

~ 

A ¼2 

~A1 ⊕A2 ¼ A A 

~ 

~ 

~ 

~ 

~~

~~ 

~ 

U U U L LU U U U 
11; a12; a13; a14; H1 

L L L L 
11; a12; a13; a14; H1; H2 ; H2¼1 ; a ; aAL 

1 1 1 1 1 

~~~~
               

U U U L L
A AL A A A A~~ U U U U 

21; a22; a23; a24; H1 
L L L L 
21; a22; a23; a24; H1; H2 ; H2¼2 ; a ; a2 2 2 2 2 

    U LA~;1 1 
U

⊕ 2 ;A
L 
2 

~~~~
              0 1U U U U

A A A AU U U U U U U U 
24; min H111 þ a21;a12 þ a22;a13 þ a23;a14 þ a ;H1 ;min H2 ; H2a ,1 2 1 2B C 

~~~~ 

B C¼ @ A              L L L L
A A A AL L L L L L L L 

24; min H111 þ a21; a12 þ a22;a13 þ a23;a14 þ a ;H1 ;min H2 ; H2a 1 2 1 2 

~~~~~~ 

Subtraction:
    

U U
A1ΘA2 ¼ A AL A ALΘ1 ; 2 ;1 2 

~~~~ 
0              1U U U U

A A A AU U U U U U U U 
24; min H111 � a21; a12 � a22; a13 � a23;a14 � a ; H1 ; min H2 ;H2a ,1 2 1 2B C 

~~~~ 

B C¼ @               A 
L L L L

A A A AL L L L L L L L 
24; min H111 � a21; a12 � a22; a13 � a23;a14 � a ;H1 ;min H2 ; H2a 1 2 1 2 

~~~~~~ ~~ 

~~ 

Multiplication:
               

A1 ¼ A A A A A 

A2 ¼ 

U U U LU U U U 
11; a12; a13; a14; H1 

L L L L 
11; a12; a13; a14; H1; H2 ; H2¼1 ; a ; aAL 

1 1 1 1 

~~~~~~
               

U U U L L
A AL A A A A2 ; 2 ¼ aU U U U 

21; a22; a23; a24; H1 2 ; H2 2 ; aL L L L 
21; a22; a23; a24; H1 2 ; H2 

L 
1

2
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Arithmetic operation: 

~ 
� � �� � � � �� � � �  � ���

U U L L
A1 ¼ A A A A A~ 

A1 ¼ 
A~ 

~~ 

~~ 

~~ ~~ U U U U U 
11; a12; a13; a14; H1 

L L L L 
11; a12; a13; a14; H1¼ a 1 ; H2 1 ; a 1 ; H2 11 ; A

L 
1 

0� � � � �� 1 
U U

A A~~U U U Uk � a11; k � a12; k � a13; k � a14; H1 ; H2 ,1 1B Ck � � �  � ��
L L@ A 

L L L Lk � a11; k � a12; k � a13; k � a14; H1 H A~ ; 21 1 

~ 
0� � 1 

1 1 1 1 U U
A A~U 

11; 
U 
12; 

U 
13; 

U 
14; H1 ; H2� a � a � a � aB , C1 1A1 

k 

~~ k k k kB C 
~~A A 

¼ B C� �  � �  
L L1 1 1 1@ AL 

11; 
L 
12; 

L 
13; 

L 
14; H1 ; H2� a � a � a � a 1 1k k k k 

Here, k > 0. 

2.2. Type-2 fuzzy analytic hierarchy process (AHP) methodology 

Analytic Hierarchy Process (AHP) is an analysis instrument related to decision making used 
commonly to model non-structured problems in real life. AHP depending upon binary compar-
ison values for a target set is performed in order to reveal a similar priority vector representing 
the preferences. Due to the difficulty in determining the numerical preferences for scoring the 
forecasts, uncertainty at a specific amount will identify with all or some of the paired comparison 
values in an AHP problem. A priority vector created with paired comparisons within uncer-
tainties expresses fuzzy AHP problems. The primary task of fuzzy AHP method is to make a 
decision related to the relative importance of each factor pair in the same hierarchy [24, 29, 31]. 

In this chapter, AHP method was developed to overcome multi-criteria decision-making 
(MCDM) problems depending upon type-2 interval FSs for determining the weight matrix of 
the criteria. Fuzzy AHP stages depending upon type-2 FSs are shortly as below tip-2 [18, 24]: 

Stage 1: Type-2 interval fuzzy paired comparison matrixes are created among all criteria in the 
hierarchical structure. 

0 
1 ~~a12 ⋯ ~~

1 
a1n 

0 
1 ~~a12 

~~
1

⋯ a1n 

~~M ¼ 
~~B B a21B 1 ⋯ ~~ C a2n C C ¼ 

~~B B 1=a12B 1 ~~ C⋯ a2n C C (1) 

~~ ~~ ~~ ~~ 

@ ⋮  ⋮  ⋱ ⋮ A @ ⋮  ⋮  ⋱ ⋮ A 
an1 an2 1=a1n 1=a2n⋯ 1 ⋯ 1 

~~ ~~ 
~~ 

~~ ~~ 
~~ ~~ 

~~ 

Here,
 !  !! 

U U L L
1=aij ¼ a a a a 

1 1 1 1 1 1 1 1 
; H1 ; H2 ; H1 ; H2 ~~ ~~ 

; ; ;U U ~~ ~~ ~~ 
; ; ; ;L L Lij ij ij ijU U La a a a a a a aij4 ij3 ij2 ij1 ij4 ij3 ij2 ij1 

Stage 2: Geometrical average technique is used as below in order to find the fuzzy geometric 
average: 
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� �1=n 
ri ai1 ⊗ ai2 ⊗⋯⊗ ain 

~~ ~~ ~~ ~~ (2)¼ 

~ 

Here, 
�� � � ��ffiffiffiffiffiffi ffiffiffiffiffiffiffi ffiffiffiffiffiffiffi ffiffiffiffiffiffiffi ffiffiffiffiffiffiffi ffiffiffiffiffiffiffi ffiffiffiffiffiffiffi ffiffiffiffiffiffiffi ffiffiffiffiffiffiffi q � � � � � � � �q q q q q q q q

U U L LU U U U L L L Ln n n n n n n n nH H H H¼a a a a a ; a ; a a a a a ; a ; a~i1 1 2 1 2~~ ~~ ~~ ~~~ ~~~ ~~ ~~~ ~ ~ ~ ~ ~ ~ ~ ; ; ; ; ; ; ;ij4 ij3 ij2 ij1 ij ij ij4 ij3 ij2 ij1 ij ij 

Stage 3: Type-2 interval fuzzy weight of each criteria is calculated using the equation below: 
� ��1 

wi ¼ ri ⊗ r1 ⊕ r2 ⊕⋯⊕ rn 
~~ ~~ ~~ ~~ ~~ (3) 

2.3. Type-2 fuzzy TOPSIS methodology 

Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) method is a technique 
used for a priority sequence close to an ideal solution. TOPSIS method is a popular approach 
related to MCDM and has been commonly performed in the literature. TOPSIS method was 
firstly revealed by Yoon and Hwang [32]. The leading feature of this method is selected 
alternatives’ having the closest distance to the positive ideal solutions, and the furthest dis-
tance to negative ideal solutions [32]. Fuzzy TOPSIS method was revealed aiming to eliminate 
or minimize the deficiencies in traditional TOPSIS method using oral variables called as fuzzy 
numbers for the comparison of alternatives and weighing of criteria [18]. A fuzzy TOPSIS 
method provides an opportunity to cope with uncertainty related to a decision-making prob-
lem. In this chapter, TOPSIS method was also used in order to overcome MCDM problems 
depending upon type-2 interval FSs. 

The stages of the suggested method are as below [13]: 

Stage 1: Yp decision matrix and Y average matrix of the pth decision maker are created as 
shown below. 

x1 x2 … xn 

2 3pf 1 
~~ ~~ ~~ p p

f f … f11 12 1n6 7 
p 

f 2 
6 7 6 77 7 

p ~~ ~~ 
pp

f … f21 22 1n 
~~pfYp ¼ ~f ij (4)¼ 6 

m�n … 6 6 77 766f … … … … 
m 4 5 

p ~~ ~~ ~~ 

~~ 

p
f f … fm1 m1 mn 

Y ¼ 

~~ 
~~ ~~ ~~ ~~ 

f ij m�n 

Here, 
0 1 

21 k
f f f 

f ij, is a type-2 interval FS; 1 ≤ i ≤ m, 1 ≤ j ≤ n, 1 ≤ p ≤ k and k express thef ij ¼ 
ij ⊕ ⊕… ⊕ ij@ A,ij 

k 

number of decision makers. 
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Stage 2: Wp weighting matrix and W average weighting matrix of pth decision maker are 

created as shown below: 

f 1 f 2 … f � �  h m i 
w w w ~~ ~~ ~~ 

(5)p p p pWp ¼ ¼ w1 2 
~~ …i m1�m 

wi ~~W ¼ 1�m 

1 2 kw i ⊕ w i ⊕ …⊕ w iwi ¼ wi is a type-2 interval FS; and 1 ≤ i ≤ m, 1 ≤ p ≤ k and k expresses the 

number of decision makers. 

In this chapter, the weights of criteria were determined using type-2 interval fuzzy AHP. 

~~ 
~~ ~~ ~~~~ 

Stage 3: Weighting decision matrix of Yw is created. 

~~
2 
v11f 1 

~~v12 
~~… v1n 

3 

~~
6 6� �  f 2 
v21 

~~v22 
~~… v2n 

7 7 

Here, ,k 

vij ~~ 6 7Yw ¼ (6)¼ 6 7m�n 

~~ ~~ ~~ 

…6 7 …  …  … …4 5 
f 

vm1 vm2 vmn 
m … 

vij ¼ wi ⊗ f ij, 1 ≤ i ≤ m ~~ 

Stage 4: Based on Definition 4, 

~~ ~~Here, 

~~ 

ve 1 ≤ j ≤ n 

vij as the sequence level of type-2 fuzzy set ~~ 

~~ 

vij in which 1 ≤ j ≤ n 
∗ 

is calculated. Y w as the decision matrix weight listed according to the sequence is created. 

∗ � � �� 
vijY w ¼ Rank (7)m�n 

~~ 

Here, 1 ≤ i ≤ m ve 1 ≤ j ≤ n 

Stage 5: xþ ¼ v1
þ; v2

þ; …; vþ as the positive ideal solution and x� ¼ v1 
�; v� 

2 ; …; v� negativem m 

ideal solution are found. 

Here, 

8 � � �� 
vij if f i ∈ F1Max Rank> ,< 1 ≤ j ≤ n þ ¼i (8)v >: if f i ∈ F2Min Rank ~~vij

1 ≤ j ≤ n 

8 � � �� 

, 

if f i ∈ F1Min Rank ~~ 

~~ 

vij 

vij 

> ,< 1 ≤ j ≤ n 
(9)¼vi >: if f i ∈ F2Max Rank , 

1 ≤ j ≤ n 

Here, F1 indicates the set of advantage qualities and F2 indicates the set of disadvantage 
qualities; and 1 ≤ i ≤ m. 
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 /  
Stage 6: dþ xj distance between each alternative xj and positive ideal xþ is calculated as 
shown below: 

vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi u m / uX  / /2 
vij ~~dþ þ

i 
t Rank (10)¼ - vxj 

i¼1

 /  
Here, it is 1 ≤ j ≤ n. dþ xj distance between each alternative xj and negative ideal x- is calcu-
lated as shown below: 

vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi u m / uX  / /2 
vij ~~d- t - v-iRank (11)xj ¼ 

i¼1 

Here, it is 1 ≤ j ≤ n. 

Figure 4. Suggested type-2 fuzzy AHP-TOPSIS hybrid methodology. 
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˜ °  
Stage 7: CC xj as the relative distance according to xþ positive and negative ideal solution of 
xj is calculated as below: 

˜ °  ˜ °  d� xjCC xj ¼ ˜ °  ˜ °  (12)
d� xj þ dþ xj 

Here, it is 1 ≤ j ≤ n. 
˜ °  

Stage 8: The values of CC xj are sequenced from small to large where 1 ≤ j ≤ n. As the value of ˜ °  
CC xj increases, xj preference grades of the alternatives increases, and here it is 1 ≤ j ≤ n. 

Suggested fuzzy methodology: 

In this chapter, fuzzy TOPSIS and AHP depending upon MCDM methodology were developed 
according to type-2 FSs. The steps of the suggested methodology were presented in Figure 4. 

3. An implementation of related to decision-making on energy alternatives 
in Turkey 

Energy is one of the most important inputs of economy affecting the development level of 
countries as in any stages of life. Although Turkey has several energy resources, those 
resources have not been adequately used up to now. Turkey that has recently been dependent 
on outside for energy as in the past meets nearly one-third of the energy demand from 
domestic production. Because fossil fuel energy has gradually decreased, within the following 
10 years, Turkey most probably will encounter with problems such as high energy prices, 
energy insecurity, and energy shortage. For those reasons, in Turkey, it is necessary to plan all 
energy resources within the framework of a specific policy. In order to manage these resources, 
developing necessary technologies and providing to popularize the use of those will be vital 
for the economic development of the country. The results revealed in this study suggest the 
perspectives related to future and provide an opportunity to produce new energy policies 
appropriate for the conditions of today. 

In details, Turkey needs to provide its energy requirement using its energy resources. The 
aforementioned energy resources are as below: geothermal energy (A1), solar energy (A2), 
wind energy (A3), hydraulic energy (A4), bioenergy (A5), hydrogen energy (A6), nuclear 
energy (A7), petrol (A8), natural gas (A9), and coal-lignite (A10). The hierarchy of the 
decision-making problem related to the energy planning mentioned in this study was 
presented in Figure 5. 

The criteria used in this study are as below [24]: 

Productivity (C1): productivity is the amount of beneficial energy obtained from an energy 
resource. Namely, a stable productivity development by means of the reliability of a big power 
plant and inexpensiveness of the raw material depends upon its being economical and deriv-
ing profits. 
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Figure 5. Hierarchical structure of selecting energy alternatives. 

Exergy productivity (C2): energy productivity is calculation of the productivity according to 
the second thermodynamic law of a process. The energy including the heat change generally 
runs to waste. 

Investment cost (C3): the investment cost includes the purchase of mechanical tools, install-
ment of technological instruments, construction of roads, connection of roads to the interna-
tional lines, engineering studies, and additional operation processes. 

Cost of operation and maintenance (C4): operating and maintenance costs include two items: 
the first is the money spent on wages of employees and energy. The second is the operation 
cost including raw materials and services necessary for operating the power plant. 

NOx release (C5): it is a general term referring to NOx, NO and NO2, it has a direct effect upon 
the health of people, and indirectly affects the social status of the society. 

CO2 release (C6): carbon dioxide gas without color, odor, and the taste is nearly 1.5 times more 
intense than air under normal pressure and temperature conditions. 

Required area (C7): the surrounding and panorama of the areas where power plants are built 
totally affect the area where they have been built. Moreover, the areas where power plants will 
be built have the same standards. 

Social acceptability (C8): social acceptability is determining the perception assumed of the 
projects by the society revising the views of consumers. In other words, this term refers to a 
summary of local people’s views related to the power plants. 

Employment creation (C9): economic development and welfare of the local people in areas 
where power plants have been established depend upon this power plant for decades. Long-
term power plants providing employment for the society and stabilizing local people to a more 
desirable life standard are more convenient. 

Net current profit (C10): NCP can be explained as a current profit of the time interval when 
cash flow is maintained. It is a typical method used to find the value of time-based money in 
long-term energy studies. 

Risk (C11): this choice represents the number of distinguishable problems during the imple-
mentation of energy policy. 
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Reliability (C12): this criterion evaluates the technological adequacy for implementing the 
energy policy. The implemented technology can be the one tested only in the laboratory, 
performed just in pilot factories, or not developed exactly. 

Implementation period (C13): this choice reveals the minimum cost purposed monthly or 
annual applicable minimum status of an applicable alternative energy policy. 

Waste disposal reliability (C14): this choice tries to decrease damage to nature. It expresses the 
studies carried out to rectify a situation through a sustainable study. 

Compatibility to energy policies (C15): this criterion presented the distance of suggested policy 
targets to international energy policy or state policy. 

After determining the set of criteria and alternatives, stages of developed type-2 FS AHP 
algorithm is implemented to the criteria. In order to determine the relative importance of each 
evaluation criterion, experts used a nine-item scale presented in Table 1. 

Seven-item scale represented in Table 2 reveals the oral expressions used by the energy 
planning experts for creating an alternative criteria matrix. 

Oral terms Type-2 fuzzy sets 

Absolutely strong (AS) ((4.00, 5.00, 5.00, 6.00; 1.00 1.00), (4.50, 5.00, 5.00, 5.50; 1.00 1.00)) 

Very strong (VS) ((3.00, 4.00, 4.00, 5.00; 1.00 1.00), (3.50, 4.00, 4.00 4.50; 1.00 1.00)) 

Fairly strong (FS) ((2.00, 3.00, 3.00, 4.00; 1.00 1.00), (2.50, 3.00, 3.00, 4.50; 1.00 1.00)) 

Semi-strong (SS) ((1.00, 2.00, 2.00, 3.00; 1.00 1.00), (1.50, 2.00, 2.00, 3.50; 1.00 1.00)) 

Equal (E) ((1.00, 1.00, 1.00, 1.00; 1.00 1.00), (1.00, 1.00, 1.00, 1.00; 1.00 1.00)) 

Semi-weak (SW) ((0.33, 0.50, 0.50, 1.00; 1.00 1.00), (0.29, 0.50, 0.50, 0.67; 1.00 1.00)) 

Fairly weak (FW) ((0.25, 0.33, 0.33, 0.50; 1.00 1.00), (0.22, 0.33, 0.33, 0.40; 1.00 1.00)) 

Very weak (VW) ((0.20, 0.25, 0.25, 0.33; 1.00 1.00), (0.22, 0.25, 0.25, 0.29; 1.00 1.00)) 

Absolutely weak (AW) ((0.17, 0.20, 0.20, 0.25; 1.00 1.00), (0.18, 0.20, 0.20, 0.22; 1.00 1.00)) 

Table 1. Fuzzy values used for the paired comparison of the criteria. 

Oral terms Type-2 fuzzy sets 

Very low: (VL) ((0.00, 0.00, 0.00, 0.10; 1.00, 1.00), (0.00, 0.00, 0.00, 0.05; 0.90 0.90)) 

Low: (L) ((0.00, 0.10, 0.10, 0.30; 1.00, 1.00), (0.05, 0.10, 0.10, 0.20; 0.90 0.90)) 

Mid-low: (ML) ((0.10, 0.30, 0.30, 0.50; 1.00, 1.00), (0.20, 0.30, 0.30, 0.40; 0.90 0.90)) 

Medium: (M) ((0.30, 0.50, 0.50, 0.70; 1.00, 1.00), (0.40, 0.50, 0.50, 0.60; 0.90 0.90)) 

Mid-high: (MH) ((0.50, 0.70, 0.70, 0.90; 1.00, 1.00), (0.60, 0.70, 0.70, 0.80; 0.90 0.90)) 

High: (H) ((0.70, 0.90, 0.90, 1.00; 1.00, 1.00), (0.80, 0.90, 0.90, 0.95; 0.90 0.90)) 

Very high:(VH) ((0.90, 1.00, 1.00, 1.00; 1.00, 1.00), (0.95, 1.00, 1.00, 1.00; 0.90 0.90)) 

Table 2. Fuzzy values used for the paired comparison of the alternatives. 
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C1 C2 C3 C4 … C12 C13 C14 C15 

C1 D1 1 FW FW FW … FW FW AW E 

D2 1 SW SW VW … FW FW VW SS 

D3 1 SW SW VW … FW FW AW E 

C2 D1 FS 1 E SW … E E FW FS 

D2 SS 1 E FW … SW SW FW FS 

D3 SS 1 E FW … SW SW VW SS 

C3 D1 FS E 1 SW … E E FW FS 

D2 SS E 1 FW … SW SW FW FS 

D3 SS E 1 FW … SW SW VW SS 

… … … … … … … … … … … 

… … … … … … … … … … 

… … … … … … … … … … 

C13 D1 FS E E SW … E 1 FW FS 

D2 FS SS SS SW … E 1 SW VS 

D3 FS SS SS SW … E 1 FW FS 

C14 D1 AS FS FS SS … FS FS 1 AS 

D2 VS FS FS E … SS SS 1 AS 

D3 AS VS VS SS … FS FS 1 AS 

C15 D1 E FW FW VW … FW FW AW 1 

D2 SW FW FW AW … VW VW AW 1 

D3 E SW SW VW … FW FW AW 1 

Table 3. Oral expression of the paired comparison matrix for the evaluation criteria. 

Table 3 present the results of the paired comparison of oral expressions related to the evalua-
tion criteria performed by three energy planning experts. 

It has been mentioned that AHP method suggests a consistency index for determining whether 
there is an inconsistency in each comparison matrix. The inconsistency rate (CR) value is 
accepted to be lower than 10%, and it means consistency. Inconsistency analysis performed 
for this study, CR value was obtained as (0.084), and it was concluded that the evaluations 
were acceptable and consistent. 

When Table 4 was considered, influence grade of all criteria upon our energy resources and 
policies to be created were very close to each other. When the results in this table are analyzed, 
we can conclude that all determined criteria are essential for us and the determined criteria are 
selected accurately. Although all criteria were very important, the criteria mostly affecting the 
energy alternative selection or our energy policy were “CO2 ” C6 (4.594), “Waste Disposal 
Reliability” C14 (4.581), and “NOx” C5 (4.491), respectively. On the other hand, the criteria 
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W ~~ BNP 

C1 ((0.32,0.41,0.41,0.58;1,1),(0.31,0.41,0.41,0.48;0.9,0.9)) 3.927 

C2 ((0.6,0.8,0.8,1.14;1,1),(0.62,0.8,0.8,1.02;0.9,0.9)) 4.051 

C3 ((0.6,0.8,0.8,1.13;1,1),(0.61,0.8,0.8,1.02;0.9,0.9)) 4.048 

C4 ((1.35,1.91,1.91,2.53;1,1),(1.6,1.91,1.91,2.56;0.9,0.9)) 4.396 

C5 ((1.62,2.22,2.22,2.83;1,1),(1.92,2.22,2.22,2.89;0.9,0.9)) 4.491 

C6 ((1.83,2.55,2.55,3.23;1,1),(2.2,2.55,2.55,3.35;0.9,0.9)) 4.594 

C7 ((0.95,1.33,1.33,1.83;1,1),(1.06,1.33,1.33,1.72;0.9,0.9)) 4.213 

C8 ((0.49,0.66,0.66,0.94;1,1),(0.5,0.66,0.66,0.83;0.9,0.9)) 4.005 

C9 ((1.24,1.76,1.76,2.35;1,1),(1.44,1.76,1.76,2.31;0.9,0.9)) 4.346 

C10 ((0.38,0.49,0.49,0.69;1,1),(0.38,0.49,0.49,0.59;0.9,0.9)) 3.952 

C11 ((0.49,0.67,0.67,0.96;1,1),(0.5,0.67,0.67,0.84;0.9,0.9)) 4.007 

C12 ((0.78,1.12,1.12,1.61;1,1),(0.85,1.12,1.12,1.51;0.9,0.9)) 4.149 

C13 ((0.76,1.1,1.1,1.58;1,1),(0.84,1.1,1.1,1.48;0.9,0.9)) 4.143 

C14 ((1.82,2.51,2.51,3.17;1,1),(2.17,2.51,2.51,3.27;0.9,0.9)) 4.581 

C15 ((0.29,0.37,0.37,0.52;1,1),(0.29,0.37,0.37,0.43;0.9,0.9)) 3.914 

Table 4. Results of type-2 fuzzy AHP method implemented for determining the weights. 

affecting our energy policy or energy alternative selection as the least were “Compatibility to 
energy policies” C15 (3.914), “Productivity” C1 (3.927), and “Net current profit” C10 (3.952), 
respectively. 

The subsequent stage is to determine the best energy alternatives developing TOPSIS method 
for the solution of fuzzy multi-criteria decision-making problems based upon type-2 interval 
FSs method. Table 5 represented paired comparison matrix performed with the oral expres-
sion of alternatives criteria matrix carried out by energy planning experts. The experts evalu-
ated the energy alternatives according to each criterion using Table 2. The experts also 
assumed all criteria as beneficial while evaluating the alternatives. 

In the subsequent stage, evaluation matrix is created calculating the arithmetic average of the 
scores related to the evaluation results obtained by the experts. After this stage, a weighted 
type-2 fuzzy decision matrix is obtained. 

After creating fuzzy weighted decision table, fuzzy positive ideal solutions (FPIS, dþi ) and 

fuzzy negative ideal solutions (FNIS, d� 
i ) are obtained as shown in Table 6. Finally, correlation 

coefficient (CCi) of each alternative is calculated. 

According to Table 6, evaluation of appropriate energy alternatives was carried out, and the 
sequence was determined as A3-A2-A4-A1-A5-A9-A8-A10-A7 and A6. It was revealed that the 
best energy alternative with investment priority was wind. The priority sequence of the rest 
alternatives was solar energy, hydraulic energy, geothermal energy, bioenergy, natural gas, 
petrol, coal-lignite, nuclear energy, and hydrogen energy. 
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C1 C2 C3 C4 … C12 C13 C14 C15 

A1 D1 H M M M … M MH MH H 

D2 MH M MH MH … MH M MH VH 

D3 H MH MH M … H  M  H  VH  

A2 D1 MH VH H MH … H H VH VH 

D2 M MH MH M … VH H VH VH 

D3 M MH H H … VH M H VH 

A3 D1 H L H H … MH H VH VH 

D2 MH ML H M … H  ML  H  H  

D3 H MH MH MH … H M VH VH 

… … … … … … … … … … … 

… … … … … … … … … … 

… … … … … … … … … … 

A8 D1 M  M  M  ML  … M M ML ML 

D2 MH MH H H … MH M M M 

D3 M  MH  M  M  … MH M ML ML 

A9 D1 M  M  M  ML  … M M ML ML 

D2 VH H H MH … M  M  M  ML  

D3 MH MH M ML … M M ML ML 

A10 D1 ML L ML L … M ML VL MH 

D2 M M MH M … M MH ML VH 

D3 ML ML M ML … M M ML VH 

Table 5. Oral expression matrix for evaluation results of the alternatives. 

˜ ° ˜ °  ˜ °  
Alternatives dþ xj d� xj CC xj 

Geothermal energy (A1) 1.4622 1.6557 0.5310 

Solar energy (A2) 0.7137 2.1241 0.7485 

Wind energy (A3) 0.3499 2.5486 0.8793 

Hydraulic energy (A4) 1.4593 1.6908 0.5367 

Bioenergy (A5) 1.5981 1.6925 0.5143 

Hydrogen energy (A6) 2.6897 0.3579 0.1174 

Nuclear energy (A7) 3.1515 0.8478 0.2120 

Petrol (A8) 2.4740 1.0384 0.2956 

Natural gas (A9) 2.3925 1.1328 0.3213 

Coal-lignite (A10) 3.0036 0.8270 0.2159 

Table 6. The results obtained through fuzzy multi-criteria decision-making method based upon type-2 interval FSs. 
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4. Conclusion and suggestions 

Energy is one of the fundamental inputs of social and economic development all around the 
world; the importance of energy has increased day by day, and its strategic place in the world 
is considered to be maintained for long years. This fact highlighted the necessity for all 
countries to use their energy resources they have productively. While actualizing this, it should 
adopt being more qualified, more productive, more reliable, more efficient, cheaper, more 
environment-friendly, more uninterrupted, and sustainable as a principle. 

When considering all these aforementioned situations, it is necessary for the energy sector to 
be developed for all energy resources. In order for the companies and investors to compete in 
energy markets, policies should be established to restructure the energy sector. 

For that purpose; 

• Wind energy and solar energy should be focused on short and long-term energy planning 
to be made by Turkey in order to meet increasing energy demand by 9% on average every 
year. In order to meet the energy need in the system, Turkey should provide incentives 
putting these two energy resources on top of the list. When considering the parameters 
such as risk minimization, waste disposal reliability, and CO2 and NOX release as the 
expectations of the society for short and long-term planning, the necessity got evaluating 
the wind energy and solar energy as the leading emerges. 

• In long-term energy planning, technological investment should also be provided on 
hydraulic energy, geothermal energy, and bioenergy resources besides the wind and solar 
energy, and these energy resources should be put into use carrying out private sector 
encouragement studies. 

• Bioenergy on the fifth-rank should be encouraged from investor “raw material producer 
to bioenergy user” through government supports and incentives creating appropriate 
strategies and action plans in order to maximize the use of “biogas, biofuel, and biomass.” 

In future, the suggested method can also be performed to the other decision-making problems 
related to the issues such as the selection of suppliers, selection of facility area, selection of 
material, and selection of software. In addition to these, the subsequent study should be 
carried out upon evaluating regional energy resource tendency of Turkey and revealing the 
demand. In accordance with the obtained results, it can also be revealed, which energy 
resource in which area should be invested as more advantageously. 
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Abstract 

For contemporary psychology, decision-making represents behaviours, which are very 
different from automatic responses. They are developed by implementing integrative 
cognitive functions adapted to the finalities sought and the situation to treat. Through the 
diversity of epistemological choices for instance, research in previous decades focused 
on the individual choices expressed by situations or contexts with a stable structure. The 
new problems of life in today’s society lead to making decisions on societal problems (cli-
mate, energy, etc.), which bring into play systems and no longer variables. This chapter 
has four aspects. After having characterised the decision-making process as a cognitive 
behaviour (1), having recalled the best known traditional models (those of Economics 
and Psychology) (2), this chapter deals with the properties of complex systems (globality, 
interactivity, dynamism, and scalability), which render decision-making difficult (3), and 
concludes with the necessity of a change of paradigm by pointing to paths to follow (4).

Keywords: dynamic complex systems, cognition and complexity, complex decisions, 
errors of decision, paradigm change

1. Introduction 

For a long time, before using electronic devices of navigation, sailors used to check their
progresses using points of interest (POIs) as marks of their journey. These were particular
points rich in information (a cape, an island ….) allowing the sailors to reduce uncer-
tainty about its position. This is a typically cognitive process which allowed the sailors to
mark out their route and see how they were progressing. Metaphorically, the term may
be used in the study of decision-making to describe the cognitive work of the decision

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 
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maker watching out for indications to ensure that his line of thought progresses in such
a way as to enable him to make a final choice: that of deciding the course of action to be
embarked upon.1

This chapter sets out to analyse several strategies or several models drawn up to give an
insight into the decision-making process which, by definition (since several choices are pos-
sible), always takes place in a context of uncertainty. A large part of the cognitive activity of the
decision maker is directed at lessening this, by processing the information available in various
ways. It is structured in four parts. The first part presents decision-making as a form of conduct
and behaviour, so enabling it to be studied from the point of view of psychology. The second
part, for the benefit of readers who are unfamiliar with these questions, analyses two com-
monly used decision-making models which, notwithstanding their differences, have this much
in common: they make it possible to give an account of individual decisions. The third part, in
a more innovative way, undertakes to study a very particular type of super-individual decision
that concerning groups of human beings exposed to risk situations. How do those responsible
for safety, whatever their particular role, take their decisions to avoid the generalisation of
harmful consequences? Their ways of approach, very different from individual strategies, open
up new perspectives. Situations like this have two advantages for researchers: (1) substantive
(i.e. do the actions carried out lead to satisfactory responses to the critical case?); (2) epistemo-
logical (i.e. how does one represent or conceptualise these situations?). The fourth part attempts
to analyse the consequences of a development of this kind. The epistemological questions they
give rise to are so important that they radically change the traditional decision-making models.
This being so, there is a need for a changed paradigm amounting to no less than a “scientific
revolution” of the kind described in Kuhn’s famous work.

2. Taking a decision: a complex and integrated form of conduct 

For psychologists, more than just behaviour—a term which might suggest a certain automa-
tism of response—decision-making is a specific form of conduct. First of all, the choice of this 
term underlines the fact that such processes must not be reduced to the extremely visible and 
observable aspects of the explicit choice of one course of action in preference to other (often 
many other) possible ones. Secondly, it introduces a constructivist option. The decision is con-
structed progressively and that which marks its culmination (the choice of the course of action 
to be embarked upon) is necessarily preceded and justified (sometimes in an approximate or 
erroneous way) by phases implying cognitive information-processing activities (perception, 
attention, memory, etc.) which “explain” the choice arrived at. Decision-making is also a pro-
cess which presupposes freedom of choice, which is defined in time and consists of several 
stages. The two principal operations are the search for information and the assessment of its 
importance, which we will call weighting.

1For stylistic reasons and to simplify writing, the masculine form is used in this chapter. This does not imply preference 
or discrimination. What is said is equally applicable to male and female decision makers.
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2.1. An initial definition

One of the best known definitions of the entire process of decision-making is that of
MacCrimmon [1], characterised by the accumulation of stages identified in his account of the
subject. A decision maker “observes a gap between an existing state and a desired state and has
the motivation as well as the potential to reduce this gap, while more than one possibility of
action exists which may not be immediately available, a kind of action requiring an irreversible
allocation of resources [cognitive in this case], and while the benefits [consequences] associ-
ated with each choice are completely uncertain” [1]. Each choice consists, according to him, of
resolving a problem (MacCrimmon uses the expression “decision problem”).

2.2. Different perspectives

A definition is rarely neutral, and this one, formulated with members of the managerial class 
in mind, is characterised by a series of operations to be carried out successively, therefore 
presupposing the existence of a (meta-) process of control and integration, and of verification 
by retrospective loops, not mentioned in the formulation but nonetheless indispensable to 
ensure the validity of the whole construct.

It is not surprising that MacCrimmon’s definition does not totally suit psychologists who are 
more interested in the previous stage: knowledge of the mental processes and the choice of 
the strategies planned by the decision makers. Among them, there are some who will criticise 
this definition for being too segmental, cumulative and prescriptive, and for its failure to give 
a more important place to the conditions of the time (in economics), the physical environment 
of the time (in the determination of risk-management strategies), social dimensions (judicial 
decisions), the pressures of the world of the time (political decisions) which have a determin-
ing influence on choices. Strictly focused on rationality, a definition of this kind leaves little 
room for motivation, sensitivity, desire, emotions, not to mention pleasure, and so on.

2.3. Constructing a decision: what are the processes? 

We will consider two principles as being justified both by the evidence and by observations so 
that the analytic processes may continue to have an acceptable level of general applicability. 
Decision-making takes place: (1) in an environment or context which is an integral part of the 
problem but of which the role is too often minimised if not totally hidden; (2) epistemologi-
cally, decision-making is constructivist in nature, which means that it progressively develops 
and becomes more refined on the basis of representations of the world which become all 
the more operative as the occasions multiply and the information becomes more diverse. 
Decision-making in this perspective is therefore an illustrative example of a type of conduct 
resulting from the putting into play of dynamic processes [2].

2.4. Managing the decisional space 

We owe the introduction of the topological dimension in decision-making to Lewin (1890–
1947) and his field theory [3, 4]. The characteristics present in the field are a component
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to be taken into consideration, and this leads to a very broad view of the decision which
cannot be limited to dealing with certain intangible visible indications or to reproducing 
learning processes. In elaborating any concrete decision, the information is extracted from a
context, and some of this information, according to its nature or intensity, will be accepted
as valid by the decision maker on a cognitive basis. Each piece of information used must
be assessed in accordance with the context and, where applicable, with the framework in
which it happens to be inserted [5]; these two characteristics give it a “salience” [6] of vari-
able intensity. As Lewin has shown, the field which contains all these pieces is not homog-
enous; it has hills or rough areas which are characteristic points because they are the cause
of certain dynamisms.

3. Two traditional models of decision-making 

With regard to decision-making, the two most well-known models (among the various existing)
are summarised here: that of the economic decision and that of the behavioural decision [7].

3.1. Economics 

Economics was the first discipline to formalise decision-making in the full meaning of the
term, that is, by establishing a binding axiomatised system [8]. We shall limit ourselves
here to indicate in a summary way the salient elements of a branch of study which is still
extremely active. The economist’s problem consists of assessing among n mutually exclu-
sive actions {a1…….a n} that will give the greatest satisfaction in a given situation, on the
one hand, and to a specified decision maker, on the other hand. Therefore, the objective
consists of ordering the outcomes (1) according to the preferences of the decision maker
(a3 > a8 > a1, etc.). To do this, the decision maker constructs a “decision tree” containing
“routes” and “stages” (called knots) which represent possible pathways to be followed.
At each knot, the decision maker must opt for a way which will bring him to the next
stage and so on to the end (to the “leaves”) which indicates the expected consequences of
each action. (For a more complete presentation, see [7] Chapter 2). Each of the end points
is evaluated numerically taking its frequency into account [assessment of the probability
(p) that it will take place taking uncertainty into account] and the subjective value (i.e.
for the decision maker concerned) of the utility u of the consequences attached to it. It
should be noted that, even though the context is that of economics, the consequences are
not determined in monetary amounts (objective references) but in subjective units of utility
(u) [the satisfaction it can afford]. The value attached to the same sum of money varies in
fact according to the individual fortune already possessed so that utility is a more general
reference than monetary value. The two indices are combined in a multiplied form, that
is, p*u. The outcome (leaf) which has the highest p*u numerical value is that deemed to
constitute the best consequence. Climbing the tree in reverse therefore makes it possible
to determine the “best” action to be executed. This model, known as subjective expected
utility (SEU), therefore refers to a numerical validation criterion ultimately obtained by the
observance of axiomatic properties.
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3.2. Psychology 

Psychology was the second discipline to set itself the task of modelling decision-making.
Although it took the preceding concepts as a basis, this school of thought has led to a very differ-
ent model form. In 1953–1954, the psychologist Ward Edwards [9, 10], applying the validation 
methods used in psychology, in particular predictive validity, installed a team of researchers
in a Las Vegas casino to study the decision-making of professional players. These persons who
live off gambling takings consequently on decisions made in a context defined clearly by rules
(those of the game) but where chance also plays a part represented an appropriate sample of
decision makers who have, in a short time to decide and to assume the effects of their choices.
The initial objective of the team of psychologists was to verify the SEU theory, but it became
apparent that the players’ decisions were not based on any of the axiomatic elements necessary
for the determination of p*q and consequently were not related to the SEU criterion. The deci-
sions taken were based on behavioural information processing in which knowledge, learning
and intuition seemed to play an important role. A new investigational pathway was therefore
opened up under the name of Behavioural Decision-Making (BDT) [11].

Very soon, Simon [12] underlined the fundamental differences existing between these two 
conceptions of decision-making, that of economics, which is axiomatic and organised with 
a view to attaining an end (maximise p*u), and that of psychology, which also identifies an 
objective to be achieved but sets out to achieve it in a procedural way (implement relevant 
information-processing procedures). These procedures, which would later be called cogni-
tive, were to lead to new modelling forms [13] used even in economics with behavioural 
economics [14]. The frontiers between the disciplines had therefore become permeable, a very 
welcome development.

3.3. Managing an intermediate system 

Schematically, the decision-making process consists of transforming all kinds of semantic 
units present at the mechanism entry point into behavioural forms of action choosing which 
mark the outcome of the process. Between these two extreme points, there is an organised net-
work of information which will undergo processing. Seen from the topological point of view 
only, the decision consists of processing an intermediate system which is a generalisation of 
the notion of intermediate variable (or intervening variable or mediating variable) often used 
in psychology and defined as “a hypothetical variable postulated to account for the way in 
which a set of independent variables control a set of dependent variables”.2 The notion of an 
intermediate system is nothing other than the generalisation of that of the intermediate vari-
able with the retention of the epistemological notions of postulated and hypothetical entities 
(based on the decision maker’s knowledge), on the one hand, and causality, on the other hand 
(i.e. the incoming variables influence the outgoing ones and so produce effects). Functionally, 
this intermediate system, which from the methodological point of view is a construct, con-
stitutes a reserve of informational resources organised in the form of networks or “dormant” 
information clusters. When judiciously activated by the decision maker, these networks make 
more effective decision-making possible.

2Collins English, 12th edition 2014, Harper Collins Publishers.
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This is demonstrated by work in the area of Management Science on the complex entities 
constituted by enterprises in which the “right” decisions make it possible to achieve com-
petitive advantages and the blossoming of the company. It has been shown in [15] that the 
management of an intermediate system in American small and medium enterprises (SME) 
enables this enviable objective to be achieved. At this point in our account, we may consider 
the decision maker as an agent who picks and processes information from a system at a half-
way point between perception and action, a kind of reservoir holding pertinent indications 
drowned in a mass of information items most of which have no causal relationship with the 
question under consideration. Such a task can only be difficult.

3.4. The cognitive difficulties of decision makers and their reactions

There are many works dealing with the difficulties, mistakes, false ideas, shortcuts and
approximations affecting the action choices of decision makers [6, 13, 16], leading them 
to making poor-quality decisions. Therefore, as not to over-encumber this account, we
will not list all these but rather classify them under three headings: structural difficulties,
information-picking difficulties and processing difficulties, each category being illustrated
by a single commentary.

Structural difficulties are those corresponding to inaccurate or erroneous mental representa-
tions of the global organisation of the intermediate system, more often than not implicitly 
considered as being simpler than it is in reality. This is the case when the decision maker 
(cognitively) elaborates a decision tree which is not exhaustive and when (in the actual situ-
ation) he finds himself confronted with the task of implementing real eventualities but ones 
not forming part of the initial plan. The decision tree has two functions, one to classify, and 
the other to predict. Used principally in Economics and Biology [17], it is the forerunner of 
classification algorithms and has a predictive value with regard to the choice of action, for any 
new observation.

Information-picking difficulties are frequent. The information items of use for decision-making
are not, in real situations, isolated and salient as they might be in a laboratory experiment. To
use them, the decision maker is obliged to search for them on the basis of their salience (or
saliency), which therefore entails the necessity of a prior mental representation. Salience is a
function of the purposes assigned to the action. The point is to pick salient information for a very
specific decision and not to decide by using the most obtrusive (visible) elements in a given field.
This latter strategy leads to a decision bias called salience bias [6–13] consisting of processing
extremely visible information items but ones not relevant to the question under consideration.

Processing difficulties become sensitive at the junctions of the different cognitive opera-
tions implemented in succession to determine the action chosen. Three principal difficul-
ties become evident: (1) the very poor cognitive capacities of human beings in assessing and
processing uncertainty, an unavoidable element in decision-making situations. Seen as dis-
concerting and subversive, it is often excluded from the process, something which leads to
an “over-confidence” bias [6]. This bias is noticeable in the assessment of risks (generally
under-estimated) quite as much as, in the opposite direction the possibility (overestimated)
of winning the jackpot in the lottery.
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4. Decision-making in complex dynamic systems 

4.1. Epistemological reductionism 

The decisions presented in the preceding sections are characterised by having been taken in a 
stable, defined informational context, that is, invariable throughout cognitive processing and 
ending in the choice of a single action, a behaviour marking the end, satisfactory more often 
than not, of processing operations. These situations are modelled on a limited number of vari-
ables, the pertinence of which is based on laboratory studies, sometimes of an experimental 
kind, but which have always undergone epistemological reductionism [18] guaranteeing their 
permanence and high level of general applicability. All other variables, particular or incon-
stant, are removed from the model.

4.2. Complex and dynamic decisions 

There are decisions of another kind, which one could describe as super-individual as they 
concern at one and the same time a great number of persons, which must be taken in very 
different conditions. They cannot be processed in a laboratory nor reduced to a few vari-
ables, so they must be considered as global in nature and their complexity must be taken into 
account. Unlike the laboratory strategy where variables are isolated, the entity being studied 
can only be seen in a global way and cannot be reduced epistemologically without distortions. 
Another distinctive feature: the entities under study become modified under the influence of 
the processing operations, giving rise to a temporal dimension (evolution capacity) and a high 
degree of lability in the choice of “active” variables liable to be used in taking the decision. In 
such cases, therefore, momentary characteristics are what one is trying to define.

One of the examples (and a very recurrent one in the summer period) which best illustrates
this conjunction of complexity and dynamism can be found in the management of forest fires.
These phenomena give rise to management difficulties linked to the difficulty of anticipating
developments (uncertainty) and the unstable components of the fire (changes in intensity and
direction). The decisions regarding the actions to be taken to contain and manage the fire and
extinguish the flames are very difficult cognitively. A new element has been introduced into the
situation: that of the interactions at all levels between different variables; interactions of a kind
and extent which develop with time, the progress of the event and the measures undertaken at
the previous stages by the action teams. The intensity of the wind, its direction, the degree of
dryness of the ground, the nature of the forests, and so on determine the characteristics of the
fire and the way it will develop. The interpretation in substantive terms (i.e. in terms of the pres-
ent situation) of the interactions is cognitively difficult, and the decisions taken as a consequence
may be qualitatively poor [19].

4.3. An epistemological turnaround 

The finding of identical difficulties in very different contexts (political, legal, economic,
environmental, technological decisions, etc.) where human beings perform poorly must
lead one to consider the various perspectives applied to studies on decision-making. The
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necessary and legitimate search for the most efficient action to solve a problem, as discussed
by MacCrimmon, has led researchers to design research plans inspired by the exact sci-
ences (e.g. physics and chemistry) or disciplines, such as biology, which verify their hypoth-
eses concerning certain very specific variables, in an appropriate place perfectly protected
against external influences: the laboratory. The history of Science, in its present state, shows
in fact that for certain situations (but not all), such a choice produces the safest information.
Such an approach, while being perfectly scientific, cannot be implemented in a generalised
way to all the psychological problems of decision-making. Certain very recent decisions,
such as those concerning climate change (cf. Section 5.1) or the management of industrial or
ecological disasters, cannot usefully be subjected to epistemological reduction, a crucial pro-
cess in laboratory studies. In other words, it is no longer possible to isolate certain variables
and manipulate them to verify their causal status.

Must one then search for other scientific approaches? If so, there will have to be a turnaround 
in epistemology too. The phenomena under review will have to be assessed as global enti-
ties (holistic option), to be considered in their natural state rather than in a laboratory, in 
the conditions in which they actually occur, and if possible in statu nascendi (at the moment 
in which they occur). The management of maritime disasters with the threat of pollution 
require urgent decisions. These two recommendations are in line with the principles defined 
by Gestalt psychology in the first half of the twentieth century [3]. These were advanced over 
and over again at the time but could never be measured or assessed for want of method-
ological options other than experimentation. The epistemological change which will make 
it possible, in part, to overcome this difficulty consists of conceptualising the situation being 
studied as a dynamic complex system.

4.4. Dynamic complex systems 

In 1968, the biologist Ludwig von Bertalanffy (1901–1972) published a work in which he pre-
sented the notion of a “system” as a very extensive holistic entity [20]. “Systems everywhere 
around us,” he observed. Only the analytical traditions inherited from previous centuries 
prevent us from seeing them and approaching research questions by including this aspect of 
globality rather than destroying it at the outset by concentrating on certain variables.

This original contribution, which highlights the potential richness of the systemic way of 
thinking, has been completed by the work of Cilliers on the functioning of systems [21] and 
on the epistemological characteristics arising out of them [22]. For this author, a complex 
system is an entity presenting ten specific characteristics [21]. Among the most important, we 
would instance the presence of numerous interacting variables where the interactions are not 
linear. This means that proportionality is no longer the rule so that even a very small variation 
introduced into the system may have major effects when exiting. This corresponds to the case 
found in 1972 by the meteorologist Lorenz known as the “butterfly effect”, thus opening the 
way to new forms of non-Newtonian determinism.

Let us also consider certain characteristics of the system itself, independent of the decision
maker who can only take note of them and include them in his decision. The system has a
history, it is composed of networks which reflect it, it has resources available to it which
in the absence of human intervention determine its “behaviour”, it is usually open to the
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environment, has self-organisation capacities and can regulate itself because of the existence
of control loops. One could say that it is endowed with an “epistemological personality”, so
that the decision maker is first of all an analyst and a manager of both the resources of and
directions taken by the system, before being able to choose the appropriate action.

5. The necessity for and characteristics of a new paradigm 

Up to the present day, very wide sectors of scientific psychology have chosen to apply the 
experimental paradigm in their research practices as a guarantee of the validity and replica-
bility of their conclusions. This is, of course, not an erroneous choice, but it has now become 
apparent that its application is impossible in certain situations where nonetheless the inter-
vention of psychologists is required.

5.1. Complex systems and psychology: the case of global warming 

The most illustrative case of conceptualising psychological issues in terms of complex sys-
tems is that of climate change. Climate is a complex system, it possesses all the properties 
defined in [21] characterising this type of organisation. The global state of the system depends 
on multiple interacting variables most of which are nonlinear, climate evolves, “integrates” 
characteristics which cause it to organise itself, to change its “behaviour” and global configu-
ration. Among these factors for change, the production of carbon dioxide by human beings 
is one of the best identified factors (even if still the subject of ideological disputes) in global 
warming. Although human beings have no variable available to them which would enable 
them to act directly (as would an independent variable) to limit the harmful effects of global 
warming as required, they must nonetheless take decisions to influence its future course, and 
with regard to this, the contributions of psychologists are welcome.

The very well-known American Psychological Association (APA) has set up a task force which 
in 2008–2009 worked on the problem of “global climate change” and all its individual and col-
lective psychological consequences. The objective was therefore much broader than decision-
making, as is shown in the final report on the work of this commission which appeared in a 
special number of the American Psychologist [23]. Questions concerning the forecasting of the 
development of climate and the perception of risks are considered but, although it underlies 
many points in this work, the complex system notion is not explicitly mentioned. The phrase 
“addressing a multi-faceted phenomenon and a set of challenges” present in the title is, how-
ever, entirely consistent with the spirit of complex systems.

5.2. Functions of the paradigm 

Putting psychological objects into perspective by reference to complex systems opens up 
the way to a new paradigm. The old experimental-type paradigm, as we have seen, cannot 
account for certain important decisions. The new paradigm must enable a better understand-
ing of them. It would seem that we are at present on the threshold of a “scientific revolution” 
[24, 25] made all the more apparent by this necessary change.
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A paradigm is defined as “a philosophical and theoretical framework of a scientific school or
discipline within which theories, laws and generalisations and the experience performed in sup-
port of them are formulated”.3 The function of a paradigm, as this definition highlights, consists of
ensuring the required coherence of the research approach and verifying the compatibility between
the different components necessary for scientific knowledge (the hypotheses, the data observed,
the methodological tools applied to process them and the theories constructed on the basis of the
results, respectively). A paradigm is the overall structure containing compatible entities.

5.3. Certain major properties characterising the new paradigm 

As emphasised in [21], thinking in terms of complex systems implies avoiding the “reduc-
tionism” linked to the initial choice of certain variables forming part of a greater complex. In 
the experimental paradigm, only those initially considered relevant will be used and where 
applicable verified. This choice being initial, even if supported by hypotheses and observa-
tions, is a determining factor in the construction of knowledge. In addition, the said variables 
are tested in an isolated way one from the other and then put into use “artificially” outside 
their natural environment. This procedure eliminates from the field the knowledge produced 
by a great number of interactions, which could prove decisive. The paradigm of complex 
systems is a complete change of perspective. The decisions studied with a view to their con-
sequences are studied globally, on the ground, in their natural environment and in specific 
circumstances. The importance of the results obtained is a function of the activity of networks 
which, as for the nervous system, become observation “units.”

This approach does not set out to establish general conclusions (conclusions applicable in all 
circumstances) regarding decision-making, since to do this, it would be necessary to ignore 
many specific items of information, which exist and are active in the specific situation to be 
dealt with and which in fact are often decisive in the taking the decision.

5.4. The search for assessment indicators 

How should one assess, measure, or quantify the activity of a complex system with a view to 
predicting its development and being able to decide accordingly? Physicists, the first to deal 
with this question when it had to be answered in their discipline, refer to the laws of thermo-
dynamics (particularly the second law) regarding energy. This energy dimension, present in 
all systems, makes comparisons possible by calculating, for each system, its level of entropy. 
The size of the latter was for a long time interpreted as a degree of disorder, but, unlike in the 
experimental approaches which scrupulously avoid it, systemic disorder can here have a pos-
itive connotation. It is considered as a possible generator of further states differing one from 
the other while order, once it has been determined, is immutable and results in one state only.

The transposing of the laws of thermodynamics into psychology has made it possible to high-
light their relevance but at a meta-psychological level: that of the global psychological devel-
opment of human beings [25] and this direction is too general to characterise a particular 

3Merriam Webster Dictionary.
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system. Researchers should therefore direct their efforts to looking for multiple indicators. 
Since this work has been published, the needs for identifying patterns of information have 
been emphasised as a heuristic way to manage complex systems [26]. For instance, artificial 
intelligence and human cognition (“humanised computing”) are articulated to create tools 
either for treating psychological disorders [27] or allowing recognition of psychological enti-
ties (emotions) using non-linear relationships [28].

5.5. The use of icons 

The educational system as a vector of knowledge and the diversity of the contributions it 
makes to different pupils is an example of the differentiated functioning of a complex sys-
tem, which produces measurable effects, satisfactory or otherwise. How should such a system 
be characterised based on the observable results it provides? In particular, when a country 
applies one and the same generalised system to pupils belonging to different cultures (so-
called “minority” groups), what can be said of the performance of the system where total 
assimilation on the one hand and extreme diversification on the other hand must both be 
considered as mistakes? The functioning of the educational system of Chile with regard to 
a “minority” group with a strong attachment to its land, culture and identity (the Mapuche) 
was studied in an initial contribution [29]. This highlights the importance of teachers possess-
ing the two cognitive registers (that of the “minority” concerned and that of the “majority”). 
Considered more globally, this conclusion illustrates the arguments advanced above on the 
management of the intermediate system (cf. Section 3.3).

A second contribution [30] deals with the use of icons to assess how a system (school system
in this case) functions with regard to the different demands represented by different groups of
pupils. The term icon was chosen to stand for homogenous configurations of information which
appear at the “surface” of the system and which indicate how it functions with regard to the
diverse needs of users. Let us suppose, for example, that one of these icons includes several items
of information signalling a lack of mastery of the written language, the decision maker, after
analysis, can then proceed to choosing the action most suitable for the sub-groups concerned.

The fact that these icons are products of the systems and not just observations or perceptions 
differentiates them from the normal function of icons, which is pictorial in kind. Systemic 
icons, it is true, also “represent” but, as they are produced functionally, they do much more 
than this and can justifiably be described as cognitive icons as they enable knowledge. In 
short, while physicists referred to the energy of systems in order to differentiate them, the 
Human Sciences refer to cognition as a global act making it possible to assign significance to 
sub-sets of information (icons) which therefore draw their significance from the totality of the 
system while at the same time participating in it.

6. Conclusion 

Changes in society today are leading psychologists to deal with the management of complex
situations which are very different from those that traditionally formed part of their area of
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activity. Two major developments characterise contemporary psychology: (1) new fields of
activity (perception of risks, management of disasters or traumatic events, climate change, etc.
(2) The importance of a global reference both in the definition of the phenomena studied and
at the level of the people who find themselves involved (often large groups of the population).
These changes must logically lead to an adaptation of the research and intervention strategies
because the experimental method, so useful in the study of certain problems, is no longer appli-
cable while the reliability it provided with regard to its conclusions still remains an imperative.

This chapter has attempted to present a difficult but promising approach: that of the use of
dynamic complex systems to construct adaptable, appropriate, and evolutive decisions. It
emphasises the necessity, once certain situations have presented themselves, of a change of
paradigm so that complexity is recognised as a component in research as it already is in the 
forms of conduct being studied, rather than being somewhat ineptly eliminated from the start.
Epistemological and methodological advances are necessary in order to develop the para-
digm of complex systems in psychology, a paradigm which is already a reference in other
branches of the human sciences.

Author details 

Bernard Cadet1,2* 

*Address all correspondence to: bernard.cadet50@gmail.com

1 Cognitive Psychology, University of Caen Normandy, France

2 GRIE, University of Estremadura, Badajoz, Spain

References 

[1] MacCrimmon KR. Managerial decision making. In: McGuire JW, editor. Contemporary 
Management: Issues and View Points. Englewoods Cliffs, NJ: Prentice Hall; 1974. pp.
445-495

[2] Gonzalez C. Learning to make decisions in dynamic environments. Effects of time con-
straints and cognitive abilities. Human Factors. 2004;46(3):443-460

[3] Lewin K. Field theory and experiments in social psychology. American Journal of Socio-
logy. 1939;44(6):868-896

[4] Lewin K. Field Theory in Social Sciences. New York: Harper; 1951

[5] Cadet B. Contextual effects and the influence of frame on decision making. In: Munier 
B, Machina M, editors. Models and Experiments in Risk and Rationality. Dordrecht, The 
Netherlands: Kluwer Academic Publishers; 1994. pp. 17-34

mailto:bernard.cadet50@gmail.com


   

 

   

  

  

  

  

 

  

 

  

 
 

  

   

  
 

 
 

  

  

Decision-Making in Complex Dynamic and Evolutive Systems: The Need for a New Paradigm 37 
http://dx.doi.org/10.5772/intechopen.75098 

[6] Hogarth RM. Judgment and Choice. The Psychology of Decision. 2nd ed. New York: 
Wiley; 1991

[7] Cadet B, Chasseigne G, editors. Psychologie du jugement et de la décision. De Boeck: 
Des modèles aux applications. Bruxelles; 2009

[8] Berger JO. Statistical Decision Theory. Foundations, Concepts and Methods. New York: 
Springer Verlag; 1980

[9] Edwards W. Probability preference in gambling. American Journal of Psychology. 1953;
66:349-364

[10] Edwards W. The theory of decision making. Psychological Bulletin. 1954;51:380-417

[11] Redlawsk DP, Lau RR. Behavioral decision making. In: Huddy L, Sears DO, Levy JS, 
editors. The Oxford Handbook of Political Psychology. Oxford: Oxford University Press; 
2013

[12] Simon HA. Theories of decision making in economics and behavioral science. The 
American Economic Review. 1959;49(3):253-283

[13] Kahneman D, Slovic P, Tversky A, editors. Judgment under Uncertainty: Heuristics and 
Biases. Cambridge: Cambridge University Press; 1982

[14] Camerer CF, Loewenstein G. Behavioral economics: Past, present, future. In: Camerer 
CF, Loewenstein G, Rabin M, editors. Advances in Behavioral Economics. Princeton: 
Princeton University Press; 2004. pp. 3-51

[15] Way S. High performance work systems and intermediate indicators of firm perfor-
mance within the US small business sector. Journal of Management. 2002;28(6):765-785

[16] Russo JE, Schoemaker. Decision Traps: Ten Barriers to Brillant Decision Makers and how 
to Overcome Them. New York: Simon & Schuster; 1989

[17] Kingsford C, Salzberg SL. What are decision trees? Nature Biotechnologies. 2008;26:
1011-1013

[18] Brigandt I, Love A. Reductionism in biology. In: Zlata EN, editor. Stanford Encyclopedia 
of Philosophy. Stanford: Stanford University Press; 2017

[19] Hammond KR. Human Judgment and Social Policy. Irreductible Uncertainty, Unevitable 
Error, Unavoidable Injustice. New York: Oxford University Press; 2000

[20] von Bertalanffy, L. (1968). General system theory. Foundations, Development and Appli-
cations. New York : Georges Brazillier

[21] Cilliers P. Complexity and Postmodernism. Understanding Complex Systems. London: 
Routledge; 1998

[22] Cilliers P. Complexity, deconstructivism and relativism. Theory, Culture and Society. 
2005;22(5):255-267

http://dx.doi.org/10.5772/intechopen.75098


  

  

  

  

  
 

   

 

  

 

  

 

38 Decision Making 

[23] Swim JK, Stern PC, Doherty TJ, Clayson S, Reser JP, et al. Psychology and global climate 
change: Addressing a multi-faceted phenomenon and a set of challenges. American 
Psychologist. 2011;66(4):108

[24] Kuhn TS. The structure of scientific revolutions. International Encyclopedia of Unified 
Science, 2nd ed. enlarged. Chicago: Chicago University Press; 1970

[25] Tooby J, Cosmides L, Barrett HC. The second law of thermodynamics is the first law of 
psychology: Evolutionary developmental psychology and the theories of tandem, coor-
dinated inheritances. Comments on Lickliter and Honeycut 2003. Psychological Bulletin. 
2003;129(6):858-865

[26] Sokolova HV, Fernandez-Caballero A. Decision Making in Complex Systems. The 
DeciMAS Agent Interdisciplinary Framework. Berlin: Springer-Verlag; 2012

[27] Teruel MA, Navarro H, Romero D, Garcia M, Fernandez Caballero A, Gonzales P. An 
innovative tool to create neurofeedback games for ADHD treatement. IWINAC. 2017;1:1
93-202

[28] Garcia-Martinez B, Martinez-Rodrigo A, Alcazar R, Fernandez-Caballero A, Gonzalez P.
Nonlinear methodologies applied to automatic recognition of emotions. An EEG review. 
UCAml. 2017. pp. 766-777

[29] Cuadrado-Gordillo I, Uribe-Sepulveda P, Cadet B. The importance of the teacher edu-
cation and training process for the integration of ethnic minorities. In: Giraudeau C, 
Chasseigne G, editors. Psychologie, éducation et vie scolaire. Paris: Publibook; 2014. 
pp. 245-257

[30] Cadet B, Cuadrado I, Uribe Sépulveda P. L’icône comme indicateur du fonctionnement 
d’un système complexe: les élèves mapuches dans le système scolaire chilien. 
RITA. Numéro 8, Juin 2015. Online. http://revue-rita.com/dossier8/l-icone-commeindi-
cateur-du-fonctionnement-d-un-systeme-complexe-les-eleves-mapuches-dans-le-sys-
teme-scolaire-chilien.html

http://revue-rita.com/dossier8/l-icone-commeindi


Chapter 4 

Utilizing Surrogate Numbers for Probability Elicitation 

Mats Danielson, Love Ekenberg and 
Andreas Paulsson 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/intechopen.76422 

Abstract 

Comparatively few of the vast number of suggested decision-analytical methods have been 
widely spread in actual practice. The majority of those methods call for exact and accurate 
numbers as input, which could be one of several reasons for this lack of actual use; people 
frequently seem to be unfamiliar with, or reluctant to express those, in a sense, “true” values 
required. Many alternative methods to resolve this complication have been suggested over 
the years, including procedures for dealing with incomplete information. One way, which 
has proliferated for a while, is to introduce so-called surrogate numbers in the form of 
ordinal ranking methods for multi-criteria weights. In this chapter, we show how those can 
be adapted for use in probability elicitation. Furthermore, when decision-makers possess 
more information regarding the relative strengths of probabilities, that is, some form of 
cardinality, the input information to ordinal methods is sometimes too restricted. Therefore, 
we suggest a testing methodology and analyze the relevance of a set of cardinal ordering 
methods in addition to the ordinal ones. 

Keywords: decision analysis, probability elicitation, cardinal ranking, rank order, 
imprecise probability 

1. Introduction 

Elicitation of subjective beliefs has been applied in numerous areas, such as game and decision 
theory [1, 2], agriculture [3], statistics [4], and various disciplines of economics [5–7], and many 
methods have been designed for elicitation purposes [8–10]. It is in these contexts often assumed 
that at least experts in the various areas are capable of acting rationally and can provide reliable 
information so long as they are eliciting probabilities sensitively. Those assumptions are contrary 
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to the fact that even expert estimates may differ significantly from the true probabilities and that 
there are still no universally accepted methods of probability elicitation available. The process of 
eliciting adequate quantitative information is one of the substantial challenges within decision 
analysis [11, 12]. 

In a classical framework (cf., e.g., [13]), numerical probabilities are assigned to the different 
events in tree representations of decision problems. The assignments are made after the set of 
parameters, whose values need to be elicited and whom to choose for providing those esti-
mates, have been identified. Domain experts could, for example, be asked to express their 
beliefs about the likelihood of a particular event in probabilistic form. Such beliefs cannot be 
measured objectively, and neither should they be judged in such a manner. Besides, the success 
of an elicitation process depends on how well a representation of the present subjective 
opinions can be constructed rather than on some set of objectively true values [14–16]. 

Methods for eliciting utilities and probabilities have been thoroughly investigated, resulting 
in a large number of recommendations and handbooks on the subject. Procedures range 
from using direct elicitation, gamble, and lottery techniques, as well as more elaborate 
methods to reduce biases, aversions, and a multitude of other causes of errors while 
producing as reliable estimates as possible (c.f., e.g., [17–22]). Here, it is generally assumed 
that procedures for elicitation should give rise to adequate preference orders, but this 
assumption is nevertheless often violated in empirical studies (c.f., e.g., [23–25]). A multi-
tude of methods for ordinal rankings or interval approaches have been suggested to pro-
vide more realistic models. The goal is to be able to utilize the information the decision-
makers can supply without forcing them to express unrealistic, misleading, or meaningless 
statements. 

To elicit probabilities, methods based on ordinal rankings already constructed for obtaining 
weights for multi-criteria decision analysis (MCDA) (see [26–28]) can be adopted. The funda-
mental idea is that ordinal information that stems from importance can be converted to a set of 
normalized surrogate numbers, the values of which are consistent with the elicited ordinal 
rankings. The actual conversion can be done using a variety of methods, such as rank sum (RS) 
and rank reciprocal (RR) [29], and centroid-based methods (ROC) [30]; originally used for 
handling criteria weights in MCDA. However, even in MCDA, the use of only ordinal infor-
mation is sometimes perceived as being too vague or imprecise, resulting in a lack of confi-
dence in the alternatives’ final values or a too large class of non-dominated alternatives. 

In this chapter, a set of methods that allow for more expressive information as input when 
eliciting probabilities, while maintaining the relative correctness and simplicity of ordinal 
ranking procedures, is proposed. In the following section, we compare and discuss a set of 
significant features, including correctness and relevance, of various extensions to some existing 
ranking methods. Following a brief recapitulation and adaptation of some ordinal ranking 
methods in the following section, we continue with cardinal ranking methods and discuss a set 
of appealing candidates for probability elicitation. Using simulations, we investigate some 
properties of the treated methods and conclude with pointing out, according to the results, a 
particularly attractive method for eliciting probabilities. 
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2. Ordinal ranking methods in MCDA 

Different elicitation formalisms by which a decision-maker can express preferences in MCDA 
decision situations have been proposed. Such formalisms are sometimes based on scoring 
points, as in point allocation (PA) or direct rating (DR) methods. In PA, the decision-maker is 
given some number of points, for example, 100, to distribute over a set of criteria or conse-
quences, depending on the type of decision [31]. Hence, for N criteria or consequences, there 
are ðN�1Þ degrees of freedom (DoF). Direct rating methods, on the other hand, put no limit on 
the number of points to be allocated.1 The decision-maker allocates as many points as desired 
and the points are subsequently normalized. Thus, in DR, there are N degrees of freedom for N 
criteria. Regardless of elicitation method, the assumption is that all elicitations are made 
relative to a distribution held by the decision-maker.2 

Surrogate methods are utilized in [26–28] and many others for handling such problems. 
Regardless of method, however, a key property must be to retain as much information as 
possible in the surrogate numbers, yet accommodating for the various constraints required by 
certain types of values. 

Stillwell et al. [29] compare a set of different methods for eliciting surrogate numbers from 
ordinal rankings alone, based on the idea of maximizing the power to discriminate between 
values. Among those are rank sum and rank reciprocal, for which surrogate weights are 
derived solely from the rank order of the attributes. Take a simplex Sw generated byP 
w1>w2>⋯>wN , wi¼1 and 0 ≤ wi.3 Assign an ordinal number to each item ranked, starting 
with the highest ranked item as number 1. Denote the ranking number i among N items to 
rank. Then the rank sum (RS) surrogates for all i¼1,…, N  are defined by 

N þ 1 � i 
wRS 

i ¼ PN � � : (1)
N þ 1 � jj¼1 

The surrogate numbers produced by the rank reciprocal (RR) method are, as the name implies, 
based on the reciprocal of the rank of each item. Let the number 1 corresponds to the highest 
ranked item, the number 2 to the second highest ranked item, and so on. Then for the i:th 
ranked item, the RR surrogate, given a total of N items, are obtained by 

RR 
1=i w ¼ � . (2)i PN 
j¼1 1 j 

1
It could be that the sum is limited in direct rating methods as well but then as a consequence of a uniform limit to the 

individual numbers. 
2
See, for example, [32, 33] and some others from the same authors on methodological and cognitive aspects of inexactness 
in decision-making. 
3
Unless stated otherwise, the component vectors of decision problems will be modeled as simplexes, Sx , consisting of P 
x1 > x2 > ⋯ > xN , where xi ¼ 1 and 0 ≤ xi. 
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A decade later, Barron [30] suggested a method based on vertices of the simplex of the feasible 
space. The rank order centroid (ROC) weights are the centroid vector components of the 
simplex Sw. The weights then become the centroid (mass point) of Sw. The ROC weights for 
the ranking number i among N items to rank are given by 

N1 X �ROCw ¼ 1 j. (3)i N j¼i 

However, RS, RR, and ROC perform well only for specific assumptions on decision-maker 
behavior. If we assume that the decision-maker stores its preferences in a way similar to a given 
point sum, considering normalization, there are (N�1Þ degrees of freedom (DoF) for N items. On 
the other hand, if we assume that the decision-maker stores its preferences in a way that puts no 
limit to the total number of points (or mass) allocated, and the normalization is made afterward, 
then there are N degrees of freedom for N criteria. It remains an open question as to how a 
decision-maker perceives the nature of the basis of a particular preference order. Whether the 
linear dependence in ðN�1Þ DoF models is accounted for, or if preference values are allocated 
with no particular limits in accordance with N DoF models. Surrogate numbers obtained by RR 
and ROC models agree with a preference structure based on ðN�1Þ degrees of freedom, while the 
RS model conforms to a preference structure based on N degrees of freedom. Due to this apparent 
difference, a model, SR, in which features from both RS and RR were incorporated, was proposed 
by [34]. The SR method is an additive combination of the Sum and the Reciprocal functions as in 

1 
i þ Nþ1�i 

wSR 
i ¼ PN

N : (4)
1=jðNþ1�jÞ 

j¼1 N 

0To exemplify the above, given any probability simplexes such as p1; p2; p3 and p1 
0 ; …; p6 

that satisfy the previously laid out assumptions, the various methods would assign to them 
numbers as in Tables 1 and 2. 

In theory, the choice of elicitation method should preferably be based on the manner in which a 
decision-maker constructs a preference order; whether it is based on a ðN�1Þ DoF or N DoF 
model, or even a mixed model. However, since we cannot know the ratio of ðN�1Þ DoF to N 
DoF employed in the mind of the decision-maker, an elicitation method, to be robust, should 
work about equally well regardless. The SR method, assuming the principal features of both 
RS and RR, was found to be the method best accommodating for such a need. 

Method p1 p2 p3 

Rank sum (RS) 0.50 0.33 0.17 

Rank reciprocal (RR) 0.55 0.27 0.18 

Rank order centroid (ROC) 0.61 0.28 0.11 

Sum reciprocal (SR) 0.52 0.30 0.17 

Table 1. Probabilities corresponding to the ordinal ranking, p1 > p2 > p3, rounded to two decimal places. 
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Method ’ p1 
’ p2 

’ p3 
’ p4 

’ p5 
’ p6 

Rank sum (RS) 0.29 0.24 0.19 0.14 0.10 0.05 

Rank reciprocal (ROC) 0.41 0.20 0.14 0.10 0.08 0.07 

Rank order centroid (ROC) 0.41 0.24 0.16 0.10 0.06 0.03 

Sum reciprocal (SR) 0.34 0.22 0.17 0.13 0.09 0.06 

0 0 0 0 0 0Table 2. Probabilities corresponding to the ordinal ranking, p1 > p2 > p3 > p4 > p5 > p6 , rounded to two decimal 
places. 

In the following, the methods for weight elicitation within MCDA presented above will be 
augmented with information denoting the relative difference between adjacent items and 
modified to meet the requirements of probability elicitation. We adhere to a standard, one-
level decision-tree model, in which each of M alternatives has N consequences. Hence, there 
are M times N consequences in total. 

3. Cardinal ranking methods 

Providing ordinal rankings puts fewer demands on decision-makers; they are, in a sense, effort 
saving. Furthermore, there are techniques such as those mentioned earlier for handling ordinal 
rankings with some success. For use in probability elicitation, the same ordering is asked of the 
decision-maker, but this time in reference to how probable events are as outcomes of a chosen 
alternative of action.4 Nevertheless, decision-makers might, in many cases, have more knowl-
edge of the decision situation, even if the information still is not precise. For instance, cardinal 
probability relation information may implicitly exist, entailing that the surrogates may not 
really reflect what the decision-maker actually means by a particular ranking. 

To improve the conformance of an ordinal ranking to the true subjective beliefs of a decision-
maker, information such as the relative differences between adjacent items need to be 
accounted for. Given a ranking of some number of consequences, relative differences in prob-
ability comprise such information. Furthermore, methods that allow for such details can also 
handle probabilities considered equal, something which purely ordinal methods cannot. 

The following notations together with the suggested interpretations are used to exemplify the 
proposed methods. The symbols denote the relative strength of the difference in probability 
between consequences.5 

4
For each choice of action, we assume a decision node to be the root of a standard two-level decision tree with each branch 

representing an alternative, which, in turn, is followed by a set of exhaustive and mutually exclusive events. It is the 

probabilities of those events that the decision-maker is asked to rank. Such a setup can easily be generalized to decision 

trees with multiple levels. 
5
Although using verbal interpretations for illustrative purposes, we do not intend to discuss issues related to difference 

values and their respective meanings in relation to probabilities. In an actual implementation of the method, we consider 
cardinal input obtained from graphical sliders in a software tool. 
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>0 “equally probable” 

>1 “slightly more probable” 

>2 “more probable” 

>3 “much more probable” 

To derive probabilities for N consequences using cardinal methods, start by ranking the 
consequences in order of probability, giving the most probable consequence rank one, and the 
least probable consequence rank N. Let sj be the number of difference steps between probabil-
ities pj and pjþ1, denoted by pj>s pjþ1. Setting sj ¼ 1 is equivalent to pj > pjþ1 as in the ordinal j PN�1 case. The sum, Q, of all difference steps for N probabilities will then be i¼1 si, and for any 

probability p , i∈ f2; …; Ng, the position on this scale of difference steps from 1 to Q is defined i 

by t ið Þ ¼ si�1 þ t ið � 1Þ ð Þ ¼ 1.6, and t 1 

Modifying the above ordinal methods for probability elicitation can now be done without 
difficulty. The key is to normalize the values of the cardinal rank positions such that the 
higher positions result in the lower probabilities. In the cardinal version of RS (CRS), the proba-
bilities should mirror the differences in cardinal rank positions. Hence, the CRS probabilities are 
given by 

Qþ 1 � t ið Þ  
pCRS ¼ (5)i PN ðQþ 1 � t jð ÞÞj¼1 

where t ið Þ∈ f1; …; Qg are the cardinal rank positions derived from the cardinal differences 
provided by the decision-maker such that t ið Þ ≤ t jð Þ if and only if i < j. The cardinal variation of 
rank reciprocal (CRR) is defined in a similar fashion, and the CRR probabilities are obtained by 

1=t ið Þ  
pCRR ¼ : (6)i PN 

¼1 1=t jð Þj 

with the usual property that a higher probability is assigned to lower ranking numbers. ROC is 
generalized in the same way, and the corresponding strength rank order centroid (CRC) 
probabilities are obtained as 

PQ 1=j
CRC j¼t ið Þ  p ¼ � � : (7)i PQ PQ 1=jk¼1 j¼t jð Þ  

Finally, generalizing SR is done in the same way and using the above equation, the corresponding 
cardinal SR (CSR) probabilities are obtained as 

6
Here, pi ¼ P cð Þi , that is, the probability that consequence i obtains. 
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Cardinal method p1 p2 p3 p4 p5 p6 

Rank sum (CRS) 0.29 0.23 0.19 0.13 0.13 0.03 

Rank reciprocal (CRR) 0.49 0.16 0.12 0.08 0.08 0.05 

Rank order centroid (CRC) 0.45 0.21 0.16 0.09 0.09 0.02 

Sum reciprocal (CSR) 0.37 0.20 0.17 0.11 0.11 0.04 

Table 3. Probabilities corresponding to the ranking, p1 >2p2 >1p3 >2p4 >0p5 >3p6, rounded to two decimal places. 

1 Qþ1�t ið Þþ
CSR t ið Þ  Qp ¼ � � , (8)i PN 1 Qþ1�t jð Þþj¼1 t jð Þ  Q 

which is a generalization similar to the others. Thus, using the idea of cardinal steps, ordinal 
methods are easily transformed to their respective cardinal counterparts. See Table 3 for an 
example of probabilities correlated with a certain cardinal ranking. 

3.1. Application to a decision problem 

To show the merits of cardinal methods for elicitation of both probabilities and values, we 
present a decision on the choice of programming language, adapted from [35]. Due to resource 
constraints in a current Prolog implementation, the staff considered two options: 

A: Rewriting the whole system in C. 

B: Trying to find an implementation of Prolog that could handle the system. 

After thoroughly discussing the pros and cons of the two options, they arrived at the following 
possible scenarios. For option A, the staff concluded that either (c1) a prototype in C would be 
ready on time or (c2) a prototype in C would be slightly delayed due to external circumstances. 
For option B, (c3) a prototype in Prolog would be ready on time, (c4) a prototype in Prolog 
would be slightly delayed due to external circumstances, or (c5) only fractions of a prototype in 
Prolog would be ready on time. 

Having considered the probabilities and the values of the consequences, the staff arrived at the 
following assumptions, where pi represents the probability of ci, and vi represents the value of 
ci. For option A, p1 was thought to be at least 0.67, and consequently, p2 would be at most 0.33. 
For option B, p5 would lie somewhere between 0.40 and 0.90, hence the sum of p3 and p4 could 
range from 0.10 to 0.60. 

With regard to value, c3 was the most desirable with c4 being slightly less so. Both c3 and c4 

would be clearly better than c1, which in turn was slightly better than c2. By far, c5 would be the 
worst consequence. 

Applying a cardinal ranking to the above probabilities and values, the staff agreed on the 
following: 
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p1>3p2 

p5>3p3>0p4 

v3>1v4>2v1>1v2>3v5 

Using a purely ordinal ranking, one would end up with the following, less precise ordering: 

p1 > p2 

p5 > p3 > p4 or p5 > p4 > p3 

v3 > v4 > v1 > v2 > v5 

Computing the values of the rankings about using SR and CSR yielded the results presented in 
Tables 4 and 5. Let Em be the expected value of option o given elicitation method m, we theno 

have ESR 
A B¼ 0:16 and ESR ¼ 0:19, resulting in option B being the preferred alternative, while 

ECSR ¼ 0:16 and ECSR ¼ 0:14 resulting in the contrary. A B 

Possible alternatives in the case of ordinal rankings, such as strict uses of either of the rankings 
p5 > p3 > p4 or p5 > p4 > p3, do not affect the preference order of the options. However, a 

change from p5>3p3>0p4 to p5>2p3>1p4 when applying the cardinal method would alter the 

outcome, indicating the decision problem’s sensitivity to uncertainty, something which is not 
reflected when using a purely ordinal ranking of the consequences. 

When treating the decision problem in the professional software program DecideIT [36], the 
probability values from the original assumptions can be used, resulting in the constraints: 

1. p1 ≥ 2=3 and p1 þ p2 ¼ 1 

2. 0:4 ≤ p5 ≤ 0:9 and p3 þ p4 þ p5 ¼ 1 

which in turn can be entered directly into the program. The values are specified as in the 
cardinal case. Eventually, we end up with the decision tree in Figure 1. 

Method p1 p2 p3 p4 p5 

SR 0.67 0.33 0.24 0.24 0.52 

CSR 0.80 0.20 0.17 0.17 0.66 

Table 4. The probabilities of the consequences of the options of the decision on a computer programming language. 

Method v1 v2 v3 v4 v5 

SR 0.18 0.12 0.38 0.25 0.07 

CSR 0.17 0.13 0.38 0.26 0.05 

Table 5. The values of the consequences of the options of the decision on computer programming language. 
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Figure 1. Modeling the decision problem of choosing a programming language in DecideIT. 

Figure 2. The expected value graph generated by DecideIT. 

Looking at the expected value graph in Figure 2, we note that although about 50% contraction 
is needed, it is arguable so that either the assumptions need to be revised or option A should be 
the preferred one. Consequently, a cardinal ranking of the probabilities and the values seem to 
resonate better with a more detailed examination in which imprecise numbers are taken into 
account than a purely ordinal one. 

4. Assessing models for cardinal relations 

Given that we have a set of cardinal methods as in the previous section, how can they be 
validated? For ordinal relations in MCDA, simulation studies similar to [27, 37–39] and 
others have become a kind of de facto standard. The simulations herein are based on the 
fundamental idea that a set of genuine, or “true,” probabilities, in fact, exists in the mind of 
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the decision-maker. No elicitation method is capable of completely mirroring these probabil-
ity values, but in the simulations, the potency of the probability ranking approaches is 
judged by comparing the “true” values to those elicited by the methods mentioned earlier. 

The modeling caters to the two extremes of decision-makers’ mindsets outlined earlier in the 
way the decision problem vectors are randomly generated. Following an N DoF model, a 
vector is generated, where the components are kept within [0%, 100%], and subsequently 
normalized, that is, a process with N degrees of freedom. Details on this kind of simulation 
can be found, for example, in [40]. For an ðN � 1Þ DoF model, the components are generated 
such that they sum to 100% already from the outset; that is, using a process of ðN � 1Þ degrees 
of freedom. This simulation is based on a homogeneous N-variate Dirichlet distribution gen-
erator. Details on this kind of simulation can be found, for example, in [41]. 

The “true” probabilities in the minds of decision-makers might, of course, follow a distribution 
different from the ones used in this study, and there might eventually be models available to 
elicit values following those. Nonetheless, the crucial observation is that the validity and 
reliability of the results of the simulations are highly dependent on how the minds of 
decision-makers are modeled. Although the difference in the number of degrees of freedom is 
only one of several parameters related to cognitive behavior, it still offers a meaningful way of 
distinguishing between cognitive models. 

4.1. Biases of simulation studies 

The results of the simulations are highly dependent on the type of generator used. A generator 
corresponding to an N DoF model is referred to as an N-generator. In the same manner, a 
generator corresponding to an ðN � 1Þ DoF model is referred to as an ðN � 1Þ-generator. In 
applying the N-generator, probabilities elicited by the RS method outperforms those elicited 
by other methods. Not because the RS method is superior per se, but because it produces 
numbers at regular intervals. Likewise, ROC outperforms the other methods when an ðN � 1Þ-
generator is used for the reason that the values elicited by the ROC method are similarly 
skewed toward the lower end of the interval. 

In actual fact, it is impossible to determine whether decision-makers, in general (or even some), 
elicit values in particular accordance with ðN � 1Þ or N DoF representations of their knowl-
edge. As a group, or as individuals, it is possible that they completely adhere to either one or 
that they follow an arbitrary mix of the two. Due to this uncertainty pertaining the cognitive 
processes of decision-makers, a rank ordering mechanism, to be robust, must elicit values that 
conform to both types of representations reasonably well. Therefore, to find the method that 
yields the most robust and efficient assignments, the evaluations in this study employ both 
types of generators and combinations of them. 

4.2. Comparing the methods 

To evaluate the validity of the RS, RR, and ROC methods for multi-criteria weight elicitation, 
Barron and Barrett [27] simulated a large set of “true” weights, using an ðN � 1Þ-generator. 
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Based on those, they then produced a corresponding set of surrogate weights for each of the 
elicitation methods. As shown earlier, the generation procedure does have significant effects 
with regard to such a comparison. The set of “true” weights is dependent on how we model 
the minds of decision-makers. Barron and Barrett [27] presented a computer simulation 
consisting of four main steps, which for probability elicitation is modified as follows:7 

4.2.1. Generation procedure 

1. For a decision problem with M alternatives, where each alternative can result in one of N 
consequences, generate M probability vectors, p1, …, pM, in N dimensions. These vectors 
contain the so-called true probabilities. Then, for each elicitation method μ0 , produce 

μ0 μ0 
vectors p1 , …, pM, according to the order of the “true” probabilities. 

2. After that, generate an M � N matrix of random numbers vij corresponding to conse-
quence j, of the ith alternative. These are the values of each consequence. 

μ3. Let pij be the probability obtained by method μ for consequence j of alternative i (where μ 

is either μ0 or “true”). For each method μ and each alternative i, calculate the expected 

value Eμ 
i ¼ 

P 
j
N 
¼1 pij 

μ vij. Note the rank order of Eμ 
i for each μ, that is, the preference order of 

the alternatives for each method. 

4. Lastly, determine if method μ resulted in the same most preferred alternative as “true.” If 
that is the case, then record a hit. 

The abovementioned procedure (a simulation round) is repeated a large number of times, with 
the ratio of the number of hits to the total number of simulation rounds used as a measure of 
efficacy. In some MCDA studies, two additional measures of efficacy have been reported, 
namely the average value loss and the average proportion of the achieved maximum value 
range. These measures do not, however, add anything in particular in terms of value due to 
their strong correlation with hit ratio. 

Using an ðN–1Þ-generator MCDM simulation model over the simplex Sx, ROC outperforms 
the other two methods. But a study by Roberts and Goodwin [40] came up with a different 
result where RS performed better than ROC with RR in third place, by employing a different 
distribution generating function where a fixed number, say 100, is given to the most important 
criterion and the others are uniformly generated as U[0,100]. This N-generator is, of course, 
different from ðN–1Þ-generators based on a Dirichlet distribution, and thus, their simulation 
study instead yields the result that RS outperforms ROC with RR in third place. As we see 
later, using surrogate weights for probability elicitation yields similar results. 

7
For simplicity in generation procedures but without loss of generality, assume that all alternatives have the same number 
of consequences, N. 
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4.3. Simulations of the cardinal surrogate numbers 

This chapter focuses on the performance of cardinal surrogate weights in probability elicita-
tion. The simulations included 20 different scenarios made up of 3, 6, 9, 12, and 15 alternatives, 
and for each of those cases, the number of consequences was set to 3, 6, 9, and 12, respectively. 
Each combination was simulated 10 times, and this was then repeated 10,000 times, totaling 
2,000,000 decision problems. The probability vectors for the N DoF model was generated using 
a standard round-robin random number generator with subsequently normalized numbers, 
and the probability vectors for the N � 1 DoF model was generated using an N-variate 
Dirichlet distribution. The value vectors were generated on a uniform interval but left 
unscaled, analogous to MCDA studies such as [27]. Compared to alternative value distribu-
tions, there was no significant difference in the results. 

A subset of the results, using a 50% combination of N DoF and N � 1 DoF models, is presented in 
the tables mentioned later. As described earlier, the numbers denote the ratio of the number of 
times the most preferred alternative according to method μ0 coincides with the most preferred 
alternative obtained from the “true” probabilities to the total number of simulation runs.8 

The marginal utility of various levels of cardinal expressibility was evaluated by varying the 
levels of maximum cardinal differences in the simulations. The numbers, say j, in the “Sym-
bols” column denotes the maximum >-index, maxð Þi , of the set of >i symbols, such that 
max ið Þ ¼ j, for j > 0. The results are obtained from the ordinal counterparts when j ¼ 0. Hence, 
j ¼ 1 implies f>0; >1g, j ¼ 2 means f>0; >1; >2g, and so on. The actual results of the methods, 
the hit ratios, are given in percentages.9 

Albeit there is a clear advantage of introducing the possibility of equivalence (>0) between 
probabilities, the results, in general, indicate diminishing returns with an increase of the 
maximum >-index, in particular, when the number of possible consequences for each alterna-
tive is high. For example, at nine or more consequences, cardinal probability elicitation with 
only >0 and >1 is to prefer for CRC. Also, the cognitive burden on decision-makers tends to 
increase with the granularity of the scale. Hence, a maximum >-index of 2 seems to provide 
enough expressional power for probability elicitation (Tables 6–12). 

Combined DoF Symbols ROC/CRC RS/CRS RR/CRR SR/CSR 

Three consequences and three alternatives 0 86.9 86.8 86.7 87.0 

1 88.8 87.7 87.9 88.0 

2 89.3 90.1 89.4 90.3 

3 89.5 91.2 90.2 91.3 

Table 6. Comparing the methods using three consequences to each alternative and three alternatives. 

8
Two alternative sets of measurements, not shown in this chapter due to the strong correlation with the hit ratio, exist. One 

is the number of times to three most preferred alternatives obtained using μ0 as elicitation method agrees with the three 

most preferred alternatives according to the “true” probabilities (i.e., the “podium”). A second is the number of times the 

overall rank of the alternative-using method μ0 agrees with the overall rank based on the “true” probabilities. 
9
The results of the sets of 10 runs yielded a standard deviation of around 0.2–0.3%. 



Utilizing Surrogate Numbers for Probability Elicitation 51 
http://dx.doi.org/10.5772/intechopen.76422 

Combined DoF Symbols ROC/CRC RS/CRS RR/CRR SR/CSR 

Three consequences and 15 alternatives 0 70.9 69.2 69.1 69.5 

1 73.9 71.2 70.7 71.0 

2 74.6 76.1 74.4 76.2 

3 74.6 77.7 76.5 78.6 

Table 7. Three consequences to each alternative and 15 alternatives. 

Combined DoF Symbols ROC/CRC RS/CRS RR/CRR SR/CSR 

Six consequences and six alternatives 0 79.4 79.8 78.0 80.8 

1 83.5 80.8 81.0 82.4 

2 84.0 83.9 80.5 85.4 

3 83.8 85.3 79.3 86.4 

Table 8. Six consequences to each alternative and six alternatives. 

Combined DoF Symbols ROC/CRC RS/CRS RR/CRR SR/CSR 

Six consequences and 12 alternatives 0 75.0 73.8 72.3 75.1 

1 78.6 75.6 75.3 77.2 

2 78.3 78.3 74.1 78.4 

3 77.6 79.6 72.9 80.9 

Table 9. Six consequences to each alternative and 12 alternatives. 

Combined DoF Symbols ROC/CRC RS/CRS RR/CRR SR/CSR 

Nine consequences and nine alternatives 0 76.7 76.5 72.2 78.3 

1 81.0 77.2 76.8 79.8 

2 80.1 78.7 73.3 81.3 

3 78.5 79.7 70.2 81.6 

Table 10. Nine consequences to each alternative and nine alternatives. 

Combined DoF Symbols ROC/CRC RS/CRS RR/CRR SR/CSR 

Twelve consequences and six alternatives 0 80.1 80.5 73.2 82.2 

1 83.6 79.9 78.3 82.5 

2 81.9 81.1 73.3 83.5 

3 80.2 81.7 70.0 83.3 

Table 11. Twelve consequences to each alternative and six alternatives. 
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Combined DoF Symbols ROC/CRC RS/CRS RR/CRR SR/CSR 

Twelve consequences and 12 alternatives 0 74.8 74.4 67.9 76.3 

1 78.5 73.8 72.3 76.8 

2 77.0 75.7 67.3 78.2 

3 74.8 77.2 62.0 78.7 

Table 12. Twelve consequences to each alternative and 12 alternatives. 

The results show that cardinal methods markedly outperform the ordinal methods. Among 
the cardinal methods, it is CRC and CSR that provide the best outcomes, but the difference 
between these lies within this investigation’s margin of error. 

5. Summary and conclusion 

Elicitation methods available today are often either too cognitively demanding and require too 
much time and effort or unable to use the available information. The aim of this study was to 
offer decision-makers a set of methods for probability elicitation with a reasonable balance 
between simplicity and usability on the one hand and correctness and accuracy on the other 
hand. In particular, we strived to reduce the issues of applicability by loosening the require-
ments of precise information, while allowing for more details than what ordinal methods can 
handle. Also, the methods should be relatively robust and applicable to a wide range of 
decision problems. 

By augmenting a set of ordinal elicitation methods, originally developed for weight elicitation 
within MCDA, with a notion of a difference between adjacent probabilities, we arrived at a 
collection of cardinal probability elicitation methods. The robustness of the methods was 
evaluated using a large number of simulated decision problems, where we also accommo-
dated for two different cognitive models, based on the degree of freedom used during the 
ranking, including a mix of them. The results of the simulations point toward a significant 
improvement of cardinal methods over purely ordinal ones. In particular, due to the introduc-
tion of equality between probabilities. Among the cardinal methods, in particular, CSR and 
CRC seem to provide the most robust results. CSR generalizes SR from [42] by also taking the 
cardinal differences of the probabilities into account in a more straightforward way than, for 
example, [34]. 

More fine-grained expressions seem to produce diminishing returns when the number of 
consequences of each alternative becomes high. For alternatives with 12 consequences or less, 
a cardinal method with the set f>0; >1; >2g seems to supply the decision-maker with adequate 
options for producing quite reliable probability elicitations. For alternatives with more than 12 
consequences, the reduced set f>0; >1g seems to provide a sufficient granularity. 
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In conclusion, cardinal methods rather than ordinal ones should be preferred for eliciting 
probabilities when applicable. More specifically, CSR and CRC have been shown to produce 
surrogates, which outperform those of their competitors. They keep decision-makers from 
having to provide too much detail, something which has turned out to be difficult for 
decision-makers in general, while at the same time reducing the risk of neglecting available 
information. 
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