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Preface

Many of us are used to making decisions in a rather linear way. We are used to analyz-
ing the scenario, identifying causes, effects, and options, weighing the advantages 
and disadvantages, and finally deciding. However, when there are too many options 
or alternatives, each with comparable advantages and disadvantages, it becomes much 
more difficult to take the right decision. The real world is far from being linear.

In fact, we live our lives in complex contexts that constantly place us in front of 
decision-making processes. And this happens in both personal and professional life. 
Deciding means taking responsibility, giving answers, giving direction, realizing, 
starting, or concluding. 

The book comes from the awareness that there is no “business” without decisions. 
Definitively, all of us are decision-makers in the professional and personal spheres. 
Promoting awareness of decision-making mechanisms and applying rigorous meth-
ods and techniques is essential for making the right decisions at the right time.

In a complex context of decisions, it is useful to apply accurate and valid scientific 
methods. There are many scientific decision-making methods, among which the best 
known is the Analytic Hierarchy Process (AHP). 

AHP is a multi-criteria decision support technique developed in the 1970s by an Iraqi 
mathematician naturalized in the United States named Thomas L. Saaty. The meth-
odology makes it possible to compare several alternatives in relation to a plurality 
of criteria, of a quantitative or qualitative type, and to obtain a global evaluation for 
each of them. The strength of the AHP is that it provides for a distinction between the 
subjective component of the evaluation and the objective data. The decision-maker 
identifies a set of criteria on the basis of which to evaluate the decision alternatives 
and assigns a percentage weight to each criterion, after which the decision-maker 
assigns a score, which is the impact of the criterion on the decision. The score of each 
decision alternative is the weighted average of the scores of each criterion on the 
decision by the weight assigned to each criterion. The most relevant characteristics of 
the AHP are the ability to measure intangible criteria, flexibility, and applicability in 
solving complex problems.

Based on these premises, this book collects interesting research and studies that 
highlight the benefits and power of the AHP through analysis of different case studies 
(practical and methodological) using the process.

In particular, the book proposes several applications of AHP for decision-making in 
transportation organizations, the medical field, construction, personnel selection, 
for environmental decisions, and more. All applications proposed demonstrate the 
importance of using a scientific approach for strategic planning in any kind of deci-
sion. There is no better way to approach a complex problem than to structure all the 
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important key influences affecting every important alternative course of action that 
we can think of. Certainly, decision-making today is indeed a science.

Based on the studies presented, this book is a useful resource for anyone who deals 
with decision-making with a focus on AHP. Furthermore, we hope that this book will 
provide useful resources, ideas, techniques, and methods for further research in the 
field. Special thanks to all the authors who contributed to the success of the project. 
We thank the authors who accepted our invitation to contribute their invaluable 
research as well as the referees who reviewed these papers for their effort, time, and 
invaluable suggestions. Our special thanks to Author Service Manager Dr. Ivana Barac 
and her team at IntechOpen for their support.

Finally, we want to remember our dear friend Tom Saaty, a special man, father of 
the AHP, and an unforgettable mentor. We are thankful for the many memories of 
the Pittsburgh house and the long discussions on AHP. We learned a lot from Tom, 
especially the importance of “thinking” and carving out the time to think and avoid-
ing lazy habits of not thinking. Thank you for all the moments spent together and for 
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Chapter 1

Analytical Hierarchy Process
Problem Solution
Hatice Esen

Abstract

Multi-criteria decision-making methods have been developed to help people or
managers in the decision-making process and make the right decision. The Analytical
Hierarchy Process (AHP) method is one of the most frequently used multi-criteria
decision-making methods and is used in situations where the decision-makers’ objec-
tive and subjective decisions need to be evaluated together. This study explains the
application of the AHP method in personnel selection in Excel. AHP is an easily
applicable method for solving complex problems. In this study, the problem of
decision-making of nurses who apply to the intensive care nursing certificate program
is handled. The AHP method was used in the solution to the problem. The three nurses
have been selected by considering the criteria determined by the training officer who
organized the certificate program among the nurses who applied to the program by
ranking. The use of AHP in addition to the traditional method at every stage of human
resources planning will contribute to the personnel selection process and the effi-
ciency of health service delivery.

Keywords: AHP, multi-criteria decision-making, decision, problem solving,
decision-making

1. Introduction

Decision-making is one of the most important activities performed by managers
and is also known as the core of management. The decision-making process can be
defined as the activity that leads to the solution of a decision-making problem involv-
ing at least two alternatives, and the chosen one gives the best result according to the
determined goal. The decision-making process is carried out by managers intuitively
or using decision-making methods [1]. The Analytical Hierarchy Process (AHP) is a
frequently used multi-criteria decision-making (MCDM) method, which is a mathe-
matical approach. AHP is a widely used method to provide solutions to multi-objective
decision-making problems, developed by Thomas L. Saaty (1970) and was brought to
the agenda by Myers and Alpert (1968) [2]. It is a method [3] using the decision-
makers experience, knowledge, and intuition [4] to make objective and subjective
decisions [5]. In other words, AHP is a method that aims for people to make their own
decisions instead of obliging how to make decisions [6].
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AHP has a decision hierarchy with some characteristic features applied to various
problems. This hierarchy includes decision objectives, criteria, sub-criteria, and alter-
natives [7]. After determining the hierarchical structure, AHP determines the relative
priorities of the alternatives according to the decision-makers preference. At each
level of the hierarchy, the decision-maker needs to make two-way comparisons using
the alternatives and the importance of the criteria [8, 9].

In addition to its ease of use, AHP is an easy and successful application for solving
complex problems that contain objective and subjective judgments [10]. The method
is used when there is more than one decision-maker among many conflicting alterna-
tives under certainty and uncertainty [11]. In other words, the AHP methodology
allows us to determine which alternative best fits our criteria and the level of impor-
tance we attach to them [12].

It is a well-known and widely used multi-criteria decision-making method in
various fields, such as machine selection, supplier selection, ambulance allocation, and
prioritization of nurses and other resources in health services [6]. For example, for the
global forecast of diabetes patients for 2011–2030 [13], to evaluate the performance of
hospitals in Taiwan [14], to determine the most appropriate treatment for rectal
cancer treatment [15], to compare pregnant women’s recommended delivery [16], to
determine efficacy in colorectal cancer treatment [17], to determine dental treatment
priorities [18], to determine the criteria to be used in the decision to admit COVID-19
patients to intensive care units [19], and to design and build a decision support system
application [20].

AHP attempts to determine the relative importance of each element of a decision
by comparing each pair of alternatives at each hierarchy level. Thus, the technique
examines multiple alternatives and provides the decision-maker with the relative
priorities of the various alternatives under consideration. When applying AHP to a
real-life problem, a decision-maker can convert his subjective view to an objective
one, which gives the decision-maker confidence that their intuition and experience
are not overlooked when arriving at the final ranking of alternatives. The technique’s
simple nature and low mathematical complexity make it the most preferred in various
industries, including engineering, healthcare, finance, public policy, and business
environments [6].

This study consisted of multi-criteria decision-making AHP, AHP implementation
steps, and sample AHP works sections in the introduction of the study. The study
consisted of five sections. In the first part, general information about multi-criteria
decision-making and AHP is given. In the second part, the strengths and weaknesses
of AHP were explained. In the third part, AHP steps are mentioned. In the fourth
chapter, the solution to the personnel selection problem with AHP is explained and in
the last part, the study was evaluated and recommendations made for future studies.

2. Strengths and weaknesses of the AHP method

The strengths and weaknesses of the AHP method are presented below.

2.1 Strengths and weaknesses of AHP

The strengths of AHP are described below [21–23].

• It makes the content of the problem easier to understand.
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• It arranges complex and multi-criteria problems hierarchically.

• Quantitative variables quantify the quantitative and qualitative criteria, allowing
them to be evaluated together.

• It evaluates the consistency of the objective and subjective judgments of the
decision-maker.

• It provides a flexible model used in complex and large-scale problems.

• The ease of reaching a consensus allows for new insights to emerge, and results
are more reliable.

• It has ease of application in almost every field.

2.2 Weaknesses of AHP

The weaknesses of AHP are described below [21–23].
In cases where the number of alternatives and criteria is high, it can be challenging

to create pairwise comparison matrices.

• Problems can arise when the criteria are not very clearly defined.

• There is no independent method that validates the results as it is based on and
guided by the personal judgments of the decision-makers.

• When criteria are added to the analysis later, the whole process may need to be
repeated from the beginning.

• The comparison process may take a long time if the decision-maker is not a single
person but a group.

3. Stages of the analytical hierarchy process

In the first stage of AHP, the problem is clearly defined, and alternatives are
determined. Then, the hierarchical structure for solving the problem consists of
determining the advantages according to the degree of importance [4] and determin-
ing the alternatives if the consistency ratio is acceptable [9].

The stages of the problem-solving process with the AHP method are shown in
Figure 1.

3.1 Creating the hierarchical structure

The first step in AHP analysis is clearly defining the purpose [1] and what is called
decision modeling is to create a hierarchy [12]. At the top of the hierarchy, the
decision-maker has the ultimate goal to be achieved. With this structure, comparisons
can be made easily between the criteria and alternatives determined to achieve the
goal [25]. The points to be considered in the design of the hierarchy were explained by
Saaty (1990) as follows:
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• The problem should be explained clearly and precisely.

• The problem should cover all factors.

• All information that will affect the result should be considered [26].

The hierarchical structure of the AHP method is shown in Figure 2.

3.2 Creating the binary comparison matrix and determining the weights

After the hierarchical structure is established in AHP, the criteria are compared
relative to the importance of determining the priorities [25, 27]. The person or persons
who are experts on the subject determine the degree of importance by comparing the
criteria at each level in pairs [1]. The comparison matrix for the determining criteria is
shown in Table 1. In a matrix with n elements, n (n-1)/2 comparisons are made [21].
For example, comparing criteria 2 and 3 should be evaluated as “which of these two
criteria is more important and how important is it to achieve the goal” [22]. Since
the relevant factor is compared with itself, the diagonal of the matrix takes the value
of 1 [21].

Figure 1.
AHP solution process. Source: Ref. [24].

Figure 2.
AHP hierarchical structure. Source: Ref. [5].
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After the hierarchy is established, it is necessary to calculate how important the
criteria are to each other, which is their relative importance. The decision-maker
determines the degree of importance between the criteria based on the 1–9 scale [28].
The comparison scale developed by Saaty is explained in Table 2.

Since not all criteria are of equal importance, relative priorities (weights) are
obtained [12]. According to the AHP method, the eigenvalues and eigenvectors of the
comparison matrix help determine the priority order. The eigenvector corresponding
to the largest eigenvalue determines the priorities. The largest eigenvalue of the
matrix A is λ enb taken as the W priority vector; (A-λ enb I) W = 0 is obtained by
solving the system of equations [30].

3.3 Calculation of eigenvector

For each element in the pairwise comparison matrix, the column vector is
calculated with the help of Eq. 1, and the C matrix is created as in Eq. 2 [31, 32].

bij ¼
aijPn
i¼1aij

(1)

Criteria 1 Criteria 2 Criteria… criteria j

Criteria 1 W1/W1 W1/W2 … W1/Wj

Criteria 2 W2/W1 W1/W1 … W2/Wj

Criteria… … … … …

Criteria j Wj/W1 Wj/W2 … Wj/Wj

Table 1.
Pairwise comparison matrix.

Importance Definition Explanation

1 Equally important Compared alternatives contribute equally to the defined criteria.

3 Moderately important The first factor is moderately important compared to the other to
achieve the goal.

5 Quite important The first factor is quite important compared to the other to achieve
the goal.

7 Much more important Factor 1 is very strongly important over the other.

9 Extremely important The first factor is extremely important compared to the other.

2,4,6,8 Intermediate values Used when compromise is needed.

Mutual
Values

If the value of “x” is compared with the value of “i” and “j”; j will be (1/x) when comparing
with i.

Source: Refs. [5, 29].

Table 2.
Comparison scale.
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C ¼

c11 c12 … c1n
c21 c22 … c2n
: :

: :

: :

cn1 cn2 … cnn

2
666666664

3
777777775

(2)

The priority vector showing the importance levels of the factors is obtained, as
shown in Eq. 3.

wi ¼
Pn

j¼1cij
n

(3)

3.4 Calculating consistency ratio

In the AHP method, it is checked whether the comparisons are consistent after the
establishment of pairwise comparison matrices and synthesis. For this, the inconsis-
tency rate is calculated in each pairwise comparison matrix, which should be 10%
[28]. If the consistency rate is above 10%, the decisions are assumed to be inconsis-
tent, and it is necessary to review the decisions to find the cause of the inconsistency
and correct it [12, 31]. If the degree of consistency is acceptable, the process is
continued, and the steps are completed. The steps to be followed in calculating the
compliance ratio are as follows [33].

• The weighted sums of the elements in the columns are calculated for each row of
the comparison matrix.

• The normal matrix is obtained by dividing the element in each row of the
comparison matrix by the total column weight obtained.

• A vector of priorities is formed by averaging each row of the normal matrix.

• Column vector D is obtained from the matrix multiplication of the comparison
matrix A and the priority vector w.

D ¼

a11 a12 … a1n
a21 a22 … a2n
: :

: :

: :

an1 an2 … ann

2
666666664

3
777777775
x

w1

w2

:

:

:

wn

2
666666664

3
777777775

(4)

In order to determine the consistent rate of the evaluations made, the compliance
rate (consistency) ratio = CR) is calculated. The following formulas are used to
calculate this ratio.

CI ¼ Concordance Index

8
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RI ¼ Random Value Index

λmax = It is the average of the values obtained by dividing the elements of the all
priorities matrix by the priorities vector [34].

CI ¼ λ� n
n� 1

(5)

CR ¼ CI=RI: (6)

A hierarchical structure is created if the compliance rate is within acceptable
values. Random index (RI) is the mean value of randomly derived pairwise compari-
son matrices based on n number [21, 35]. The random value indices determined
according to the number of criteria are shown in Table 3 [7].

3.5 Determining the ranking of alternatives

At this stage, alternatives are determined following the purpose. Obtained alterna-
tive evaluations express the importance of subjective perceptions in the decision-
makers alternative selection. The sum of the values of the alternatives is 1, and the
most suitable alternative with the highest numerical value is [21].

4. AHP application in personnel selection

Human resource management and personnel selection are very important in health
service delivery. Traditional methods or managerial insights are used in determining
the clinics where nurses will be employed in public hospitals and/or the nurses who
will participate in certification training. One of the most important resources in
hospitals is the personnel and personnel selection is one of the situation in which
multi-criteria decision-making methods are most used. In particular, the qualifications
of health service personnel may increase service quality, patient satisfaction, and
quality of care.

In this study, the solution to the problem by using the AHP method with a scien-
tific approach as well as the traditional method in the selection of nurses to participate
in a training and research hospital intensive care certificate program is discussed.
Thus, the applicability of multi-criteria decision-making methods in hospitals and the
selection of appropriate personnel according to the determined criteria were provided.
After the problem was defined, the criteria were determined by the program manager,
well-experienced and have been running the program for many years, and is a training
nurse working in the training unit. For this study, only the decisions of the program
manager were included and the opinion of another expert was not sought. Before the
AHP method, personnel selection was generated on limited parameters such as

N one 2 3 4 5 6 7 8 9 10

Random Index (RI) 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

Table 3.
Random value index.
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education status and working status in the intensive care unit. By using this method,
the selection of personnel who can provide the best contribution to the institution
would be made.

4.1 Step-by-step procedure of AHP

In the case study, we will analyze a personnel selection example with six criteria
and six alternatives in Excel. With the application, we will choose three nurses
among six, for the intensive care certification program. The nurse criteria to be
selected for the certificate program were determined together with the course super-
visor (Figure 3). The determined criteria are shown in Figure 4.

Figure 3.
AHP implementation steps. Source: Ref. [18].

Figure 4.
Criteria for a nurse to be selected for the certificate program.
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Personnel selection is among the problems in which multi-criteria decision-making
methods are applied. Personnel selection criteria were determined by the program
manager by taking into account the requirements of the certificate program guide and
the needs of the institution.

The personnel selection hierarchy has been established (Figure 5).
In the AHP method, the criteria are first compared among themselves. Then,

considering each criterion, the alternatives are compared. The comparison of the
criteria is as follows. Since C1 criteria will not have superiority over C1 criteria, this
will be 1. This is why the vertices are made up of 1. When we compare the C1 criteria
with the C2 criteria, it is determined how important it is according to the degree of
importance table. If the C1 advantage over C2 is 9, which is more important, then the
value of C2 over C1 in the same matrix will be the opposite, 1/9.

If opinions are taken from experts in more than one field, a comparison of the
binary matrix is taken from each of them separately. Opinions from all experts are
collected in a single matrix by taking the geometric mean. The comparison matrix is
an n� n square matrix. The matrix components on the diagonal of this matrix take the
value 1. In the first stage, the importance level of the pairwise comparison matrix was
determined by considering the formulation below (Table 4).

Figure 5.
Personnel selection hierarchy structure.

C1 C2 C3 C4 C5 C6

C1 1 3 5 2 6 5

C2 1/3 1 2 3 3 5

C3 1/5 ½ 1 2 4 5

C4 1/2 1/3 1/2 1 3 3

C5 1/6 1/3 1/4 1/3 1 3

C6 1/5 1/5 1/5 1/3 1/3 1

Table 4.
Determining the significance of the pairwise comparison matrix.
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A ¼

a11 a12 … a1n
a21 a22 … a2n
: :

: :

: :

an1 an2 … ann

2
666666664

3
777777775

The normalization of the pairwise comparison matrix obtained in the second step
was made. The following formula was used for normalization.

bij ¼
aijPn
i¼1aij

: (7)

For the normalization process, the sum of each column is calculated. The
elements of each column are obtained by dividing the column-by-column sum
(Tables 5 and 6).

This matrix was also the normalized matrix.

C1 C2 C3 C4 C5 C6

C1 1/2.40 3 / (5.37) 5/ (8.95) 2 / (8.67) 6 / (17.33) 5/ (22.00)

C2 (1/3) /(2,40) 1 / (5.37) 2 /(8.95) 3 /(8.67) 3 / (17.33) 5/ (22.00)

C3 (1/5)/ (2.40) (1/2) / (5.37) 1 / (8.95) 2 / (8.67) 4 / (17.33) 5/ (22.00)

C4 (1/2) /(2.40) (1/3) / (5.37) (1/2) / (8.95) 1 / (8.67) 3 / (17.33) 3 / (22.00)

C5 (1/6) /(2.40) (1/3) / (5.37) (1/3) /(8.95) (1/3) / (8.67) 1 / (17.33) 3 / (22.00)

C6 (1/5) / (2.40) (1/5) / (5.37) (1/3) / (8.95) (1/3) / (8.67) (1/3) / (17.33) 1 / (22.00)

TOTAL 2.40 5.37 8.95 (8.67) / (8.67) 17.33 22.00

Total value refers to the total of each column.

Table 5.
Normalization steps.

C1 C2 C3 C4 C5 C6

C1 0.417 0.559 0.559 0.231 0.346 0.227

C2 0.139 0.186 0.223 0.346 0.173 0.227

C3 0.083 0.093 0.112 0.231 0.231 0.227

C4 0.208 0.062 0.056 0.115 0.173 0.136

C5 0.069 0.062 0.028 0.038 0.058 0.136

C6 0.083 0.037 0.022 0.038 0.019 0.045

Table 6.
Normalization matrix.
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C ¼

c11 c12 … c1n
c21 c22 … c2n
: :

: :

: :

cn1 cn2 … cnn

2
666666664

3
777777775

(8)

In calculating the priority vector, the arithmetic average of each row is taken. The
formula is shown below (Table 7).

wi ¼
Pn

j¼1cij
n

(9)

The data obtained in the priority vector is also used as weights in the AHP matrix.
After this stage, it is checked whether the answers are consistent.

The necessary parameters to perform the consistency tests are shown below.

• Compliance Index (CI)

• Random Value Index (RI)

• Compliance Rate (CR)

For CI we need lambda value. The lambda value is calculated according to the
formula below. In other words, the lambda value is obtained by multiplying the
priority vector (w) that we have obtained with the columns of the first pairwise
comparison matrix. At the same time, vector D is obtained.

D ¼

a11 a12 … a1n
a21 a22 … a2n
: :

: :

: :

an1 an2 … ann

2
666666664

3
777777775
x

w1

w2

:

:

:

wn

2
666666664

3
777777775

(10)

C1 C2 C3 C4 C5 C6 Priority vector (w)

C1 0.417 0.559 0.559 0.231 0.346 0.227 0.390

C2 0.139 0.186 0.223 0.346 0.173 0.227 0.216

C3 0.083 0.093 0.112 0.231 0.231 0.227 0.163

C4 0.208 0.062 0.056 0.115 0.173 0.136 0.125

C5 0.069 0.062 0.028 0.038 0.058 0.136 0.065

C6 0.083 0.037 0.022 0.038 0.019 0.045 0.041

Table 7.
Priority vector.
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After obtaining the D column vector, the lambda value is obtained with the
following formula. Each row of the binary comparison matrix is multiplied by the
priority vector (Table 8). (= DMULT formula is used).

In order to perform consistency tests;
Compliance Index (CI).
Random Index (RI).
Compliance Ratio (CR) values are required.
Lambda (λ) values are calculated by taking the arithmetic average of the values

resulting from multiplying the comparison matrices by their weights and dividing the
matrices again by their weight values. The EI value is calculated by dividing the D
column vector/priority vector.

Priority vector D columns vector EI values

0.390 2699 6925

0.216 1448 6708

0.163 1066 6543

0.125 0.792 6330

0.065 0.408 6241

0.041 0.258 6296

Six values are averaged to calculate the lambda value (λmax).

λmax ¼ 6925þ 6708þ 6543þ 6330þ 6241þ 6296ð Þ=6 ¼ 6507 (11)

The lambda (λ) value is subtracted from the number of matrix dimensions and
divided by one less than the number of matrix dimensions, and the consistency index
is calculated. The consistency ratio is calculated by dividing the consistency index by
the randomness value according to the number of matrix dimensions.

CI ¼ λ� n
n� 1

(12)

CI ¼ 6:507–6ð Þ= 6–1ð Þ ¼ 0:101: (13)

Now, we can calculate the CR value. The required RI value is given in Table 3.
Since the number of decision alternatives is six, the RI value is 1.24.

C1 C2 C3 C4 C5 C6 Priority vector D columns vector

C1 0.417 0.559 0.559 0.231 0.346 0.227 0.390 2699

C2 0.139 0.186 0.223 0.346 0.173 0.227 0.216 1448

C3 0.083 0.093 0.112 0.231 0.231 0.227 0.163 1066

C4 0.208 0.062 0.056 0.115 0.173 0.136 0.125 0.792

C5 0.069 0.062 0.028 0.038 0.058 0.136 0.065 0.408

C6 0.083 0.037 0.022 0.038 0.019 0.045 0.041 0.258

Table 8.
D column vector.
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CR ¼ CI=RI (14)

CR ¼ 0:101= 1:24ð Þ ¼ 0:08 8%ð Þð (15)

The result is within the compliance rate limits, below 10%, so the inconsistency is
acceptable.

4.2 Identifying alternatives

All alternatives are compared for each criterion. The value of comparing alterna-
tives with each other is 1. Experts are asked to compare the alternatives, and the final
value is obtained by taking the geometric mean. After comparing all the alternatives
for the criteria, the priority vectors are placed in the matrix in which the alternatives
and criteria are compared. The final AHP matrix is then obtained (Table 9).

Then, the weight values are multiplied by the value in each row. Then, the row
values are summed to get the total value of the alternative. After this step, we can
perform the sorting. The ranking is done in Excel with the = rank formula (Table 10).

According to the results, the first three nurses with the highest score will be
accepted to the intensive care certification program.

Weights 0.4199 0.1905 0.1662 0.1097 0.0716 0.0421

Alternatives C1 C2 C3 C4 C5 C6

Nurse 1 0.352 0.327 0.402 0.469 0.613 2909

Nurse 2 0.248 0.238 0.261 0.258 0.418 3024

Nurse 3 0.159 0.172 0.181 0.284 0.323 1909

Nurse 4 0.093 0.108 0.120 0.156 0.200 0.580

Nurse 5 0.084 0.089 0.098 0.090 0.085 0.602

Nurse 6 0.064 0.066 0.049 0.046 0.041 0.261

Table 9.
Final AHP matrix.

Weights 0.4199 0.1905 0.1662 0.1097 0.0716 0.0421 Decision

Alternatives C1 C2 C3 C4 C5 C6 Total Rank

Nurse1 0.352 0.062 0.067 0.469 0.044 0.122 1117 1 Selected

Nurse2 0.248 0.045 0.043 0.258 0.030 0.127 0.752 2 Selected

Nurse3 0.159 0.033 0.030 0.284 0.023 0.080 0.609 3 Selected

Nurse4 0.093 0.021 0.020 0.156 0.014 0.024 0.328 4 Not Selected

Nurse5 0.084 0.017 0.016 0.090 0.006 0.025 0.239 5 Not Selected

Nurse6 0.064 0.013 0.008 0.046 0.003 0.011 0.145 6 Not Selected

Table 10.
Personnel selection and ranking.
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5. Conclusion

As a result, AHP is a very simple, easy-to-use, multi-criteria decision-making
method widely used in solving complex probes, and it can be easily applied in the
Excel program without the need for any program.

In this study, the problemof nurse selection for an intensive care certificate program in
a hospital, the criteria affecting the selection, andwhich of the criteria aremore important
in the selection of nurses were determined. According to the results of this research study,
the C1 criterion is more important than the other criteria. In the final part, the top three
candidates with the highest scores were accepted to the certificate program.

Personnel selection is a process that needs to be done carefully and consists of some
steps. In this process, the criteria to be sought by the personnel to be selected should
be determined in advance. The degree of importance of the criteria and the charac-
teristics of the job applicants may differ from each other. In this case, multi-criteria
decision-making techniques that allow those who decide on personnel selection to
make an objective evaluation play an important role. AHP offers the opportunity to
evaluate quantitative and qualitative criteria simultaneously. This method is a useful
tool, especially when it is necessary to decide on the selection of more than one
candidate. In addition to AHP, it is recommended to use other multi-criteria decision-
making methods such as Promethee in personnel selection and in all processes that
need to be decided (such as material procurement and purchasing).

Conflict of interest

None.

A. Appendix

Binary comparison matrix.

After completing the entry in Excel, the dark-marked areas are obtained by
dividing the elements by 1.
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Normalization process, column totals are calculated.

After calculating the column totals, each column element is divided by the
corresponding column total. The F4 key is used for fixing in Excel (the $ sign that
appears in the formula). With this process, the normalization process is done.

It is calculated by taking the average of the elements in the row to determine the
priority vector. Priority vector values are also weight (w) values.
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For the discrepancy operation, the swarm vector d and the EI values (for the
lambda value) are calculated.

Each row of the binary comparison matrix is multiplied by the priority vector.
(=Dmult).

λ max = (6925 + 6708 + 6543 + 6330 + 6241 + 6296) /6 = 6507

CI ¼ λ� n
n� 1

CI = (6.507–6)/ (6–1) = 0.101.
CR = CI/RI.
CR = (0.101/(1.24) = 0.08 (8% ≤ 10%- acceptable value).
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Chapter 2

Association of Nostalgia and 
Neophilia with Millennial  
Decision-Making Styles: An 
Analytical Hierarchy Process 
(AHP) Approach
Vidana Gamage Pavani Lakshika and M.J.M. Fazeela Ahzan

Abstract

Despite the significant amount of research on consumer decision-making styles 
(CDMS), there remains a dearth of knowledge on the influence of various factors on 
these styles. Thus, exploring emerging and understudied variables, such as nostalgia 
and neophilia, is imperative alongside CDMS. Moreover, in the contemporary era of 
marketing, millennials have emerged as a key area of interest in research. Therefore, 
this study aims to contribute to a more rigorous understanding of CDMS among Sri 
Lankan millennials and the association between nostalgia and neophilia with these 
styles. The study was conducted using a positivist research paradigm with a deductive 
approach and a survey strategy, with a sample size of 385 participants. Factor analy-
sis was utilized to identify the types of CDMS among millennial consumers in Sri 
Lanka, and the analytical hierarchical process was employed to prioritize the CDMS 
types. Pearson’s correlation coefficient was used to examine the correlation between 
nostalgia and neophilia and each dimension of CDMS. The study’s findings revealed 
the presence of seven CDMS types, with perfectionist decision-making and brand 
consciousness ranking as the top two. Furthermore, the study discovered a significant 
correlation between neophilia and nostalgia with CDMS.

Keywords: decision-making styles, millennial, nostalgia, Neophilia, AHP

1. Introduction

Marketing experts need to understand and forecast how different sorts of con-
sumers act while purchasing, consuming, and disposing of various products and 
services in today’s dynamic and ever-changing world to meet their needs [1]. On 
the other hand, an understanding of consumer behavior can direct to enhanced 
marketing strategies in the element of firms and organizations, and in addition, 
it helps and guides to improve public policy. As a result, academics have shown an 
increasing interest in researching consumer behavior, which encompasses an infinite 
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and diversified topics such as consumer decision-making, internal influences, and 
external effects. Among these areas, consumer decision-making styles have emerged 
as one of the most prominent and intriguing areas of research among marketing and 
behavioral sciences scholars [2, 3]. Thus, it is important for determining customer 
behaviors, segmenting the market, and providing a signal to marketers about the 
performance of their marketing strategies in the modern marketing era [2, 3].

Similarly, in the modern marketing period, Millennials or Generation Y have 
emerged as one of the most intriguing scopes of study [4] as Generation Y is one 
of the most prominent demographic and age cohorts for marketers to target. 
Furthermore, they are the largest generation in history [5], and they are entering their 
prime spending years, with enormous indirect spending power due to their strong 
influence over their parents [5]. Not only do millennials have a greater effect on their 
parents’ decisions, but they also have a greater influence on other people’s purchases 
and decisions than previous generations [4].

Moreover, millennials are the first generation to have grown up in a digital environ-
ment, and they are known as “Digital Natives” because they actively participate in social 
media platform activities such as sharing, searching for information to consume, and 
working and playing [5]. Despite the enthusiasm, a number of issues have arisen within 
this prospective marketing segment [1]. As a result, marketers need to understand and 
prioritize the decision-making styles of millennials, as well as create innovative strategies 
to appeal to and overcome the problems associated with this generation of customers. 
Furthermore, despite the fact that consumer decision-making styles have been studied 
over the last few decades using a variety of nationalities, including Americans, Koreans, 
Chinese, New Zealanders, Greeks, Germans, British, South Africans, and Turks [4]. 
There is currently a lack of clarity regarding whether the behavior patterns of Sri Lankan 
millennials align with those of other consumers in different countries, or if they exhibit 
distinct characteristics when making market decisions. As a result, this study aims to 
address this gap by conducting an original investigation into the decision-making styles of 
Sri Lankan millennials, which will be a pioneering effort in this area.

While previous research has provided extensive knowledge on consumer decision-
making styles (CDMS), a paucity of studies focus solely on the impact of various 
factors on these styles. For example, gender [6], domestic brand biasness [3], students’ 
background and family [7], Religiosity Commitment [8]. Hence, it is essential to 
identify the environmental conditions and factors that may influence the decision-
making styles of millennials, a particular generation of consumers. Among the current 
approaches to influence millennial decision-making patterns, practitioners and schol-
ars have placed particular emphasis on nostalgic marketing and neophilic tendencies.

The millennial features described above, such as their high degree of technical 
expertise, socially linked nature, and so on, appear to indicate a range of potentially 
fascinating collateral relationships to be examined with neophilia. On the other hand, 
the concept of neophilia is mostly researched on the aspects such food [9, 10], animal 
[11] innovation [12], and psychology [13]. However, marketing studies related to 
neophilia were relatively scarce. Similarly, other millennial traits, such as the fact that 
they are not fundamentally digital natives, that their buying environment is a mix of 
digital and analog marketplaces, and so on, tend to suggest a potentially fascinating 
collateral link with nostalgia. On the other hand, the concept of nostalgia is mostly 
researched on the aspects such as branding, advertising, and consumer attitude. In 
addition, though research conducted on nostalgia marketing has steadily increased, 
some gaps in literature can still be found [14].
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As a result, this study aims to prioritize millennial decision-making styles and 
establish a more rigorous understanding of the association of newly emerging factors, 
such as nostalgia and neophilia, that have not before been examined alongside con-
sumer decision-making styles. The researchers devised the following study objectives 
to attain the aforementioned research goal:

RO1: To investigate the types of decision-making styles of millennial consumers 
exercised in Sri Lanka.

RO2: To prioritize the types of decision-making styles of millennial consumers 
exercised in Sri Lanka.

RO2: To measure the association of Nostalgia with decision-making styles of Sri 
Lankan millennial.

RO3: To measure the association of Neophilia with decision-making styles of Sri 
Lankan millennial.

The introduction section of this chapter has established a foundation for the 
rest of the study by outlining the research problem, research objectives, and the 
importance of the research. The subsequent sections of this chapter are structured as 
follows. Firstly, a concise review of the existing literature pertaining to the research 
objective is presented, emphasizing key theories and empirical findings. Secondly, the 
research design and methods utilized in this study are described in detail, encompass-
ing data collection, analysis, and interpretation. Finally, the limitations of the study 
and possible future directions are discussed.

2. Literature review

This section is a presentation of a review of literature pertaining to the key terms 
involved in the study: consumer decision-making styles (CDMS), millennial, nos-
talgia, and neophilia. The section begins with a discussion about consumer decision-
making styles. The next part provides a comprehensive review of the literature on the 
constructs of Nostalgia and Neophilia. Further discussion includes the ways in which 
these two concepts connect with the millennial decision-making styles. Finally, the 
hypothesis of the study is presented.

2.1 Consumer decision-making styles

2.1.1 Overview of consumer decision-making styles (CDMS)

A consumer decision-making style is defined as “a mental orientation 
 characterizing a consumer’s approach to making choices” [15]. There are three (3) 
approaches to characterizing consumer decision-making styles in the consumer 
literature; the psychographic approach, the consumer typology approach, and the 
consumer characteristics approach.

According to psychographic research, consumer activity, personal interest, and 
viewpoint may be highly beneficial in gauging customer personalities and anticipat-
ing consumer behavior since they are more closely related to the purpose of market-
ing. The approach to consumer typology attempts to define “types” of the general 
consumer. However, this approach was criticized because they were skeptical that 
customers could be classified into separate unidimensional types of behavior [16]. 
Furthermore, he contended that this approach does not reflect the behavior of the 
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market’s growing “hybrid customer.” The consumer characteristics approach is con-
cerned with a variety of cognitive and emotive parameters/dimensions of consumer 
decision-making [15]. Consumer researchers have largely recognized the customer 
characteristics approach as the most interpretive and powerful construct among 
these approaches since it focuses on a cognitive and effective component of consumer 
behavior [17]. Sproles developed a tool for profiling consumer decision-making 
styles in the framework of the consumer characteristics approach in 1985. In 1986, 
Sproles and Kendall refined the existing inventory and developed the Consumer Style 
Inventory, a more logically consistent scale (CSI). The development of this refined 
inventory followed four key standards. Firstly, it includes mental characteristics that 
inform a consumer’s decision-making process. Secondly, the inventory aims to be as 
comprehensive as possible, identifying only a limited number of basic and indepen-
dent consumer decision-making traits. Thirdly, the inventory measures how consum-
ers rate on each of these characteristics. Finally, the inventory takes into account 
measures that are of significance to consumer interest professionals [15].

2.1.2 Consumer style inventory (CSI)

The CSI included 40 items on consumer decision-making and measured the most 
basic eight [8] mental characteristics of consumer decision [15].

• Perfectionist/High-quality conscious consumer: This sort of customer seeks the 
greatest level of product quality. It is also possible that those consumers who are 
more quality sensitive may purchase more carefully, analytically, and methodi-
cally or by comparison.

• Brand-conscious consumer: These customers buy far more expensive well-
known premium brands. Consumers who are more brand conscious assume that 
higher quality equates to a higher price.

• Novelty-fashion consciousness: Consumers who scored high on this aspect are 
more likely to become enthusiastic and prefer searching for new and stylish 
items. They keep up with trends, and it is essential for them to be fashionable. It 
also indicates that seeking variety is a key element of this trait.

• Recreational/hedonistic shopping consciousness: Consumers that belong to this 
category enjoy shopping. Previous research, however, has labeled this orientation 
as a “shopping avoider,” thereby negatively charging most items.

• Price-conscious/“value for money” shopping consciousness: These customers 
are seeking for selling prices and are often interested in cheaper, discounted, or 
sale prices. Most importantly, customers get the most value for their money.

• Impulsiveness/Careless consumer orientation: These customers are unconcerned 
with shopping and never plan their purchases. They also appear unconcerned 
about their spending habits or the “best buys.”

• Confused by over choice consumer: These customers perceive a plethora of brands 
and stores to select from, making it difficult to reach a choice. Furthermore, as 
several items in this factor indicate, they suffer from information overload.
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• Habitual/Brand-loyal consumer: These customers are likely to have favorite 
brands and buying habits. The most well-recognized aspect of consumer deci-
sion-making is habitual behavior, which enhances its existence as a general trait.

The Consumer Shopping Inventory (CSI) has been tested and verified in various 
nations in order to get a better knowledge of consumer decision-making styles across 
cultures. Many experts, however, have challenged the instrument’s applicability 
and generalizability for focusing primarily on a population of students that does not 
reflect the entire consumer continuum from diverse demographics and cultures [7, 
17–19]. However, some of the results of the research are mainly consistent with the 
findings of the first CSI research [18]. However, a number of studies published in 
peer-reviewed journals show that substantial variations do exist; however, only few 
of them entirely reproduced all eight dimensions as exactly as the original CSI. As a 
result, the eight consumer decision-making styles have limited cross-cultural general-
izability. Furthermore, given the numerous variances across the nations analyzed, the 
same traits may not be observed in Sri Lanka. As a result, the researcher has produced 
the following research.

RQ1: what are the types of decision-making styles of millennial consumers exer-
cised in Sri Lanka?

RQ2: What are the most significant decision-making styles of millennial consum-
ers exercised in Sri Lanka?

2.2 Nostalgia and Neophilia

2.2.1 Types of nostalgia

Term Nostalgia is a Greek word. Nostos means “return home,” while algia refers 
to a painful ailment. As a result, nosatalgia is characterized as “a painful longing to 
return home” [19]. Over the last few decades, the concept of nostalgia has gained 
traction in consumer research [20]. According to the definitions of nostalgia, it 
reveals that slight changes can be visible in the definitions. But basically they are deal-
ing with pleasant feelings toward the past or longing for something from the past.

It is possible to identify four types of nostalgia through literature, namely: 
Personal Nostalgia, Interpersonal Nostalgia, Cultural Nostalgia, and Virtual Nostalgia 
[21]. Personal nostalgia is real nostalgia based on personal experience that is triggered 
by genuine stimuli. Interpersonal Nostalgia is based on personal nondirect experi-
ence and memory [21]. This type of nostalgia is related to a time before birth and is 
transmitted by our parents or relatives through stories [22]. Cultural Nostalgia, also 
named as collective nostalgia, is based on the symbols of a particular. It simply refers 
to a group memory of Virtual Nostalgia/Historic Nostalgia based on books, video 
materials, and other nondirect experiences of a group of memory [21]. The research-
ers of this study focused on millennials’ experience of nostalgic feelings toward their 
own past rather than the cultural and historical nostalgia.

2.2.2 Millennial and nostalgia

Havlena and Holak observed in 1991 that some generations are more prone to 
trigger nostalgic memories than others. He also said that each generation has its own 
set of symbols associated with nostalgic memories. Millennial consumers are the 
most responsive to nostalgic stimuli among the four main target groups in nostalgic 
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marketing, namely experienced old consumers, special experience consumer groups, 
and consumer groups away from previous environments [21]. Similarly, millennials 
respond strongly to nostalgia as a result of their birth into a world of fast-changing 
technology. Furthermore, due to their present life stage of transition, millennials are 
psychologically at an opportune spot for this reflecting back [23]. Therefore, in this 
research study focuses on the millennial generation who faced to rapid social changes 
and the enormous psychological pressure which made them feel confused and uneasy 
[21]. Further, nostalgic components appear to be potentially useful tools for millen-
nial consumers [24].

2.2.3 Neophilia

Neophilia refers to an inclination or attraction toward new or innovative things 
or experiences, as per its etymology, where “neo-” means new and “-philia” means 
attraction [23]. Merriam-Webster dictionary (2010) describes neophilia as a love or 
enthusiasm for new or novel things. Individuals who exhibit high levels of neophilia 
tend to be more receptive to novel ideas and products [25]. Louis Janda (2001) charac-
terizes neophilia as an appreciation for and a desire to seek fresh and new experiences 
or a fondness for what is new. In essence, neophilia represents a preference for novelty 
and innovation. However, from a marketing standpoint, Neus Soler, a Professor at 
the University of Oberta de Catalunya, offers a comprehensive analysis of the rising 
trend of neophilia. She argues that neophilic customers are often leaders in their field, 
influential in the adoption of new technology and innovations, and indicators of the 
success of new products or services. Additionally, Nielsen Consulting underscores 
the importance of identifying neophilia as a critical factor in the survival of a new 
product.

2.2.4 Neophilia and millennial

There are many unique characteristics shared by the Millennial, such as novelty-
seeking, receptive to innovation, technology-addicted (savvy), and trend follower 
[26]. Further, Millennial are the first to test out the new computer software, invest 
in the newest smartphone or open their minds to the world of artificial intelligence. 
Millennial is the generation that easily embraces the postworld on the Internet [27]. It 
indicates that millennial is a generation that accepts the novel and embraces changes. 
Due to the above-mentioned millennial characteristics, including high level of tech-
nological knowledge, their socially connected nature, and so on, seem to highlight 
a set of potentially interesting collateral relationships to be investigated alongside 
neophilia.

2.3 Nostalgia, Neophilia, and decision-making styles of millennials

According to reference (24), there is a strong correlation between nostalgia and 
consumer decision-making styles. The study found that individuals with a high level 
of nostalgia proneness had a significant positive association with perfectionism shop-
ping, fashion-conscious shopping, and habitual shopping, as indicated by significant 
Pearson coefficients. Other previous research studies have also demonstrated that 
nostalgia can impact consumer behavior in various ways. For instance, one study 
conducted in 2012 found that ad-evoked nostalgia is linked to consumers’ responses 
[28], while another study revealed that nostalgic cues in advertising could affect 
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attitudes toward the advertised brand and advertising itself [28]. Moreover, previ-
ous research indicates that nostalgic feelings may influence consumption behavior. 
Furthermore, research has found that nostalgia has a significant positive effect on the 
perceived value, satisfaction, and loyalty to the destination [29]. Given these findings, 
it is evident that there could be several compelling secondary relationships between 
consumer decision-making styles and nostalgia [30]. Similarly, numerous studies 
have shown that neophilia can also influence consumer behavior [13, 32].

Based on the existing literature, the following research questions and hypothesis 
are proposed:

RQ3: Does nostalgia has a positive influence on one or more dimensions of deci-
sion-making styles of Millennial?

H1: Nostalgia has a positive influence on one or more dimensions of decision-
making styles of Millennial.

RQ4: Does neophilia has a positive influence on one or more dimensions of 
decision-making styles of Millennial.

H2: Neophilia has a positive influence on one or more dimensions of decision-
making styles of Millennial.

3. Research methodology

This section explicates the methodology which was used by the researcher in con-
ducting the current study. According to the “Research Onion Concept”, a researcher 
should design his research methodology like peeling off an onion from outer layer to 
inner layers [31]. By taking this concept into consideration, this section starts with the 
research philosophy then is followed by the research approach, research strategy, time 
horizons, and data collection methods, and finally, data analysis methods.

3.1 Research design

The current study incorporates the use of existing theories, such as consumer deci-
sion typologies, to construct hypotheses that will be evaluated during the research 
process, as is common in positivist philosophy. The survey was chosen as the research 
strategy, and the mono technique was chosen as the research method for the study.

The population for this study is defined as millennial consumers living in Sri 
Lanka. The convenience sampling technique was adopted, and a sample size of 385 
was determined using Krejcie and Morgan’s (1970) sample determination table, where 
the present study population is around 6.6 million (Mid-year Population Estimates 
by Department of Census and Statistics Sri Lanka., 2018). To obtain data on CDMS, 
nostalgia and neophilia self-administered questionnaires were devised. The question-
naire consisted of four sections, with the first section measuring consumer decision-
making styles through 40 questions adapted from the original CSI scale by Sproles and 
Kendall (1986). The second section obtained data on nostalgia through eight questions 
adapted from the measurement scale of Perusson (2003) refined by Hajlaoui (2014). 
The third section measured neophilia with 12 questions taken from Walker & Gibbins’ 
original neophilia scale (1989). The final section collected demographic information. 
A pilot test was conducted to ensure the face validity of the research instrument by 
giving the draft questionnaire to a few target respondents and experts.

In addition, another structured Questionnaire was created for the pairwise 
comparison format, with a scale of 1–9 being used, as shown in Table 1. Five experts 
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were chosen for this part to provide pairwise comparisons for the AHP analysis. The 
experts included:

• A marketing researcher with a PhD in marketing and over 10 years of experience 
in consumer research and analysis, particularly among millennial consumers.

• A retail industry consultant with extensive experience analyzing millennial 
consumer behavior and preferences.

• An academic with a PhD in marketing and expertise in consumer behavior 
research.

• A consumer behavior expert with a master’s degree in marketing and over 5 years 
of experience conducting consumer research and analysis.

• A millennial consumer representative who can provide firsthand insight into the 
decision-making process of the millennial generation.

3.2 Data analysis methods

Factor Analysis was used to determine whether the CDMS recognized by prior 
researchers were common to the sample of the Sri Lankan millennial. Further, it was 
used to reduce and summarize data and to identify underlying dimensions.

An Analytical Hierarchy Process (AHP) Approach was used to identify the most 
significant decision-making styles of millennial consumers exercised in Sri Lanka. 
The AHP is a simple decision-making technique developed by Saaty in 1980 for 
dealing with complicated, unstructured, and multi-attribute problems (Albayrak & 
Erensal, 2004).AHP is an effective decision-making method especially when subjec-
tivity exists and it is very suitable to solve problems where the decision criteria can be 
organized in a hierarchical way into subcriteria [33].

The AHP consists of three main steps: The first step of the AHP consists of 
developing a hierarchical structure of the assessment problem. The overall goal is the 
solitary factor at the top of the hierarchy. The elements that influence the decision are 
referred to as attributes or criteria. Alternatives are decision options at the bottom of 
the hierarchy [32]. The author of the study conducted an empirical investigation and 
developed a hierarchical model of decision-making styles among millennials. The 

Intensity of Importance Definition

1 Equally important

3 Moderately important

5 Strongly important

7 Very strongly important

9 Extremely strongly important

2,4,6,8 Intermediate values

Table 1. 
AHP comparison scale.
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overall goal is to prioritize the consumer decision-making styles to identify the most 
significant element or attribute that influences consumer decision-making. Through 
an extensive review of literature, the study identified seven decision-making styles as 
criteria and evaluated each of them based on corresponding indicators, which were 
subcriteria or alternatives (Table 2) [15, 33].

In the second phase, once the problem has been deconstructed and the hierarchy 
has been established, the prioritization technique begins in order to identify the rela-
tive importance of the elements within each level. The prioritization method works by 
assigning a number from a comparison scale (Table 1) developed by Wind and Saaty 
(1980) to indicate the relative importance of the criteria.

The pairwise judgment begins at the second level (the first level of criteria) and 
ends at the lowest level, alternatives. As stated in the research design section for this 
study, pairwise comparison judgments were made by selected experts in the field 
using a structured questionnaire. The mathematical process for normalizing and 
determining the priority weights for each matrix begins in the third phase.

The consistency of the pairwise comparison assessments is directly related to the 
quality of the AHP output. Hence, it is critical to evaluate the levels of consistency in 
the comparison matrices [34]. Accordingly, the result of the comparison matrices was 
validated through consistency testing to avoid the subjective judgment that would 
lead to inaccurate results, as suggested by Saaty, 1982.

Eq. (1) consistency index expresses deviations from consistency, and the consis-
tency index is a measure of inconsistency (CI) [32].

 λ −
=

−
max n

1
CI

n
  (1)

Eq. (2) is used to calculate the consistency ratio (CR), which is used to calculate a 
direct measure of pairwise comparisons’ consistency [32]. The CR is calculated as the 
ratio of the CI and the random index (RI), (Table 3) where the values of the RI based 
on the number of evaluated criteria, as reflected in Table 4.

 =
CICR
RI

  (2)

The accepted upper limit for CR is the value 0.1. If the final CR is more than this 
value, the evaluation procedure must be repeated to ensure consistency [33]. To 
examine the third and fourth study questions, which were to identify the associations 
between nostalgia and neophilia with each CDMS dimension Pearson’s Correlation 
Analysis was used.

4. Data presentation and analysis

4.1 The data preparation and sample profile

The data preparation process, which includes checking, editing, coding, trans-
formation, data cleaning, systematic data adjustment, and finally, the selection of a 
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Factor Code Item Loading Eigenvalue %Variance 
Explained

Cronbach’s 
Alpha

Perfectionist 
Conscious

PC1 Getting very 
good quality is 
very important 

to me.

.796 6.623 22.076 .824

PC2 When it comes 
to purchasing 
products, I try 
to get the very 
best or perfect 

choice

.816

PC3 In general, I 
usually try to 
buy the best 

overall quality

.671

PC4 My standards 
and 

expectations for 
products I buy 
are very high.

.676

PC5 I really give my 
purchases much 

thought and 
care

.715

PC6 A product 
should be 

perfect, or the 
best, to satisfy 

me.

.526

Brand 
Conscious

BF2 The more 
expensive 
brands are 
usually my 

choice

.491 2.925 9.752 .828

BF3 The most 
advertised 
brands are 

usually very 
good choices.

.813

BF4 The higher 
the price of 
a product, 

the better its 
quality.

.789

BF5 Nice 
department and 
specialty stores 

offer me the 
best products.

.765

BF6 I prefer buying 
the best-selling 

brands

.663
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Factor Code Item Loading Eigenvalue %Variance 
Explained

Cronbach’s 
Alpha

Novelty-
Fashion 
Conscious

NC1 I keep my 
wardrobes up 
to date with 

the changing 
fashions.

.689 2.201 7.335 .778

NC2 I usually have 
one or more 
outfits of the 
very newest 

style.

.831

NC3 Fashionable 
attractive 

styling is very 
important to 

me.

.734

NC4 To get variety, 
I shop at 

different stores 
and choose 

different 
brands.

.638

Hedonistic & 
Recreational 
Conscious

HR1 Shopping is 
a pleasant 

activity for me

.874 1.966 6.554 .893

HR2 Going shopping 
is one of the 

most enjoyable 
activities of my 

life.

.889

HR3 I enjoy 
shopping just 

for the fun 
of it

.814

Habitual & 
Brand-Loyal 
Conscious

HB1 I have favorite 
brands I buy 
over and over

.690 1.502 5.005 .725

HB2 Once I find 
a product or 

brand I like, I 
stick to it

.752

HB3 I go to the same 
store each time 

I shop

.697

BF1 The well-
known brands 

are best for 
me.

.537
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data analysis strategy [35] was adopted by the researcher for the present study. Once 
the data has been prepared for the analyst, analyze the respondent’s profile in order 
to understand and explain the characteristics of the particular sample. In the present 
study, the researcher used gender, educational level, and average monthly income 
level as demographic variables to analyze the sample characteristics shown in Table 5.

4.2 Factor analysis and goodness of measurement

The best method for factor analysis was then selected. The current study used 
principal component analysis, which took into account the entire variation in the 
data. Following the procedure of factor analysis, determine the number of factors. 
Among the various approaches, the study adopted based on eigenvalues combined 
with the percentage of variance.

The eigenvalues represent the amount of variation associated with the factor. As 
a result, only factors with eigenvalue variances greater than 1.0 are retained [35]. 

Factor Code Item Loading Eigenvalue %Variance 
Explained

Cronbach’s 
Alpha

Impulsive, 
Careless 
Consumer

IC1 I should plan 
my shopping 

more carefully 
than I do.

.634 1.476 4.920 .658

IC2 I am impulsive 
when 

purchasing.

.754

IC3 Often I make 
careless 

purchases I later 
wish I had not.

.695

IC5 I do not 
carefully watch 

how much I 
spend.

.659

Confused by 
over choice

CO2 All the 
information I 

get on different 
products 

confuses me.

.760 1.290 4.300 .675

CO3 The more I 
learn about 

products, the 
harder it seems 
to choose the 

best.

.776

CO4 Sometimes it is 
hard to choose 
which stores to 

shop.

.722

Table 2. 
Rotated component matrix for CSI.
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n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

Table 3. 
Random index.

Variable Dimensions Tests with Standards

KMO BTS Sig CR AVE

0.5< 0.05> 0.7< 0.5<

Consumer Decision-
Making Styles

Perfectionist Conscious .841 .000 0.873 .536

Habitual & Brand-Loyal Conscious .725 .000 0.841 .570

Novelty-Fashion Conscious .750 .000 0.858 .603

Brand Conscious .828 .000 0.867 .568

Hedonistic & Recreational Conscious .726 .000 0.934 .825

Confused by over choice .656 .000 0.822 .606

Impulsive, Careless Consumer .686 .000 0.799 .498

Nostalgia Reminder of Memories .769 .000 0.876 .641

The Past Regret .784 .000 0.868 .622

Neophilia Acceptance of Newness .773 .000 0.812 .469

Openness to Newness .764 .000 0.839 .512

Table 4. 
Goodness of measurements.

Sample description f (N = 385) %

Gender Female 222 58%

Male 163 42%

Income distribution 25,000 and below 253 66%

25,000-50,000 61 16%

50,000-75,000 20 5%

75,000-100,000 17 4%

100,000-125,000 12 3%

Above 125,000 22 6%

Educational level Ordinary level 2 1%

Advanced level 5 1%

Undergraduate 274 71%

Degree 52 14%

Postgraduate 52 14%

Table 5. 
Sample profile.
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The percentage of variation retrieved by the factors, on the other hand, should be 
sufficient. It is suggested that at least 60% of the variance be retrieved by factor [35]. 
In this work, the Varimax approach is employed as a rotation method to decrease 
the number of variables on a factor with high loads. Table 2 illustrates the varimax 
rotated factor loading of the 40-item CSI, whereas Tables 6 and 7 show the nostal-
gia and neophilia rotated component matrix for the Sri Lankan millennial sample, 
respectively.

Factor Item Code Item Loading Eigenvalue %Variance 
Explained

Cronbach’s 
Alpha

Reminder of 
Memories

NO1 In general, 
I remember 

my 
memories.

.857 3.307 41.343 .802

NO2 Memories 
of the past 
come to my 

mind.

.895

NO3 I saw in my 
thought 

some of my 
memories.

.794

NO4 I think back 
to times of 
my life that 
are gone by 

now.

.577

Past Regret NO5 I regret not 
being able 

to relive 
my happy 
memories.

.781 1.823 22.782 .797

NO6 I regret not 
being able 

to return to 
my past.

.824

NO7 I look back 
with regret 

that the 
right times 
of the past 

will not 
recur.

.807

NO8 I wish 
I could 

relive the 
emotions of 

the past.

.689

Table 6. 
Rotated component matrix for nostalgia.
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Further, it is vital to ensure that the instrument used to measure a particular 
concept measures the variables accurately and that, in fact, the concept set out to 
measure is actually measured [36]. The goodness of the measures used in the study 
was therefore assessed by testing the reliability and validity of the instruments. Thus, 
all instruments comply with their tests and standards (Table 4). It has therefore been 
established that the instrument is valid and reliable. In addition, it is important that 
the data meet the basic assumptions underlying the statistical techniques to be used 
before proceeding with the data analysis [37] because analysis involves the use of a 
sample, not the population, and these assumptions form the basis of all multivariate 

Factor Item 
Code

Item Loading Eigenvalue % Variance 
Explained

Cronbach’s 
Alpha

Openness to 
Newness

NE3 I think Pigs 
can fly

.776 2.601 26.014 .761

NE4 I would like to 
be one of the 

first passengers 
to go to the 

moon

.716

NE5 More people 
ought to 

experiment 
with “mind-

altering” drugs

.679

NE6 I would like 
to try eating a 

insects

.762

NE7 Crime is 
caused by 

the situations 
people find 

themselves in

.623

Acceptance 
of Newness

NE1 I think there 
should be more 
changes in our 

society

.501 2.421 24.215 .709

NE9 I like change .732

NE10 Living in 
another country 
is a worthwhile 

experience

.648

NE11 People should 
always seek 

personal 
growth

.736

NE12 I make things 
in a way I like 

to use

.751

Table 7. 
Rotated component matrix for Neophilia.
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statistical techniques. Since the requirement for normality, linearity, homoscedastic-
ity, and multicollinearity has been met by all variables, it can be concluded that the 
data is suitable for multivariate analysis.

The rotated component matrix (Table 2) indicates that 29 items were successfully 
loaded into seven factors, each having an eigenvalue greater than 1.0. These factors 
accounted for approximately 60% of the total variance. As per the results presented 
in Table 2, the factor “price-value conscious” was removed, leaving seven factors. The 
researchers opted to name these remaining factors in a manner consistent with the 
original study conducted by Sproles and Kendall (1986) to maintain the similarity of 
the decision-making characteristics represented by each factor.

According to the findings of this study, the Sri Lankan millennial has seven 
decision-making styles: Perfectionist Consciousness, Habitual & Brand-Loyal 
Consciousness, Novelty-Fashion Consciousness, Brand Consciousness, Hedonistic & 
Recreational Consciousness, Confused by over choice, and the Impulsive Consumer.

4.3 Analytical hierarchical process

Then, to identify the most significant decision-making styles of millennial con-
sumers exercised in Sri Lanka influence of the extracted factors of young consumer, 
the mathematical tool analytical hierarchical process (AHP) is used. The author has 
developed the decision hierarchy design first, followed by the prioritization process 
using pairwise comparison scale. Table 8 shows the overall priority scores of millen-
nial decision-making styles with factors priority within group with their percentages, 
rank within factors, and results of factors consistency tests.

CDMS Priority Rank Results of consistency tests Overall rank

Perfectionist Conscious

1 PC1 34.60% 1 Number of comparisons = 15 1

2 PC2 20.90% 2 Consistency Ratio CR = 0.6% (0.006 < 0.1)

3 PC3 19.90% 3 Principal eigenvalue = 6.039

4 PC4 6.80% 5 CI = 0.007, RI =1.24

5 PC5 11.50% 4

6 PC6 6.20% 6

Brand Conscious

1 BF2 9.50% 4 Number of comparisons = 10 2

2 BF3 8.80% 5 Consistency Ratio CR = 1.5% (0.015 < 0.1)

3 BF4 15.50% 3 Principal eigenvalue = 5.065

4 BF5 26.10% 2 CI = 0.016, RI =1.12

5 BF6 40.00% 1

Novelty-Fashion Conscious

1 NC1 13.80% 3 Number of comparisons = 6 4

2 NC2 12.80% 4 Consistency Ratio CR = 0.4% (0.004 < 0.1)

3 NC3 25.60% 2 Principal eigenvalue = 4.010

4 NC4 47.80% 1 CI = 0.003, RI =0.9
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The study aimed to prioritize consumer decision-making styles using a hierarchi-
cal model depicted in Figure 1. The judgment matrix was used to compare the impor-
tance of each item in the data, and EXCEL was used to derive solutions through the 
weighted average method. To ensure consistency, a consistency test was conducted 
using Eq. (2), and all CR values were found to be lower than 0.1, indicating that all 
judgments were consistent. The weights of the factors were calculated based on the 
judgment matrix, and the total influence factors at the C level were evaluated. A 
weighted average was then used to rank each statement within their respective factor, 
as shown in Figure 1.

The results revealed that Sri Lankan millennials frequently followed three main 
decision-making styles – perfectionist consciousness, brand consciousness, and 
impulsive, careless decision-making, which explained 36.75% of the variance out of 
60% variance in factor analysis.

4.4 Nostalgia and Neophilia with CDMS dimensions

Pearson’s correlation coefficient was utilized to examine the association between 
neophilia and nostalgia with each dimension of consumer decision-making styles. 
Table 9 shows that all seven CSI model dimensions appear to be positively correlated 

CDMS Priority Rank Results of consistency tests Overall rank

Hedonistic & Recreational Conscious

1 HR1 52.80% 1 Number of comparisons = 3 6

2 HR2 33.30% 2 Consistency Ratio CR = 5.6% (0.056 < 0.1)

3 HR3 14.00% 3 Principal eigenvalue = 3.054

CI = 0.032, RI =0.58

Habitual & Brand-Loyal Conscious

1 HB1 42.40% 1 Number of comparisons = 6 4

2 HB2 22.70% 2 Consistency Ratio CR = 0.4% (0.004 < 0.1)

3 HB3 12.20% 4 Principal eigenvalue = 4.010

4 BF1 22.70% 2 CI = 0.003, RI =0.9

Impulsive, Careless Consumer

1 IC1 46.50% 1 Number of comparisons = 6 3

2 IC2 17.90% 3 Consistency Ratio CR = 3.6% (0.036 < 0.1)

3 IC3 29.30% 2 Principal eigenvalue = 4.098

4 IC5 6.30% 4 CI = 0.032, RI =0.9

Confused by over choice

1 CO2 20.00% 3 Number of comparisons = 3 7

2 CO3 40.00% 1 Consistency Ratio CR = 0.0% (0.00 < 0.1)

3 CO4 40.00% 1 Principal eigenvalue = 3.000

CI = 0.00, RI =0.58

Table 8. 
Overall consumer decision-making styles with AHP.
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with nostalgia and neophilia, which has led to accept hypotheses H1 and H2. 
Perfectionist Conscious, Novelty-Fashion Conscious, Hedonistic & Recreational 
Conscious, and Impulsive, Careless Consumer decision-making styles are highly corre-
lated with Neophilia while Habitual & Brand-Loyal Conscious, Brand Conscious, and 
Confused by over choice decision-making styles are highly correlated with nostalgia.

5. Discussion and conclusion

This chapter begins with a discussion of the key findings in respect to the research 
questions. Following this, general conclusions are made based on the study’s findings. 
Finally, the implications, limitations, and recommendations for further research are 
addressed at the end of the section.

5.1 Key findings

The findings of the study revealed that Sri Lankan millennials exhibit seven 
distinct decision-making styles, including Perfectionist Consciousness, Brand 
Consciousness, Novelty-Fashion Consciousness, Hedonistic and Recreational 
Consciousness, Impulsive/Careless Consumer, Confusion from Overchoice 
Consumer, and Habitual and Brand-Loyal Consciousness. The research has further 
revealed a significant absence of price-value consciousness in the decision-making 
style of Sri Lankan millennials. The findings, based on the Analytic Hierarchy Process 
(AHP) technique, indicate that the perfectionist conscious decision-making style 
received the highest ranking in this study.

The fourth and fifth research objectives of this study were designed to  investigate 
how nostalgia and neophilia influence the decision-making styles of Sri Lankan 
millennials. The findings suggest that both nostalgia and neophilia have a significant 
impact on the way these consumers make choices, highlighting the importance 

Figure 1. 
Hierarchical structure of CDMS.
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of these psychological factors in shaping their decision-making styles. The study 
revealed that the correlation between neophilia and Novelty-Fashion Consciousness, 
Impulsive, and Careless Consumer decision-making styles is significantly stronger 
than their correlation with nostalgia. Conversely, the study found that the decision-
making styles of Habitual & Brand-Loyal Conscious, Brand Consciousness, and being 
Confused by Over Choice are strongly associated with nostalgia. In other words, the 
results suggest that nostalgia plays a greater role in shaping these decision-making 
styles among Sri Lankan millennials than  neophilia does.

5.2 Discussion

5.2.1  The Sri Lankan millennial generation does not exhibit a Price-conscious 
decision-making style

The current study’s finding of the absence of price-value consciousness among 
Sri Lankan millennials is in line with the outcomes of prior research conducted in 
different countries such as New Zealand (43), China [17], Iran (44), and India [6]. 
These studies also observed the lack of a price-conscious decision-making style in 
their respective countries. The consistency of this finding across multiple cultural 
and geographic contexts implies a broader trend among Millennials and highlights 
the need for businesses to reconsider pricing strategy when targeting millennial. On 
the other hand, early adopters or innovators appear to be less price sensitive than later 
consumers [38]. According to prior research [39, 40], millennials are early adopters, 
which could be one of the reasons they are not price-conscious.

Furthermore, there could be several possible reasons why the Sri Lankan millen-
nial generation does not exhibit a price-conscious decision-making style. One reason 
could be the cultural values and beliefs that prioritize quality and status over price. 
Sri Lankan society places a strong emphasis on social hierarchies, and individuals 
often use their purchasing decisions to signal their status and social position. Another 
reason could be the growing affluence of the Sri Lankan middle class, which has led to 
a shift in consumer preferences toward higher-end products and services. With more 
disposable income, millennials may be more willing to pay a premium for products 
that offer higher quality or better brand recognition [41]. Additionally, the rise of 
e-commerce and digital marketplaces in Sri Lanka may have created a more competi-
tive pricing environment, making it easier for consumers to compare prices and find 
the best deals. As a result, millennials may feel less pressure to prioritize price in their 
decision-making process. Finally, the outcomes of the current study show that Sri 
Lankan millennials are perfectionists. These perfectionist customers may be willing 
to pay a higher price for superior quality [34]. It is crucial to acknowledge that the 
aforementioned rationales are merely potential explanations, and a more compre-
hensive investigation is necessary to fully comprehend the variables that shape the 
decision-making approach of the Sri Lankan millennial cohort.

However, several scholars claimed that the price-conscious construct had certain reli-
ability issues [42]. As a result, the price-conscious construct required refinement [38].

5.2.2  Millennial consumers in Sri Lanka exhibit a high degree of perfectionist 
consciousness

According to the AHP technique, the perfectionist conscious decision-making 
style received the highest rank in this study. The finding is similar to [4] prior 
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research, which found perfectionist consciousness as the most popular style among 
Indian, Korean, Chinese, and American consumers. This is also one of the consis-
tent decision-making styles that have been shown in a number of earlier studies 
[1, 6, 7, 18]. Moreover, there may be several possible factors that contribute to the 
high degree of perfectionist consciousness exhibited by Sri Lankan millennials. Such 
as, the emphasis on education and achievement in Sri Lankan culture may lead to a 
high degree of perfectionism among Millennials, including in their decision-making 
style. This focus on excellence and high standards may also extend to their standard 
of living, as Millennials may strive to achieve a certain level of material success and 
financial stability. Additionally, the influence of social media and the Internet may 
create a perception of what a desirable standard of living looks like, further reinforc-
ing the importance of perfectionism and achieving high standards in decision-making 
and in life in general. Further findings revealed this style was followed by the Brand 
Conscious decision-making method. This finding is consistent with a study con-
ducted using AHP analysis in India, where brand consciousness is ranked first [33].

5.2.3 The impact of nostalgia and neophilia on consumer decision-making styles

The results of this study indicate that Nostalgia and Neophilia impact the con-
sumer decision-making styles of Sri Lankan millennials. The available evidence sug-
gests that nostalgia and neophilia may positively influence consumer decision-making 
styles, although the extent of their influence may vary depending on the individual 
and the specific context.

The present study’s findings are consistent with prior research, which has dem-
onstrated a positive association between the decision-making styles of Generation Y 
consumers and their tendency toward nostalgia [7].

According to research, the association between neophilia and consumer behavior 
styles such as Perfectionist Conscious, Novelty-Fashion Consciousness, Hedonistic 
and Recreational Conscious, and Impulsive and Careless Consumer is stronger 
than their association with nostalgia. Perfectionist Conscious consumers are likely 
to exhibit a strong correlation with neophilia as they seek out high-quality and 
innovative products and are willing to pay a premium for such products. Similarly, 
Novelty-Fashion Conscious consumers may have a strong correlation with neophilia 
because they possess a keen interest in fashion and are willing to take risks with their 
fashion choices by adopting new trends. The Hedonistic and Recreational Conscious 
consumer may also have a strong correlation with neophilia due to their pursuit of 
pleasure and excitement, making them more likely to try new products that offer 
novel experiences. Lastly, Impulsive and Careless Consumer decision-making styles 
may exhibit a strong correlation with neophilia due to their tendency to make sponta-
neous and novelty-seeking purchases without much consideration for the long-term 
consequences.

Nostalgia is characterized by a sentimental attachment to positive memories of 
the past, which can influence consumer behavior. Consumers who exhibit Habitual 
& Brand-Loyal Conscious, Brand Consciousness and are Confused by over choice 
decision-making styles tend to have a stronger association with nostalgia. Habitual & 
Brand-Loyal Conscious consumers demonstrate a high correlation with nostalgia due 
to their long-term relationship with a particular brand or product, leading to positive 
brand associations and a sense of nostalgia. Similarly, Brand Consciousness is highly 
correlated with nostalgia due to the emotional attachment and positive memories 
associated with the brand image and reputation. Consumers who feel overwhelmed 
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or anxious due to too many choices may exhibit a Confused by over choice decision-
making style, which is also highly correlated with nostalgia. These consumers may 
seek comfort in familiar products or brands, leading to nostalgic feelings toward 
products or brands from their past. Overall, these findings are consistent with the 
profile of individuals prone to nostalgia, who have a prominent desire for the past. 
Hence, this finding is consistent with the profile of an individual prone to nostalgia, 
who has a prominent desire for the past [39].

5.3 Implications

This study’s findings significantly contribute to the existing literature in several 
ways. Firstly, it addresses the need for the original form of the Consumer Style 
Inventory (CSI) to be reassessed in different countries. Additionally, the study is 
one of the few attempts to investigate consumer decision-making styles in Sri Lanka 
[39–41]. Therefore, this study provides valuable insights into the decision-making 
styles of Sri Lankan millennials, which can be useful for marketers and businesses 
targeting this demographic. Additionally, the findings can help researchers better 
understand the consumer behavior of Sri Lankan millennial and contribute to the 
development of more effective marketing strategies. Moreover, with the use of the 
multi-criteria decision-making technique AHP, this study provides new insight into 
identifying the most common CDMS of millennials in Sri Lanka. Furthermore, using 
AHP technique adds a methodological contribution to the study.

Second, upon a thorough review of the literature, it becomes apparent that there 
is a gap in research regarding the concepts of nostalgia and neophilia and their impact 
on consumer decision-making. Despite previous studies on nostalgia, there has been 
a lack of attention given to its influence on consumer decision-making. Moreover, to 
the best of our knowledge, no research has been conducted on the effect of neophilia 
on consumer decision-making styles. Additionally, most existing studies have not 
investigated the impact of both nostalgia and neophilia on consumer decision-making 
styles simultaneously. Therefore, this study’s contribution to the existing body of 
knowledge is to address these gaps by exploring the relationship between nostalgia, 
neophilia, and consumer decision-making styles. This study’s pioneering role can help 
fill these research gaps and provide valuable insights for marketers and businesses 
seeking to understand consumer behavior and develop effective marketing strate-
gies. Furthermore, no research was found to investigate the impact of nostalgia and 
neophilia on millennial decision-making styles with reference to the context of Sri 
Lanka. Through this study, all above-mentioned knowledge gaps were filled.

The practical contribution of this study is primarily relevant to marketing manag-
ers. The study’s findings can assist marketers in understanding the decision-making 
styles of Sri Lankan millennials, providing them with valuable insights to better target 
this generation. The Consumer Style Inventory (CSI) used in this study is a reliable 
and valid tool for analyzing millennial consumers’ behavior in Sri Lanka, providing 
a useful tool for marketers to create consumer profiles to guide marketing strategy. 
Moreover, marketers can use the findings of this research to segment, target, and 
position their products or services more effectively. Overall, this study’s practical 
contribution can help marketers overcome challenges in targeting Sri Lankan millen-
nials by providing them with a better understanding of their decision-making styles, 
resulting in more effective marketing strategies and better business outcomes.

Moreover, examining the association between nostalgia and millennial decision-
making styles has practical contributions for companies. They can leverage this 
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knowledge to develop products and marketing campaigns that evoke positive emo-
tions and memories from the past, thereby enhancing consumer engagement and 
brand loyalty. Understanding the role of nostalgia in decision-making can also guide 
product development by identifying design elements that trigger nostalgic feelings 
in consumers, resulting in increased purchase intent. In addition, businesses can 
create consumer experiences that leverage nostalgia to generate positive emotions 
and memories, ultimately leading to higher consumer satisfaction and engagement. 
Overall, researching the association of nostalgia with millennial decision-making 
styles can have practical implications for product development, marketing, and 
consumer experiences, enabling companies to formulate effective strategies to engage 
and appeal to this crucial demographic group. In addition, as per the research find-
ings, businesses and marketers should consider incorporating new and innovative 
products or services into their offerings to appeal to consumers who have a strong 
neophilic inclination. For consumers who exhibit perfectionist-conscious behavior, 
marketers should emphasize the uniqueness and novelty of their products, while also 
highlighting the quality and attention to detail in their design and production. For 
those with novelty-fashion consciousness, businesses can focus on promoting cutting-
edge and trendy styles, using social media platforms to showcase new arrivals and 
limited edition collections. Hedonistic and recreational-conscious consumers may 
be drawn to products that promise new and exciting experiences, such as adventure 
tourism, extreme sports, or high-tech gadgets that offer sensory stimulation.

Lastly, impulsive and careless consumers may be particularly susceptible to 
impulse purchases triggered by a desire for novelty and excitement. As such, busi-
nesses should take care not to exploit these consumers by marketing products in a way 
that encourages reckless spending. Understanding the connection between neophilia 
and consumer behavior styles can help businesses tailor their marketing strategies to 
appeal to a wide range of consumer preferences and increase their chances of success 
in the competitive marketplace.

5.4 Limitations and further research

The research is subject to certain limitations that warrant consideration when 
interpreting the findings and implications. Firstly, the study was restricted to mil-
lennial consumers residing in Sri Lanka, so the generalizability of the results to other 
generations and populations may be limited. Future investigations may benefit from 
a more diverse sample, encompassing respondents from various generations, in order 
to draw more robust and generalized conclusions. Additionally, as this was a quantita-
tive study, its ability to fully comprehend the intricacies and processes underlying the 
interaction between nostalgia, neophilia, and consumer decision-making styles may 
have been restricted. Given that nostalgia and neophilia are concepts highly inter-
twined with consumer psychology, qualitative research would be more appropriate in 
order to enhance our understanding of these constructs.

6. Conclusion

In conclusion, this study has shed light on the decision-making styles of Sri 
Lankan millennials and the role of nostalgia and neophilia in shaping their choices. 
The findings based on AHP, indicate that Sri Lankan millennials exhibit various 
decision-making styles, with perfectionist consciousness being the most prominent. 
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Interestingly, the study found a significant absence of price-value consciousness 
in their decision-making styles. Furthermore, the study highlights the importance 
of nostalgia and neophilia in influencing their choices. The findings suggest that 
while both factors have a significant impact on decision-making, nostalgia appears 
to be more closely associated with certain styles, such as Habitual & Brand-Loyal 
Consciousness and being Confused by Over Choice. In contrast, neophilia is more 
strongly linked to Novelty-Fashion Consciousness, Impulsive, and Careless Consumer 
decision-making styles. Overall, this study provides valuable insights into the deci-
sion-making patterns of Sri Lankan millennials and the role of psychological factors 
in shaping their choices.
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Chapter 3

Implementing MCDA to Determine
Eligibility for Pardon
Irit Talmor

Abstract

Countries celebrating festive national events sometimes declare a wide-scale
pardon of prisoners, based on certain criteria. This paper presents an original and
effective method for producing a list of prisoners eligible for early release by utilizing
a multi-criteria decision analysis (MCDA) approach. The following criteria were used:
gender, age, severity of crime, proportion of sentence already served, and behavior in
the last three years. Criteria weights were calculated using an analytical hierarchy
process (AHP), based on data provided by the authorities. The model produced clear
and unbiased results, offering policymakers a practical and user-friendly decision-
making tool. It was implemented on a list of 1500 candidates for early release through
a wide-ranging amnesty, and several hundred of them achieved scores that made
them eligible for a pardon.

Keywords: pardon, criteria ranking, AHP, decision support tool, clarity

1. Introduction

An amnesty is a pardon granted to convicted prisoners. In countries marking
events such as Independence Day, an amnesty policy could grant pardons to specific
groups of prisoners or reduce their sentences. This is typically done as a goodwill
gesture aimed at promoting national unity. The authorities aim to determine the
policy of eligibility for clemency in a way that benefits both the prisoners and the
public [1, 2]. Typically, the amnesty is preceded by complex bureaucratic and
decision-making processes. Two important parameters that must be determined dur-
ing this phase are the total number of prisoners to be freed and the set of criteria for
early release. These criteria may include the severity of the crime, the portion of the
sentence a prisoner has already served, their behavior while in prison, and the likeli-
hood that they will re-offend if released. Formerly, the authorities made such multi-
dimensional sensitive eligibility comparisons without using any systematic, objective
method. Thus, they faced public criticism and anger.

This article demonstrates the use of two-dimension multi-criteria decision analysis
(MCDA) as a simple method to help authorities decide which prisoners to pardon.

The MCDA approach is a popular and user-friendly tool for choosing among
alternatives. As such, this technique is widely used to make decisions in diverse fields,
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such as choosing between investment alternatives [3], locating electric vehicle charg-
ing stations [4], evaluating the performance of inland ports [5], allocating budgets for
political campaigns [6], and even assessing steam boiler alternatives [7]. The approach
has also garnered a great deal of attention in the academic literature, as seen in [8–10].
The criteria weights – that is, their relative importance – were calculated using the
basic principle of the Analytic Hierarchy Process (AHP), the pairwise comparisons
[11, 12].

The method was implemented in Excel and produced clear and straightforward
results in a convenient format that is easy to understand and to use.

The rest of the article is organized as follows: the methodology is explained in the
next section; then, the results and conclusions are presented.

2. Methodology

Ahead of Independence Day, the authorities in a certain country announced a
wide-ranging amnesty for prisoners. The decision-makers defined the following
criteria for pardon: gender, age, severity of crime, proportion of sentence already
served, and behavior in the last three years. In addition, the authorities wanted to
consider the prisoner’s dominance in prison as well as their stature in the local under-
world.

Although the criteria were well defined, the method of translating them into a set
of unbiased decisions had to be determined in order to produce the list of pardoned
prisoners. Thus, the authorities were looking for a simple but reliable method to assist
in decision-making, and MCDA was suggested as an effective model. We applied it
using three stages: First, we decided on the criteria; second, we applied an AHP,
comparing each criteria-pair to calculate the relative criteria weights. Third, we used
these weights to produce a list of prisoners eligible for pardon. In the following
paragraphs, we detail these stages.

2.1 Stage 1: setting the criteria

The criteria were set in cooperation with the authorities. We asked them to list the
factors that they thought should be considered in the pardon process and explain their
preferences. This stage entailed a few rounds of discussions and enabled us to finalize
the criteria, as follows (in alphabetical order):

Age - the authorities preferred to grant pardons to prisoners that were younger
than 21 and older than 67. This is because youngsters are prone to making impulsive
decisions that they later regret [13]. As a result, they were seen as more amenable to
rehabilitation and a lesser risk to public safety. On the other hand, older prisoners
were seen as a lesser threat to public safety due to their advanced age and declining
health. They were also seen as less likely to re-offend because of their age and the fact
that they have already spent a significant portion of their lives in prison.

Behavior - the authorities preferred to grant pardons to prisoners who demon-
strated exemplary behavior while in prison. This is because good behavior was seen as
a sign that prisoners accepted responsibility for their actions, are remorseful, and are
making an effort to change their ways. As a result, their odds of reintegration into
society were considered high. The contrary also holds true: the authorities preferred
not to grant early release to prisoners who exhibited unruly behavior in prison. This
was interpreted as a failure to accept responsibility for wrongdoing, and a sign that the
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prisoners are not remorseful and are making no effort to reform [14, 15]. Thus,
releasing such prisoners would not promote reintegration into society while posing a
heightened risk to public safety.

Crime severity - the authorities were willing to grant early release to non-violent
prisoners who committed non-violent crimes (e.g., white collar offenses, theft, etc.).
Officials were less inclined to pardon prisoners who committed severe crimes. Specif-
ically, prisoners with “blood on their hands” were excluded from the amnesty cam-
paign. The authorities believed that releasing these prisoners would likely cause a
public uproar, and that such offenders are more dangerous to society.

Gender - the authorities showed greater willingness to release females compared
to males. This is because the number of female prisoners was much lower, and they
were believed to pose a lower risk to public safety due to their limited physical
strength and generally lower levels of aggression. In this context, the authorities
viewed non-binary prisoners the same way as females.

Health condition – authorities preferred to grant early release to prisoners with
serious health problems. This is because their declining health and limited strength
usually decreased the threat they posed to public safety [16, 17]. Considerations such
as the costs of medical treatment in prison and the risk of sudden deterioration or
death while in jail also carried substantial weight for this preference.

Portion of sentence served - the authorities viewed the portion of the sentence a
prisoner has already served as a relevant factor when deciding whether to grant them
a pardon. Officials pointed out that the larger this portion was, the less they were
concerned about the potential risk to public safety. More importantly, public opinion
was more favorable toward releasing such inmates.

Hierarchies among inmates are common in prison [2]. Thus, the authorities
wanted to add one more criterion: the prisoner’s dominance within the hierarchy. That
is, whether the prisoner is a leader who enjoys an elevated status among the other
prisoners and has loyalists inside and/or outside the prison who follow his orders.
Early release of such prisoners may have a broader effect on society given their
leading role and ability to initiate and direct criminal activity. The authorities were
initially unsure which policy to apply to this group, so it was essential to distinguish
this criterion from the others.

The complete list of criteria, values and preferences is given in Table 1.

Criterion Values Preferences Comments

Age The prisoners’ age,
ranging from
youngest to oldest

The authorities preferred to
pardon younger and older
prisoners

The ages of “younger” and “older”
prisoners may vary, but must be below
21 and above 67

Behavior Good
Average
Bad

Good behavior increased
the odds of early release

The assessment was based on the prison
records of inmates

Severity of
crime

Minor offenses
(white-collar,
theft)
Intermediate
(robbery, drugs)
Severe (murder,
aiding and
abetting murder)

The authorities excluded
prisoners with “blood on
their hands”

Some inmates who aided and abetted
serious crimes were eligible for pardon,
depending on their specific background
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2.2 Stage 2: weighing the criteria

The criteria were weighed using AHP. According to this method, the decision-
makers determine their preference for each pair of criteria using a numeric scale
ranging from 1 to 9 (see Table 2).

It is common to use odd numbers to distinguish among measurement points. The
use of even numbers is adopted only as a compromise between evaluators. The
preferences are collected in a matrix, as shown in Figure 1. In this example, there are
three criteria: C1, C2, and C3. The decision-maker extremely prefers C1 to C2, mod-
erately prefers C1 to C3, and strongly prefers C3 to C2. The matrix is reciprocal
because the lower triangle is the reverse of the upper triangle, and its diagonal is filled
with “1”, comparing each criterion to itself.

Criterion Values Preferences Comments

Gender Female
Other
Male

The authorities preferred to
pardon females/other
prisoners

Health
condition

Healthy
Minor health
problems
Major health
problems

Severe health problems
increased the prisoner’s
odds of getting a pardon

The health condition was determined by
the prison’s doctor

Portion of
sentence
served

Ranged from
10–90%

Prisoners who served most
of their sentence were more
likely to be pardoned

Prisoners who served a negligible portion
of their sentences were not eligible for a
pardon. Prisoners who nearly completed
their sentences were automatically
pardoned

Dominance • -High
• -Medium
• -Little or none

The preferences were not
unequivocal

Table 1.
List of criteria, values, and preferences (in alphabetical order).

Degree of preference Numeric value

Equal 1

Equal to moderate 2

Moderate 3

Moderate to strong 4

Strong 5

Strong to very strong 6

Very strong 7

Very strong to extreme 8

Extreme 9

Table 2.
Saaty’s scale of preferences [9].
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After completing the matrix, a consistency check is performed to detect possible
contradictions and fix them. Such inconsistencies may occur when the problem is
vaguely defined or when the evaluator faces difficulties in maintaining consistency
while comparing too many pairs. As the number of pairs to compare quadratically
increases with the number of criteria, achieving consistency is indeed a challenge. An
acceptable CR (consistency ratio) value should be less than 0.1.

In our case, we had six criteria (excluding “Dominance”); thus, 15 comparisons
were required. To simplify the process for decision-makers, we interviewed three
relevant officials and asked each to compare 10 pairs, so each pair got two indepen-
dent preferences. This technique enabled us to simplify the process for time-
constrained decision-makers while still recognizing gaps (or points of agreement) in
their preferences. The decision matrix (based on adjusted comparison results) is
presented in Figure 2. The resulting weights are shown in Table 3. The values were
calculated using [18].

Unexpectedly, the Portion of Sentence and Behavior criteria were marginalized,
whereas the Gender criterion was given significant weight. We believe that this
stemmed from official priorities. The officials estimated that policymakers wanted the
broadest pardon possible, particularly for women. Thus, considerations such as
Behavior or Portion of Sentence played a minor role in the decision, whereas gender
played a major role.

Figure 1.
Preferences matrix.

Figure 2.
Decision matrix.

Criterion Rank Weight

Crime severity 1 37.8%

Gender 2 27.1%

Health Conditions 3 18.6%

Age 4 7.9%

Portion of sentence 5 5.4%

Behavior 6 3.2%

Table 3.
Resulting ranks and weights.
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2.3 Stage 3: selecting prisoners to pardon

Ranking the eligibility of prisoners for early release was performed as follows: First,
we defined the possible scores for each criterion based on the preferences of the
authorities (see Table 4). Second, each pardon candidate was graded for each criterion.
Third, a prisoner’s overall score was obtained by calculating the score for each criterion
based on its weight and summing up the scores. The prisoners were then listed in
descending order based on their overall scores, thus enabling the authorities to consider
this score in tandem with the dominance ranking to make the pardon decision.

For example, the maximum score (100) in the Age criterion was given to the
youngest and oldest prisoners, who happened to be 17 and 75 years old, respectively.
The minimum grade (0) was given to age 46, which was the average between those
two edges. Each year below/above 46 increased the grade by 100/29 points.

To illustrate the process, assume a male prisoner named John. John is 55 years old.
He was sentenced to 20 years for robbery 12 years ago. In the last three years, he has
been well-behaved and prison authorities have a positive opinion of him. Although
suffering from diabetes, he manages to balance it. He is not dominant in jail and
prefers to remain outside the predominant groups.

Based on John’s data, we can determine his scores: He is 55, so his score for the Age
criterion is approximately 69 (= 20*100/29); his score for Behavior is 100; his crime
severity score is 50; his Gender score is 0. Similarly, John’s Health Condition score is
50, and his Portion of the Sentence score is 60 (=12/20*100).

John’s overall score is calculated by multiplying his grades by the criteria weights,
as follows:

69 � 7:9%þ 100 � 3:2%þ 50 � 37:8%þ 0 � 27:1%þ 50 � 18:6%þ 60 � 5:4% ¼ 40:1%
(1)

Note that for identical criteria values except for Gender, the score would be 67.2%.
This gap clearly shows the authorities’ strong preference for early release of female
prisoners.

Criterion Values Possible scores

Age 17 to 75 17 or 75: 100
17 < x < 75: 100 – min(75-x, x-17)*100/29

Behavior Good, Average, Bad 100, 50, 0

Crime severity Modest, Intermediate, Severe 100, 50, 0

Gender Female, Binary, Male 100, 100, 0

Health
conditions

Major problems, Minor problems, No
problems

100, 50, 0

Portion of
sentence

Ranged from 10–90% Time already spent in prison/total
punishment*100

Dominance High
Medium

Little or none

The preferences were not unequivocal

Table 4.
Range of scores for the first six criteria.
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3. Results

The approach and the tool developed for it highly met the authorities’ expecta-
tions. Thus, they decided to examine them on a list of potential prisoners for pardon,
which included 1500 names. The highest score was 76.1 and the lowest was 4.2. The
results map is shown in Figure 3 and Table 5. These results show two dominant
ranges: in the 51–60 range and 21–30 range. Whereas the low range had less signifi-
cance because such scores were not eligible for early release, the high range posed a
dilemma for the authorities: including those prisoners in the amnesty program meant
an early release of more than 850 prisoners, far above the original allocation. But not
including them meant releasing only 60 prisoners – far below the initial allocation. To
the author’s best knowledge, the solution was to set the threshold at a value between
41 to 50 and to deny a pardon to dominant prisoners.

Figure 3.
Overall scores in descending order.

Score range Frequency High dominance Medium dominance

71–80 17 2 2

61–70 12 0 1

51–60 31 2 8

41–50 814 46 115

31–40 39 0 5

21–30 442 29 63

11–20 19 2 1

1–10 126 4 24

Table 5.
Score-dominance map.
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4. Conclusions

In this paper, we presented an MCDA approach for determining the eligibility of
prisoners for early release. The criteria were set by the authorities based on vast
experience and seemingly solid justifications. The values and weights of each criterion
were defined in sessions that combined professional and academic insights.

It should be noted that the complexity of calculating the weights, the difficulty of
maintaining internal traceability, and the inherent subjectivity of the process are valid
concerns voiced by critics of the AHP process [19–21]. However, most of these pitfalls
were avoided in the current analysis because the score matrix was objectively calcu-
lated using independent external resources. Moreover, the process was undertaken
transparently and systematically to ensure fairness.

The method was implemented on a list of 1500 candidates for early release through
a wide-ranging amnesty. Several hundred achieved overall scores that made them
eligible for a pardon.
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Chapter 4

Prioritization of the Physical
Resilience Criteria for Affordable
Housing Locating Based on An
Analytic Hierarchy Process (AHP)
Mehrnaz Ramzanpour and Rouhollah Rahimi

Abstract

Natural hazards cause numerous problems occurred mostly in residential
areas. Affordable housing is one of the types of housing that is planned for low- and
middle-income groups. Optimum location of affordable housing is one of the most
important criteria for this type of housing. Due to the high vulnerability of its resi-
dents, it is necessary to evaluate the site resilience. This chapter is aimed to identify
and prioritize the criteria of physical resilience that are effective in selecting a resilient
location for the affordable housing construction. Documentary materials are used to
explain the literature and to determine the effective factors on physical resilience.
Then the criteria were prioritized using AHP method by 22 experts. The important
criteria obtained from the research include Infrastructure & Services (IS), Region
Context (RC), Natural Environment (NE) and Surrounding Uses (SU). This research
can be the basis of a strategic document for the discussion of the affordable housing
resilience.

Keywords: physical resilience, affordable housing, locating, AHP, resilience criteria

1. Introduction

The location of housing and its connectivity to jobs, services, and amenities is
central to reducing socio-spatial inequalities. Resilience is one of the most basic issues
in today’s world due to the occurrence of natural or anthropogenic events. The hous-
ing resilience process should have the necessary capability to predict accidents and
prevent the burden of life and financial losses on citizens. In an ecosystem, resilience
is a measure of the ecosystem’s ability to absorb changes for its survival. Based on
Holling’s definition, resilience is determining the persistence of relations within a
system and measuring the ability of this system to absorb changes created in various
situations in order to resist various effects and factors. Based on the growth of
urbanization and the increasing vulnerability of cities to disasters, significant changes
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have been observed in the attitude toward risks, as the dominant view has changed
from focusing only on reducing vulnerability to increasing resilience against events.
Risks around the world have always provided a great challenge in sustainable devel-
opment, and as a result, some paths to achieve this development by reducing vulner-
ability patterns are essential and of great importance, and should find a suitable
position in urban policies to create suitable conditions to reduce the effective and
efficient risk at different levels. Thus, urban areas are considered sensitive areas due
to the acceptance of large populations, which has increased the level of vulnerability
due to the type of human interaction. Human being considers themselves a part of the
place and based on their experiences of signs, meanings, and functions, he imagines a
role for the location in his mind [1]. The identification and evaluation of such risks can
be considered a good guide in the design of new urban areas and their control to
manage urban areas by authorities.

Due to its climatic and geological characteristics and especially Iran’s location on
the Alpine-Himalaya earthquake belt, Iran is considered one of the most vulnerable
countries around the world; so that the crisis risk index of the United Nations Devel-
opment Program [2] indicates that, Iran has the highest vulnerability to earthquakes
among the countries of the world after Armenia, and 31 of 40 types of natural
disasters have taken place in Iran. Natural disasters have always been a great challenge
for urban societies, and human settlements and infrastructures have always been
endangered. According to statistics, accidents have increased over time and the urban
communities’ vulnerability to accidents (namely in developing countries) is increas-
ing. Now, most of the world’s population lives in cities. Major migrations from rural
areas to cities and the formation of informal settlements, exposure of the population
to unsuitable weather conditions, and other natural disasters are increasing and are
great challenges for many cities. Under this condition, resilience, which can mean
bouncing back from difficult events, becomes meaningful. In Iran, a country with a
high probability of natural disasters and cities with heterogeneous and old textures,
resilience is of great importance. One of the most important aspects of urban resil-
ience is physical resilience.

The present study is aimed to measure the components of physical resilience in
urban contexts for identifying resilient areas against natural disasters in order to build
affordable housing. Affordable housing is a type of urban housing that is planned and
built for groups with low- and middle-income socioeconomic levels with different
policies. The optimal location of affordable housing is one of the most important
planning criteria to build this type of housing [3]. Due to the high vulnerability of
groups living in affordable housing, it is required to evaluate the resilience of its
construction site in order to prevent the severity of the effect of natural and unnatural
damages on this group in the future. On the other hand, presenting affordable housing
is important to have a resilient city, and it is necessary to consider some criteria for it
[4]. Studies have shown that the appropriate locating of social housing leads to city
sustainability [5]. This research attempts to establish a relationship between afford-
able housing and physical resilience. This chapter is aimed to identify and prioritize
the criteria of physical resilience that are effective in selecting a resilient location for
the construction of affordable housing. Based on this goal, two questions of research
are proposed:

• What are the criteria for resilient locating of affordable housing?

• How is the prioritization of these criteria?
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This chapter has five main sections, first, the literature on resilience and resilience
in the built environment is reviewed. The second part is related to the research
method, in which the AHP model, study area, construction of questionnaire, and
weighting of alternatives are done. In the third part, the results are stated, and in the
fourth part, the discussion about the prioritization of the criteria and elements is
discussed, and the limitations and suggestions of the research are stated. The last part
is the conclusion.

2. Literature review

2.1 Resilience

The concept of resilience began in the 1960s and 1970s in the field of ecology. Then
it was expanded to different fields of study and resilience became an interdisciplinary
concept. The literature identifies two main approaches to resilience. The first
approach is “equilibrium” related to the ability of an organism to resist shock and
return to its original state, and the second approach is “evolutionary” or “transforma-
tional” related to the ability of an organism to continuously adapt to continuous
changes in its environment [6]. The emergence of resilience as a driver of urban policy
led to a shift toward an integrated and multidisciplinary planning system and quickly
became an important urban policy discourse [7]. A city’s ability to absorb disturbances
while maintaining its functions and structures is a simple definition of resilience [8].

Resilience studies began in the late 1990s in response to environmental threats
by adjusting social and institutional frameworks associated with planning, with
a primary focus on physical and infrastructural improvements to prevent
disruptions [9].

Resilience, which comes from the Latin root resi-lire meaning the return of spring,
was first used by physical scientists. In the 1960s, with the rise of systems thinking,
resilience entered the field of ecology, where multiple meanings of the concept have
since emerged, each rooted in different worldviews and scientific traditions. The
publication of an article in 1973 by a Canadian theoretical ecologist, Crawford Stanley
Howling, advanced the concept of resilience, but although the concept of resilience
has recently been added to the discourse of planners, it is by no means a new concept.
Resilience researchers share a common understanding of resilience as a process
involving change over time that produces a desirable outcome for one or more sys-
tems or parts of a system. For example, the dynamic interplay between resilience
(change) and sustainability has been widely discussed for the first time by C.S. in a
field of scientific studies that focuses on interactions between natural environments
and human activities as social-ecological systems.

Holling [10] states that resilience is the “persistence of relationships within a
system and a measure of the ability of these systems to absorb changes of state vari-
ables, driving variables, and parameters, and still persist.”(p. 17) This idea has been
extended by many researchers interested in international development studies and
social-ecological systems. As Bousquet et al. [11] explain that resilience is “the capacity
to cope with change and continue to develop,” (p. 40) whether this development
occurs for the survival of fisheries, forests, freshwater ecosystems, or communities
dependent on these natural ecologies.

In other sciences, such as physical sciences, the same concept of stability and
change is commonly used. For example, in architecture, the term resilience is
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synonymous with “the process of creating sustainable and successful places that
promote well-being, by understanding people’s needs for the places they live and
work” [12]. The subject of resilience is also used in psychological sciences. Extensive
studies have been conducted on promotional and protective processes. When human
biological, psychological, social, economic, and political systems are stressed, the
concept of resilience operates.

As a developmental psychologist, Masten [13] is known for evolving the concept of
resilience to adopt a more systemic approach. He defines resilience as the capacity of a
dynamic system to successfully adapt to disturbances that threaten system perfor-
mance, viability, or development. This definition can be used for various systems at
different interactive levels, both living and non-living, such as microorganisms, chil-
dren, families, security systems, economy, forests, or global climate. Masten’s defini-
tion has much in common with unrelated fields such as disaster resilience, where the
focus is on “the ability to prepare and plan for, absorb, recover from, or adapt more
successfully to actual or potential adverse events” [14].

Despite the distinction of all these definitions in the function of systems or differ-
ent parts of systems, they have many similarities. First, resilience is associated with
abnormal and stressful perturbations in one or more interdependent systems. Insta-
bility is an issue that threatens the system’s capacity to maintain its performance.
Second, all resilient systems involve processes to create opportunities for continuity,
resilience, recovery, adaptation, or change.

Resilience is context-specific, as is the evolving public health thinking that cur-
rently emphasizes “precision public health” by identifying high-risk hotspots and then
targeting interventions to their unique contexts. In this way, instead of generalization
mechanisms, it seeks to maintain public welfare [15].

The third quality of resilience focuses on the need for sensitivity to the local
context, acknowledging the different levels of power of each system (or part of a
system) and its capacity to affect the individual or collective well-being of a system
(or systems). Overall, this expression of power that leads to trade-offs is always a
matter of debate as all the different parts of a system compete for the resources they
need to deal with internal and external stressors.

Resilience is demonstrated only when a system functions in a way that is
positively valued by its constituents or concurrent systems. In fact, it can be
argued that a family that adopts criminal behavior as a way of managing social
marginalization or economic adaptation to modernization in order to maintain its
livelihood may be considered resilient from the perspective of those who benefit from
these patterns [16].

Although the three definitions of resilience (i.e., exposure to an unusual distur-
bance, contextual specificity of protective processes, and negotiated outcomes) may
seem abstract, in practice, resilience is a response to a disturbance that alters patterns
of adaptation. Creates that favor some sectors. More than others, resilience has been
the basis for a vast amount of study in many different disciplines. For example,
Annarelli and Nonino [17] used Hollings’ work on social-ecological systems to exam-
ine the resilience of supply chains. These include other environmental systems (for
example, disruptive weather and political conflicts can be disruptive to supply chains)
and the contemporary methods used by management (for example, labor strikes and
poor financial decisions can affect the planned production of goods and services).
Although the only desirable outcome of supply chain resilience may seem to be
sustainable production (recovery), it must be said that a return to business as usual
can be a very limited understanding of resilience.
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2.2 Resilience in the built environment

The literature on resilience in the built environment can be expressed in three
main paradigms: first, disciplines related to architecture, urban design, and planning.
Second, combining ecosystem sciences with architecture and urban design. And third,
resilience is embodied in architecture and built form. The first resilience paradigm is
used as a model developed by architectural engineers, urban design, and planning.

The second resilience paradigm was shared as a theme between the disciplines of
architecture and ecology. The third paradigm is also used as general knowledge indi-
vidually and collectively through trial and error, learning, and memory. In the first
paradigm, especially in areas with a high earthquake or hurricane risk, resilience
thinking is used by combining contemporary practices of built environments with
scientific approaches such as material physics and engineering resilience [18].

Hassler and Kohler [19] stated that the urban context is a complex socio-technical
system with different time constants, actors, and institutional regimes that includes
different scales such as buildings, neighborhoods, cities, and regions. They also used
the term-built environment to refer to an artifact in an overlapping zone between
culture and nature, with causality in both directions, referring to the relationship
between the built and unbuilt parts of the environment. Pickett et al. [20] state that
“resilient cities” are a metaphor for the integration of ecological, socio-economic, and
planning realms. While metaphors have explanatory power for interdisciplinary dis-
cussions and can stimulate creativity around shared concepts and perspectives, meta-
phors are slippery figures of speech.

Resilience as an inclusive and open metaphor links the new non-equilibrium para-
digm of ecosystem science with the dynamics of architecture, design, and urban
planning, acknowledging that ecosystems are either externally regulated or have
multiple or unstable state(s) or may have a dynamic state and possible disorder.

Belsky et al. [21] state that the trade-off that households make to reduce housing
costs, such as transportation, access to public services, health and safety, is accounted
for an ideal affordability assessment. Rowley [22] shows that in reality, housing
affordability involves quality and location trade-offs. Monetary costs and socio-
economic costs, which are hidden by traditional measures of affordability, are
imposed on households by such trade-offs. It is clear that it is difficult and perhaps
impossible to address all the concerns related to housing affordability, such as physical
quality, location, access to services, and fit, in a simple measure, and they need to
examine additional supplementary indicators [23].

3. Materials and methods

3.1 Development of the AHP model

The present study is based on the descriptive-analytical method. The documentary
(library) method was used to explain the literature and records of the research subject
and to determine the effective factors on physical resilience. Then, physical resilience
indices were extracted for the location of affordable housing, based on theoretical
justification. In this study, the combination of two important and highly applied
mathematical models, i.e., fuzzy logic and hierarchical analysis process, has been used
in order to rank indices. This ranking was performed using the AHP method with
Expert choice v.11 software.
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The AHP method was first presented by Saaty [24]. AHP is a multi-criteria
decision-making method based on statistical data and a hierarchical structure.
Normally, this method is designed to rank limited alternatives that have limited
features. This method is used to eliminate probable errors for certain decision criteria.
According to Saaty [25], the three main stages in the AHP approach include problem
analysis, comparative analysis, and preference synthesis.

The components that best define the features of a resilient location for the
construction of affordable housing are presented in a three-layer hierarchy of the AHP
model (Figure 1), in which the top layer is the relevant goal, the second layer is the
criteria, and the third layer is components.

The second layer consists of five physical resilience criteria, which include
Surrounding Uses, Region Context, Natural Environment, Infrastructure & Services,
and Open & Public Spaces. The elements of each measure of resilience are also the
last layer.

This model was developed according to the literature review and expert approval.
In this way, first, the resilience criteria were collected and categorized, then in order
to coordinate with the issue of affordable housing, it was given to 10 architecture and
urban planning experts (including university professors and doctoral students) for
judgment. The criteria that all the experts approved were chosen as the final criteria of
resilience in locating affordable housing. Since this kind of housing is built for society’s
low- and middle-income groups, its site should be chosen in such a way that it has
physical resilience in critical conditions. So, it would be cost-effective and does not
impose high costs on its residents in times of profound changes. On the other hand, it
will be easier for these vulnerable residents to be stable and adapt to post-crisis
conditions.

The criteria of physical resilience and the relevant components are obtained by
evaluating the background and categorized in Table 1. According to Lanagarneshin
et al. [29], the physical-environmental indices of resilience include green and open
space, appropriateness of uses, characteristics of the land (ground), building

Figure 1.
AHP model used in the process of prioritizing criteria for resilient location for affordable housing.
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resistance, access, and density. Pashapour and Pourakrami [30] consider the phys-
ical dimensions of urban resilience as uses and characteristics of the surrounding
context, access to urban facilities, rescue centers, parks, and open spaces. Delshad
et al. [26] state that physical resilience against earthquakes can be measured with
some criteria such as physical resistance, road network, infrastructural facilities and
services, and the condition of open space. In their research, Farhadi et al. [27]
introduced the physical measures affecting resilience by the uses surrounding the
fabric, urban infrastructure including roads, crisis centers, and water supply, and
access to open space. The dimensions of physical resilience against natural disasters
have been presented by Ghasemi and Gharaee [28], resilience of place (feature of
the land, distance from the river, etc.), resilience in the mental image (security … ),
legal resilience (observing safety principles in constructions), structural resilience
(building frame, roof lightness, etc.) and functional resilience (building density,
width of roads, etc.). According to Desouza & Flanery [33], it is important to
consider the characteristics of the fabric and access to roads and urban transporta-
tion in the design, planning, and management of resilient cities. Rezaie et al. [32]
considered criteria in four structural-physical, socio-economic-cultural, spatial-
functional, and structural-natural dimensions for analyzing the resilience of urban
land use in Tehran. These criteria include the condition of buildings, the condition
of relief and services, access network, employment centers, active population, pop-
ulation density, open and green space, worn texture, access to commercial uses,
health and urban facilities and equipment, land bed and surface water. Abdullah

Reference Elements Criteria

[26–30] Congruity of surrounding uses Surrounding Uses

[27, 31–33] Buildings age (New, middle, worn, old) Region Context

[26, 28–31, 33] Building density

[29–32, 34] Proximity to parks & green spaces Natural
Environment

[28, 32, 34] Proximity to superficial water (rivers, … )

[28, 29, 32, 34] Topography, Slope & Soil endurance

[26, 27, 29, 31–41] Efficient roads & public transportation
(accessibility routes)

Infrastructure &
Services

[30–32, 34, 35, 37, 41, 42] Access to health care use

[32, 35, 42] Access to commercial use and retails

[37] Access to educational use

[27, 30, 31, 38] Rescue and security facilities (Emergency,
Police, Firefighting), The number of crisis
headquarters centers

[26–28, 32, 37, 38, 41] Pipelines, urban equipment, access to and
supply of water sources

[26–30, 32] Access to open space Open & Public
Spaces

[43–45] Access to public space

Table 1.
Physical resilience criteria and the relevant elements.
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et al. [46] evaluated the physical resilience in Tehran (Iran) with the indicators of
population and building density, roads, worn-out texture, green and open spaces,
health centers, crisis headquarters centers, and natural bed characteristics. Chen
et al. [34] evaluated some indices such as topology, rate of green space, proximity
to the river, building age, availability of medical facilities, and public services in the
resilience of affordable housing. Regarding location resilience, Lyon [38] referred to
the importance of infrastructural measures and public services during a crisis. In his
research, Adger [35, 42] considers access to facilities such as roads, medical centers,
and retail as important factors in resilience. In research on resilience in coastal
areas, Orencio & Fujii [39] mentioned access to neighborhood facilities and road
transportation as important in physical resilience. Pokhrel [40] evaluated green
space in the resilience of the urban environment. He believed that access to roads
for transportation is very important, especially during the crisis. Zhang et al. [41]
consider urban resilience against climate change as dependent upon infrastructure
criteria such as public services, transportation, and health use, access to infrastruc-
ture equipment, and crisis management. In their review research, Assarkhaniki
et al. [37] considered the physical measures of resilience including access to road
infrastructure, medical and educational centers, as well as urban infrastructure
equipment and services during a crisis.

A brief description and definition of each criterion and elements are given in
Table 2.

Description Elements Description Criteria

Coordination of
surrounding uses with the
site

Congruity of surrounding uses Parcel of land with
different use around
athe site

Surrounding
Uses

Quality of the building
based on the construction
time

Buildings age (New, middle, worn,
old)

Surrounding building
conditions in the area

Region
Context

Ratio of building
structures per acre

Building density

Number of parks & green
spaces in the vicinity of
the site

Proximity to parks & green spaces Non-human-made
surroundings and
conditions

Natural
Environment

Number of rivers or other
superficial water in the
vicinity of the site

Proximity to superficial water
(rivers, … )

The chosen land (site)
physical conditions

Topography, Slope & Soil endurance

Efficient connectivity to
city areas with appropriate
roads and transportation

Efficient roads & public
transportation (accessibility routes)

City infrastructures
and facilities that are
accessible for the site

Infrastructure
& Services

Site proximity to health
care use (clinic, hospital,
… )

Access to health care use

Site proximity to
commercial use and retails
(mall, grocery, … )

Access to commercial use and retails
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3.2 Reliability and validity

Before the conduction of the survey on the developers, validation, assessment, and
rationality of the questionnaire was carried out. This was achieved with the aid of
practitioners and studies lecturers; they evaluated the questionnaire in order to put off
the anomaly of expression and make sure relevant terms are used primarily based on
the peculiarity of physical resilience. The questionnaire became finalized based
totally on the form of comments. Information reliability testing revealed a Cronbach
alpha rate of 0.79 for the 24 identified elements. This is a little greater than the
boundary of 0.70. The collected records are remarkably dependable for further
statistical evaluation.

3.3 Study area and local decision-makers

The prioritizing process of the resilience components of affordable housing was
performed in Mazandaran province (Figure 2). The familiarity and experience of
these specialists with Mazandaran and the resilience resources in its cities was the
main reason for selecting them. These members from the academic environment and
local government (with specialized responsibilities in this field) were selected as
decision-makers during the prioritization of resilience components due to their expe-
rience, skills, knowledge, and activities related to the topic. The questionnaire was
distributed among 22 experts (See Appendix 1 and 2). Experts’ profiles are shown in
Table 3.

Lam and Zhao [47] argued that AHP survey is an unusual approach for research
associated with a particular trouble; subsequently the adoption of a massive sample is
not always imperative. Tavares et al. [48] argued that the peculiarity of AHP makes
judgment from one professional be deemed ok. On the contrary, Cheng and Li [49]

Description Elements Description Criteria

Site proximity to schools,
universities… ,

Access to educational use

Site proximity to Rescue
and security facilities and
crisis headquarters centers

Rescue and security facilities
(Emergency, Police, Firefighting),
The number of crisis headquarters
centers

Site accessibility to some
equipment

Pipelines, urban equipment, access
to and supply of water sources

Site proximity to open
spaces among outside
buildings

Access to open space Any urban ground
space with
unrestricted access

Open &
Public Spaces

Site proximity places of
public use (park, square,
… )

Access to public space

aAffordable housing site.

Table 2.
Description of criteria/elements.
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advised that the adoption of a big sample size for an AHP examine can also result
in inconsistent judgment, as many professionals may additionally provide
arbitrary consequences. The peculiarity of AHP in housing research and
construction studies might be tied to its functionality to cope with small pattern
sizes. Research [50–52] has followed respondents starting from four to nine even as
others used a pattern size of 20 to 30 [53, 54]. As most of the people of the research
followed a small sample size, it is imperative that to allow beneficial decisions, regular
outputs and models, the adoption of a small pattern size is most desirable. Therefore
22 developers from the overall survey with over 6 years’ experience in sustainable
housing were selected to take part within the AHP survey.

Variable Type Distribution

Role Academic Ph.D. Candidate 5 (22.7%)

Ph.D. (University Prof.) 10 (45.5%)

Post-doc 1 (4.5%)

Local government 6 (27.3%)

Age 30–40 6 (27.3%)

41–50 9 (40.9%)

Up to 51 7 (31.8%)

Gender Male 13 (59%)

Female 9 (41%)

Years of experience 5–10 7 (32%)

Up to 10 15 (68%)

Table 3.
Profiles of the participants in the analytic hierarchy process (AHP) study.

Figure 2.
Map of the study area, Mazandaran province, Iran.
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3.4 Weights of alternatives in a consistent matrix

The paired comparisons are a key step in AHP to prioritize the weights of
locating factors. Thus, based on different factors, the alternatives are scored. This
process simultaneously focuses on two factors and their relations with each other.
The relative importance of each factor is measured via a numerical measurement
scale [55]. According to the AHP model, the identification of important criteria and
components of resilience in affordable housing locating was performed using paired
comparisons and ratio-scale measurement, which is explained as n(n-1)/2, where n
denotes the components in a prioritization judgment [56]. In this research, 10 com-
parisons in a matrix are defined for 5 criteria, while the comparison of criteria com-
ponents formed 90 questions. Each output of a paired comparison shows the decision-
maker’s preferences for one alternative over the others based on a set of scales
(Table 4) that include scales from 1 to 9 [24, 56].

When alternative i was considered extremely important compared with
alternative j, the calculation matrix score was based on aij = 9 and aji = 1/9. The
distribution of these scores in a square matrix resulted in a reciprocal matrix [57],
represented as:

A ¼ aij
� � ¼

1 aij … a1n
1=aij 1… a2n
⋮ ⋮ ⋮

1=a1n 1=a2n … 1

8>>><
>>>:

9>>>=
>>>;

(1)

where A = [aij] is a representation of the intensity of the decision-maker’s
preference for one over another compared alternative aij and for all comparisons i,
j = 1,2,…n. Decision-makers facilitated the comparisons of alternative criteria
or elements in rounds till the ratings had been taken into consideration strong.
Stability was reached while a certain consensus on a sum of rankings became
done [39].

Consistency test: This test is conducted to check the judgment consistency. This
test guarantees that best steady matrixes are covered in similarly evaluation. The
formulation utilized in calculating the best eigenvalue and vector is:

Scale Judgment of preference Description

1 Equally important Two factors contribute equally to the objective

3 Moderately important Experience and judgment slightly favor one over the other

5 Strongly important Experience and judgment strongly favor one over the other

7 very strongly important Experience and judgment very strongly favor one over the
other, as demonstrated in practice

9 Extremely important The evidence favoring one over the other is of the highest
possible validity

2.4.
6, 8

Intermediate preferences
between adjacent scales

When compromise is needed

Table 4.
Rating scale for judging preferences used for the pair wise comparison of various physical resilience criteria in
affordable housing locating.
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λmax ¼
Xm
j¼1

Aw
Mw1

i ¼ 1, 2, … ,mð Þ (2)

Where λmax represents matrix the highest eigenvalue, A denotes the pairwise
matrix; w stands for the matrix of weights of elements, and wi stands for the element’s
weights. The consistent level of the judgment was determined using the Consistency
Ratio (CR) which was computed by the formula:

CR ¼ CI
RI
¼ 1

RI
λmax �m
m� 1

� �
(3)

Here, CI uses an integrity index. CR is the consistency ratio. RI represents the
random index and m represents the amount of CSF in the matrix.

Weight calculation:
CSF weights were determined by estimating the eigenvector matrix and a measure

of the consistency of judgment is obtained by computing the maximum eigenvalue. In
the AHP study, we calculated CSF weights at each stratum level to establish priority
among elements. This was acquired through:

ni ¼
Ym
j¼1

aij i ¼ 1, 2, … ,mð Þ (4)

Where ni represents the multiplication of the relative importance for each row of
CSFs; aij represents the relative importance of the CSFs “i” were compared with CSFs
“j” and m represents the number of CSFs in the matrix. Vector wi was calculated by:

wi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ni i ¼ 1, 2, … ,mð Þðm

p
(5)

Where wi represents the mth power of ni:

wi ¼ wiPm
i¼1wi

i ¼ 1, 2, … ,m
� �

(6)

The weights of the CSFs were calculated by normalization of the vector: where wi
stands for weights of CSFs and criteria.

3.5 Consensus building

To acquire consensus on ratings in a paired comparison of variables in the AHP
model, the Delphi method became selected as a powerful technique in a multilateral
decision-making procedure. But the technique needed a robust facilitator that would
coordinate the distinct views of the decision-makers toward a single objective.
Regardless of comparable experiences, social status (e.g., education), and engagement
level with the issue of resilience among respondents, the results confirmed differences
in perspectives about each variable.

The Delphi method was of great importance during the comparison of the vari-
ables and the level of each one. Decision-makers tended to consider variables as
having similar goals, which made comparisons difficult. The facilitator’s role was to
interpret the differences between the variables and to organize the respondents’
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views. Thus, the group managed to discover a common perspective for the superiority
of each variable in paired comparisons.

The use of a quantitative base scale (Table 2) helped the respondents in scoring
each pairwise comparison, especially when the number of variables of each criterion
was above two. To make scoring easier, the variables were placed in the table in front
of each other and the scores (1 to 9 on each side) were between them.

The agreement on the final scores was obtained from a pairwise comparison of
criteria and components using Delphi technique. Final scores were calculated based on
the geometric mean of all scores given by the decision-makers for each pairwise
comparison. When consensus was achieved, a summary of the final scores for each
pairwise comparison was entered into a matrix or decision table.

4. Results

4.1 Selected criteria and elements

The comparison matrix at the criterion level was consistent with a value of 0.08
(Table 5). Based on the weights of alternatives at this level, Infrastructure & Services
(IS) and Surrounding Uses (SU) were ranked as the highest and lowest criteria,
respectively. The highest ranked criteria, i.e., Infrastructure & Services (IS), Region
Context (RC), and Natural Environment (NE), were selected by the sum of their
weights and accounted for 85% of the overall weights of the criteria being compared.
Their attribute elements were then subjected to further comparison, and high-ranking
elements were subsequently selected.

For Infrastructure & Services (IS), the elements that characterized resilient loca-
tion for affordable housing were IS1, IS2, IS3, IS4, IS5, and IS6 which accounted for
75% of the overall alternatives (Table 6). Among its elements, IS5 accounted for 30%
of the most important attributes that describe the resilient location. The matrices of
comparisons for these attribute elements fell within a CR value of 0.10 and 0.09,
respectively.

Subsequent procedures for selecting and evaluating attribute elements were
conducted for Region Context (RC), and Natural Environment (NE). For Region
Context (RC), the elements RC1, and RC2 were selected as elements that describe the
resilient location of affordable housing, in which, RC2 is a more important element
(Table 6). For Natural Environment (NE), the elements NE1, NE2, and NE3 were
selected to represent elements that described the resilient location of affordable hous-
ing, in which, NE3 is the most important element.

Codes Criteria Weight Rank

SU Surrounding Uses .052 5

RC Region Context .184 2

NE Natural Environment .102 3

IS Infrastructure & Services .564 1

OPS Open & Public Spaces .098 4

Table 5.
Normalized Weights and ranks of various criteria of a resilient location of affordable housing.
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5. Discussion

5.1 Priority criteria and elements

Infrastructure & Services (IS) was the most important criterion for finding a
physically resilient location for setting the affordable housing because the existence of
some infrastructure is crucial to the resilience of residential projects.

Among the variables of service and infrastructure, rescue and security facilities,
access to health care use, efficient roads & public transportation, and urban equipment
were the most important, respectively. Urban—water infrastructure, sewage, energy,
communication and transportation systems—are of great importance in emergency
response and rapid recovery of the community and its economy. Critical systems should
be designed so they are not destroyed by natural risks. The transportation infrastructure
network and the structural reliability of the network components (roads and bridges)
are the most important measures of physical resilience [26, 58–60]. Proximity to suit-
able rescue uses includes crisis management centers and health uses. The logical location
of the main components of the city and the logical relationships between them help to
create a resilient region. On the other hand, the damage to infrastructural facilities such
as water, electricity, and gas networks can greatly increase the damages caused by
earthquakes in the city [26]. Some of the utilities in the city play a great role in the city’s
vulnerability to natural disasters. These uses are known as special uses including
schools, universities, hospitals, rescue centers, urban management centers, factories,
and fuel tanks [30].

Region Context (RC) represents the physical condition of context that has
surrounded an affordable housing project. The degree of security of discrete context

Criteria Elements of resilient location of affordable housing Weights Rank

SU SU1 Congruity of surrounding uses .021 11

RC RC1 Buildings age .025 10

RC2 Building density .076 5

NE NE1 Parks & green spaces .006 14

NE2 Proximity to rivers .042 6

NE3 Topography & Slope & Soil endurance .28 9

IS IS1 Efficient roads & public transportation .164 3

IS2 Access to health care use .182 2

IS3 Access to commercial use and retails .033 8

IS4 Access to educational use .018 12

IS5 Rescue and security facilities, the number of crisis headquarters
centers

.233 1

IS6 Pipelines, urban equipment, access to and supply of water sources .123 4

OPS OPS1 Access to open space .040 7

OPS2 Access to public space .007 13

Table 6.
Normalized Weights and ranks of various elements that characterized the selected criteria to produce a resilient
location of affordable housing.
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against natural disasters is higher than the degree of security of continuous context.
The more regular the segmentation pattern and the less obtuse angles, the less the
degree of vulnerability. Section area, section length, and width proportions in relation
to land use and ownership type will be effective in the vulnerability factor or context
efficiency [61]. If there are worn-out contexts in the area, strengthening, restoring,
restoration, and renovating these old contexts seem necessary. Due to its direct rela-
tionship with population density, the density of living collections indicates the num-
ber of financial losses and life losses in the earthquake and the increase of the crisis.
The relationship between population density and earthquake impacts is complex.
Based on the inductive and reasoning method, it is obvious that population density is
not effective on the intensity of destruction, but the importance of densities is related
to the occurrence of destruction [62]. As the building gets older, the resilience is
reduced.

Natural Environment (NE) describes natural resources in the vicinity of affordable
housing project sites which affects the resilience of the location. It reflects the degree
of vulnerability to flooding, waterlogging, and proximity to the river in the affordable
housing area. The topography is characterized by the difference between the highest
topography and the lowest topography within the community. Topography and land
slope are important factors in guiding surface water in case of danger [34].

Open & Public Spaces (OPS) and Surrounding Uses (SR), are respectively the least
important criteria at the time of finding a resilient location for affordable housing
construction. Access to suitable open spaces to escape from dangerous factors and
access to safe places, the possibility of quick and safe escape and shelter, facilitating
relief and rescue operations after the earthquake, speeding up cleaning operations are
essential. Therefore, it is the degree and quality of open spaces that can act as the
additional element of destroyed buildings and infrastructures in the event of an
earthquake crisis, therefore, open spaces play a crucial role in the physical resilience of
space against earthquakes [26, 27, 32]. If the ratio of green space is high, the regulation
ability of rainwater infiltration is also good [34]. Moreover, green spaces are impor-
tant components of the urban landscape and improve the physical, psychological
stress relief center and improve social harmony through social interaction and recre-
ation. Further, these green spaces help to protect urban biodiversity to protect urban
landscape through mitigation and adaptation of adverse impacts of climate change,
through heat reduction and cooling effects. In the same way, the green space also
helps to maintain the hydrology around the city, provide emergency shelter, and
many more [40].

5.2 Limitations of the proposed criteria and future research

The result of this research demonstrates that the AHP model can provide a frame-
work to assist decision-makers in analyzing various location factors, evaluating loca-
tion site alternatives, and making final location selections based on resilience. One of
the limitations of the research is the sampling of decision-makers. Due to choosing the
north of Iran as the study area, experts from this region of the country were selected
to respond to the AHP questionnaire. It is required to perform a survey in other
geographical locations with larger and different groups of experts.

In this research, only the discovery and prioritization of resilience criteria were
discussed. Thus, it is necessary to evaluate these prioritized criteria in the real envi-
ronment to select a suitable site for the construction of affordable housing or to
evaluate the resilience of existing affordable housing projects in future research. Social
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criteria are also the factors affecting the resilience of affordable housing. Hence, it is
necessary to examine the criteria of social resilience and their relationship with the
physical criteria of resilience in selecting an affordable housing site. Future
research extensions could also investigate the impact of changing input parameters
such as measurements and the importance of location factors. Further studies of
sensitivity analyses on the effects of changes in decision-maker preferences are
needed, as changes in decision-maker preferences can affect the attractiveness of a
particular place.

6. Conclusions

The issue of housing is one of the most important parts of development in a
society, which has a great impact on the health and view of the society, with its great
economic, social, environmental, and physical dimensions. Today, despite many
advances, problems in the housing sector are one of the challenging issues of devel-
oping countries, such as internal migrations, problems of land supply, inadequate
resources, weak economic management, lack of comprehensive housing planning, and
other inefficiencies which exist in the economic infrastructure of these countries, on
the one hand, and the rapid increase of the urban population, on the other hand, has
turned to present shelter in these countries into an unsolved problem. Above all, the
low quality of urban housing in the cities has led to the vulnerability of housing and
their lack of resilience against all kinds of accidents and based on the available statis-
tics, there are many casualties of life and loss of citizens due to the low quality of
buildings and lack of resilience. Evaluating housing indices is one of the various
recognized tools and methods of housing characteristics, which can be used to identify
the effective procedures of housing. Based on the low percentage of durable houses in
Iran, the need to evaluate resilience in physical indices is intensified, especially in
times of crisis. Due to the strong role of cities in the loss of lives and financial aspects
of citizens, urban crisis management theories with emphasis on making the city
resilient and especially the resilience of urban houses have turned into an important
strategy for cities in less than a decade, because the housing sector is of great impor-
tance as one of the great topics in this strategy.

In this chapter, by extracting the physical components of resilience and measuring
the opinions of experts, the prioritization of the components and indices of physical
resilience in urban areas for the location of affordable housing was considered. In
order to respond to the research questions, the components affecting physical resil-
ience are services and infrastructures, the context of the region, the natural environ-
ment, open and public spaces, and the surrounding uses, respectively. In the services
and infrastructure components, the highest impact factor is related to access to rescue
and security facilities, the number of crisis headquarters centers and smart infra-
structures, and access to health facilities. In terms of the effect of physical indicators
on the resilience of urban areas, research results are consistent with research results
[26, 27, 30, 32, 58–61]. The important point of this research compared to previous
research is that it has focused on identifying the most resilient urban land to build
affordable housing by identifying and prioritizing the physical components of resil-
ience in those areas with the neighboring context which can be the basis of a strategic
document for the location of affordable housing lands at the macro level. Creating
resilience needs cooperation and communication between organizations and stake-
holders, adapting the management institution to the ecological scale of the resource,
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and preventing section-based analysis. It is rarely possible to find and even build a city
that completely has resilience components and indices, but what is important is the
will of these cities and their urban management and their step-by-step movement
toward prepared cities and getting closer to resilient cities. In order to achieve this
purpose, the campaign to construct resilient cities is presenting guidance and helps
city managers evaluate the current situation of cities based on the approved standards
of prepared and resilient cities, and also it attempts to parallel the growth and devel-
opment of cities and moving them on the path of resilient cities.
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A. Appendix 1. AHP questionnaire 1

Dear respondent: Thank you for taking the time to complete this questionnaire.
The following questionnaire has been prepared for “locating affordable housing with
approach of physical resilience.” Please complete it. Thank you for your sincere
cooperation.

Age: …
Gender: Male □ Female □
Field of study: Architectural Engineering □ Urban Engineering □
Education level: Ph.D. Candidate □ Ph.D. □ Post-doc □
Role: …
* Description: In this questionnaire, please, as an expert, determine which criterion

and to what extent do you think is more important for locating low-income housing.
Criteria and sub-criteria in this study are:

1.Surrounding Uses (Congruity of surrounding use).

2.Region Context (Buildings age (New, middle, worn, old); Building density).

3.Natural Environment (Proximity to parks & green spaces; Proximity to
superficial water (rivers, … ), Topography; Slope & Soil endurance).

4. Infrastructure & Services (Efficient roads & public transportation (accessibility
routes); Access to health care use; Access to commercial use and retails; Access to
educational use; Rescue and security facilities (Emergency, Police, Firefighting);
The number of crisis headquarters centers; Pipelines, urban equipment, access to
and supply of water sources).

5.Open & Public Spaces (Access to open space; Access to public space).
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* Please compare these criteria to find out which one is more important than the
other and how important it is. Please rank between 1 and 9.
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B. Appendix 2. AHP questionnaire 2.

Dear respondent: Thank you for taking the time to complete this questionnaire.
The following questionnaire has been prepared for “locating affordable housing with
approach of physical resilience.” Please complete it. Thank you for your sincere
cooperation.

Age: …
Gender: Male □ Female □.
Field of study: Architectural Engineering □ Urban Engineering □.
Education level: Ph.D. Candidate □ Ph.D. □ Post-doc □.
Role: …
* Description: In the comparison of criterion j with criterion i, if the importance of

both criteria is the same, mark the number 1. If the criterion on the right was more
important, the number on the right should be chosen as much as it is more important.
But if the number on the left is more important, mark the number on the left. Be careful
to only mark the number of one side (the side of the item that is more important).
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Sub-criteria
(elements)

Priorities Sub-criteria (elements)

Buildings age (New,
middle, worn, old)

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Building density 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Proximity to parks
& green spaces

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Proximity to
superficial water
(rivers, … )

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Topography, Slope
& Soil endurance

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Efficient roads &
public
transportation
(accessibility routes)

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Access to health care
use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Access to
commercial use and
retails

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Access to
educational use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Pipelines, urban
equipment, access to
and supply of water
sources

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Congruity of surrounding uses

Building density 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age (New, middle,
worn, old)

Proximity to parks
& green spaces

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Proximity to
superficial water
(rivers, … )

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Topography, Slope
& Soil endurance

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Efficient roads &
public
transportation
(accessibility routes)

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age
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Sub-criteria
(elements)

Priorities Sub-criteria (elements)

Access to health care
use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Access to
commercial use and
retails

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Access to
educational use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Pipelines, urban
equipment, access to
and supply of water
sources

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Buildings age

Proximity to parks
& green spaces

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Proximity to
superficial water
(rivers, … )

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Topography, Slope
& Soil endurance

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Efficient roads &
public
transportation
(accessibility routes)

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Access to health care
use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Access to
commercial use and
retails

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Access to
educational use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Pipelines, urban
equipment, access to
and supply of water
sources

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Building density
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Sub-criteria
(elements)

Priorities Sub-criteria (elements)

Proximity to
superficial water
(rivers, … )

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Topography, Slope
& Soil endurance

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Efficient roads &
public
transportation
(accessibility routes)

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Access to health care
use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Access to
commercial use and
retails

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Access to
educational use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Pipelines, urban
equipment, access to
and supply of water
sources

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to parks & green
spaces

Topography, Slope
& Soil endurance

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to superficial water
(rivers, … )

Efficient roads &
public
transportation
(accessibility routes)

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to superficial water
(rivers, … )

Access to health care
use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to superficial water
(rivers, … )

Access to
commercial use and
retails

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to superficial water
(rivers, … )

Access to
educational use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to superficial water
(rivers, … )

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to superficial water
(rivers, … )

Pipelines, urban
equipment, access to

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to superficial water
(rivers, … )
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Sub-criteria
(elements)

Priorities Sub-criteria (elements)

and supply of water
sources

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to superficial water
(rivers, … )

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Proximity to superficial water
(rivers, … )

Efficient roads&
public transportation
(accessibility routes)

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Topography, Slope & Soil
endurance

Access to health care
use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Topography, Slope & Soil
endurance

Access to
commercial use and
retails

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Topography, Slope & Soil
endurance

Access to
educational use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Topography, Slope & Soil
endurance

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Topography, Slope & Soil
endurance

Pipelines, urban
equipment, access to
and supply of water
sources

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Topography, Slope & Soil
endurance

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Topography, Slope & Soil
endurance

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Topography, Slope & Soil
endurance

Access to health care
use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Efficient roads & public
transportation (accessibility

routes)

Access to
commercial use and
retails

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Efficient roads & public
transportation (accessibility

routes)

Access to
educational use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Efficient roads & public
transportation (accessibility

routes)

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Efficient roads & public
transportation (accessibility

routes)

Pipelines, urban
equipment, access to
and supply of water
sources

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Efficient roads & public
transportation (accessibility

routes)

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Efficient roads & public
transportation (accessibility

routes)
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Sub-criteria
(elements)

Priorities Sub-criteria (elements)

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Efficient roads & public
transportation (accessibility

routes)

Access to
commercial use and
retails

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to health care use

Access to
educational use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to health care use

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to health care use

Pipelines, urban
equipment, access to
and supply of water
sources

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to health care use

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to health care use

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to health care use

Access to
educational use

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to commercial use and
retails

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to commercial use and
retails

Pipelines, urban
equipment, access to
and supply of water
sources

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to commercial use and
retails

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to commercial use and
retails

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to commercial use and
retails

Rescue and security
facilities, the
number of crisis
headquarters centers

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to educational use

Pipelines, urban
equipment, access to
and supply of water
sources

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to educational use

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to educational use

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to educational use

Pipelines, urban
equipment, access to

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Rescue and security facilities
(Emergency, Police,
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Sub-criteria
(elements)

Priorities Sub-criteria (elements)

and supply of water
sources

Firefighting), The number of
crisis headquarters centers

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Rescue and security facilities,
The number of crisis
headquarters centers

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Rescue and security, The
number of crisis headquarters

centers

Access to open space 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Pipelines, urban equipment,
access to and supply of water

sources

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Pipelines, urban equipment,
access to and supply of water

sources

Access to public
space

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Access to open space
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Chapter 5

The Problem of the Adequacy of
the Analytic Hierarchy Process and
Its Solution
Vasili Romanchak

Abstract

The Analytic Hierarchy Process (AHP) is a popular method for solving
multi-criteria problems. Many researchers emphasize the simplicity and naturalness
of the AHP procedure for evaluating alternatives. However, many scholars believe
that the AHP is flawed and therefore cannot be applied in practice. Such a scattering
of opinions requires an explanation. The method of AHP uses pairwise comparisons of
alternatives. And it is based on the assumption that the alternatives can be measured
on the scale of relations. Fechner’s psychophysical law is used as justification for the
existence of method of measurement with ratio scales. But there are not one but two
psychophysical laws. The existence of two psychophysical laws is a problem of
psychophysics. This problem has been solved quite recently. It was shown that the
basic psychophysical laws are equivalent. In order to solve this problem, an adjust-
ment of Stevens’ direct measurement model was required. It is suggested that a
direct measurement model be used to overcome the shortcomings of the Analytic
Hierarchy Process. In this case, the fundamental AHP measurement scale can be used.
The adjusted AHP method contains a direct measurement model and a built-in
mechanism for checking the adequacy of measurement results. An example of direct
measurement of alternatives is analyzed.

Keywords: Fechner’s law, Stevens’ law, analytic hierarchy process (AHP), rating,
theory of measurement

1. Introduction

The Analytic Hierarchy Process (AHP) evaluates alternatives using pairwise com-
parisons based on expert judgments [1, 2]. The AHP methodology involves the mea-
surement of alternatives and the transformation of measurement results [3]. Using
AHP methods, it is possible to construct a mathematical model of decision-making
[4, 5]. Since the AHP method does not have a strict mathematical justification, there
are various modifications to the method [6–8]. The Multiattribute Utility Theory
(MAUT) [9–11] and specially created methods [12, 13] can be used instead of the
AHP method.
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In the monograph [14], numerous examples of AHP applications were considered.
The authors of the monograph concluded that, despite its popularity, AHP is incapable
of solving complex problems. The popularity of AHP is because the AHPmethod gives
the researcher the feeling that he or she is actually solving a complex problem based
on his or her preferences. Therefore, many AHP users consider that this method can
be applied to any scenario. The authors of the monograph believe that, even when
solving trivial problems, AHP is based on questionable procedures. There are refer-
ences to the works of more than 100 scientists who support this view.

J. Barzilai is the author of a New Theory of measurement [15]. J. Barzilai set the
conditions for using the mathematical operations of linear algebra and calculus. The
failure to meet the conditions for the application of arithmetic operations in the
mathematical foundations of measurement theory, utility theory, and decision theory
caused fundamental errors [16]. J. Barzilai believes that T. Saaty did not define what
was meant by the terms “importance of criteria” or “relative importance” of criteria.
Moreover, criterion importance coefficients cannot be interpreted as a measure of the
relative importance of criteria. “In fact, the AHP is plagued by many flaws, and these
flaws are fundamental” [17]. There are many examples of the method not working
correctly [18]. However, the AHP method is still popular. This can be explained by the
fact that the AHP contains a direct measurement model, which is absent in axiomatic
theories of measurement. In addition, the AHP measurement model considers the
psychological features of the person.

The purpose of this paper is to propose a modification of the AHP that retains the
AHP measurement scale. In this case, the decision-making model is free from funda-
mental errors. The possibility of such modification is explained by the fact that the
justification of the AHP method derives from Fechner’s psychophysical law. It should
be emphasized that there are not one but two psychophysical laws in psychophysics:
Fechner’s law and Stevens’ law. The existence of two psychophysical laws was until
recently considered a problem [19–21]. A solution to this problem was obtained in
[22–24] through the application of the Stevens measurement model. In this paper, this
measurement model is used to adjust the AHP method. For a specialist, the AHP
correction comes down to small changes in the calculation scheme.

At the beginning of the article, the AHP measurement model, which is the basis of
the AHPmethod, is briefly described. An analysis of the measurement model indicates
that the model needs to be adjusted. The Stevens measurement model is then
discussed, and the multifactor model is justified. The application of the new measure-
ment model is then described. As an illustration, the paper considers an example of a
proper evaluation of alternatives using the AHP scale. Finally, the advantages of the
proposed approach are presented.

2. A critique of the analytic hierarchy process as a method of
measurement with ratio scales

The measurement model was defined by T. Saaty using the results of Fechner’s
works [1]. Fechner (1860) investigated the reactions that arise when paired compar-
isons of stimuli are made. For example, in an experiment, participants are offered two
objects of a certain weight. The weight of one object is changed until the participants
notice a difference. Fechner called such a difference “just noticeable.”

Fechner believed that for a sequence of “just noticeable differences” in stimuli, the
relation vi ¼ vi�1α is satisfied, where vi is the value of the stimulus and v0 is the
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numerical value of the first stimulus, and α is a constant. Then the equality vi ¼ v0αi,
and vj ¼ v0αj are fulfilled, and equality is obtained

ln αð Þ ui � uj
� � ¼ ln vi=vj

� �
, (1)

where ui � uj
� � ¼ i� jð Þ: Equality (1) demonstrates that the ratio of values of the

physical quantity vi=vj can be found by subjectively measuring the difference in values
of ui � uj
� �

.
If the result of the measurement is the difference of values, the values are deter-

mined to be the additive constant. Assume u1 � u0 ¼ 1, u2 � u1 ¼ 2. Then u0 ¼ С, u1 ¼
1þ С, u2 ¼ 2þ С, where С is a constant. Only one arithmetic operation is defined for
the values u0, u1, and u2 : the difference of values. The ratio of these values is
undefined. T. Saaty believed that if the constant С is set to zero, the values are uniquely
defined: u0 ¼ 0, u1 ¼ 1, and u2 ¼ 2, and the division operation is defined. Indeed, in
this case, the division operation is formally defined. But this operation does not make
empirical sense. For example, there is no reason to suppose that the value of u2 is twice
the value of u1. Thus, the justification of the AHP method looks unconvincing.

A similar modeling error is observed when forming a matrix of pairwise compari-
sons using the AHP method. A matrix of pairwise comparisons is the basic element of
the AHP [1]. Consider a set of alternatives A1,A2, … ,An:Weights of alternatives wj ¼
w Aj
� �

are found as a result of pairwise comparison of alternatives. The results of
pairwise comparisons are represented as a square matrix Vij ¼ vij

� �
, i, j ¼ 1, 2, … , n,

where vij ¼ wi=wj is an estimate of the relative importance of alternative Ai compared
to alternative Aj and vij ¼ 1=vji: The weights of the alternatives are unknown and are
determined by the results of pairwise comparisons. In the hierarchy analysis method,
the results of pairwise comparisons are chosen from an integer “fundamental” scale of
{1, 2, ..., 9}.

If a matrix of pairwise comparisons is given, the weights of the alternatives are not
uniquely defined. For example, let v21 ¼ 2, v32 ¼ 2, and v31 ¼ 4. Then the system of
equations has the form: w2=w1 ¼ 2,w3=w2 ¼ 2, w3=w1 ¼ 4. This system of equations
can be solved as follows, where C is an unknown constant: ln w1ð Þ ¼ C, ln w2ð Þ ¼ Cþ
ln 2ð Þ, ln w3ð Þ ¼ Cþ ln 4ð Þ:Hence, the weights are defined on log-intervals scale. If the
constant C is fixed, then a division and addition operation is formally defined for the
values of the quantity. For example, if C ¼ 0, then w1 þ w2 ¼ 3, but this operation has
no empirical justification. However, the sum of weights is used in the AHP. Therefore,
the AHP uses arithmetic operations without proper justification. Since arithmetic
operations do not correspond to empirical operations, it violates the principle of
reflection [15].

The aim of the work is to modify the AHP method based on the correct model for
measuring alternatives. To this end, the paper considers a mathematical model of the
empirical system (J. Bazilai [15]) and a model of direct measurement.

3. The correction of Stevens’ scales of measurement
(direct measurement model)

Let the empirical system be a straight line with a set of points and a set of vectors
[15]. For any ordered pair of points A1 and A2 there is a unique vector A1,A2ð Þ: Points
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on a straight line are measurement objects (Figure 1). A vector is the empirical result
of a measurement that characterizes the difference in the position of two points on a
straight line.

Thus, the model of the empirical system is a one-dimensional affine space. J.
Barzilai calls this space homogeneous because, in this case, it is possible to compare
vectors with each other [15]. For example, according to Figure 1, the vector A1,A2ð Þ,
is two times smaller than the vector A1,A3ð Þ.

Following A. Friedman (1922), let us axiomatically define an “exceptional group of
objects” admitting a special estimation [25]. Let us assume that objects A1,A2, … ,An
are arranged in increasing order of the measured value and the value of objects
changes uniformly. This means that the vectors A1,A2ð Þ, A2,A3ð Þ, … , An�1,Anð Þ are
equal to each other. The founder of the representative theory of measurement, S. S.
Stevens, used a similar model for direct measurement of value. Let the value of the
quantity ui corresponds to object Ai. Consider that successive value differences are
equal to one another:

u2 � u1 ¼ u3 � u2 ¼ … ¼ un � un�1: (2)

A.A. Friedman called such special estimation “measurement.” Then

ui � uj ¼ λ1 i� jð Þ, (3)

when λ1 is an unknown constant, λ1 >0: This implies that the values of the mea-
sured quantity are defined with an accuracy of a linear transformation, that is, in the
interval scale. Assign the values of the quantity vi to each object Ai, and assume that
the successive ratios are equal

v2=v1 ¼ v3=v2 ¼ … ¼ vn=vn�1: (4)

The equality

ln vi=vj
� � ¼ λ2 i� jð Þ, (5)

is then satisfied, where λ2 is an unknown constant, λ2 >0. The values of the
logarithms of the measured quantity are determined with an accuracy of a linear
transformation, i.e., on the log-interval scale [26].

Thus, two ways of measuring the value are obtained. In the first case, the result of
the measurement is the difference ui � uj

� �
, and in the second case, the ratio of the

values vi=vj
� �

. The values of a quantity are measured on a scale of intervals (3) or log
intervals (5) [26, 27].

Similar models were used by C. S. Stevens to classify measurement scales. The
choice of four measurement scales was made by S.S. Stevens back in 1946 [26]. S.S.
Stevens later added a fifth scale to them, the scale of logarithmic intervals, but it was
later recognized as useless [27]. At first glance, Stevens’ concept of measurement looks
convincing, and only the presence of an “extra” fifth scale violates the logic of the

Figure 1.
Empirical system. Measurement objects A1,A2, … ,An.
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presentation. According to S.S. Stevens, the scale of logarithmic intervals is mathe-
matically interesting but, like many mathematical models, empirically useless. Let us
use an example to demonstrate why such a claim is controversial. To do this, let us
measure a non-additive quantity using the Stevens model.

Density is an example of a non-additive value. For example, if the density values of
two samples are 3 kg/m3 and 2 kg/m3, it is not clear what the sum of these values
would mean. But the division operation is defined for density; specifically, 3 kg/m3 is
1.5 times greater than 2 kg/m3. Let the densities of five samples A1,A2,A3,A4,A5

change uniformly, and for clarity, let the ratio of the densities of two consecutive
samples be two. Density values can be compared in two ways. To calculate the
difference in values, use formula (3): ui � uj ¼ i� jð Þ, where ui is the density value.
Using formula (5), the ratio vi=vj ¼ 2i�j, is obtained, wherei, j ¼ 1, 2, … , 5.

The density values vi are determined by the accuracy of the multiplier; valuesui are
determined up to the additive constant. In this particular case, the values are given in
Table 1. The values have a natural interpretation. For example, the density of the
third sample is four times greater than the first, or two orders of magnitude greater
than the first.

The example confirms that for arbitrary objects A1,A2, … ,An, the value of which
changes uniformly, it is reasonable to consider two measurement scales: the scale of
intervals and the scale of log intervals.

The ratio scale is the highest level of measurement in Stevens’ classification of
levels of measurement (nominal, ordinal, interval, and ratio) [26–28]. The ratio scale
is invariant over transformations in which the numerals on the scale are multiplied by
a constant. From the analyzed example, it follows that the result of direct measure-
ment is the scale of intervals or the scale of log intervals (Table 1). Therefore, the ratio
scale is not a scale of direct measurement. But S.S. Stevens believed that the log-
interval scale was useless [27] and carried out direct measurements on the ratio scale.
This point of view was considered correct for a long time and was the cause of
numerous errors, including those in the AHP method.

4. Adjusted model of direct measurement

From equalities (3) and (5), it follows that the values of the quantity on the scale of
intervals and log intervals are related by the formula

ui � uj
� � ¼ λln vi=vj

� �
: (6)

where i, j ¼ 1, 2, … , n; ui, vi are values of the quantity and λ ¼ λ1=λ2: Equality (6)
holds true for the values ui and vi in Table 1, if λ ¼ 1= ln 2ð Þ.

ui 1 2 3 4 5

vi 2 22 23 24 25

ui are “values” in the interval scale,
vi are values in the log-interval scale.

Table 1.
Density values.
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Equality (6) means that the mapping u ¼ ln vð Þ preserves the operation of mea-
surement: the ratio of values maps to the difference of values. In addition, there is a
one-to-one correspondence between the values of ui and vi: The mapping u ¼ ln vð Þ is
an isomorphism of two algebraic structures: the set of all positive numbers with the
operation of division, and the set of all real numbers with the operation of subtraction.
In algebra, isomorphic structures are not distinguished; they are equivalent [29].

Let in the process of measurement, each pair of objects is assigned a difference ui �
uj or ratio vi=vj of values. In order to consider two methods of measuring simulta-
neously, let us denote the left and right parts of equality (6) by the symbol Rij and
define two mappings

Rij ¼ λ1 ui � uj
� �

, (7)

Rij ¼ λ2 ln vi=vj
� �

, (8)

where Rij is the values of the rating; i, j ¼ 1, 2, … , n; ui and vi are the values of
quantity, and λ1, λ2 are positive constants. For objects whose value changes uniformly,
the rating is defined by the formula Rij ¼ λ i� jð Þ, λ>0: This definition of rating is
called “classical” [22]. The rating does not depend on the choice of measurement
method (7) or (8).

It is possible to check directly that the rating values Rij satisfy the compatibility
condition of the form

Rij ¼ Rik þ Rkj, (9)

In [22–24], the compatibility condition (9) is axiomatically defined, and the theo-
retical model of direct measurement is formulated.

The values of a quantity are obtained on a scale of intervals if they are the solution
of the system of Eq. (7), and on a scale of log intervals if they are the solution of the
system of Eq. (8). For example, if the respondent believes that the criterion A3
exceeds the criterion A1 by six conditional units and the criterion A2 exceeds criterion
A1 by three conditional units, then the equations u3 � u1 ¼ 6 and u2 � u1 ¼ 3 are true
and values of u1, u2, and u3 are determined on an interval scale. If the respondent
believes that criterion A3 is four times more important than criterion A1 and criterion
A2 is two times more important than criterion A1, then the system of equations looks
like this: v3=v1 ¼ 4 и v2=v1 ¼ 2: In this case, the values are determined using a loga-
rithmic interval scale. The values on the interval scale and the log-interval scale must
be related by the equivalence condition (6).

Various measurement models have been widely used for a long time, but the direct
measurement model includes isomorphism (equivalence condition (6)) of scales. From
the equivalence condition, follow Fechner’s law in the form of paired comparisons [22],
Stevens’ law in the form of paired comparisons [22], and Rush’s model [30, 31].

Stevens’ experimental law (1947) was proposed instead of Fechner’s experimental
law (1848). There is now a paradoxical contradiction in psychophysics between
Fechner’s and Stevens’ laws, in that the two basic laws contradict each other. The
harmonization of these two laws has been the subject of much discussion, but a
solution that would satisfy all involved has never been found [19]. The fact that the
direct measurement model under consideration solves the complex problem of psy-
chophysics confirms its theoretical and practical importance. Using the direct mea-
surement model, it is possible to introduce the notion of independent variables.
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5. Independence of variables

Let A and B be two sets of real numbers and let D be the Cartesian product of sets
A and B,D ¼ A� B: Each pair of values a, bð Þ from D corresponds to the value of the
function u ¼ u a, bð Þ: LetM0 a0, b0ð Þ is point from the set D. The total increment of the
function u ¼ u a, bð Þ at the point M0 a0, b0ð Þ is the difference

Δu ¼ u a, bð Þ � u a0, b0ð Þ: (10)

For a fixed point, M0 a0, b0ð Þ the total increment z is a function of the variables
(a, b), Δu ¼ Δu a, bð Þ: The partial increment of the function u ¼ u a, bð Þ by the variable
is the difference

Δau a, bð Þ ¼ u a, bð Þ � u a0, bð Þ, (11)

Δbu a, bð Þ ¼ u a, bð Þ � u a, b0ð Þ: (12)

Definition. Two variables are called independent if the partial increment of
each of them does not depend on what value the other variable has taken:

Δau a, bð Þ ¼ Δau að Þ, (13)

Δbu a, bð Þ ¼ Δbu bð Þ: (14)

The problem of finding the total increment of a function based on partial incre-
ments has no solution in the general case. In the special case where the variables are
independent, the problem is solved quite simply. In this case, the total increment of a
function is equal to the sum of the partial increments

Δu a, bð Þ ¼ Δua að Þ þ Δub bð Þ: (15)

Let Δua að Þ ¼ k1x and Δub bð Þ ¼ k2ythen equality (15) can be written as

Δu x, yð Þ ¼ k1xþ k2y, (16)

where Δu x, yð Þ ¼ u x, yð Þ � u x0, y0
� �

; k1 and k2 are scale constants. Similarly, the
definition of independent variables can be formulated on the basis of a direct mea-
surement of the ratio of values. In this case equality

δu x, yð Þ ¼ k1xþ k2y (17)

is satisfied, where δu x, yð Þ ¼ ln v x, yð Þ=v x0, y0
� �� �

: Modified AHP method uses an
additive representation of the form (16) or (17).

6. Modified analytical hierarchy process (example)

Let three main factors influence the favorable sociopolitical development of the
state: x, economy; y, ecology; z, security. Each factor has a certain number of discrete
levels. (The example is partially taken from the monograph [1]).
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The project is a point x, y, zð Þ in three-dimensional space, the coordinates of which
correspond to the level of development of the economy, ecology, and security. Let the
value of the function U x, y, zð Þ be a numerical characteristic of the state’s develop-
ment. Factors x, y, and z can be considered mutually independent. By analogy with
the representation (16), let us choose an additive model to assess the development of
the state

U � U0 ¼ k1xþ k2yþ k3z, (18)

where k1, k2, and k3 are coefficients of influence of factors; x, y, and z are variables
(factors). Let us denote the lower and upper levels of each factor as 0 and 1,
0≤ x≤ 1, 0≤ y≤ 1, and 0≤ z≤ 1.

6.1 Influence of factors

The projects that need to be considered here are A0 0, 0, 0ð Þ, A1 1, 0, 0ð Þ,
A2 0, 1, 0ð Þ, and A3 0, 0, 1ð Þ: Let us introduce the notation Ui ¼ U Aið Þ, i ¼ 0, 1, 2, 3; Ui
is a numerical characteristic of state development. The value of U0 corresponds to the
current level of the State, and the value of U1 corresponds to the project with the
maximum development of only the economy. The decision maker performs the
pairwise comparison of projects. The results of the pairwise comparisons are recorded
in the form of a matrix. The matrix of pairwise comparisons according to the AHP
method [1] is presented in Table 2.

The first row of Table 2 contains the number 5. This means that the equality
U1=U2 ¼ 5 is satisfied, i.e., the influence of the first factor is five times greater than
the influence of the second factor. In the corrected version of the AHP method, it is
necessary to replace the ratios in this matrix with differences. For example, if the
number 5 appears in the pairwise comparison matrix in Table 2, replace it with the
difference (5–1). Similarly, if the ratio is 1/ 5, replace it with a difference of 1 and 5. As
a result, U1 �U2 ¼ 4 and U2 � U1 ¼ �4 are obtained. Equations U3 �U2 ¼ 1 and
U1 � U3 ¼ 2 are obtained similarly.

To find the influence coefficients k1, k2, and k3 in the formula (18), the data in
Table 2 is not enough. Therefore, the expert must additionally evaluate the influence
of each factor using the fundamental scale of the AHP [1]. Let the equalities U1 �
U0 ¼ 6,U2 �U0 ¼ 2,U3 � U0 ¼ 2 be obtained with the help of an expert. This means
that the expert estimates the influence of the first factor to be four units and the
influence of the second and third factors to be two units. The result is an extended
matrix of pairwise comparisons (Table 3).

The result of the pairwise comparison of projects Ai andAj is the difference in
values (rating): Uij ¼ Ui � Uj,Uij ¼ �Uji.

Ui=Uj U1 U2 U2

U1 1 5 3

U2 1/5 1 1/2

U3 1/3 2 1

Table 2.
Matrix of pairwise comparisons (Т. Saaty).
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Columns Uk of Table 4 are obtained from columns Uk of Table 3 by subtracting
the first element from each element of the column by the formula Uk

i ¼ Uik � U0k,
i, k ¼ 0, 1, 2, 3.

If the rating estimates Uij are found exactly, then all columns U0, U1,U2, and U3

in Table 4 must match. Equality in some sense of the columns can be used as a
criterion for the adequacy of the measurement results. The vector U are found as the
arithmetic mean of the columns U0, U1,U2, and U3 in Table 4. The correlation
coefficient ρk ¼ ρ Uk,U

� �
, is denoted by ρk. In this case, correlation coefficients

ρ0 ¼ 0:979, ρ1 ¼ 0:982, ρ2 ¼ 1:000, ρ3 ¼ 0:997are significant at the 0.05 significance
level. Therefore, the hypothesis that the mathematical model is adequate for the
measurement results is accepted.

6.2 Influence of factor levels

Let x0, x1, and x2 be the levels of the first factor x; y0, y1 and y2 be the levels of the
second factory; and, z0 and z1 be the levels of the third factorz: For example, level x0,
corresponds to the current state of the economy. Let the result of pairwise compari-
sons be the difference in values of factor levels xij ¼ xi � xj. The matrix of pairwise
comparisons of levels of the economy (Table 5) is made with the fundamental scale
AHP.

The number 4 in the first column of the data in Table 5means that the level of x2 is
four units higher than the current level of x0.

Columns x0x1, and x2 of Table 6 are obtained from columns x0, x1, and x2 of
Table 5 by subtracting the first element from each column element using the formula
xki ¼ xik � x0k.

Uij U0 U1 U2 U3

U0 0 �6 �2 �2
U1 6 0 4 2

U2 2 �4 0 �1
U3 2 �2 1 0

Table 3.
Extended matrix of pairwise comparisons.

Ui �U0 U0 U1 U2 U3 U

U0 0 0 0 0 0.00

U1 6 6 6 4 5.50

U2 2 2 2 1 1.75

U3 2 4 3 2 2.75

U is Average Rating.

Table 4.
Rating of factors.
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The correlation coefficient is denoted by ρk ¼ ρ x, xk
� �

: In this case, correlation
coefficients ρ0 ¼ 0:999, ρ1 ¼ 0:999, and ρ2 ¼ 0:999, are significant at the 0.05 signif-
icance level. Therefore, there is reason to believe that the values of the levels corre-
spond to the results of the measurement. Similarly, levels of ecological development
are compared to the current level (Table 7).

Columns y0y1, and y2 of Table 8 are obtained from columns y0, y1, and y2 of
Table 7 using the formula yki ¼ yik � y0k.

In this case, all three vectors y0, y1, and y2 coincide (Table 8). Therefore, the
hypothesis that a normalized rating vector is adequate for the measurement results is
accepted. The safety factor z has only two levels. So, let z0 ¼ 0 and z1 ¼ 1.

xij x0 x1 x2

x0 0 �1 �3
x1 1 0 �2
x2 4 2 0

Table 5.
Pairwise comparisons of Economic Levels.

x x0 x1 x2 x x̂

x0 0 0 0 0.00 0.00

x1 1 1 1 1.00 0.30

x2 4 3 3 3.33 1.00

x is Average Rating
x̂ is Normalized Rating.

Table 6.
Rating of Economic Levels.

yij y0 y1 y2

y0 0 �4 �8
y1 4 0 �4
y2 8 4 0

Table 7.
Pairwise comparison of Ecological Levels.

y y0 y1 y2 y ŷ

y0 0 0 0 0 0,0

y1 4 4 4 4 0,5

y2 8 8 8 8 1,0

y is Average Rating
~y is Normalized Rating.

Table 8.
Rating of Ecological Levels.
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6.3 Project assessment

The linear model (18) allows us to evaluate various social development projects.

Let Am be the project; m be the project number; m ¼ 0, 1, … , 7; xi, yj, zk
� �

be the

levels of factors in accordance with Table 9. The values of the function U ¼ U Amð Þ
are estimates of the impact of the projects on the state. The function U ¼ U Amð Þ is
defined as the linear transformation. To calculate the values of the function, it is
convenient to assume that U A0ð Þ ¼ 0 and U A7ð Þ ¼ 8. The rating of the projects
(Table 8) has been calculated by formula (18).

The outcome of measuring a project’s impact on society is its project rating. Rating
values, differences, and ratios of rating values have an empirical meaning. In contrast
to the AHP method, the rating has a quantitative structure. For example, the task is to
choose the best project among A4,A5, or A6. From the analysis of Table 9, it follows
that the A6 project should be considered first. And project A6 has a greater influence
than project A5, by 43%.

7. Conclusions and future research directions

The theoretical foundations of the AHP are currently being criticized, in particular,
the correctness of the mathematical model. This paper proposes an adjustment to the
mathematical model of the AHP using the Stevens direct measurement model. This
allows the AHP method’s measurement scale to be used to evaluate alternatives.
Statistical criteria can be applied to check the adequacy of the measurement results.
The corrected algorithm is no more complicated than the AHP method.

The AHP method uses a variant of the pairwise comparison method. At present,
the theoretical foundations of the AHP are being criticized, and in particular, the
possibility of measuring preferences on the ratio scale is being questioned. Moreover,
the criticism of the AHP method looks quite reasonable. For example, the method of
pairwise comparisons has long been used by psychologists, but the values are found to
be on an interval scale. The paper shows why the method of pairwise comparisons
cannot be used to find values on the ratio scale.

The direct measurement model of psychologist S. Stevens was proposed to mea-
sure preferences. The article considers two methods of measurement. The first way is

Am xi yj zk U Amð Þ
A0 0.00 0.00 0.00 0.00

A1 1.00 0.00 0.00 4.40

A2 0.00 1.00 0.00 1.40

A3 0.00 0.00 1.00 2.20

A4 0.30 1.00 1.00 4.92

A5 1.00 0.50 0.00 5.10

A6 1.00 0.50 1.00 7.30

A7 1.00 1.00 1.00 8.00

Table 9.
Rating of projects.
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to find the difference between values, and the second way is to find the ratio of values.
The algorithm for processing measurement results does not change significantly in
this case. In this paper, only the first method, which uses the AHP scale, was consid-
ered in detail. The values of the quantity in the interval scale were discovered by the
method of pairwise comparisons. This approach has certain advantages. In this case,
you can use the measurement scale of the AHP method.

The method of pairwise comparisons considered in this paper is fully compatible
with the modern theory of measurement by J. Barzilai. Moreover, standard statistical
criteria can be used to check the adequacy of the model. As a result, many of the
comments made by opponents of the AHP method have been removed. Measurement
results obtained by the method of pairwise comparisons can be used to find coeffi-
cients of the multiple linear regression model.

It is relevant to continue further research on the corrected AHP method. Future
research could include the use of two measurement methods as well as a test of the
regression equation’s adequacy with measurement results.
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Chapter 6

Semiotics and Decision Making
Using AHP in Medicine
Gheorghe Jurj

Abstract

This chapter discusses the intricate relation of medical semiotics and medical
decision making. From the very beginning to arrive in a medical context, some signs
have to be perceived by the person him/herself, by others, or by using some instru-
ments. If these show a deviation from the corresponding normative sign, the process
of collecting signs and necessity for a decision making is proximate. We discuss some
types of medical signs directly related with the decision-making process, for example,
normative signs, intra- and inter-subjective signs, subjective and objective or instru-
mental signs, scalar signs, etc. These signs create configurations of signs, and config-
urations of signs are the fundament of medical and decision rationing. The model of
Analytic Hierarchy Process (AHP) uses criteria that are scaled for decisions among
different options, but in medicine to set criteria and scale values is a semiotic process
because it refers signs. An example of AHP decision making was given for a domestic
medical decision about addressability, that is, going to the medical institutions or not,
but AHP can be used, and already was, in most of medical decision realm, from
addressability to diagnosis, treatment, follow-up, public health policies, or strategies.

Keywords: medical signs, normative signs, medical semiotics, medical decision
making, analytic hierarchy process

1. Introduction

One of, if not the most important problem in medicine, is finding grounds for
therapeutic action. Any physician-patient relationship, as well as the whole field of
practical or community medicine, aims for action, and action in medicine follows
decision making (DM). For its part, DM must be based on a set of data that are entirely
of the nature of signs, whether they are subjective (what a person feels) or objective
(what can be observed from the outside), or instrumental, through paraclinical
means. Before introducing these signs into an evaluation system leading first to a
diagnosis and then to therapeutics, they must be defined. The discipline that deals
with the definition and discussion of signs is semiotics. Semiotic accuracy is the first
step towards a correct medical decision. The notion of “health”, together with the
other associated concepts (disease, illness, well-being, quality of life, etc.), defines a
whole semiotic realm, which was and is conditioned both historically and culturally and
without which medicine cannot work. Thus, the two fields, semiotics and decision
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making are sine qua non conditions within any medical practice, permanently involved
at every level of evaluation and action, often intricate and even difficult to distinguish
at first glance (the diagnosis itself is a decision based on signs to which a certain value
is assigned).

In this chapter, I first describe diverse types of signs used in medical context
(explaining the difference with pathological signs, related to diseases, subchapters 1
and 5) and their significance for the DM process in a point where Semiotics and
Analytic Hierarchy Process (AHP) converge: the scales for degree descriptions of signs
(subchapter 2). I explained in a simple example how an AHP can model the first issue
of medicine, that is, addressability (analysis made in subchapter 3), and then how
qualifying the signs with different determinations can increase their values in format-
ting reliable criteria for AHP (Figures 1–4). In the 6th subchapter, we discuss a model
about how successive configurations of signs lead to successive layers of decisions
related to all stages of medical reasoning and acting (see Figures 5 and 6), and in the
last one, a brief description of domains where AHP (a general model described by
Figures 3 and 7) was already used in medicine and most probably will be used
extensively in the future, beginning with patients’ decisions to public health policies.
A general flowchart of this chapter methodology is illustrated by Figure 8.

1.1 Signs in a medical context and pathological signs

To arrive at a diagnosis, the medical experts (physicians) must specify a number
of signs that they learned in medical school, the so-called/disease signs/ or /
pathological signs/. Pathological signs are those signs which the patient presents
that represent deviations from/the normal/ and through which the physician can
potentially define a possible disease. The discipline that studies such signs related
to possible diseases is academically called medical semiology. In what follows, we
will not discuss this discipline as defined in medical textbooks. We will rather focus
on its theoretical foundations from the broader perspective of medical semiotics
[1, 2], and semiotics as C. S. Pierce [3], C. W. Morris [4], U. Eco [5], and others [6]
defined it.

From the very beginning, it must be stated that not all the signs that a physician
takes into account are necessarily pathological signs. Certain signs that may not be
directly correlated with a disease (habits, hygiene, mentalities, work stress, and even
the person’s temper or behavior), but which signal a deviation from a state considered
by the patient or the physician as /normal/, can still become signs in a medical context.

The medical context is that context in which details of the private or the public
life of a person or a community are connected to a possible impairment of health or
well-being. A conjunctural sadness may not necessarily be a feeling connoted as
having pathological significance, but when the sadness is prolonged or when it
becomes a possible cause of a psychological (depression, burn out syndrome) or
immunological disorder, it becomes significant in a medical context. That is why signs
in a medical context could be defined as any signs that can lead to or show a distur-
bance in the person’s state of normality, regardless of their nature. Sometimes, these
signs are not immediately connoted as pathological signs, rather as the “way of being”
of the person, but even this way of being can be the source of possibly pathological
deviations. For example, a person defines themselves as follows: “I get angry very
easily, sometimes I become violent verbally or physically …” that’s how I am,
there’s nothing I can do about it“; it is a state of irritability, nervousness that they
consider normal for themselves, but when it is at the origin of behavior disorders,
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we already have a deviation from normality, which often requires medical
intervention (psychotherapy, behavioral therapy, medication) following a DM within
the medical spectrum. A certain gene that provides information for making a protein
on the surface of the white blood cells, called the HLA B27 complex, can be present
normally in some people, but in the context in which they present joint or spine pain,
or digestive disorders, this presence becomes indicative of a group of diseases called
Spondyloarthropathies or the Inflammatory Bowel Disease (IBD), although it is part
of the person’s genetically determined “way of being.” The same is the case with all
genetic disorders or genetic predispositions: in these cases, we have a deviation from a
statistical /normality/, compared to other people, but the person in question does not
have a deviation from themselves.

In this instance, I am referring to the medical context as a part of the medical
communication structure, which aims to convey medical signs—from transmitters to
receivers, through transmission channels, according to R. Jakobson theory of commu-
nication [7]—and possibly help to make a decision. It is defined every time there is
communication in which a potential medical decision could be made, hence its prag-
matic dimension.

2. Normality as a /normative sign/ with reference value

The most typical example of a medical context is that of the physician-patient
relationship, but before reaching this phase, there are some previous stages. In the
simplest terms, it all starts when a person “doesn’t feel good anymore,” “doesn’t feel
able to do something,” or simply “feels that something is wrong.” Other times, the
person does not feel anything, but the laboratory analyses are deviated from /normal/,
or those around notice a change in their state, behavior, abilities, and make the
assumption that something has changed, and this something is of a medical nature. In
other words, the beginning of the medical context is a deviation from a state implicitly
or explicitly assumed to be that of /normality/. Normality can be defined in many
ways, the simplest and the vaguest definition is that of World Health Organization
(WHO): “health is not merely the absence of disease or infirmity but a state of complete
physical, mental, and social well-being” [8]. What is of interest here is not only its
denotative value as a generic signs/health/, but the deviation from it felt subjectively
(displeasure, pain, helplessness, etc.), objectively apparent (changes in appearance,
functionality) or revealed only by paraclinical instruments (laboratory, imagistic). As
G Canguilhem [9] and M. Foucault [10] stated the concept of health or disease is
determined not so much by science as by the idea of cultural determined normativity,
“but normality has no consensual definition in medical literature” [11–13].

Every time a medical context appears, the signs presented, either by themselves or
by others (family or physician), are compared explicitly or implicitly with what is
considered to be /normal/. But normality itself is constituted by signs, which are
mental or social representations of normality. These signs that explicitly or
implicitly define normality and that are compared to the patient’s signs each time,
one by one, are normative signs [14]. In the terms of C. S. Pierce’s semiotics, their
referent or object is that which is considered normal, their representation is the way
they express themselves (e.g., the color of the face or the acceptable range of an
analysis), and their interpretant is either a person or a system in which they function as
values of reference [15]. Without normative signs, medicine would not be possible
because, at each stage of the evaluation in a medical context (whether it is about
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addressability, diagnosis, or treatment), what is ab-normal or dys-functional is
defined in relation to them. Punctually, each normative sign becomes the center of a
semiotic field, or the reference value in which the actual signs discovered in real
patients fit [16].

2.1 Normative signs are qualified

If we take an implicit normative sign, for example, /normal hair/, around it we
can describe variations in which qualifications are implied. /Normal pubic hair/ is
normative to the adult age, but if it appears as /precocious pubic hair/ we have a
variation from the norm and the possibility of some hormonal disturbances such as
too early puberty: here the qualification of the normative sign is age. If an adult
male presents /loss of hair/, this situation can be sometimes considered /normal/, if
it is an inherited hormonal family feature: this is a gender qualification of /normal
hair/. But if this condition is disturbing for the person, they can request treatment
or even implantation, and this is the reverse process, whereby entering a medical
context (address a physician for implantation) transforms a trivial personal feature
into a sign that demands choice in the DM process. If the /falling of hair/ is a
deviation from /normal hair/, a physician has to qualify the new sign and, according to
certain determinants, decide if it is pathological or not, or if it is the object of a medical
DM. For example, this sign can be qualified by (a) Age: it is closer to normal in older
age; (b) Physiological situation, for example, after pregnancy and long breastfeeding;
(c) Medical condition, if it appeared after chemotherapy; in this case even if the /
falling of hair/ is non-normal, it is not considered pathological in itself, but rather an /
iatrogenic sign/ induced by therapy, and as such it is not directly connected with a
specific DM; (d) Type, if it appears in small spots, the so-called alopecia areata (if it is
total, alopecia totalis), and it implies not just the scalp hair but also axillar, pubic hair,
and eyebrows.

What we generally call laboratory findings, all refer to certain normative values,
and can be directly related with a DM. Their general model is a certain interval where
the measured parameters are being considered normative, so the normative sign /S/N
ranges from values X to values Y. What is lower than that value is considered
hypofunction or /S/� values; what is above are hyperfunctions or /S/+ values; the
values increase numerically, according to the arrow (Figure 1).

Figure 1.
Range of values as normative sign against which non-normal variations are established.
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Many parameters are described by just one interval as /S/N = X! Y, so, appar-
ently, an interpretation of this type of signs is rather simple. However, for certain
substances, the normative sign /S/N is qualified by physiological determinants (e.g., the
blood sugar interval 90–110 mg/Dl is normative just in the morning, before eating).
Therefore, instead of having just one normative interval we will have more, qualified
by determinants. For example, when taking into consideration the so-called
�hormonal constellation� in women, there is a set of four hormones: Estrogens,
Progesterone, FSH (Folliculin Stimulating Hormone), and LH (Luteinising Hormone).
The normative values for these are dependent both on age and the period of menstrual
cycle. There are five types of normativity: (a) Before first menstruation; (b) In the
folliculinic phase of the cycle—therefore making the sample is recommended in day
3–4; (c) During ovulation; (d) In the progesterone phase of the cycle—recommended
in day 22–23; e) After menopause.

Now, the normative sign becomes /normative sign in certain conditions/ and these
conditions are classified according to certain criteria. If the normative sign is properly
classified, it will function as a reference for the comparison of the actual sign of the
person (patient) and it will become a trustful factor for a medical DM.

2.2 Types of scales for normative signs

Scaling is an important process in Analytic Hierarchy Process (AHP) for DM as
stated by Thomas L. Saaty [17]. To decide whether a sign is pathological or not in a
medical context, and hence its use for a AHP in DM, several types of scales are being
used, in which the normative sign can be located:

a. at the beginning of the scale (“my head doesn’t hurt” as beginning for pain scale)
and the pain scale goes up;

b. in the middle of the scale (e.g., laboratory values). From there, the scale goes up
and down: the values are very low—lower—/normal/—higher—very high;

c. at the end of the scale (“I feel tired”), where the scale starts from the normative
sign “normal energy” and goes downwards.

The scaling expression is essential for each of the DMmoments, because it can lead
to one decision or another depending on the relative importance given to that sign; in
other words, the gradation of the signs is the expression of their assigned value. There are
several grading possibilities, which are used daily in any medical context, both by
people with different conditions and by physicians, as shown by E. Cirino [18]:

1.The type of scaling through easily definable categories, Categorical Scale (CS), in
degrees: not at all—a little—medium—a lot—very much—worst possible.

Categorical scales (CS):
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For children and for some patients, the representation may be iconic.

2. In the form of numerical values, Numeric Rating Scales (NRS), for example,
define pain (or worsening, improvement after treatment) from 0 to 10.

Numerical rating scales (NRS):

3.Of the type of percentages: “what percentage is better/worse”, widely used for
the subjective evaluation of improvements or worsening after a treatment (“I
feel �50% better”), but also for pain as in the Visual Analog type Scales (VAS)

Visual analog scale (VAS):

4.The qualitative type, for example, pale-yellow-normal-congestive-cyanotic. In
the case of qualitative signs, for example, the color of the face, the scaling is more
difficult. In this case, the normative sign is in the center of the semiotic field
which it generates. When the physician sees the color of a patient’s face as a sign
and interprets it as /pale/ or /congestive/, the normative sign /normal color/ is
implicit. Around this sign, a whole contextual semiotic field unfolds, wherein
variations of nuance may represent medical signs [16].

For the formalization in AHP, a scaling of the criteria represented by these
signs is needed. The first three types of grading are easily translated into a
system from 1 to 9, with odd “strong” values.

• “not at all,” 1.0% = AHP scaling 1.
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• “a little,” from 1 to 3, up to 30% = AHP scaling 3,

• “medium,” from 3 to 5, up to 50% = AHP scaling 5.

• “a lot,” up to 7, up to 75% = AHP scaling 7.

• “very,” up to 10, or 100% = AHP scaling 9.

2.3 The physician-patient relationship as a semiotic process in the DM
perspective

When presenting to the physician, the person is subjected to an interrogation,
clinical examination, laboratory tests or imaging, so that the physician can make a
decision. The decision involves three aspects: (1) what is it based on? (2) what diag-
nosis does the patient have? (3) what treatment is to be prescribed (prescription of
drugs, recommendation of lifestyle modification, prohibitions, or even surgery, etc.).
Throughout the whole process, from the feeling that “something is wrong” to a
medical action, everything involves signs. The patient perceives their condition as a
sign of something, they communicate the condition to those around them or to the
physician, the physician adopts diagnoses or treatments, and the final evaluation, if
the medical decision was correct, is also made through signs.

At every moment of this continuous semiosis, every semiotic level is accompanied
by a decision. From the first moment of the patient’s presentation to the physician, an
interpersonal relationship is established between the two that is neither neutral nor
generic, but has a cultural predetermination that involves all kinds of expectations
when entering into such a relationship. The physician-patient relationship, right from
its inception, has a certain meaning for both. In semiotic terms, any patient in front of
a physician is a source of signs embedded in the generic sign of /patient/. Conversely,
the patient perceives the person in front of them under the sign /physician/, who in
this context is not just a human being in general, but is coded as /physician/ (given the
place, gown, stethoscope, hospital). Each of the two parties is involved in a commu-
nication relationship as senders and receivers of messages in the form of signs.
According to Roman Jakobson’s model, any communication relationship involves a
sender, a receiver, a message, code transmission channels, and a context (Figure 2).

Figure 2.
Patient-physician communication adapted from R. Jakobson model.
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Between the patient and the physician, what is exchanged are messages: not uni-
directionally, rather in both directions (e.g., the patient says what hurts, the physician
explains what it could be). These messages are of the nature of the signs themselves,
the interview revealing a twofold possible centering that should be integrated [19].

In this communicative ensemble, the context is particular, defined on the coordi-
nates of the so-called “medical consultation,” whose purpose is to issue a decision
regarding the patient’s state of health. This context is from the very beginning oriented
by specific concepts that permeate the consultation framework, such as for example
that of “diagnosis” and “what needs to be done.” In other words, themeaning of the signs
is pragmatically conditioned by their use and the perspective of a DM. On the other hand,
this communication has specific codes, from the coding that appears through space, the
relative position of the two, the dress code of the physician, to verbal codes (the specific
language of both, which are controlled by the code) or psychological (the patient knows
they have to answer questions because they encoded the assumption that the physician
will help them).We identified several types of codes in the medical context: descriptive,
associative, prescriptive, and permissive codes [20].

3. Domestic medical DM, the issue of addressability

Before a person goes to the physician when certain signs suggest that a
possible medical problem has arisen, there is always the question of a decision making:
“what do we do, stay home or go to the physician?” It is the issue of addressability:
deciding between domestic medical action or addressing a physician or a medical
institution.

3.1 “The child has fever”and the AHP modeling in DM

When the notification of non-normality is made by others, for example a mother
who notices that the child has a fever (or a social group that notices a violent behav-
ior), the supposedly non-normal person is the object of perception from the outside,
and the judgment of their condition is a reporting to the idea of normativity. It is a
process of comparison between two categories of signs: (a) signs by which the state of
that disturbed person is perceived (for example, the red face of the child and the high
temperature of the forehead felt on the hand by the mother) and (b) signs that
represent normality, normative signs (the mother tells herself “before, the child was
normal”). From the comparison between the two strings of signs, the non-ordinary,
non-normal state is inferred, and from here the path to the decision-making process is
opened.

Any referral to a physician requires that the potential patient or people around
them make the decision. Although the process seems simple and is usually undertaken
without full awareness of the decision moments, it could be modeled because it
essentially includes all the stages that can give rise to a Hierarchical Analysis Process
(AHP). Generally speaking, in any AHP there is a specific structure, where T = Task;
O = Options, O1, O2, O3, O4 and C = Criteria C1, C2, C3, C4.

Thus, for example, in a context where the child has a fever, the mother is faced
with the following options (O): (O1) to do nothing and wait for it to pass by itself; (O2)
to start self-medication (e.g., anti-thermic); (O3) to contact the family physician; (O4)
to go to the Emergency Room.
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What would be the criteria (C) that the mother implicitly or explicitly takes
into account to make this decision? (1) C1 = cost in time, energy of mother or money;
(2) C2 = risks, the uncertainty of the diagnosis (is it a simple virus, or it hides a
complicated diagnosis); (3) C3 = aggravation in time or amelioration; (4) C4 = safety,
accessibility of the physician or the feeling of being safe of the mother towards her
decision about child. If we take into account the four options for action and the four
criteria, an initial scheme of an AHP can be made. The APH structure of this DM
problem (“the child has a fever - what do I do?”) is as follows, yet the number of criteria
or options can be variable from case to case and from problem to problem (Figure 3).

According to AHP, the criteria will each be scaled from 1 to 9, where
1, 3, 5, 7, 9 represent degrees of importance assigned by the decision maker: 1 =
unimportant, 3 = a little important, 5 = medium importance, 7 = high importance,
9 = very high importance. The even numbers 2, 4, 6, 8 = represent transition values
between the odd degrees. Here beneath an example how this problem can be formu-
lated and solved in terms of AHP, using the model for medicine conceived by Dolan
et all [21, 22]:

• Step 1. Setup the hierarchy

Figure 3.
Construction of a decisional hierarchy with 4 criteria and 4 options.
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• Step 2. Pairwise comparisons.

A. Comparison matrix of the 4 criteria vs. goal.

Criteria vs. goal MC MR MA MS Weights

Minimize cost (MC) 1 1/3 1/4 1/2 0.15

Minimize risk (MR) 3 1 1/2 1 0.39

Minimize aggravation (MA) 4 2 1 2 0.26

Maximize safety (MS) ½ 1 1/2 1 0.18

B. Comparison matrix of the 4 alternatives vs. MC.

Minimize cost DN ST FD H Weights

Do nothing (DN) 1 3/2 2 5/2 0.37

Self-treatment (ST) 2/3 1 5/3 2 0.28

Family Doctor (FD) ½ 3/5 1 3/2 0.19

Hospital (H) 2/5 ½ 2/3 1 0.13

C. Comparison matrix of the 4 alternatives vs. MR.

Minimize risk DN ST FD H Weights

DN 1 2/3 1/3 1/3 0.13

SD 3/2 1 1/2 2/3 0.19

FD 3 2 1 3/2 0.39

H 3 3/2 2/3 1 0.29

D. Comparison matrix of the 4 alternatives vs. MA.

Minimize aggravation DN SD FD H Weights

DN 1 2/3 1/2 1/2 0.13

SD 3/2 1 1/2 1/3 0.17

FD 2 2 1 2/3 0.3

H 2 3 /2 1 0.39

E. Comparison matrix of the 4 alternatives vs. MS.

Maximize safety DN SD FD H Weights

DN 1 3/4 1/3 1/2 0.13

SD 4/3 1 1/2 2/3 0.17

114

Analytic Hierarchy Process – Models, Methods, Concepts, and Applications



Maximize safety DN SD FD H Weights

FD 3 2 1 2 0.44

H 2 3/2 1/2 1 0.25

• Step 3. Weighing the decision elements.

The weights were determined using the method of normalized row sums. That is,
each weight was computed by summing the values of the corresponding row and then
divided by the sum of the elements in the matrix. This gives an acceptable approxi-
mation of the normalized eigenvector of the comparison matrix.

• Step 4. Synthesis.

The following table captures the information distilled thus far:

Criterion

Minimize
Cost

Minimize
Risk

Minimize
Aggravation

Maximize
Safety

Alternative 0.15 0.39 0.26 0.18

DN 0.37 0.13 0.13 0.13

ST 0.29 0.19 0.17 0.17

FD 0.2 0.39 0.3 0.44

H 0.13 0.29 0.39 0.25

From this table we read:

DN ¼ 0:37 ∗0:15þ 0:13 ∗0:39þ 0:13 ∗0:26þ 0:13 ∗0:18 ¼ 0:16
ST ¼ 0:28 ∗0:15þ 0:19 ∗0:39þ 0:17 ∗0:26þ 0:17 ∗0:18 ¼ 0:19
FD ¼ 0:19 ∗0:15þ 0:19 ∗0:39þ 0:3 ∗0:26þ 0:44 ∗0:18 ¼ 0:33

H ¼ 0:13 ∗0:15þ 0:29 ∗0:39þ 0:39 ∗0:26þ 0:25 ∗0:18 ¼ 0:27

In conclusion, the final ordering of our options is:

Family doctor>Hospital> Self � treatment>Do nothing:

Of course, the assignment of priority numbers and the whole AHP mathematical
process will not be done by a mother with a feverish child (who may not know matrix
math and never heard of eigenvector), but essentially, she makes the decision uncon-
sciously, while prioritizing in fully unexpressed and unformalized scales, according to
her judgments.

3.2 Addressability as a decision-making problem

Decision models like the one discussed above can fit into the broader category of
DM that has as its object the addressability to a physician or a medical institution, and
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represents in itself a medical, but domestic decision, in which one chooses between
several options. This is one of the serious problems in medicine because, on the one
hand, an excess of addressability unnecessarily burdens the medical system with things
that could be solved domestically, but, on the other hand, the lack or delay of address-
ability can lead to the serious evolution of some diseases with complications. The two
extreme situations were both present during the COVID-19 pandemic and both proved
their disadvantages and consequences [23]. Many other examples can be given:

• The lack or scarcity of addressability in particular communities: remote, or poor,
or lacking medical institutions. In these cases, although there might be an
addressability decision, achieving it is difficult and may involve insurmountable
logistical problems.

• Lack of addressability for certain social categories, for example, in less educated,
poor or middle-class environments under the influence of ideological or religious
factors.

• The lack of addressability that appears through previous experiences interpreted
as unpleasant: long waiting time for consultation with the GP or specialist, the
experience of unsatisfactory or superficial treatment felt by the patient in some
situations in the past (sometimes precisely through the overloading of the GP or
the emergency system).

• Lack of addressability for personal reasons, of a psychological nature (e.g., “fear
of the physician,” or mistrust of the physician/medicine).

• or the nature of some personal beliefs (e.g., neglecting certain symptoms “for
which I don’t think I need to go to the physician”).

4. From sensation to the medical sign—intrasubjective and intersubjective
semiotic processes

The moment of emergence of a medical context is that of a deviation from what
the patient or those in their immediate social environment consider to be normality. In
the patient’s language, they can be expressed verbally (“I don’t feel well,” “it hurts,”
“I’m sick,” “I cannot,” etc.) or non-verbally (through changes in color, dynamics,
behavior).

A first level of meaning, the intra-subjective one, is that in which the person
realizes that, in one way or another, they have moved away from their previous
state. This realization occurs as a result of an immediate fact, which can be a
sensation or a certain state of fact of the nature of Firstness, in Pierce’s terminol-
ogy [24, 25]. This fact is imposed on the patient as something more or less
defined, which they enter a relationship with (of the nature of Secondness),
while entering a relationship with themselves comes to be interpreted also as a
disturbed state, or as pain, following an act of mental representation that functions
as an interpretant of the nature of Thirdness. Expressing it is the next step,
through which this process becomes presentable to others (words) or to themselves
(groans).
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Thus, we have signs that follow each other and that generate other signs at each
step: (a) a first chain is intra-subjective, from sensation, to perception, to mental
representation, as “not good,” “discomfort,” “illness”; (b) from this mental represen-
tation sign to its expression in other communication systems, the transition from the
intrasubjective level to the inter-subjective level of signification, in which all possible
categories of signs (indexes, icons, or symbols) can be used.

For example, when a child puts his hand on his abdomen and squirms because of a
tummy ache, the sign is of the nature of the index. When a throbbing pain is signified
by a gesture such as clenching and unclenching the fist, the representation is iconic, an
image of the type of pain which is felt. All verbal expressions are symbolic representa-
tions and appeal to a conventional language to translate a particular sensation [26]. It
is worth noting that when dealing with verbal signs there is most often an intentionality
of the sufferer. Sometimes, however, para-verbal emissions (e.g., moans of pain or
interjections) are merely indexes and not symbols and indicate the referent directly,
from the physiological fact to its non-intentional expression.

Non-verbal expression can lead to signs that are transmitted through any channel:
visual (gestures indicating pain or sensation), auditory (sighing, moaning, sound of
voice), olfactory (smell of sweat or breath). Non-verbal signs can in their turn be
intentional, for example, they indicate the location of a pain, or non-intentional, for
example a hunched position during colics. These unintentional signs express distur-
bances at the organic level, for example, an intense spasm that compels yawning.
Intentional and non-intentional signs, as well as verbal and non-verbal signs, can be
associated, so that repetitions of messages with the same referent appear, which
increase their semiotic value for the decision-making act. If the child moans, always
puts his hand to his ear and says “it hurts”, this complex of different types of signs
transmitted through different channels but having the same referent makes the mother or
the physician take the child’s condition seriously, to think of otitis and be on the verge
of making a decision.

We can summarize the appearance of these signs through a sequence of stages
from sensation to expression, as in the Figure 4 (transformed from [24]):

Figure 4.
Succession of signs from facts to expression.
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In the conception of C.S. Pierce, any sign has a triadic structure, in which the
Referent (or the object of the sign) is what is referred to, the Representamen (or the sign
itself) is what the referent represents, and the Interpretant is the one through which
the representation is correlated as being of the object [3, 27]. The primary
intrasubjective referent is an undefined sensation caused by a fact or by physiological
change and the first sign is established when this sensation becomes a perception that
represents the sensation (something is perceived as /painful/). The second semiotic
level is that of the perception that has become a referent which causes a mental
representation to be defined (something is perceived as/burning pain/). The third
semiotic level is the one in which this representation is expressed verbally (“my head
hurts”) or non-verbally (I point my finger to my temple, meaning that it hurts there).
An expression of this course is:

F! =S= fð Þ ! =P= sð Þ ! =R= pð Þ ! =E= rð Þ, (1)

in which each semiotic level is an interpretant for the previous one and becomes an
object for the successor. In this way, there is, on the one hand, the preservation of the
original referent along the entire chain, and on the other hand, the need for an inter-
pretation, sometimes possibly even distortion, of the message at each transition from
one level to another.

This chain F! S! P! R! E is conditioned at each stage:

• F! S, like S! P, are indexical or direct signs, but the semiotic process can be
interrupted. For example, if the nervous system is embodied by a peripheral
paralysis, or the patient is unconscious, S no longer passes into P, although the
physiological fact F (burning or nerve irritation) exists.

• The mental representations of some P! R perceptions are iconic signs, already
conditioned not only by what is felt as a perception, but also by the mental
interpretation by which that sensation is represented (pain is represented “as
if … it is burning,” “as if … it is a stich,” “as pressure”).

• The expressions from R! E are symbolic signs, which already need certain
expression codes. These can be clearly established by the convention of the
spoken language in a certain language (“it hurts,” “mă doare,” “ça fait mal”) or,
as it happens in the case of certain expressions of pain established by unconscious
cultural conventions (“oiii,” “auuuu,” “auhhh”).

• Some non-verbal expressions such as the posture during pain (e.g., /bend
double/), the type of walking (/stumble walking/), the color of the face or palms
(/pale face/, /yellow palms/) can be direct expressions of certain
physiopathological facts (pain, paralysis, jaundice) and are iconic signs; the
referent is that fact and the expression is no longer subjectively mediated by S, P,
R, but a direct relationship F! E is established.

• In certain psychosomatic conditions, we can focus on the mental representation
(R) that is expressed (E) toward oneself or others even in the absence of a
determining F physiological or pathological fact. This retrograde path, from the
expression to the representation of sensations or perceptions, depends on one’s
own production of mental signs that build their own representation, sometimes
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up to the reverse reconstruction and the appearance of sensations or perceptions
(a simple example is a fever with muscle pain that appears after anger or
sadness).

4.1 “A burn,”signs as criteria directing to DM

The question that arises is whether this semiotic chain has any importance for
clinical medicine and the process leading to DM? Is the process of signifying simple
facts of this kind somehow related to the decision process, or in other words, how are
the two processes interconnected in a medical context? Let us take a simple example, a
burn at home, and examine several situations as possible options for action, decisions,
and addressability in simple “if-then” decision terms, where O are options:

1.A 1st degree burn with local redness leads to options O1 = do nothing, or
O2 = apply ice.

2.A 2nd degree burn over a larger area leads to O2 or further to apply an O3 burn
spray.

3.A 3rd degree burn (bullae), on some surface, leads to O2, O3, and possibly
O4 = an analgesic drug and to O5 = local dressing.

4.A 3rd degree burn with large extension can determine either O1! O5 or directly
O6 = presenting to the emergency room.

5.A 3rd degree burn with a large area can determine O7, calling the ambulance,
where a specialized treatment will begin.

For all these options, the decision mechanism is one: Fact! Decision! Option,
wherein the criteria (C) are not very elaborate, but are based on objective (what is
seen) and subjective (what is felt) signs that are relatively easy to understand:
C1 = degree of burn, C2 = its surface, C3 = pain, C4 = anxiety about pain or complica-
tions. The scaling of the criteria is in large steps, of the type “a little- normal -a lot” for
the degree, extent, or intensity of the pain. This way, the decision variants are
according to the objective or subjective scaling of the signs and we can design a simple
map of AHP.

It is worth noting that in the semiotic chain from F to E, the intensity of each of the
component elements can be scaled either spontaneously (as it happens in a burn) or
according to easily decipherable scales (degree of burn, surface), so that each sign is
associated a degree, which will eventually become a criterion and a decision factor.
For example, the pain can be relatively easily interpreted from 0 to 9 or in simple
forms such as weak, medium, intense, excruciating. In this interpretation, any of the
elements of the semiotic chain can be decisive for making a decision.

5. Types of medical signs

In medical DM processes, we always operate with signs of different types
and origins. They can be synthesized, from a semiotic point of view, in several
categories [28].
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5.1 Subjective signs, objective signs, instrumental signs

A first and classic classification of medical signs was made according to their field
of provenance or source. Subjective signs, commonly called symptoms, represent a
subjective experience that cannot be identified by anyone else, its referent is about
how the patient feels, reacts, or behaves in certain conditions, and the means to obtain
them is mostly by their being spoken. Objective signs (sometimes called simply signs, in
medical language) are observable phenomena that can be identified by another per-
son, be it non-medical (e.g., family) or a medical person. Their domain is very vast,
and they can be: (a) static, resulting from the appearance of some parts of the body
(color, swelling, dryness, cracks, symmetry, etc., of eyes, skin, tongue, limbs), to the
specific appearance of some injuries (rash, eruptions, ulcers), or (b) dynamic: walking,
breathing movements, movements of parts, speech as phonation, voice sound, etc.

The instrumental signs are those for which an external source, device, or instrument
is used. Among the first signs of this kind were those that amplified or clarified the
ordinary senses with simple instruments: stethoscope, otoscope, ophthalmoscope,
dermatoscope, microscope. In parallel with the scientific and the technological devel-
opment, three other large categories of instrumental signs appeared: (a) laboratory
signs, which are obtained through specific analyses of body fluids (blood, urine,
cerebrospinal fluid, pleural exudate, etc.) or other products (stool, stones, sputum,
etc.); (b) imagistic signs, in which iconic images of parts of the body are formed by
means of instruments based on physical phenomena. The first type was the Roentgen
machine, but now this field has become extremely broad (Magnetic Nuclear Reso-
nance, ultrasound, Computer Tomography, etc.); and (c) graphic signs, wherein the
instruments translate a bodily function into a graph, with symbolic signs (Electrocar-
diography, Tympanography, Electromyography, etc.).

5.2 Simple signs—qualified signs

Simple signs are those that generally signal a fact from any of the above categories.
These signs often have a simple index value, e.g., subjective /pain in the wrist/, or
objective/swelling of the wrist joint/, or instrumental /temperature of 39 degrees
Celsius/. For the patient, they can be at the origin of a DM related to domestic treatment
(H) or addressability (A). It should be noted that instrumental signs (laboratory,
graphic, or imagistic) are actually never simple signs, because they require an inter-
pretation of the entire generated semiotic field. For example, the image of a formation
will be qualified by size, location, relationships, intensity of the image (e.g., on
ultrasound transparent for a cyst, or hyperechogenic for a tumor).

In making a diagnostic decision, these simple signs are of little semiotic, and
implicitly decisional value. Therefore, through medical questions and investigations
related to professional skills, the physician will try to find out as many details as
possible about these signs; in other words, they will try to add them qualities, to
qualify them [29]. Thus /wrist pain/ must be qualified:

• In context (after what it appeared? After a stress, cold, other illness, or other
treatment?);

• In time (when is it? Day-night, morning-evening, summer-winter?);

• In quality (how is it? sharp, weak, burning, stitching, excruciating?);
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• In localization (where is it? Just a fist-to-both, does it radiate to the fingers or
elbow?);

• In modalities (how does it get worse or better? Hot – cold, movement – rest?);

• In association (with what is it associated? With restlessness, or fever, or
vomiting?).

This process is extensively use in homeopathy, where the qualifications may lead
to a DM for homeopathic remedy as treatment [16].

The qualifications by objective signs are being added (the hand is very swollen,
hot, he cannot move it). And after the DM to do investigations, laboratory signs (high
Blood Sedimentation Rate, high level of uric acid, high level of fibrinogen) or imaging
(signs of inflammation of the metacarpal joints) may appear as necessary for a diag-
nosis DM. Thus, qualified and determined signs on all directions of medical investi-
gation, when put together, better define the diagnostic criteria and implicitly a
diagnostic DM.

5.3 Present signs and historical signs

Historical signs are those reported by the patient about personal or family illnesses
or result from medical records of the patient. Although they are apparently not related
to the actual main complaint, they can qualify actual signs. For example, the patient
remembers that they had episodes of wrist pain several times, in the cold or during the
holidays (when they ate more pork, sausages, smoked meat), but they ignored them,
as well as the fact that the patient’s father and family had gout.

Historical signs can be personal (e.g., a patient had recurrent purulent tonsillitis as
a child and now he complains of strong joints pain) or they may run in the family (e.g.,
a patient with a mammary lump has a mother operated for breast cancer). If the actual
signs define a synchronic consideration of the current signs, the historical signs define a
diachronic perspective, wherein the past and the present signs are connected. This
connection can be decisive for scaling certain criteria for the diagnostic DM.

5.4 Scalable signs and iconic signs

As we have seen, most of the signs that are considered in a DM can be scaled. The
subjective signs are being scaled by intensity scales, the laboratory signs by the nor-
mality range against which everything plus or minus can be scaled (e.g., hemoglobin -
/normal / or slightly low, very low, increased, very increased). However, some picto-
rial or graphic signs are difficult to scale. (For example, the presence or absence of a
kidney stone on urography or the presence of fibrillation on EKG). These are iconic
signs directly related to a certain pathology, and although they reach the physician
when mediated by the appropriate instrument, they have an “either-or” meaning. In
other words, they are eliminative signs, high-graded criteria that can exceed all the
others.

Other signs are characteristic of only one disease; they are also called pathogno-
monic signs, and they have the highest specificity and high positive predictive value
(e.g., Koplik’s spots in measles). Most often they are found by the physician simply
because they look for them in a certain configuration of other signs.
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6. Semiotic and decision chains in medicine

The stages of the entanglement of semiotics with those of the medical DM can be
formalized. If we make the following observations:

/S(s)/—subjective signs, intra- and intersubjective (from 1 to n—as many as
collected).
/S(o)/—objective signs (from 1 to n).
/S(i)/—instrumental signs (from 1 to n).
/S/ means that it is about signs.
Cf /S1/—Configuration of signs.
O = possible options or alternatives.
DM 1 = domestic care or addressability.
DM2 = diagnosis, DM3 = treatment etc.

We can formalize the relationship between them, so that we consider the first
configuration of signs Cf/S1) as the qualified sum of the totality of the subjective signs
/S(s/), the objective signs /S(o)/ and the instrumental ones /S(i) where each domain
of signs can take values from 1 to n. Thus Cf/S1/ is:

Xn

k¼1
Sk sð Þ þ Sk ið Þ þ Sk oð Þð Þ (2)

Then, Cf/S1/ faces the options O1, O2, O3, … On, from which the first decision
DM1 is made (Figure 5).

The first decision leads to the continuation of the process on the next level, for
example, from addressability to the medical consultation, where the same structure,
with the three types of signs, will lead to a new configuration Cf/S2/, which faces
other options, that leads to a new DM2 decision, the one of the diagnosis. Then, the
DM3 therapeutic decision will follow that of the DM4 evaluation and the process can
continue until the desired result is obtained.

Figure 5.
Subjective, objective, and instrumental signs (S) make signs configurations (Cf) that generate a decision making
(DM) process among different options (O).
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It is worth noting that in a configuration of signs, the signs relate: (a) on the one
hand to their referent; (b) they relate to each other and this valorizes them through
association; (c) on the other hand, their value is modulated from the DM perspective
that will follow (e.g., the perspective of a gout diagnosis makes the relative value of
the uric acid analysis potentiate the objective sign /join swelling /). They do not simply
add up, but their summation increases the possibility of confronting the normative
configuration of the /diagnosis/; in other words, they tend to constitute meaningful
configurations for the DM, in which purely semiotic interrelationships and those that
foreshadow the DM are specified step by step.

What should be emphasized in the case of the former is that they take place in
from the first signs that appear in the personal life of a person, before the person
becomes a patient, until treatment and then evaluation. Medical decisions are not
always simple, but they are always based on configurations of signs that are enriched
at each level. If we call the household decision H (home decision), that of Address-
ability = A, Diagnosis = D, Treatment = T, Evaluation of evolution = E, Follow-up = F,
we obtain a course, where each decision is preceded by the formation of a semiotic
configuration Cf/S/ (Figure 6).

After each configuration of signs, a DM follows, based on certain criteria C, and
taking into account the options O. Passing from one level of DM to another implies a
new configuration of signs, some continuing those from the previous level, others
being reconsidered, and others resulting from the anamnesis, observations, or the
prescription of paraclinical and laboratory analyses and investigations. For example,
the first configuration of signs /S1/ related by patient is not enough for the physician
to evaluate the patient and make a DM. They will reevaluate and deepen their evalu-
ation by asking questions about the subjective signs S(s) that thus will become better
defined; they will observe the objective signs S(o) and will discover new ones or
qualify them. Eventually, they will request and then interpret the required analyses.

It should be noted that the request for analyses and investigations (imaging, genetics,
graphic tests, EKG, or EEG) is itself a DM step on the part of the physician, who must
decide between several alternatives O: (a) if they must be done; (b) what investigations
should be done, so as to bring information that is relevant to the case (e.g., to ask for an
HLA B27 test in some persistent joint pains, but not other genetic tests); (c) evaluate the
cost-benefit ratio of certain tests (e.g., decide that an expensive MNR is not needed in a
panic attack). It is only after the new configuration of signs has been made, with the
additions related to the physician’s expertise, that the decision regarding the DM(D)
diagnosis can be made, and even for this a proper arrangement of signs as criteria can
lead to an AHP. But even in this instance, there are one or more intermediate steps,
namely those of possible decisions on the DM(Dd) differential diagnoses, and the investi-
gations can be done in several stages, as the logic of the diagnosis advances [30, 31].

The final goal of the entire situation that is created in the physician-patient rela-
tionship is the treatment. Starting from the patient’s signs and taking into account the
normative signs from science and the physician’s experience, a new problematic

Figure 6.
Successive configurations of signs Cf/S/ lead to successive decision-making DM, from home decision to medical
follow up.
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configuration is formulated, wherein therapeutic options must be chosen based on
certain criteria. Between the medical signs resulting from the consultation and analy-
sis, the diagnostic decision, and the therapeutic decision, there is a connection that is
sometimes expressed in models recommended by the respective specialties.

Medical treatments are probably the thorniest problem of medicine and lend
themselves best to the AHP because in the very way they are formulated there is a
hierarchy of criteria. In all these processes, however, an AHP-type initiated algorithm
can be applied, as in the scheme below, yet wherein the number of criteria and options
is different from case to case. In essence, it is all about establishing the objective
(T = task), a number of criteria (C), from C1 to Cn, and choosing between a number
of possible options (O) from O1 to On, then passing through an evaluation of the
criteria in the given concrete situation (Figure 7).

7. Areas in which APH can be applied in medical DM

AHP is an attracting model for DM, and after Saaty published his initial works
about AHP but especially after 1997, the model was tested to formalize medical
decisions. In a review published in 2008, Liberatore and Nydick considered already 50
articles about AHP classified in seven categories: diagnosis, patient participation,
therapy/treatment, organ transplantation, project and technology evaluation and
selection, human resource planning, and health care evaluation and policy [32]. For a
review of the wider use of AHP, see also Ho [33]. Each stage of an approach in a
medical context implicitly or explicitly has a DM correlative, and a possible use of the
AHP model. The fields in which they can be used are:

1.Domestic (as in the examples above) and patients medical decisions [34]

2.Addressability to physician or medical institutions, screenings [35].

Figure 7.
Hierarchical structure for the AHP modeling of a problem with four criteria (C) and four options (O) the number
of criteria and options may vary according to the specific task of DM.
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3.The diagnosis. Any diagnosis is a decision, not a simple linear path or summation
of symptoms and signs

4.Treatment with multiple variants, depending on the criteria present in the
patient, for example, breast cancer [34] or antibiotic therapy [36].

5.Medical evaluation (follow-up), wherein the treatment and its possible
continuations are assessed (e.g., the decision to continue or stop chemotherapy).

6.Quality evaluation of different aspect of medical activity: medical records [37],
health supply [38, 39]

7.Public health policies [40], vaccinations [41, 42], health planning policies [43]

The number of medical studies in different fields multiplies fast, as the method is
appealing and necessary in complicated decision processes. In a recent (2022) scoping
review about AHP use in medicine, the authors conclusion (and we join it) is: “Despite the
compelling rationale on the potential for decision analysis to support shared decision-making,
rigorous randomized controlled trials are needed to confirm these interventions’ effectiveness,
while qualitative studies should seek to understand their potential implementation” [44].

A general methodological flowchart of some main interactions among Semiotics,
DM and AHP is shown in the Figure 8.

Figure 8.
Semiotics, decision-making, and AHP.
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8. Conclusions

The two processes, the process of signifying, of giving meaning, and the one
related to making decisions, are permanently inextricably intertwined in medicine:

1.From the meaning given to signs to the domestic decision, the way a person or
those around interpret and act in the state of non-well.

2.For addressability to a medical institution, the decision based on the
interpretation of certain signs that decide addressability.

3. In diagnosis, each step towards a diagnosis requires mental operations that help
to make certain decisions, while the diagnosis itself is a decision.

4.For treatment: from the multitude of treatments, given the individual signs of
each patient, the decision of one treatment option or another is mandatory.

5.In the follow-up and management of any medical case and depending on the
reaction of the patient or the disease, or other criteria (e.g., cost-benefit), the
way of evaluation, continuation, interruption of treatment is decided
(interruption of treatment is a clear case of DM, based on semiotic criteria).

6.To state or regional medical policies, for example, vaccination, anti-smoking
campaigns, or reduction of schooling, corporate stress, etc.

7.To the attitudes and the construction of a certain medical paradigm within a
community, either at the state level or at the level of certain micro-communities
that share the same beliefs and values. By interpreting certain social signs in a
certain way, attitudes and actions are predicted and campaigns are conducted
(e.g., “drink water regularly,” “excessive alcohol consumption damages your
health,” “get vaccinated,” “exercise 30 minutes a day,” etc.) and promote a
certain medical image of society, by encouraging values or denigrating habits,
beliefs, and activities.

8.It finally leads to the outline of one of the most important health problems, that
of the /normal/ as a reference image whereby normality is described, not only in
the medical, but also in the paramedical problems (e.g., homosexuality, now
treated as becoming part of normality, after it was previously considered a
pathology or abnormality, compared to natural norms).
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Chapter 7

Multi-Criteria Decision-Making
in the Transport Sector
Federico de Andreis, Enza Curcio, Federico Maria Sottoriva
and Ubaldo Comite

Abstract

The transportation sector stands within a highly competitive environment, con-
tinuously seeking for effectiveness and efficiency. In the logic of decision-making
processes, optimization—the selection of the best element, with regard to some crite-
rion, from some set of available alternatives—appears central. In addition to tradi-
tional decision making, there is the technique of Linear Programming, which is an
optimization problem in which the objective function is a linear function subject to
linear constraints, which may be equalities and/or inequalities. Many real-life prob-
lems can be modeled in terms of Linear Programming, highlighting its strong practical
interest. Therefore, Linear Programming can be a useful tool to support management
in decision-making activities, helping both to reduce human effort and to provide
quantitative results to optimization problems, such as revenue maximization or cost
minimization. The aim of this research is to highlight how the combination of quali-
tative methods and quantitative techniques is an ideal combination for identifying the
best solution in the decision-making process, contributing to research in the fields of
organizational behavior and management. The chapter analyzes the whole decision-
making process in transportation organizations seeking competitive advantage.
Through a practical application of Linear Programming, presented using a case study,
the chapter results demonstrate the importance of an instrument supporting decision-
making process.

Keywords: decision-making, transport industry, multi-criteria decision-making,
linear programming, analytic hierarchy process, organization

1. Introduction

The transport sector is of great importance for the economic development of a
country, both with regard to the transport of people and goods [1–3]. It follows that
the ability to easily offer services also increases the productivity of companies.

There are many innovative elements brought about by the rapid change
increasingly evident to society, but also elements that could be improved.
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The future prosperity of the industry will depend on the ability of all companies to
remain competitive within the global economy [4]. It is therefore necessary to remain
efficient by examining problems that may arise and, in turn, seeking innovative and
optimal solutions [5].

In response to this need, organizations have to make decisions and it is
precisely in organizations that decision-making processes are a very difficult aspect
to evaluate.

Both in the case of individual decision-makers and in the case of groups, in fact,
making the correct decision is very complex.

The definition of the problem, the alternatives, the method of evaluation, and the
limitations and errors of the decision-makers, push organizations toward decisions
that are not always optimal [6].

With this purpose, using multiple criteria decision-making appears to be one of
the best solution for organizations in order to be competitive and to take the best
decision, facing a continuously changing environment, such as in the transport
industry [7].

Multiple criteria decision analysis is a structured process for evaluating
options with conflicting criteria and choosing the best solution in a similar
way to a cost-benefit analysis but evaluating also numerous criteria, rather than
just cost [8].

Furthermore, conducting an MCDA aims to help the organization determine
which options are most effective, increasing the efficiency of the decision-making
process [9]. In addition to provide an ordered list of alternatives, it addresses the
social aspects of decision-making to encourage discussion between different
decision-makers.

The chapter, therefore, aims to analyze how more scientific models of analysis
can complement the organizational decision-making approach, allowing decisions to
be made that are more correct for creating value and gaining an advantage over
competitors.

The paper is structured as follows. In Section 2, the methodology of the research
review is set out. Next, the findings of the literature analysis on the decisions in the
organizations and the related decision-making models are shown in Sections 3 and 4.
In Section 5, Linear Programming is described. In Section 6, the discussion and the
case study, drawn from this method, are presented. In Section 7, the results of the
research are shown. Finally, conclusions and implications for future research are
presented in Section 8.

2. Methodology

The methodology used in the paper approaches a literature review analysis on
decision-making in complex organizations, such as aviation.

Following the description of qualitative methods of decisions, quantitative
methods, such as Linear Programming—LP and Analytic Hierarchy Process—AHP are
presented.

To verify the hypothesis a case study is presented [10]. The case study demon-
strates that the addition of quantitative methods to qualitative ones can be considered
the best solution in order to take proper decisions in organizations.
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3. The decisions in the organizations

Organizational life is marked by a series of decisions taken at different hierarchical
levels. For example, the relational climate, short- and long-term strategies, process
trends, and the quality of working life [11].

The main characteristics of an organization constitute the decision dimensions.
The latter influence each other and identify both the nature and the type of the
decision itself.

The three main dimensions of a decision are relevance, temporality, and context:
Relevance: It is important to specify that organizational decisions can be simple

routine matters but also changes in the whole strategy. Therefore, it can be deduced
that the relevance of a decision can specify the impact on the whole organization.

Temporality: It expresses the period of time in which its consequences will be felt,
given that a decision can have an immediate or distant effect in time.

Context: The environmental conditions in which a decision is made can vary
significantly, influencing the possibility of finding the information necessary to define
the problem and possible solutions.

In this regard, it is important to specify that there are different types of situations:
certainty, risk, and uncertainty. In situations of certainty, it is possible to foresee the
outcome of the decision in advance, as there is total knowledge of the information; in
risk situations, it is only possible to make projections on the possible outcome of the
decision, as there is partial knowledge of the information; in situations of uncertainty,
it is not possible to project the possible outcome of the decision, as there is not enough
information.

Starting from the interaction of these three dimensions, the economist Herbert
Alexander Simon has identified two large families of decisions: planned decisions and
unplanned decisions [12].

On the one hand, the planned decisions are repetitive and routine, addressing
structured, well-known, and familiar problems. In fact, it is possible to elaborate a
defined procedure, related to problems that occur with a certain repetitiveness and
frequency. Furthermore, planned decisions are also defined as operational decisions
because they have short-term effects and therefore can be taken at all hierarchical
levels of the organization.

On the other hand, unplanned decisions deal with unstructured problems, that
is, unexpected situations about which very little information is available. Conse-
quently, it is not possible to manage them by adopting standard procedures: they
require an authentic, original, and innovative solution. Unscheduled decisions deal
with matters of great importance to the organization. Unplanned decisions are divided
into tactical decisions and strategic decisions: the former address issues with short-
and medium-term effects that require a dose of creativity and improvisation; the
latter have broad relevance and a high level of risk because they modify long-term
strategies, in fact, they require all the attention and creativity available to the
organization.

4. Decision-making models

Every day and several times a day each of us makes decisions, and this gives
us the possibility to choose between several alternatives: this process is called
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decision-making. It is a complex process because it involves different cognitive struc-
tures in which the individual must evaluate and interpret events in order to choose
with greater awareness.

When we have to make a decision, we consider and integrate a lot of information
to identify the most appropriate thinking strategies to decide on and to generate
choice alternatives [13]. Therefore, deciding means arriving at a definitive judgment
after having weighed and taken into consideration a series of alternatives and possible
choices.

Decision-making is a reasoning process that can be done in a planned or
unplanned way.

The study of decision-making dates back to the early 1950s: the main purpose of
the research was to describe how a person should make decisions by behaving ratio-
nally. This prescriptive approach, defined as normative or rational, provides for the
optimization of available resources and refers to the complete rationality of the
decision-making process.

The effectiveness of rational decision-making is based on several assumptions,
such as the absolute rationality of the decision-maker, the irrelevance of his emotional
state, the availability of resources, and the independence of the decision-maker
from the environment in which he operates in order to be able to evaluate more
information.

Normative decision models are based on the notion of expected value, which
consists of what the decision-maker can expect from each choice option. According to
this principle, the rationality of the decision-maker is evaluated on the basis of the
maximization of a monetary value intended as an advantage of the choice made.

The principle of expected value has proved to be inadequate as it is not always
possible to convert a result into monetary value and the latter can have a different
value for different people.

Bernoulli highlighted a concept called “moral value,” according to which decisions
are determined by the utility that the outcomes have for the decision-maker and not
only by their monetary value [14].

The weakness of regulatory models consists in not considering the limits of the
human decision-maker and in not considering the decision-making context and the
limited capacity of the cognitive system of the decision-maker in processing
information.

On the other hand, since the early 1970s, decision psychology has moved toward a
descriptive approach, which produced the first results with a work conducted by
Herbert Alexander Simon in 1967 in which the effectiveness of the rationality model
was demonstrated limited: Simon represented the decision-maker as an infallible
scientist who has limited and intentional rationality. Indeed, according to Simon,
individuals are limited by internal and external constraints which can be traced at
different levels.

Furthermore, also Lichtenstein and Slovic deepened the so-called phenomenon of
the reversal of preferences. Thanks to the deepening of this phenomenon, it has been
possible to demonstrate and observe in some experiments that, when subjects have to
choose between two bets, they prefer the one with the highest probability of winning,
which however guarantees a small win. However, when asked to indicate how much
they would pay for these same bets, they set a higher price for the bet with the lowest
probability of winning, but which offers a higher payout [15, 16].

Over the years we have witnessed the birth of new theoretical orientations
that seek to develop models and theories no longer conditioned by the need to
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check the validity of the principles underlying the rational and normative behavior
of the decision-maker. In fact, starting from prospect theory, the tendency to
explain decision-making behavior on the basis of the representation of the
decision-making context has been emerging. The latter depends on a series of
interconnected factors, such as social, moral, and individual values. It can therefore be
deduced that the fundamental nature of the decision-making task is no longer the
“choice” between the available alternatives based on the value of their expected
utility, but the construction of the reasons for a choice in relation to another possible
choice [17].

The centrality of decision-making in the competitive advantage that organizations
can achieve certainly includes choices but also the decision not to choose. Such
decisions, however, cannot simply refer to the “feeling” of management, although
certainly “the idea” remains the constituent engine of the enterprise, but must be
supported by increasingly analytical models.

Decision-making processes, at all levels, are incredibly complex and—since not
everyone can have a visionary capacity—intelligence in managing information
through data analysis becomes a fundamental competitive advantage for all those who
want to make a complex organization such as that of a large company function
properly.

Indeed, in a market that can hardly be understood in a general overview, given its
complexity, the goal of those with real decision-making power is to obtain observa-
tions based on data analysis.

Now that various tools have made storage decidedly cheaper and make in-depth
analyses of data possible in real time, the use of insights obtained from large samples
can provide evidence where even a very good observer would fail to arrive. Therefore,
Operation Research could complement normative models.

Operations Research, also known as Decision Theory, is that branch of applied
mathematics in which complex decision-making problems, which arise in the man-
agement of organizations and enterprises, are analyzed and solved by mathematical
models and advanced quantitative methods (optimization, simulation, etc.).

The objective of Operations Research is to support decision-making.
To achieve this goal, Operations Research provides mathematical tools to support

decision-making activities in which limited resource activities must be managed and
coordinated in order to maximize or minimize an objective function.

5. Linear programming

As previously stated, the purpose of organizations is the creation of value in order
to gain a competitive advantage in the reference market.

The affirmation of the market, the stability, and the growth of an organization are
closely linked to the critical and strategic decisions of management, such as the choice
of prices, the identification of the target market, the specialization in the core activi-
ties and the allocation of the necessary resources to carry out the activities efficiently.
Management will therefore frequently face optimization problems, defined as the
selection of the best element, with regard to some criterion, from a set of available
alternatives.

Therefore, the result of the optimization problem is the optimum solution, which
represents the best, or most favorable condition, possible under specific sets of
comparable circumstances.
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Linear Programming (LP) is a subset of mathematical programming that aims to
efficiently allocate limited resources to known activities to achieve a desired profit
maximization or cost minimization. In statistics and mathematics, Linear Program-
ming is a method for optimizing a linear objective function that may be subject to both
linear equality and inequality and constraints.

Practically, Linear Programming represents an instrument to achieve the best
outcome in a given mathematical model, composed of a list of requirements described
as linear equations and a set of linear constraints [18].

The application of Linear Programming has a very wide domain, from
business/economics to engineering problems. Our focus will be on its operational
utility in modeling problems concerning planning, routing, and scheduling assign-
ment in strategic operations contexts. To make a practical example, Linear Program-
ming makes it possible to answer the following frequent questions for production
management:

• What is the maximal production size?

• What is the structure of the production?

• What are the optimal production size and structure?

• What will be the profit reduction in case of the shortcoming of some units of
material?

• Which production material should be bought in order to reach the maximum
increase in profit?

• What are the possibilities for price negotiation?

5.1 Linear programming problem

The standard Linear Programming model consists of three main elements:

• Objective function (Eq. (1)), which is the function we want to maximize (profit)
or minimize (cost).

Min f xð Þ ¼ c1x1 þ c2x2 þ … þ cnxn: (1)

c = cost coefficient of the objective function, x = decision variables

• Decision variables (x)

• Constraints (v), conditions that must be satisfied when optimizing the objective
function, expressed in algebraic equations (Eq. (2)) (equalities or inequalities).

An important assumption to consider is that activities cannot be negative (x > =0).

vi ¼ α1x1 þ … αnxn > ¼ bi, i ¼ 1, … :,m: (2)

α = coefficient, b = known terms of constraints.
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To formalize the problem in a mathematical form a linear system (Eq. (3)) is
constructed, considering n decision variables (x), n cost coefficients (c), m constraints
(v), and m known terms (b):

min f xð Þ ¼ c1x1 þ c2x2 þ … þ cnxn:
α1, 1x1 þ … þ α1, nxn > ¼ b1
⋮
αm,1xm,1 þ … þ αm,nxn > ¼ bm:

8>>><
>>>:

(3)

In the following section, a practical demonstration of how to optimize operations in an
airline companywill be presented. The aim of this example will be to solve the following
problem: optimize the route scheduling for the budget airline operating between fivemain
airports in the US, Atlanta, Los Angeles, Chicago, Dallas, and NewYork.

6. Discussion

6.1 Case study: airline operations optimization using linear programming

In order to demonstrate what has been presented previously, the following case
study deals with optimization of airlines route scheduling, specifically, looking for the
best possible solution in order to maximize profits, considering the routes’ fixed and
variable costs and profits and some constraints related to the need for providing a
connection service between the cities.

Table 1 contains information about the distance between the cities.

Table 2 shows the total fuel (in US gallons) required to fly each leg.

Cities Atlanta Los Angeles Chicago Dallas NY

Atlanta — 1942 607 730 759

Los Angeles 1942 — 1741 1232 2469

Chicago 607 1741 — 802 738

Dallas 730 1232 802 — 1389

NY 759 2469 738 1389 —

Table 1.
Distance between the cities.

Cities Atlanta Los Angeles Chicago Dallas NY

Atlanta — 4097 1623 1851 1906

Los Angeles 4097 — 3724 2782 5073

Chicago 1623 3724 — 1985 1867

Dallas 1851 2782 1985 — 3072

NY 1906 5073 1867 3072 —

Table 2.
Total fuel required for leg (in US gallons).
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The cost of fuel is 4.5 USD/gallon. We also consider other fixed costs, such as staff,
for 3000 USD for each flight.

Table 3 contains the fare charged for a one-way flight between the cities for one
passenger.

To simplify the example, we will use the same number of passengers for each
flight. Considering the 85% of a common liner jet capacity seat taken, each flight will
have 160 passengers.

Another important factor to consider is the number of slots available. Slots are the
rights granted by the airport owner to schedule a flight to or from the airport at a
specific time. Table 4 shows the number of slots available in our case study.

Finally, since the airline must provide a public service, we must ensure that at least
one flight is granted between the cities.

Our Linear Programming problem may now be defined as (Table 5):

• Aim: Maximize profits (find the best flight schedule which maximizes profits)

• Profits = Total income – Total expenditure

• Total income = Fare per person x N° of seats

• Total expenditure = Fuel required x Cost of fuel + Fixed costs.

Subject to 30 constraints:

• Number of slots for departure (x 5)

Cities Atlanta Los Angeles Chicago Dallas NY

Atlanta — 219$ 85$ 119$ 163$

Los Angeles 219$ — 115$ 145$ 262$

Chicago 85$ 115$ — 125$ 105$

Dallas 119$ 145$ 125$ — 100$

NY 163$ 262$ 105$ 154$ —

Table 3.
Fares for the route.

Max slots for departure Max slots for arrivals

Atlanta 18 14

Los Angeles 25 25

Chicago 12 16

Dallas 14 15

NY 17 16

Table 4.
N° of slots available.
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• Number of slots for arrival (x5)

• Each decision variable must be > = 1 (x20), to ensure that at least one flight will
connect to each city.

Through a Linear Programming solver tool, it is possible to easily find the optimum
solution in order to obtain the maximum possible profit, which in our case study
represents the best flight schedule under the abovementioned conditions (Table 6).

Decision variables

Atlanta Los Angeles Chicago Dallas NY

Atlanta 0 X12 X13 X14 X15

Los Angeles X21 0 X23 X24 X25

Chicago X31 X32 0 X34 X35

Dallas X41 X42 X43 0 X45

NY X51 X52 X53 X54 0

Profit coefficients (USD)

Atlanta Los Angeles Chicago Dallas NY

Atlanta 0 13,603.5 3296.5 7710.5 14,503

Los Angeles 13,603.5 0 �1358 7681 16,091.5

Chicago 3296.5 �1358 0 8067.5 5398.5

Dallas 7710.5 7681 8067.5 0 �824
NY 14,503 16,091.5 5398.5 7816 0

At least 1 flight per leg constraint

Atlanta Los Angeles Chicago Dallas NY

Atlanta 0 1 1 1 1

LA 1 0 1 1 1

Chicago 1 1 0 1 1

Dallas 1 1 1 0 1

NY 1 1 1 1 0

Slots constraint

DV Atlanta Los Angeles Chicago Dallas NY Total departures

Atlanta <= 18

Los Angeles <= 25

Chicago <= 12

Dallas <= 14

NY <= 17

Total arrivals <= 14 <= 25 <= 16 <= 15 <= 16

Table 5.
Linear Programming problem data.
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Then, the Objective Function will be: Maximize total profit (leg profit coefficient x
N° of flights) = 977.482 USD.

6.2 Sensitivity analysis

Based on the results obtained from the resolution of the Linear Programming
problem, it is possible to carry out an analysis of the data to verify the sensitivity of
the optimal solution to any changes.

This operation is called Sensitivity Analysis. Through this analysis it is possible to
obtain important information in practice, allowing the decision maker to know the
degrees of freedom of the problem and to answer “What if” type questions [19] such
as: if the objective function changes, how does the solution change? If available
resources change, how does the solution change?

In particular, we can focus on two main aspects: the analysis of how the variation
of the decision variables influences the optimal solution and the impact of the con-
straints on the objective function.

First, we will analyze the variables sensitivity (Table 7).

Optimum solution: N° of flight for each route

DV Atlanta Los Angeles Chicago Dallas NY Total departure MAX DEP

Atlanta 0 9 3 4 2 18 <= 18

Los Angeles 11 0 1 1 12 25 <= 25

Chicago 1 1 0 9 1 12 <= 12

Dallas 1 1 11 0 1 14 <= 14

NY 1 14 1 1 0 17 <= 17

Total arrivals 14 25 16 15 16

<= <= <= <= <=

Max ARR 14 25 16 15 16

Table 6.
Optimum solution.

Name Final
value

Reduced
cost

Objective
coefficient

Allowable
increase

Allowable
decrease

Atlanta Atlanta 0 �12,015 0 12,015 INF

Atlanta Los Angeles 9 0 13,603.5 0 10,307

Atlanta Chicago 3 0 3296.5 4414 386

Atlanta Dallas 4 0 7710.5 3653.5 1618

Atlanta NY 2 0 14,503 1618 0

Los Angeles Atlanta 11 0 13,603.5 INF 0

Los Angeles Los
Angeles

0 �15,192 0 15,192 INF

Los Angeles Chicago 1 �6243 �1358 6243 INF

Los Angeles Dallas 1 �1618 7681 1618 INF
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The final value represents the optimal resource allocation solution. This is the
number that will replace the decision variable X in the objective function.

Reduced cost is the decrease of the objective function value for the production of
one unit of the product. Reduced cost is a negative amount for maximization problems
and represents the loss in profits if one unit of the activity is forced into the solution.

There might be situations where not producing one product (activity) is more
profitable. In this case, the final value will be zero.

In our case study, we can identify routes where reduced cost is a negative number,
which means that removing that flight from the schedule will improve the total profit.
However, this decision is incompatible with the “at least one flight per city” constraint
and therefore cannot be taken into account.

The allowable increase or decrease shows the range between the objective coefficient
can change so that the optimum solution remains unchanged. Referring to the case
study, the objective coefficient is the profit per route, which can fluctuate between an
upper and a lower limit indicated by the allowable increase/decrease number.

If the objective coefficient varies outside the allowable interval, there will be a new
optimum solution, different from the original one.

Now we can move to the constraints analysis (Table 8).
The shadow price, also known as opportunity cost, is the amount by which the

value of the objective function will improve or decrease if the availability of the
resources associated with the related RHS (right-hand side) constraint is increased or
reduced by a unit.

Name Final
value

Reduced
cost

Objective
coefficient

Allowable
increase

Allowable
decrease

Los Angeles NY 12 0 16,091.5 0 1618

Chicago Atlanta 1 �9075.5 3296.5 9075.5 INF

Chicago Los Angeles 1 �15,318.5 �1358 15,318.5 INF

Chicago Chicago 0 �3653.5 0 3653.5 INF

Chicago Dallas 9 0 8067.5 INF 3653.5

Chicago NY 1 �9461.5 5398.5 9461.5 INF

Dallas Atlanta 1 �9075.5 7710.5 9075.5 INF

Dallas Los Angeles 1 �10,693.5 7681 10,693.5 INF

Dallas Chicago 11 0 8067.5 INF 8067.5

Dallas Dallas 0 �12,481.5 0 12,481.5 INF

Dallas NY 1 �20,098 �824 20,098 INF

NY Atlanta 1 0 14,503 0 INF

NY Los Angeles 14 0 16,091.5 INF 0

NY Chicago 1 �386 5398.5 386 INF

NY Dallas 1 �2382.5 7816 2382.5 INF

NY NY 0 �16,991 0 16,991 INF

Table 7.
Sensitivity report: variables analysis.
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This information is very useful because it allows decision makers to know the
effective impact on the profit of a change in terms of constraints just by multiplying
the shadow price by the increase or decrease quantity of the RHS constraint, without
having to solve a new Linear Programming problem.

Also, in this case, there is a range of feasibility, identified by the allowable increase
and decrease value, within which the RHS constraint may vary, maintaining the
shadow price unchanged. If the variation of the RHS constraint falls outside the upper
or lower limit, the shadow price will no longer be reliable, making it impossible to
evaluate the impact on the profit of that change unless we build up a new Linear
Programming problem.

The sensitivity analysis, therefore, reveals to be an essential tool for the post-
optimal evaluation of possible new scenarios. For example, in our case study, the
strategic need to buy or sell a slot could be a plausible scenario.

Through this analysis, it is quite easy to take the best decision that allows the
company to maximize the increase in profits or minimize losses in case of sale.

6.3 Analytic hierarchy process vs. linear programming

In high complexity and uncertainty contexts, such as the transport industry,
especially when facing different alternatives that must meet multiple objectives and
different stakeholders’ needs, it is necessary to rely on analysis methods that support
the decision-making process in order to take the best decisions.

Depending on the context, the needs and the objectives to be achieved, it is
essential to choose the most appropriate method to support decision-making.

The Analytic Hierarchy Process (AHP) is a multi-criteria decision analysis meth-
odology capable of suggesting the best solution among a discrete set of alternatives,
using mathematics and psychology. The method attributes priority values to individ-
ual alternatives, determined through a multilevel hierarchical structure that weighs
their importance through quantitative and qualitative judgments.

Name Final
value

Shadow
price

Constraint R.H.
side

Allowable
increase

Allowable
decrease

Atlanta 14 8718.5 14 2 0

Los Angles 25 10,307 25 2 0

Chicago 16 0 16 INF 0

Dallas 15 4414 15 2 0

NY 16 11,206.5 16 2 0

Atlanta 18 3296.5 18 0 2

Los
Angeles

25 4885 25 0 2

Chicago 12 3653.5 12 0 2

Dallas 14 8067.5 14 0 10

NY 17 5784.5 17 0 2

Table 8.
Sensitivity report: constraints analysis.
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The structure of the Analytic Hierarchy Process is developed on three levels:

• The final goal to be achieved (the problem to be solved);

• The set of possible solutions called alternatives;

• The decision-making criteria through which the goodness of the alternatives to
achieve the goal is evaluated.

The choice of criteria and the judgments used to evaluate the characteristics of the
alternatives are subjective interpretations, often of a qualitative nature and expressed
in verbal language, which is subsequently transformed into numerical values using the
Saaty ratio scale [20].

This conversion table (Table 9) assigns a value from 1 to 9 to the evaluation
criteria, where 1 represents the equality between the criteria and 9 the clear superior-
ity of one over the other. The final value is calculated using the weighted average of all
judgments.

All the decision-making elements belonging to the same hierarchical level are then
compared in pairs, thus obtaining a preference ratio that will highlight the local
priorities. Considering all the local priorities of the single levels, the principle of
hierarchical composition is applied [20] to calculate the priorities of the alternatives,
called global priorities.

The Analytic Hierarchy Process is therefore structured in a series of steps that
allow the initial problem, complex and unstructured, to be broken down into a ratio-
nal framework that is simpler to understand and evaluate.

However, this method expects people, as decision-makers or stakeholders, to
express preferences. Therefore, the judgments will vary from person to person and the
final result will also be influenced by the subjectivity in the preferences of those who
participated in the assignment of judgments.

Summarizing, we can state that the Analytic Hierarchy Process helps decision-
makers to identify the alternative that best suits their values and their understanding
of the problem.

Intensity of
importance

Definition Explanation

1 Equal importance Two activities contribute equally to the objective.

3 Weak importance of one over
another

Experience and judgment slightly favor one activity
over another.

5 Essential or strong importance Experience and judgment strongly favor one activity
over another.

7 Demonstrated importance An activity is strongly favored and its dominance is
demonstrated in practice.

9 Absolute importance The evidence favoring one activity over another is of
the highest possible order of affirmation.

2, 4, 6, 8 Intermediate values between the
two adjacent judgments

When compromise is needed.

Table 9.
Saaty’s scale of pairwise comparison (compiled by the author. Source: ([20], p. 246)).
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Unlike the Analytic Hierarchy Process, Linear Programming provides an objective
optimal solution, calculated exclusively on the final goal and on the conditions
imposed on the system, which is not influenced by the subjectivity of the
decision maker.

However, this characteristic is not necessarily positive; depending on the needs of
the individual cases, it may sometimes be necessary to insert a preference criterion for
selecting the various alternatives, thus making the Analytic Hierarchy Process prefer-
able to Linear Programming.

To obtain more precise results and better adapt the quantitative decision
support model to the problem, it is possible to integrate the two models, so
obtaining an integrated Analytic Hierarchy Process-Linear Programming model
(AHP-LP), which allows to insert a degree of flexibility in the search for the
optimal solution, represented by the subjective weights attributed in the Analytic
Hierarchy Process.

Analytic Hierarchy Process is capable of evaluating both quantitative and qualita-
tive factors, and is used to build a priority scale according to the subjective
judgments of decision-makers. Afterward, the priority ratings obtained from the
Analytic Hierarchy Process model are used as coefficients of the decision variables in a
Linear Programming model to find an optimal solution that maximizes the desired
benefits [21].

7. Results

The study demonstrated how qualitative and quantitative methodologies work
well together to find the optimal option throughout the decision-making process. The
methodology employed in the study concerns the research on decision-making in
complex organizations, such as the aviation industry.

After describing qualitative decision-making techniques, quantitative techniques,
such as Linear Programming (LP) and the Analytic Hierarchy Process (AHP), are
introduced.

Then, the paper analyzed the entire decision-making process in transport compa-
nies in search of competitive advantage, the study results illustrate on one hand the
importance of a quantitative instrument to support the decision-making process; on
the other hand, how the latter helps to identify some choices that turned out to be
better than others, through a practical application of Linear Programming.

Linear Programming, as proved in the case study, is able to effectively distribute
precious resources to well-known activities in order to maximize profits or minimize
costs.

The case study “Airline operations optimization using Linear Programming” has
been presented to support the theory: this example addressed the issue of route
schedule optimization for the low-cost airline that travels between the five major
US airports of Atlanta, Los Angeles, Chicago, Dallas, and New York. The case
study indicates that the most effective method for making informed decisions
in companies is to combine quantitative and qualitative decision-making techniques.

The optimal flight schedule has given the aforementioned criteria, and the
corresponding value of profit, may be easily discovered using a Linear
Programming solver tool. In our case study, this answer is represented as the best
flight schedule. It is feasible to do an analysis of the data to confirm the sensitivity of
the optimal solution to any modifications based on the outcomes acquired from the
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resolution of the Linear Programming issue. The name of this procedure is Sensitivity
Analysis. Through this analysis, crucial information can be acquired that will help the
decision-maker to understand the problem’s degrees of freedom and provide them
with the answers to hypothetical questions. Therefore, it turns out that the Sensitivity
Analysis is a crucial instrument for the post-optimal evaluation of potential new
situations, as seen in the case study [22].

It is vital to rely on analysis methodologies that help the decision-making process in
high complexity and unpredictable situations, such as the transportation sector, espe-
cially when faced with options that must satisfy numerous objectives and the interests of
many stakeholders. It is crucial to select themost effective approach to support decision-
making based on the situation, the requirements, and the desired outcomes [23].

Furthermore, using mathematics and psychology, the Analytic Hierarchy Process
has been described as a multi-criteria decision analysis process that may recommend
the optimal solution from a limited number of options, weighed on the preferences of
the decision maker. The technique assigns priority values to specific options, which
are decided by a multilevel hierarchical structure that evaluates each option’s signifi-
cance using both quantitative and qualitative criteria. Analytic Hierarchy Process
supports decision-makers in locating the option that most closely aligns with their
beliefs and perception of the situation.

Contrasting the Analytic Hierarchy Process, Linear Programming offers an objective
optimal solution based only on the final goal and the constraints on which the system is
subject are unaffected by the decision maker’s subjectivity. A preference criterion may
sometimes be required to be inserted in order to choose among the many possibilities,
making the Analytic Hierarchy Process preferred to Linear Programming.

Finally, the research described how the two models can be combined to produce an
integrated Analytic Hierarchy Process-Linear Programming model (AHP-LP), which
enables the inclusion of some flexibility in the search for the optimal solution,
represented by the subjective weights attributed to the Analytic Hierarchy Process, in
order to obtain more precise results and better adapt the quantitative decision support
model to the problem. Analytic Hierarchy Process is used to create a priority scale
based on the subjective assessments of decision-makers and is capable of evaluating
both quantitative and qualitative elements. In order to discover the best solution that
maximizes the intended benefits, the priority ratings acquired from the Analytic
Hierarchy Process model are then employed as coefficients of the decision variables in
a Linear Programming model.

8. Conclusion and future findings

Reviewing the definition of strategy, we can certainly recall that it has been seen
by Chandler as the determination of long-term organizational goals, objectives, lines
of conduct, and criteria for resource allocation [24].

In addition, the studies of Hofer and Schendel have highlighted how strategy
means the identification of the means or rather the “system of current and planned
use of resources and interaction with the environment” that the company plans to use
to try to achieve its objectives [25].

It is then worth highlighting the centrality that Grant gives to the link between
strategy and value, that is, arguing that strategy is concerned with success, or rather
with guiding the decision-making process of the management toward the
achievement of the success of the company or rather the creation of value.
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Finally, strategy, in the view of Boschetti, is shown as an integrated set of decisions
aimed at ensuring the company’s competitive advantage over time and in comparison
with competitors [26].

Taken as a whole, these definitions describe the complexity of the function of an
organizational strategy, leading to the observation of a fundamental element, namely
that strategy is the model of the pursuit of entrepreneurial success that the company
has in fact adopted or intends to adopt, in order to excel in the competitive
confrontation [27].

Strategy concerns both the choice of ends and the choice of means to achieve them
because under conditions of limited rationality, it is not always possible to completely
separate means from ends (Simon), strategy is sometimes improvisation and, finally,
objectives can sometimes be discovered after starting to operate [28].

For this reason, possessing more decision-making elements makes it possible to
direct decision-making processes in a more analytical manner.

Thus, reviewing what has been discussed, the literature certainly provides us with
an analysis of how unavoidable decision-making is for organizations and how the
correct decision, although complex to make, can determine the success of the
company’s objectives.

Sometimes, only qualitative decision-making processes are not enough to effi-
ciently support the management in the definition of the operative scenario and in
identifying business opportunities and possible solutions [29].

Hence, this paper later introduces some analytical and multi-criteria models, such
as Linear Programming and Analytic Hierarchy Process, which allow us to reach
apparently more correct and complete decisions.

Through the case study presented in the discussion section, it has been demon-
strated the importance and the utility of Linear Programming in both planning and
operational decision-making processes. In fact, this tool provides a numerical solution
to the optimization problem, directly providing the best possible solution under a set
of conditions. Without this instrument, an enormous human effort would be required
to identify a solution that would not be so precise anyway.

With the aim of completing the analysis, the Analytic Hierarchy Process method
has also been described, without however presenting any practical applications.

As discussed in the section above, it is possible to obtain an integrated Analytic
Hierarchy Process-Linear Programming model to merge their best features into a
single tool.

Further research may be conducted on this application of the mathematical models
focusing on the possibility of creating a tool capable of supporting the decision-
making process by solving problems of a different nature than the one analyzed in this
paper.
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Chapter 8

Predicting the Susceptibility to 
Pityokteines curvidens Using GIS 
with AHP and MaxEnt Models  
in Fir Forests
Fatih Sivrikaya, Gonca Ece Özcan and Korhan Enez

Abstract

One of the most damaging insects to coniferous trees, especially pine and fir, is 
Pityokteines curvidens. It may cause significant tree death and alter the composition 
and structure of the forest. Early detection of forest stands vulnerable to bark beetle 
infestations and can help reduce the harmful effects of possible infestations. The main 
objective of the study was to compare the susceptibility maps of P. curvidens, utiliz-
ing the analytical hierarchy process and maximum entropy approaches. The study 
was conducted in the fir forests of the Küre Forest Enterprise in Türkiye. P. curvidens 
susceptibility maps were created using the stand structure, forest stand form, site 
index, slope, aspect, elevation, NDVI, and solar radiation as the eight key criteria. 
The accuracy of the maps based on the analytical hierarchy process and maximum 
entropy approaches was assessed using the receiver operating characteristic curves. 
The most crucial variables in both models’ predictions of P. curvidens susceptibility 
were found to be stand structure, NDVI, and elevation. Comparing the maps pro-
duced by the two models, the MaxEnt model gave more precise predictions than AHP. 
This study may make it easier for decision-makers to create susceptibility maps for fir 
engraver bark beetles.

Keywords: fir engraver beetle, Kazdağı fir, analytic hierarchy process, maximum 
entropy, susceptibility

1. Introduction

Bark beetles (Coleoptera: Curculionidae, Scolytinae), one of the most significant 
forest pests [1], are natural disturbances that have severe epidemics in the last century 
[2]. While only 2% of these species can cause epidemics in forests [3], endemic popu-
lations in small tree groups, and epidemic populations in large forest stand areas cause 
tree deaths [4, 5]. Host tree resistance prevents increasing of bark beetle populations 
[6]. However, attacks are easier on trees weakened by biotic and abiotic factors [7]. 
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Epidemics significantly affects forest ecosystem values and causes deterioration of the 
functioning and characteristics of natural ecosystems [8, 9].

Abies (Miller) genus, which has two species and four subspecies in Türkiye 
[10], covers a total area of 511.703 ha [11]. Kazdağı fir (Abies nordmanniana ssp. 
equi-trojani (Asc. & Sint. ex Boiss.) Coode & Cullen), one of the endemic fir taxa 
for Türkiye, is economically and ecologically important and is very sensitive to 
climate variables [12]. Due to its declining population size and limited geographic 
range, the species has been given endangered status by the International Union for 
Conservation of Nature [13].

One of the most important of the bark beetles that damage fir is the fir engraver 
beetle (Pityokteines curvidens (Germar, 1824) Coleoptera: Curculionidae: Scolytinae) 
[14]. Although the main host of the species is Abies alba, it can also cause significant 
infestations in other Abies species (A. equi-trojani, A. sibirica, A. cephalonica, A. 
balsamea, A. bornmülleriana, A. borisii-regis, A. cilicica, A. nordmanniana, A. firme, 
A. sachalinensis, and A. fraseri). In addition, Pinus silvestris, P. brutia, P. strobus, 
Pseudotsuga menziesii, Picea orientalis, P.abies, Larix decidua, L. kaempferi, Cedrus 
libani, are other hosts [15, 16]. Abies ssp., Cedrus ssp., Pinus nigra, P. brutia and Picea 
pungens are hosts in Türkiye [17–20].

P. curvidens, one of the important pests of fir forests in the Western Black Sea 
region of Türkiye [21, 22], prefers forests and monoculture stands where suitable 
habitat conditions are not available [23]. Although it is generally a secondary pest, 
it also becomes a primary pest depending on the increase in its population [24, 25]. 
It has been recorded that bark beetles caused a total damage of 2,353,057 m3 in 
1987–2004 in this region [22].

Although it is not possible to prevent natural disasters, risks can be reduced by 
taking the necessary precautions [26]. Conducting risk assessment and modeling 
of the damages caused by bark beetles will help decision-makers in managing forest 
ecosystem [27]. In addition, there is a need for accurate and reliable estimation of pest 
distributions in forest ecosystems in today’s forestry [28]. Many different modeling 
techniques are used to estimate the distributions of bark beetle. Models that predict 
the geographical distribution of species are important for various applications in the 
field of ecology and conservation [29, 30]. Maximum Entropy (MaxEnt), which is 
one of the machine learning methods, is widely preferred in modeling species distri-
butions and habitat suitability [31]. Spatial distribution of Dendroctonus mexicanus 
[28], potential distribution of D. ponderosae, D. brevicomis [32], Ips calligraphus, I. 
grandicollis [33], I. mannsfeldi [34] and I. aminutus [35], according to current and 
future climate scenarios and tree death events caused by bark beetles were estimated 
by MaxEnt [36].

The analytic hierarchy process (AHP), one of the multicriteria decision analysis 
methods (MCDA), is a widely used method in solving complex decision-making 
problems in many different disciplines [37]. While AHP is used effectively in forestry 
[38–43], studies on bark beetles are limited [44–46].

In this study, AHP and MaxEnt approaches were used to predict the susceptibility 
of P. curvidens in Kazdağı fir forests. The accuracy of the models was calculated by 
the receiver operating characteristic (ROC) analysis. In the theory part of this book 
chapter, the bark beetle’s infestation, their effects on the ecosystem, and the impor-
tance of bark beetle susceptibility maps, according to AHP and MaxEnt models were 
explained. In the material and methods section, the conceptual framework, dataset, 
model parameters, and models used were described. In the result and discussion sec-
tion, the model results obtained according to two different models were evaluated and 
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the results were compared with the literature. In the last section, current bottlenecks 
were mentioned and suggestions for models were presented.

2. Material and methods

2.1 Study area

Küre Forest Enterprise (FE), a case study area, is situated on the İsfendiyar 
mountain in the Kastamonu Regional Directorate of Forestry in the Western Black 
Sea region at 41° 42′ N and 33° 42′ E (Figure 1). 52% of the Küre FE (73694.9 ha) is 
covered with forest areas. The dominant tree species in the study area are Abies ssp., 
Fagus ssp., Quercus ssp., Pinus ssp., Alnus ssp., Carpinus ssp., and Ulmus ssp. Pure, 
and mixed fir forest stands in the study area is 29911.6 ha and 21% of the fir forests 
(6217.1 ha) were under attack by Pityokteines curvidens. In the study area, fir stands 
were infested intensively by Pityokteines curvidens between 2008 and 2017. The average 
elevation of the study area above sea level is 960 meters. The study area is in the Black 
Sea climate zone. The relative humidity level is high in all seasons. The weather is cool 
in summer and not very cold in winter, but rainy.

Figure 1. 
The study area.
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2.2 Parameters selection and dataset

A review of the literature helped determine the criteria that should be used to 
assess a forest stand’s vulnerability to Pityokteines curvidens infestation. Eight param-
eters were thought to be essential indicators for forecasting P. curvidens epidemics: 
stand structure, forest stand form, site index (m), slope (%), aspect (degree), eleva-
tion (m), NDVI, and solar radiation (WH/m2) [27, 45].

A digital forest stand map was acquired from the Küre FE [47] and was processed 
using ArcGIS 10.6 to create the database. The forest stand form, stand structure, and 
site index layers were created using forest stand maps. To evaluate the damage caused 
by P. curvidens, a field study was conducted in Küre FE between 2008 and 2017, the most 
intense period of damage. The beginning of an attack by P. curvidens on a tree can be 
noticed in the bark by scum emission coming from the reproductive galleries’ entryways. 
The entrance holes have a 1.5 mm diameter. It usually takes about 2 months for the nor-
mal canopy color to change to pale yellow and then reddish. The trees then turn yellow 
and brown, and eventually die old or weakened trees [48, 49]. Tress that displayed these 
symptoms were regarded as infected and stands with infested trees were also considered 
as infested stands. The digital forest stand map was used to create the infested stand map 
once the P. curvidens-infested forest stands were added to the database.

The digital elevation model (DEM) and Landsat images (Landsat 7 ETM+ and 
Landsat 8 OLI between 2008 and 2017) were downloaded from the U.S. Geological 
Survey website [50]. DEM data were used to create the elevation, aspect, slope, and 
solar radiation maps, and Landsat images were used to compute Normalized Difference 
Vegetation Index (NDVI). The following formula was used to calculate the NDVI:

 ( ) ( )= − +/NDVI NIR Red NIR Red  (1)

where NIR is the near-infrared and red is the red band.
The resolutions of all layers have to match to provide results that are more reliable. 

Therefore, using the bilinear resampling method in Spatial Analyst, the NDVI map 
at 30 m resolution was transformed to 25 m resolution. Table 1 shows the spatial 
database for the case study area.

2.3 Analytical hierarchy process (AHP)

Analytical hierarchy process (AHP) is one of the multicriteria decision analyses 
[51, 52]. AHP analyzes descriptive, qualitative, and quantitative parameters with pair-
wise comparison and weighting. In AHP, parameters are compared with each other in 
pairs, a pairwise comparison matrix is created, and then the weights of these parameters 
are determined [53]. The AHP allows the interpretation of experience and knowledge by 

Data description Source Data type Resolution

DEM USGS Raster 25 m

Landsat 7 ETM+ and Landsat 8 OLI USGS Raster 30 m

Forest Stand Map Küre FE Vector 25 m

Table 1. 
The data and its sources used in the study.
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modeling not only the basic parameters but also the relationship of the sub-parameters 
with each other in a certain hierarchical structure. These features make the method more 
flexible, and its systematic, hierarchical, and adaptive features make the AHP method 
very popular nowadays, where environmental problems are constantly increasing. For 
this reason, it is used effectively in various disciplines, such as landslide mapping [54], 
flood hazard mapping [53], forest fire risk mapping [55, 56], and bark beetle mapping 
[45, 57]. The knowledge of certain specialists is used to evaluate the comparative mag-
nitudes of variables through pairwise comparisons at the first stage in AHP. Coefficients 
ranging from 1/9 to 9 are given to compare the relative importance of parameters for 
each pair in pairwise comparison (Table 2) [54, 58]. Consistency Ratio (CR) is an impor-
tant validation parameter for the judgment matrix in AHP. The Random Index (RI) 
should be known before proceeding to the calculation of the CR. RI values were gathered 
from Saaty [52, 58] in this study. CR was calculated according to  Eqs. (2) and (3) to 
determine the weight of the parameters and to demonstrate their consistency. If the CR 
is <0.10, it can be said that the generated judgment matrix is consistent. It is necessary to 
reevaluate the pairwise comparison matrix when the CR is  >0.1.

 λ= − −max / 1CI n n  (2)

 = /CR CI RI  (3)

where ƛmax is the biggest value, n is the number of criteria, and CI is the consis-
tency index.

2.4 Maximum entropy modeling (MaxEnt)

Maximum entropy (MaxEnt) is one of the machine learning methods and esti-
mates the probability distribution of species habitats using presence-only data [59]. 
MaxEnt uses environmental variables as the independent variable and the distribu-
tion points of the species as the independent variable. MaxEnt 3.4.4 program was 
used to determine the potential distribution of fir engraver bark beetle [30, 59, 60]. 
To create the MaxEnt model, first of all, data sets were created. In this context, 
stand structure, forest stand form, site index, slope, aspect, elevation, NDVI, and 
solar radiation were used as variables. These variables have been converted to ASCII 

Importance scale Definitions of importance Description

1 Equal The objective is equally benefited by two actions.

3 Moderate Judgment and experience are slightly preferred to 
one another.

5 Strong Judgment and experience are strongly preferred to 
one another.

7 Very strong Judgment and experience are very strongly 
preferred to one another.

9 Extreme Knowledge and judgment are the strongest 
conceivable arguments.

2, 4, 6, 8 Intermediate When a compromise is necessary.

Table 2. 
The description of pairwise comparison in AHP.
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format. Stand structure, forest stand form, and site index were considered categorical 
data, while the others were considered continuous data. The jackknife test was used 
to determine the contribution rates of the variables in the model to be developed, 
and the AUC was used to evaluate the model performance. Implementation of the 
cross-validation method included 10 repetitions, a maximum of 5000 iterations, 1 
regularization multiplier, and retention of other parameters at their default values. 
The logistic output grid format was chosen.

2.5 Fir engraver beetle susceptibility mapping

The risk of a bark beetle infestation is estimated by the fir engraver beetle sus-
ceptibility index (FEBSI). Infestation risk is increased by a high FEBSI and vice versa. 
The significance of each parameter in the AHP model was added up to estimate the 
FEBSI. All parameter layers were overlaid and the FEBSI values were computed in the 
AHP model using Raster Calculator tool in ArcGIS 10.6. FEBSI was calculated auto-
matically, according to the selected parameters in MaxEnt model. Based on AHP and 
MaxEnt models, the susceptibility maps for the fir engraver bark beetle were created. 
FEBSI were categorized into four groups as low, moderate, high, and extreme based 
on the natural breaks’ categorization technique in ArcGIS. Two fir engraver beetle 
susceptibility maps were created according to AHP and MaxEnt models.

2.6 Validation of fir engraver beetle susceptibility mappings

One of the most important stages of predictive models is assessing their perfor-
mance. Therefore, the accuracy of the AHP and MaxEnt-based beetle susceptibility 
maps was assessed with the Receiver Operating Characteristic (ROC) method in this 
study. One of the most popular methods for verifying model-based forecasting is the 
ROC curve analysis, which ranks the precision of probabilistic and deterministic mod-
els, as well as compares them [42]. It is a graphic technique for investigating the trade-
off between specificity and sensitivity with the x-axis and the y-axis, respectively. The 
area under the curve (AUC) is a commonly used indicator of prediction accuracy in 
ROC curve analysis. The best outcome is to have the highest AUC score, which varies 
between 0 and 1. An AUC score of 1 indicates a perfect prediction of the model. Five 
categories are used to categorize the AUC score: poor (0.5–0.6), medium (0.6–0.7), 
good (0.7–0.8), very good (0.8–0.9), and perfect (0.9–1.0) [33, 42, 45, 61–64]. For the 
development of the model, 75% of the infested stands were utilized as training data, 
while the remaining 25% were used as validation data.

3. Results and discussion

Fir engraver beetle susceptibility maps were produced in a GIS environment using 
AHP and MaxEnt models. Many different parameters that affect the sensitivity of the 
beetle have been taken into account to prepare susceptibility maps. The CR was calcu-
lated as 0.053 and all pairwise comparison matrices were found to be consistent and 
satisfactory in the AHP method (Table 3). Stand structure, NDVI, solar radiation, 
and elevation were found to be more important than other parameters for fir engraver 
beetle susceptibility with weights of 2.431, 2.354, 1.443, and 1.315, respectively.

The percent contribution and permutation importance results of the estimation 
parameters based on the Jackknife test were given in Table 4 and Figure 2. Parameters 
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were ranked based on percentage contribution as stand structure (74.4%), site index 
(10.9%), elevation (5.4%), and NDVI (2.6%). According to these results, stand 
structure, NDVI, and elevation were determined as the most important parameters in 
fir engraver beetle susceptibility in both models. This situation reveals that the stand 
structure, NDVI, and elevation should be taken into account while preparing the 
beetle risk map.

According to the ROC analysis for AHP model, the accuracy of the fir engraver 
beetle susceptibility mapping was calculated as 0.710, indicating a good prediction 
of the model. In the MaxEnt model, satisfactory results were also obtained for the fir 
engraver beetle susceptibility mapping with an AUC value of 0.739, which is higher 

Factors Weights CR Classes Weights CR

Stand structure 2.431 0.053 Pure 0.667 0.085

Mixed 0.333

Forest stand form 0.555 Even-aged 0.250 0.073

Uneven-aged 0.750

Site index (m) 0.689 >37.6 0.091 0.023

28.3–37.6 0.160

23.3–28.3 0.203

17.0–23.3 0.245

<17.0 0.301

Aspect 0.778 North 0.412 0.098

West 0.281

East 0.191

South 0.116

Slope (%) 0.435 0–20 0.312 0.046

20–40 0.490

>40 0.198

Elevation (m) 1.315 <1000 0.122 0.089

1000–1200 0.333

1200–1400 0.390

>1400 0.155

NDVI 2.354 <0.25 0.089 0.079

0.25–0.35 0.144

0.35–0.45 0.395

>0.45 0.372

Solar radiation (WH/
m2)

1.443 <750,000 0.140 0.054

750,000–800,000 0.177

800,000–850,000 0.264

>850,000 0.419

Table 3. 
The weights and consistency ratios for all variables in AHP.
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than 0.5 of a random model (Figure 3). The maps produced according to both models 
gave reliable results. When both models were compared, it was revealed that the 
MaxEnt model produced more precise forecasts than AHP method. It can say that 
both AHP and MaxEnt give consistent results when preparing a beetle risk map.

Fir engraver beetle susceptibility maps were created according to AHP and 
MaxEnt models (Figure 4). According to the AHP method, 5.1%, 14.2%, 27.4%, and 
53.3% of the study area are low, moderate, high, and extreme susceptibility classes 
(Table 5). To verify the results, the maps of infested forest stands and fir engraver 
beetle susceptibility overlapped. It showed that 80.7% of the infested stands were 
high and extreme susceptibility classes. According to the MaxEnt model, 40.0% of 
the study area was in moderate susceptibility classes, while 28.5% is extreme suscepti-
bility classes. 60.5% and 12.8% of infested stands were in extreme and high suscepti-
bility classes, respectively. According to both models, fir forest stands are susceptible 
to fir engraver beetle.

Our results are compatible with other studies. González-Hernández et al., [28] 
estimated the geographic distribution of Mexican pine bark beetle (Dendroctonus 
mexicanus) in conifer forests in Mexico using the MaxEnt model. They used biocli-
matic (temperature, precipitation, etc.), and topographic variables (altitude, slope, 
and aspect) for bark beetle mapping. The potential distribution of the bark beetle was 

Variable Percent contribution Permutation importance

Stand structure 74.4 65.7

Site index 10.9 8.2

Elevation 5.4 7.6

NDVI 2.6 4.3

Solar radiation 2.5 6.9

Slope 2.3 4.8

Aspect 1.6 2.3

Forest stand form 0.3 0

Table 4. 
Selected parameters and their percentage contribution.

Figure 2. 
The Jackknife test of selected parameters for fir engraver beetle.
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Figure 3. 
The ROC curve of the fir engraver beetle susceptibility maps created by (a) AHP and (b) MaxEnt models.

Figure 4. 
Pityokteines curvidens susceptibility maps produced by (a) AHP and (b) MaxEnt models.
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reliable, according to the AUC (0.93). The key component in identifying suitable bark 
beetle habitats was found to be stand structure. Sarıkaya et al. [34] tried to model the 
current and future habitats of Ips mannsfeldi in Türkiye using MaxEnt. RCP4.5 and 
RCP8.5 climate change scenarios, as well as bioclimatic factors were used to estimate 
bark beetle habitats. They stated that elevation was the most important variable and 
estimated habitat distribution showed high accuracy with an AUC (0.88). Sivrikaya 
et al., [45] produced I. sexdentatus susceptibility map based on AHP, Frequency Ratio 
(FR), and Logistic Regression (LR) models. They stated that crown closure was the 
most important variable for three models. The accuracy of I. sexdentatus susceptibility 
maps for the LR, FR, and AHP models `was evaluated using the ROC curve, and the 
FR model provided a more precise estimate than the others.

4. Conclusion

The invasion of bark beetles is influenced by a variety of biotic and abiotic variables. 
Early detection of forest stands vulnerable to bark beetle infestations can help reduce 
the harmful effects of possible infestations. Thus, it is ensured that more accurate 
decisions are taken for future of forests in the understanding of sustainable manage-
ment. In this study, susceptibility maps of Pityokteines curvidens were created using 
analytical hierarchy process (AHP) and maximum entropy (MaxEnt) approaches and 
their accuracy was compared. According to these results, stand structure, NDVI, and 
elevation were determined as the most important parameters in fir engraver beetle 
susceptibility in both models. Comparing the maps created from both models, the 
MaxEnt model produced more accurate predictions than the AHP. However, it was seen 
that susceptibility maps based on AHP have also acceptable accuracy. After all, accord-
ing to both models, fir forest stands are susceptible to the fir engraver beetle and the key 
component in identifying suitable bark beetle habitats was found to be stand structure.
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ISC AHP MaxEnt

SA IS SA IS

Area 
(ha)

% Area 
(ha)

% Area 
(ha)

% Area 
(ha)

%

Low 4054.5 13.6 315.9 5.1 5576.9 18.6 384.3 6.2

Moderate 10473.5 35.0 882.5 14.2 11952.8 40.0 1272.7 20.5

High 7729.7 25.8 1706.6 27.4 3852.1 12.9 796.6 12.8

Extreme 7653.9 25.6 3312.1 53.3 8529.8 28.5 3763.5 60.5

Total 29911.6 100 6217.1 100 29911.6 100 6217.1 100

ISC: infestation susceptibility class, SA: study area, and IS: infested stands.

Table 5. 
The class areas in susceptibility maps based on the AHP and MaxEnt models.
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Chapter 9

Definition of Analytical Hierarchy
Process and Its Effect on
Environmental Decisions in
Engineering for Landfill Siting
Mahya Rostampoor

Abstract

The AHP technique was expanded by Saaty (1980) and called analytic hierarchy
process. It is a usual way of multi-criteria decision-making (MCDM) since it was
based on theoretical authority. It has a remarkable ability to solve complex problems
throughout the decision-making process in any domain. This method, which mirrors
human thinking and natural behavior, authorizes the decision-maker to present the
interaction between varied criteria in complex and unstructured situations. The AHP
method is employed to recognize the consistency of weightings for each criterion,
which works by constructing a pairwise comparisons matrix. This chapter aims to
examine this method in detail in a tangible example for the field of the environment
(landfilling). To obtain this goal, an influential criterion that can affect the decision
was considered by using geometric integration in Expert Choice with merging the
AHP technique and GIS software. We used governmental regulations, expert’s opin-
ions and previous literature. Paveh is in (Kermanshah) province located in the west-
ern part of Iran with 736 km2 area. The results show that almost 93% of the study areas
are unsuitable for landfill sitting.

Keywords: AHP, MCDM, GIS, landfiill, expert choice

1. Introduction

A human being always faces various problems and issues in their life, which they
have decide to solve or overcome. Identifying the most appropriate option that can
design the path of life and determine its quality [1], swift economic and technological
growth over the last fifty years has varied human lives and built modern society
confront complex decision-making problems [2]. Multiple criteria decision-making
(MCDM) is a significant part of contemporary decision science, aimed at supporting
decision-makers faced with various decision criteria and multiple decision alternatives
[3]. Considering the problems related to decision-making with multiple criteria, it can
be said that due to the lack of standards, the speed and accuracy of decision-making
decreases, and decision-making becomes difficult [4]. Such conditions make the
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decision-making process highly dependent on the decision-maker. To solve this
problem or to minimize its side effects, multiple criteria decision-making is
designed [5].

Forman and Selly believe that any multi-criteria decision-making system should
have the following characteristics [6]:

The possibility of formulating the problem and revising.
Consider different options.
Considering different indicators and criteria.
The possibility of using qualitative and quantitative indicators in the decision-
making process.
Considering different people’s opinions about options and indicators.
The possibility of combining judgments.
Having a strong theoretical basis.

An excellent and certified weight evaluation method is the analytical hierarchy
process (AHP) [7]; this method is one of the most comprehensive processes designed
for multi-factor decision-making because with this method, it is possible to formulate
the problem hierarchically [8]. In this chapter, we will thoroughly present the AHP
method and explain the analysis of this method in an example in the direction of
landfilling and how to make a decision in this regard; we use the article of M.
Rostampour et al. [9]. In this chapter, we will first explain the AHP process and how
to use it, in the next step, how to design the matrix and weighting in this method
and finally how to weight with Expert Choice software and integrate it with GIS and
the result.

2. AHP process

The hierarchical process is one of the most comprehensive processes designed for
multi-criteria decision-making because it is possible to deliberate different quantita-
tive and qualitative criteria in the question. In this process, various options are
absorbed in decision-making, and there is a possibility of sensitivity analysis on
criteria and sub-criteria. Some other advantage of this multi-criteria decision-making
method is determining the degree of compatibility and incompatibility of the decision.
This method has a solid theoretical basis and was based on self-evident principles.
Process AHP converts complex and challenging problems into a simple form and
solves them [10, 11].

In this method, the decision-making problem was separated into varied levels:
Goals: The central question of the research or the problem that is supposed to be
solved is called the goal. The goal is the chief of the hierarchical diagram and has
only one parameter [12].
Criteria: The criteria that include the goal and its constituents are called criteria.
The criteria are the touchstone of the goal or its measurement. As long as the
criteria cover more target components and are more expressive of the target, the
probability of getting a more accurate result will increase. The criteria are the
second line of the hierarchical diagram after the goal. At this level, it is possible to
divide and adjust the required number of criteria on a horizon level. Criteria can
be divided into sub-criteria, sub-criteria can be divided into subsequent sub-
criteria, and this situation can be increased up to n sub-criteria on vertical and
horizontal levels depending on the necessity [13].
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Alternative: The options are the purpose and destination of the target in the
hierarchical diagram, and the target answer is feared and obtained among the
options. Options are the last level of the hierarchical diagram and depend on the
use of this diagram; in cases where this method is used for selection or
prioritization, the options are generally determined by the researcher because
they are the one who decides which options should be chosen or which options
should be prioritized [14].

• Inclusion of quantitative and subjective criteria in the priority-setting process, as
displayed in above Figure 1.

• This is the only MCDM technique that has an effective mechanism for checking
the uniformity of weightage established by the decision-maker, and thus, it does
not necessitate the decision-maker to be unnaturally consistent [15].

• AHP method prepares a scale for measuring qualitative criteria, provides a
method for estimating priorities and finally improves the judgment by
normalizing the weight of each criterion [16].

• In general, we take up to nine criteria with AHP, but we can include more criteria
by separating criteria into sub-criteria [3].

3. The four principles used in method AHP

1.Inverse condition: If the preference of element A over element B is equal to n,
then the preference of element B over element A will be equal to 1/n.

Figure 1.
AHP process.
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2.Homogeneity: Element A and B must be homogeneous and comparable. In other
words, the superiority of element A over element B cannot be infinite or zero.

3.Dependency: Every hierarchical element can depend on its higher-level element,
and this dependence can continue up to the highest level linearly.

4.Expectations: Whenever there is a change in the hierarchical structure, the
evaluation process must be done again [17].

To better understand the method, we use an environmental example and all its
decision-making steps. In this example, which was done by the author in 2020, with
the help of AHP & GIS, she identified the right place to build a landfill in Paveh
county in Iran.

The first part of the course, for this example, is making a hierarchy for decision
problems. The goal of the decision problem was landfill site selection for Paveh. The
hierarchical construction was built based on the experts’ opinions and earlier studies
with convenient data in the study area. In this case, twelve criteria were elected and
classified into the principal group. They are demonstrated in Figure 2. Group number
one was environmental criteria that involve soil type, distance from the river, distance
from fault, land use type, rainfall, distance from protected areas, wind direction and
evaporation rate. Group number two was economic criteria including slope and

Figure 2.
Hierarchical structure.
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distance from road sub-criteria, and group number three criteria were the social
factors, which include distance from residential areas and distance from religious
areas [9].

4. Formation of pairwise comparison matrices

At this stage, the elements of each level are compared to other related elements at a
higher level in a pairwise manner, and pairwise comparison matrices were formed
[18]. Allocation of numerical points related to the pairwise comparison of the impor-
tance of two options or two indicators is done based on Table 1.

A pairwise comparison matrix is show below:

a11 a12 … a1n
a21 a22 … a2n
… … … …

an1 an2 … ann

2
6664

3
7775 (1)

where aij is the preference of element i over element j. In the pairwise comparison
of the criteria with each other, the following relationship is established according to
the inverse condition [19];

aij ¼ 1
aji:

(2)

The pairwise comparison matrix is an n � n matrix where n is the number of
elements that have been compared [20].

For each pairwise comparison matrix n � n, elements on the diameter are equal to
one, and there is no need to evaluate, but other parameters of the matrix must be
determined based on pairwise comparisons.

The relative diameters are inverse to each other. Therefore, the number of pairwise
comparisons for each n � n pairwise comparison matrix is equal to the [21]:

The Intensity of Importance Description

1 Equal importance

2 Equal to average importance

3 Average importance

4 Average to strong importance

5 Strong importance

6 Strong to very strong importance

7 Very strong importance

8 Very strong or super strong importance

9 Super strong importance

2, 4, 6, 8 Intermediate values

Table 1
Saaty and Vargas preference scales [4].
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Nc ¼ n n� 1ð Þ
2

(3)

If the decision problem includes m options and n criteria, then n matrices m � m
matrices and an n � n comparison matrix should be created. Therefore, the number of
pairwise comparisons of the hierarchy (total problem) is equal to the

Nh ¼ n n� 1ð Þ
2

þ n�m m� 1ð Þ
2

� �
(4)

Here, we discuss the pair of criteria comparisons that we designed in the landfill
location questionnaire. These questions were asked to two experts in the field of
environment and one person in Paveh Municipality and an educated native of that
area, and finally, we measured their opinions together and obtained an average and
entered the data into the Expert Choice software for review and weighting.

Question: In choosing the right place for the landfill center of Paveh city, is the
criterion more important than your point of view? (Table 2)

Question: If only environmental and health criteria are considered in choosing the
right place for the burial center, then which sub-criteria of the table below will be
more important? (Table 3)

Choosing landfill place Environmental factor Economic factor Social factor

Environmental factor 1

Economic factor 1

Social factor 1

Table 2.
Determining the weight of the main criteria

Environmental
factor

Soil
type

Distance
from
fault

Distance
from
river

Land
use
type

Rainfall Wind
direction

Distance from
protected

areas

Evaporation
rate

Soil type 1

Distance from
fault

1

Distance from
river

1

land use type 1

Rainfall 1

Wind direction 1

Distance from
protected areas

1

Evaporation
rate

1

Table 3.
Determining the weight of sub-criteria related to environmental and health criteria.
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Question: If only economic criteria are considered in choosing the right place for
the burial center, then which sub-criteria in the following table will be more impor-
tant? (Table 4)

Question: If only social criteria are considered in choosing the right place for the
burial center, then which sub-criteria of the following table will be more important?
(Table 5)

5. Calculating the weight of elements in the hierarchical analysis method

In the hierarchical analysis method, the elements of each level are compared in
pairs to each of the elements of the higher level, and their weights are computed
[22]. These weights are called local priority (weight). Then, by combining the
local priority, the overall priority of each option is determined. The weight of the
criteria reflects their influence in determining the goal [19]. The weight of each
option relative to the criteria is the portion of that option in the relevant criteria.
Therefore, the overall priority of each option is obtained from the sum of the
product of the weight of each criterion by the weight of the option of that
criterion [23].

6. Calculation of local priority

After determining the pairwise comparison matrix, the local priority is calculated.
There are different methods to calculate the local priority, which we mention here.
You can research for more explanation: least squares method, logarithmic least square
method, eigenvector method and approximation methods [24].

Approximation methods: This method will have fewer calculations than the
previously mentioned methods, but they will also be less accurate. The most impor-
tant methods of this method are 1—row sum, 2—column sum, 3—arithmetic mean
4—geometric mean [25].

Economic factor Slope Distance from road

Slope 1

Distance from road 1

Table 4.
Determining the weight of the sub-criteria related to the economic criterion.

Social factor Distance from residential areas Distance from religious areas

Distance from residential areas 1

Distance from religious areas 1

Table 5.
Determining the weight of the sub-criteria related to the social criterion.
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In the first stage of this model, weighting was done based on the AHP method, for
this aim, the criteria were weighted using the Delphi method and the opinion of
experts from different fields, the criteria were weighted, and using the AHP method
and software (Expert Choice11), Expert Choice software was used for the overall
priority. Expert Choice software has many capabilities. One of its efficient cases is
performing pairwise group comparisons and robust sensitivity analysis [26]. Pairwise
group comparisons are used when more than one respondent is involved in decision-
making, and sensitivity analysis is performed to check the weight of the options by
changing the criteria. This software was developed by Thomas Saaty and Ernest
Forman in 1983 by Expert Choice Inc. [6].

Video for how to work with Expert Choice: https://youtu.be/RzoDdms-6jc
The final weight of the layers was obtained with an inconsistency ratio of 0.05

(which is acceptable based on the Saaty theory, and we will explain this rate in full
below). The distance layers from the fault and soil material had the furthest weight
(Figure 3).

Inconsistency ratio: One of the advantages of the AHP is to control the consistency
of the decision. In other words, A can calculate the compatibility of the decision and
judge whether it is good, bad, acceptable or unacceptable. If A is twice as important as
B and B is three times as important as C, if the importance of A compared to C is equal
to 6, we say this judgment is consistent.

In general, if matrix A has inconsistency, we have the following theorems:
The sum of eigenvalues of matrix A is equal to n:

X
i

ƛi ¼ n (5)

The eigenvalue of the matrix A is greater than or equal to the dimension of the
matrix:

ƛmax ≥ n (6)

Figure 3.
Weighting on expert choice.
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When matrix A deviates slightly from the consistent state, ƛmax will also deviate
slightly from n. Therefore, the difference (ƛmax-n) will be an excellent measure to
measure the inconsistency of the matrix.

Undoubtedly, the scale ( ƛmax � n ) depends on the value of n, and to solve this
dependence, the scale can be defined as follows, which is called the inconsistency
index [12].

I:I ¼ ƛmax � n
n� 1

(7)

They have calculated the value of the inconsistency index for the matrices whose
numbers are entirely randomly chosen and called it the random inconsistency index.
The values of (R.I.I) for the n-dimensional matrix can be obtained from the following
table [27] (Table 6):

For each matrix, the result of dividing the inconsistency index by the random
inconsistency index is called the inconsistency rate [28], which is a suitable criterion
for judging inconsistency.

For each matrix, the result of dividing the inconsistency index by the random
inconsistency index is called the inconsistency rate, which is a suitable criterion for
judging inconsistency [29].

I:R ¼ I:I
R:I:I

(8)

Calculating the inconsistency rate is also very important in the AHP method. In
general, it can be said that the acceptable level of the inconsistency of a system
depends on the decision-maker. Still, Saaty presents the number 0.1 as an acceptable
limit and believes that if the amount of inconsistency is more than 0.1, it is better to
revise the judgment [30].

Here, we will examine an example to understand the calculation of the inconsis-
tency rate better. Then, we will go to the final solution of solving the general example
and draw conclusions from it.

For the following pairwise comparison matrix, determine the weight vector from
the arithmetic mean method and calculate its inconsistency rate.

C1 C2 C3

C1 1 2 3

C2 1/3 1 1/4

C3 1/2 4 1

Solve: Arithmetic normalization is as follows: The elements of each column are
added together, and each element is divided by this sum.

n 1 2 3 4 5 6 7 8 9 10 12

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.45 1.45 1.51 1.53

Table 6
Values of (R.I.I) for the n-dimensional matrix.

177

Definition of Analytical Hierarchy Process and Its Effect on Environmental Decisions…
DOI: http://dx.doi.org/10.5772/intechopen.1001080



C1 C2 C3

C1 0.545 0.375 0.6154

C2 0.181 0.125 0.077

C3 0.272 0.5 0.307

The weight vector comes from the linear average of the elements:

C1 � 0:512 (9)

C2 � 0:128 (10)

C3 � 0:360 (11)

From the multiplication of the weight vector in the matrix, we have a pairwise
comparison:

Figure 4.
Final map of landfill suitability.
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1 3 2

1=3 1 1=4

1=2 4 1

�������

�������
�

0:512

0:128

0:360

�������

�������
¼

1:616

0:388

1:128

�������

�������
(12)

In this case, the values of ƛ and ƛmax are calculated as follows:

ƛ1 ¼ 1:616
0:512

¼ 3:156 (13)

ƛ2 ¼ 0:388
0:128

¼ 3:036 (14)

ƛ3 ¼ 1:128
0:360

¼ 3:133 (15)

ƛmax ¼ 3:156þ 3:0356þ 3:133
3

¼ 3:108 (16)

The inconsistency index

I:I ¼ ƛmax � n
n� 1

¼ 3:108� 3
3� 1

¼ 0:054 (17)

R:I:I from Table 6 ¼ 0:58 (18)

I:R ¼ I:I
R:I:I

¼ 0:054
0:58

¼ 0:093 (19)

Figure 5.
Exhibition values with percentages.

179

Definition of Analytical Hierarchy Process and Its Effect on Environmental Decisions…
DOI: http://dx.doi.org/10.5772/intechopen.1001080



7. Result and discussion

In the initial explanation of this chapter, we will further examine the AHP method
based on an example previously worked by the author. The general results for the
purpose of determining the location of the landfill for the desired area are shown in
the form of a map below (Figures 4–6).

The weight of the layers must first be obtained; for this purpose, using Delphi
method and the opinion of expert’s in various fields, the criteria were weighted, and
using AHP method and software (Expert Choice11), the final weight of the layers was
calculated with an incompatibility coefficient of 0.05, in which the distance layers
from the fault and soil material had the highest weight. In this chapter, an attempt was
made to refer to the investigation of all ways of weighing and to understand it by
giving a simple example.

In Figure 6, the final results of this investigation are shown with the help of GIS
software and categorizing all the conditions from high to low value.

The result in Figure 5 shows that 27% has poor landfill (orange), 26% has medium
landfill (yellow), 24% of the study area has very poor landfill (red), 16% has good
landfill (light green), and 7% has a very high capacity (dark green) for landfilling.

Figure 6.
Final landfill suitability map.
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8. Conclusion

In this example, the full explanation of the AHP process, the selection method for
weighting and the design of the questionnaire and reaching the right answer using the
Expert Choice software and its integration with GIS were discussed. GIS is a powerful
software that can provide rapid and perfect evaluation and has a great ability to
manage massive volumes of data from different sources; AHP, on the other hand, is a
strong way to solve complex problems. Integrating of GIS and AHP methods provides
decision-makers with a perfect and immediate review at the lowest cost. In this
example, the decision-making process began by examining 12 criteria and obtaining
available information based on the criteria for each layer and combined them, then by
designing a questionnaire and used the experts opinion to weight the criteria with the
AHP method and finally with the help of These weighted layers which are combined
in GIS software.

The present study showed that very suitable landfills for the waste of Paveh county
cover an area of 51.68794 km2 or about 7% of the total classified sites.
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Chapter 10

Decision to Use Electric Vehicle at
Airport Operation in Jakarta
Mustika Sari and Reni Dian Octaviani

Abstract

The purpose of this chapter is to determine the options and solutions used in the
choice to deploy electric ground support equipment at Jakarta’s Soekarno-Hatta air-
port in order to reduce emissions. The problem in this study is that there are signifi-
cant emissions at Soekarno-Hatta airport which cause pollution in the Soekarno-Hatta
airport environment. The research method used an analytical networking process
(ANP). Respondents used were 15 people consisting of experts in the fields of the
airline, ground handling, and airport authority. The interview techniques used were
in-depth interviews. The results of interviews with experts in the field of airlines,
ground handling, and airports said that the use of ground power units (GPUs), the use
of low-emission cars, energy saving controls, and the installation of airport surface
management systems are the four problem criteria. Utilizing low-emission automo-
biles, which have a weight value of 0.3074, is the problem’s primary criterion out of
the four components. Meanwhile, there are three alternative solutions, namely Envi-
ronmental Education, Environmental Innovations, and Aircraft carbon management.
Of the three alternatives, Aircraft carbon management is the main alternative solution
with a weight value of 0.3530.

Keywords: electric vehicle, airport operation, analytical networking process,
government regulations, aircraft carbon management, Jakarta

1. Introduction

Aircraft serve as a means of transportation for passengers and cargo, offering
unique benefits such as speed and cost efficiency that are not available with other
modes of transportation, on the other hand, air transportation also produces exhaust
gases which are pollutants that damage the ozone layer. Although it only accounts for
3% of total air emissions, the number of aircraft will increase the number of emissions
in the coming years [1].

The main function of an airport is to provide aviation and non-aviation-related
services to users, namely airlines, passengers, and cargo. Airports also provide ground
handling. But some airlines have their own ground handling, and there are also
companies specialized in handling airplanes while on the ground or called
ground-handling companies [2].

Ground handling or aircraft handling while at the airport includes a fairly long
process, which starts with handling passengers to report themselves (check-in) until
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the passengers enter the aircraft and the door is closed. In addition to passengers, this
handling is also for luggage, cargo, and the aircraft itself. Such as cleaning the aircraft
cabin, and pushing the plane to park baggage handling for cargo and passenger
luggage [3].

Operational handling of aircraft handling is needed when the aircraft is on the
ground, such as ramp handling, and on-board services, but depending on the aircraft’s
operational budget [4].

Expedite the task necessitated the use of some additional equipment for the trans-
portation of planes, people, and cargo while on the ground. The equipment that is
prepared to fulfill the demands of the aircraft while the aircraft is on the ground, both
during the departures, arrivals, and transits. The equipment being used is called
Ground Support Equipment [4].

Most GSE is usually associated with aircraft servicing while the aircraft is on the
ground. The activity starts when the block is on until the block is off. Until the
block is lifted and the aircraft is ready for takeoff, chocks are placed in front of the
wheels. While on the ground, ground-handling tasks include loading, and
unloading passengers and baggage, aircraft cleaning and maintenance, refueling, and
other services [5].

One of the high sources of pollution at airports is ground vehicle activity. By 2050,
carbon dioxide emissions will be produced by the aviation sector. And it will grow up
to 2 to 10 times as it is compared to emissions in the early 2000s [6].

Currently, ground support equipment emission reduction measures are numerous
and varied at the airports. Initiatives are also coming from airport operators and GSE
providers. There are several examples of GSE emission reduction measures
implemented over the past few years. Many airports around the world have emission
reduction programs and alternative fuels [5].

Airport authorities, in response to community concerns, public awareness of
environmental issues from aviation activities, and regulatory measures of govern-
ments and local authorities, have tried to implement strategies and procedures to
reduce the adverse impact of their activities on the environment, appropriately and
effectively.

Indonesia’s Directorate General of Civil Aviation (DGCA), and Ministry of Trans-
portation, submitted to ICAO in 2015 a Country Action Plan to diminish greenhouse
gas emissions in the aviation area which will be updated in 2018 as demanded by
members. This shows Indonesia’s commitment to supporting global policies on avia-
tion environmental protection (Indonesia [7]). The problems in this study are how is
the government policy on the use of electric and diesel for GSE equipment and what is
the conceptual model for decision-making to use GSE equipment with electric fuel?

The success of airline corporations in achieving on-time performance, flight safety,
and customer happiness is greatly aided by ground-handling businesses. Ground
handling is responsible for handling passengers and aircraft at the airport as well as
during takeoff and landing. Passengers, passenger bags, cargo, postal items, and ramp
handling are among items that ground employees manage. The range of work
involved in ground handling is regulated in the IATA Airport Handling Manual [8]
which consists of 9 standard service sections namely; the Passengers Handling,
Baggage Handling, Mail and Cargo Handling, Aircraft Handling and Loading, Load
Control, Air Side Management, and Safety, Aircraft Movement Control, Standard
Ground-Handling Agreement, and the Airport Handling GSE Specification.

Among all of services is the Airport Handling GSE Specification which specifically
handles aircraft handling while on the ground with the backup of ground support
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equipment depends on the type of airplanes. To accelerate the work, some auxiliary
equipment is needed for the movement of aircraft, passengers, and cargo while on the
ground. Equipment that is prepared to support the aircraft needs while the aircraft is
on the ground, both at the time of departure and arrival or transit, the equipment is
known as GSE (Ground Support Equipment). GSE equipment is classified into two
parts based on its movement ability or workability, namely Motorized and Non-
Motorized GSE [9].

Handling activities associated with aircraft during ground time contribute signifi-
cantly to air pollution at airports. The activities include all machinery and vehicles and
that service aircraft in their parked position (e.g., high loaders, conveyor belts, pas-
senger ladders) and those at airside and ramp areas (e.g., toilet trucks, cargo tractors,
catering trucks).

Emissions from such sources must be evaluated for a variety of pollutants in order
to effectively manage air quality. Goal setting, technology observation, and mitigation
planning can all benefit from this information. Information on GSE vehicles can be
obtained from various handling agents and lessors. We can also find out the GSE’s age,
engine size and type, and total operating time per year and/or fuel consumption.
Further evaluation reveals that the limits of the emission are usually not used by
manufacturers of non-road mobile machinery and that certain advantages are being
maintained. Emissions from a given GSE are based on aircraft movements and corre-
spond to aircraft type [10].

Pollution generated at airports results in potentially harmful levels of pollution.
Exhaust from aircraft and diesel engines, direct fuel emissions from aircraft refueling,
and larger dust particles from brakes, tires, asphalt, dirt, and so on are the primary
sources of air pollution at airports. Polycyclic aromatic hydrocarbons (PAHs), volatile
organic compounds (VOCs), inorganic gases like sulfur dioxide (SO2) and nitrogen
oxides (NOx), and particulate matter (PM) are all examples of pollutants [11].

Pollution generated from aircraft harms the environment. Although it only
accounts for 3% of the world’s total emissions, the number of aircraft in operation is
expected to increase. The aviation industry and aviation business services contribute
to the increase in greenhouse emissions. The contribution of emissions from the
aviation industry has shared as one of the five largest contributors to the largest
emissions, which is below 5% [1].

In a previous study, it was said that the aviation sector has contributed 12% of
carbon emissions. The study also estimates that by 2050 carbon dioxide (CO2) emis-
sions which are produced by the aviation area will grow up to 2 to 10 times when
compared to emissions in the early 2000s [6].

Governments and International Aviation (IATA) have committed to reducing
pollution in aviation by building a four-pillar strategy, namely improved aviation
technology, effective flight operations, efficient infrastructure development, and eco-
nomic measurement of carbon emission markets. In 2011 Luthfansa conducted a flight
experiment with biofuel on an Airbus A321 aircraft and successfully executed 8 hours
and 20 minutes of flight time, and claimed to be able to reduce carbon dioxide (CO2)
emissions by 38 tons.

Meanwhile, research from Oxford University states that there are other ways to
reduce aviation emissions by 95%, including direct flights and not waiting long to
land. And the best time on the apron and or runway is not too long after the engine is
running.

Government and stakeholder support is needed in this case airlines, airport
operators, and ground handling. Ground handling plays a role in efforts to reduce
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emissions, especially related to the ground support equipment (GSE) operation at the
airport. This is carried out by planning and making gradual implementation of vehi-
cles and ground services tools (GSE) based on electricity or renewable fuel (biofuel).
Other aspects that have a significant role in reducing aviation emissions are the airport
operators. Greening around the airport environment by planting trees to absorb car-
bon dioxide (CO2) exhausts emissions on access roads to airport terminals, parking
areas, and other open areas. Tree planting is done by planting trees such as tamarind
which absorbs about 28 tons of CO2/per tree/per year [6].

Based on the results of the discussion and description [12] Soekarno-Hatta Inter-
national Airport is vulnerable to many problems. Problems accumulate, ranging from
operational to non-operational problems. If this is not resolved immediately, the
accumulated problems will become more complicated with great risk. These condi-
tions will increase the risk of noise factors, and the potential for health problems for
people living and doing activities in the airport area. The results show that the noise
implications of the model can be constructed through the analysis of factors that can
provide an overview of the effect of noise on society. This research concludes that
modeling environmental capacity produces several noise indicators that can be used as
instruments to evaluate, build, and develop airport noise control policies as part of
controlling eco-airport performance.

Transportation accounts for global CO2 emissions as much as 26%. Moreover, it is
one of the few industrial sectors where emissions are still increasing. The main con-
tributors to greenhouse gas emissions from the transportation sector are automobile
use, road transport, and aviation. Although new technologies, particularly those that
have the potential to replace the use of petroleum in transportation, are discussed, it
appears that technology alone cannot address climate change. Changes in behavior
through policy are also essential for stabilizing transportation emissions of greenhouse
gases. Policymakers are facing increasing pressure to address climate change in trans-
portation. Even though it is common to focus on future technological solutions, in
order to fully benefit from new technologies, it is important to make immediate
behavioral changes [13].

When viewed from previous studies, the use of fuel in the aviation industry
can cause a decrease in air quality as well as the ground support industry.
Meanwhile, Haryato’s journal mentions that in addition to fuel that causes
pollution, aircraft noise also causes noise pollution. In a journal written by Lee
Chapman that transportation accounts for 26% of carbon dioxide (CO2) emissions as
cars, cargo transportation, and the aviation industry. While research on the use of
biofuels in ground-handling fuel has never been done, for this reason, researchers try
to conduct research on the use of biofuel in ground-handling equipment for move-
ment on the apron.

This chapter is divided into four parts. The first part talks about the conceptual
model for decision-making to use GSE equipment with electric fuel and government
policy on the use of electric and diesel for GSE equipment. In this part there is a
discussion that investigates the emissions from airport ground-handling activities and
their impact on air quality. We will then go over the various measures that have been
put in place to reduce emissions from GSE equipment, as well as their effectiveness.
The second part is about the research method used to study the impact of electric and
diesel Ground Service Equipment (GSE) on ground-handling companies. The third
part is about the result and discussion. Finally, there is a summary of the findings and
suggestions for future research in this area.
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2. Method

This study utilizes primary data collected through in-depth interviews with
experts and industry professionals to gain a thorough understanding of the issue at
hand and gather information from ground-handling companies. The process
includes first bringing attention to the problem, then conducting interviews
with experts and practitioners, and using a paired questionnaire to gather further
data [14].

This research also employs secondary data sourced from outside sources, specifi-
cally data from ground-handling companies and providers of GSE equipment. The
data includes the cost of electric GSE and diesel GSE.

To gather this information, researchers establish protocols or forms for recording
data and devise methods for collecting it, such as interviews or observation
techniques [15].

The research population for preliminary interviews was 15 people from ground-
handling companies, airlines, and airport authorities.

The study included 15 people from ground-handling company, airlines, and airport
authorities as followed:

a. Ground-Handling company (Senior Manager, Operation Manager, General
Manager, Senior Operator)

b. PT Garuda Indonesia (Pilot, Ex pilot, Operation Manager)

c. Airport Authority (Operational Manager Airport, Marshaling, and Senior
Operator)

The decision model in this study was developed using a combination of primary
and secondary data collection methods. Primary data was gathered through in-depth
interviews with industry experts and professionals, while secondary data was
obtained from literature review as a guidance for the indicator and interview with the
experts.

Data analysis techniques using Analytical Networking Process (ANP), with Super
Decision tools. The ANP (Analytic Network Process) is a mathematical approach that
can evaluate the impact of different strategies and assumptions on solving a problem.
This method is applied by adjusting the complexity of the problem and the priority
scale that produces the greatest priority effect [16].

In contrast to the conventional mathematical models that economics typically use
for quantitative analysis, the ANP method offers economists a unique approach to
addressing economic issues. The ANP approach is based on a more robust absolute
scale that is used to represent pairwise comparisons of valuations.

The foundation of homogeneity in ANP states that in the ANP framework, it is
important that the elements being compared are similar to one another, as significant
differences between them can result in larger inaccuracies in determining the value of
the factors that influence the decision.

Table 1 defines the numerical rating scale to be used when conducting interviews.
The scale is defined with values from 1 to 9.

In order to find the answers to the research questions while achieving research
objectives, the research stages will be as follows:
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a. Making model construction, which can be obtained from the results of
interviews, and literature review.

b. Quantification of the model, namely the preparation of a questionnaire based on
the results of interviews with experts.

c. Analysis of results, namely the results of the questionnaire are processed to get
the interpretation of the results.

3. Result and discussion

3.1 Government regulations on the use of electrical fuel and diesel fuel in GSE
vehicles at airports in Jakarta

Presidential Regulation No.55 of 2019 is the Fast Track Program for Battery
Electric Vehicles for Road Transport (Perpres No. 55, 2019). This presidential
regulation aims:

a. to promote energy efficiency, security, and conservation in the transportation
sector, as well as clean air quality and a reduction of greenhouse gas emissions,
it is important to accelerate the implementation of battery electric vehicles for
road transportation in Indonesia.

b. to provide guidance, a foundation, and legal certainty for the acceleration of the
road transportation battery electric vehicle program.

c. to foster proficiency in industrial technology and vehicle design, and
establish Indonesia as a hub for the manufacturing and export of
motor vehicles, it is essential to accelerate the battery electric vehicle
program [17].

Intensity of Importance Definitions

1 Equal importance

2 Weak

3 Moderate importance

4 Moderate plus

5 Strong importance

6 Strong plus

7 Very strong

8 Very very strong

9 Extreme importance

Source: [16].

Table 1.
Definition of rating scale and numeric scale.
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Supported by the DKI Jakarta Governor’s regulation no. 3 of 2020 concerning
Motor Vehicle Transfer Tax Incentives for Battery Electric Vehicles for Road Trans-
portation, that:

a. Battery Electric Vehicles hereinafter referred to as Battery-Based KBL, are
vehicles that are driven by Electric Motors and get a supply of electric power
resources from batteries directly in the vehicle or from outside.

b. Motor Vehicle Title Transfer Fee is a tax on the transfer of ownership rights of
motor vehicles as a result of an agreement between two parties or unilateral
actions or circumstances that occur due to sale and purchase, exchange, grants,
inheritance, or entry into a business entity.

c. Motor Vehicle Tax and Motor Vehicle Title Transfer Tax Service Unit,
hereinafter referred to as UP PKB and BBN-KB, is a Technical Implementation
Unit of the Regional Tax and Retribution Agency of the Special Capital Region
of Jakarta Province that carries out Motor Vehicle Tax and Motor Vehicle Title
Transfer Tax collection services [18].

Electric vehicles are seen as the greatest potential way to decrease air pollution,
as they are considered to be zero-emission vehicles (ZEVs), due to the absence of a
fossil-fueled internal combustion engine (IC) in the powertrain structure. However,
due to some technical specifications and structural design (the presence of a
battery driving the electric motor), currently, EV batteries and rechargeable accumu-
lators are charged by external electric power sources. Thus, although EVs are consid-
ered ZEV vehicles, they can still pollute the environment indirectly, due to the
emission of pollutants coming from the electricity production process at the power
plant [19].

The integration of electric vehicles in air transportation can be seen in the use of
e-GSE, or electric ground support equipment, which assists with aircraft operations
on the ground. This includes the use of electric vehicles for ground support tasks at
airports (Table 2).

Create a conceptual model for decision-making in the use of electric fuel for
ground support equipment using the analytical networking process method.

No GSE Vehicle Abbreviation

1 Pax Boarding Stair e-PBS

2 Belt Conveyor Loader e-BCL

3 Baggage Towing Tractor e-BTT

4 High Lift Loader e-HLL

5 Forklift e-FTL

6 Push Back/ATT Wide Body e-ATT

7 Ground Power Unit 180 KVA e-GPU

Source: [20].

Table 2.
The electric ground support equipment.
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3.1.1 Criteria and sub-criteria

To make it easier for respondents to understand each dimension and indicator, or
in this method called criteria and sub-criteria, the following is an explanation of each
dimension.

3.1.1.1 Energy conservation and carbon reduction in airport operation

Implementing an airport surface management system (SMAN) that optimizes taxi
lanes, reducing taxi, and wait times, which in turn reduces carbon emissions.

3.1.1.2 Use of renewable resources

Utilizing renewable energy sources such as solar, wind, and biomass to power
airport operations.

3.1.1.3 Airport environmental sustainability management

Regular monitoring of air quality and holding airlines accountable for their emis-
sions (Table 3) [16].

Dimension Indicator Definition

Energy conservation and
carbon reduction in airport
operations

a. Installation of
airport surface
management system

A surface management system (SMAN) is
implemented in airports to decrease carbon
emissions by directing aircraft to the optimal taxi
routes, thus reducing the time spent taxing and
waiting in queue.

b. Use of ground
power units (GPUs)

Maximizing the use of ground power units
(GPUs) in place of aircraft auxiliary power units
(APUs) is implemented.

c. Use of low-emission
vehicles

Maximizing the use of vehicles that produce low
emissions and are powered by natural gas,
electricity, and hybrid-electric power is
implemented.

d. Installation of
water-saving
devices

Water conservation is achieved by installing
devices such as water-efficient toilets, water
economizers, and low-flow taps.

e. Energy-saving
control

The energy consumption of facilities such as
lighting, heating, and cooling systems, escalators,
and moving walkways is managed efficiently to
reduce energy use.

Use of renewable resources a. Use of renewable
energies

Maximizing the utilization of renewable energy
sources like solar, wind, and biomass is
implemented.

b. Use of recycled
water

The recycling and reuse of wastewater and
rainwater for purposes such as flushing toilets,
watering plants, and cleaning is implemented.
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3.1.2 Research process

To gain insight into the decision to use electric fuel for ground support equipment,
research stages will be conducted following the research plan outlined in the research
chart as follows:

To find out the most prioritized criteria, sub-criteria, and strategies in the decision
model for selecting the use of electric fuel in ground support equipment, there are three
phases or stages of research that will be carried out. The three phases are as follows:

3.1.2.1 Model construction

The ANP model is built by conducting theoretical and empirical literature reviews,
consulting experts and practitioners through questionnaires or interviews, and
conducting in-depth interviews to gain a deeper understanding of the issues and
problems faced in the field.

3.1.2.2 Model quantification

The quantification stage of the model involves using questions in the ANP survey
in the form of pairwise comparisons between elements in a cluster to determine which

Dimension Indicator Definition

c. Waste recycling and
reuse

Implementing measures to decrease the amount of
waste produced and recycling and reusing waste is
implemented.

d. Recycling of kitchen
waste and
wastewater

Airport eateries are mandated to recycle kitchen
waste and wastewater.

Airport environmental
sustainability management

a. Aircraft carbon
management

Regular monitoring of air quality around airports
is done through the use of air-quality monitoring
stations, and airlines are held accountable for air
pollution through charges.

b. Aircraft noise
management

Regular monitoring of noise around airports is
carried out through noise monitoring stations and
airlines are held accountable for noise pollution
through charges.

c. Environmental
education and its
effectiveness

Airports promote and support energy
conservation, carbon reduction, and
environmental protection among all its affiliates
and evaluate the success of these efforts.

d. Environmental and
ecological
conservation

Airports are dedicated to improving the
environment and preserving ecology through
efforts such as beautifying their surroundings.

e. Green features and
environmental
innovations

Airports are proud to showcase unique and
innovative solutions for energy conservation,
carbon reduction, and environmental protection
that they have implemented.

Source: [21].

Table 3.
Criteria and sub-criteria.
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element has a stronger influence and the degree of that influence, using a numerical
scale of 1–9. After that the assessment data is collected and inputted through expert
choice 11.0 software to be processed to produce output in the form of priorities and
matrices. The results of each respondent will be inputted into a separate ANP net-
work.

3.1.2.3 Synthesis and analysis

In synthesizing and analyzing the geometric mean instrument is used. Geometric
Mean is used to determine the results of individual assessments from respondents and
determine the results of opinions in a group [16]. Questions in the form of pairwise
comparisons from respondents will be combined to form a consensus. Geometric
mean is a method of calculating the average that indicates a particular tendency or
value. It is calculated using the following formula:

Yn
i

¼ 1ai

 !1=n

¼ ffiffiffiffiffi
a1n
p

a2, an (1)

n = Respondent 1.… … .. n.
i = Pairwise 1… … ..i.

3.1.3 Data collection process

Data collection is carried out using interviews and assisted by questionnaires.
During interviews with experts and practitioners, a pairwise comparison method will
be employed to determine the weight of each indicator. This is achieved by giving an
open-ended questionnaire to the interviewees.

Expert Choice software version 11.0 will be used to conduct pairwise comparisons.
This software is commonly used in ANP research. An example of a questionnaire in
conducting pairwise comparisons is shown in Figure 1.

3.2 Interview results with experts from airlines, ground handling, and airport
authority

3.2.1 Results of interviews with experts from airlines

The following are the results of interviews with experts from airlines, where the
average opinion is that the most important criterion in supporting using electric GSE
is the use of low-emission vehicles with a value of 0.30 and the highest alternative or
solution is environmental innovations with a value of 0.36 (Table 4).

3.2.2 Results of interviews with experts from ground handling

The following are the results of interviews with experts from ground handling,
where the average opinion is that the most important criteria in supporting the use of
electric GSE are the use of low-emission vehicles with a value of 0.32 and the
highest alternative or solution is aircraft carbon management with a value of 0.38
(Table 5).
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3.2.3 Results of interviews with experts from the airport authority

The following are the results of interviews with experts from the airport
authority, where the average opinion is that the most important criteria in supporting
using electric GSE are the use of low-emission vehicles with a value of 0.32 and the
highest alternative or solution is aircraft carbon management with a value of 0.36
(Table 6).

3.3 The outcome of the interviews conducted with specialists in the airline,
ground handling, and airport authority industries

Based on the diagram below, there are four problem criteria, namely, the use of
ground power units (GPUs), the Use of low-emission vehicles, Energy Saving Control,

Figure 1.
Analytic network process structure model.

Element Normalized by Cluster Mean

Alternative R1 R2 R3 R4 R5

Aircraft Carbon Management 0,34,696 0,33,245 0,38,366 0,34,034 0,24,115 0,32

Environmental Education 0,33,323 0,26,419 0,26,472 0,33,434 0,36,781 0,31

Environmental Innovations 0,31,981 0,40,337 0,35,161 0,32,532 0,39,104 0,36

Criteria

Energy Saving Control 0,18,415 0,28,848 0,24,141 0,2628 0,20,316 0,24

Installation of Airport Surface Management
System

0,27,869 0,24,543 0,30,201 0,22,199 0,32,188 0,27

Use of Low-Emission Vehicle 0,42,763 0,20,387 0,34,403 0,23,803 0,30,846 0,30

Use of Ground Power Units (GPUs) 0,10,953 0,26,222 0,11,255 0,27,717 0,1665 0,19

Table 4.
Interview results with airline experts.
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and the Installation of an airport surface management system. Of the four aspects, the
Use of low-emission vehicles is the main criterion in the problem with a weight value
of 0.3074. The Installation of airport surface management system aspect is the second
problem criterion with a weight value of 0.2716, then the Energy Saving Control
aspect is the third problem criterion with a weight value of 0.2276 and there is the Use
of ground power units (GPUs) aspect which is the last priority in the problem criteria
weights 0.1559. The rater agreement value of this criterion is 0.4933 (w = 0.4933)
which is on a moderate to strong scale, indicating that experts agree in determining
the problem criteria in the study (Figures 2 and 3).

From the diagram above, there are three alternative solutions, namely Environ-
mental Education, Environmental Innovations, and Aircraft carbon management. Of
the three alternatives, Aircraft carbon management is the main alternative solution

Element Normalized by Cluster Mean

Alternative R6 R7 R8 R9 R10

Aircraft Carbon Management 0,38,761 0,34,696 0,43,414 0,38,366 0,35,558 0,38

Environmental Education 0,25,976 0,33,323 0,23,601 0,26,472 0,32,389 0,28

Environmental Innovations 0,35,263 0,31,981 0,32,985 0,35,161 0,32,053 0,33

Criteria

Energy Saving Control 0,18,831 0,18,415 0,27,898 0,24,141 0,25,959 0,23

Installation of Airport Surface Management
System

0,40,405 0,27,869 0,21,408 0,30,201 0,22,766 0,29

Use of Low-Emission Vehicle 0,31,733 0,42,763 0,21,579 0,34,403 0,27,718 0,32

Use of Ground Power Units(GPUs) 0,09031 0,10,953 0,29,116 0,11,255 0,23,557 0,17

Table 5.
Interview results with ground-handling experts.

Element Normalized by Cluster Mean

Alternative R11 R12 R13 R14 R15

Aircraft Carbon Management 0,35,216 0,38,808 0,34,737 0,38,476 0,31,178 0,36

Environmental Education 0,30,886 0,25,938 0,31,212 0,29,136 0,28,026 0,29

Environmental Innovations 0,33,898 0,35,253 0,34,051 0,32,388 0,40,796 0,35

Criteria

Energy Saving Control 0,19,625 0,19,392 0,19,749 0,2496 0,29,396 0,23

Installation of Airport Surface Management
System

0,34,124 0,40,281 0,33,987 0,29,738 0,09543 0,30

Use of Low-Emission Vehicle 0,30,546 0,31,579 0,2915 0,33,876 0,35,474 0,32

Use of Ground Power Units(GPUs) 0,15,704 0,08748 0,17,115 0,11,427 0,25,587 0,16

Table 6.
Interview results with airport authority expert.
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with a weight value of 0.3530. Furthermore, Environmental Innovations is the second
alternative solution with a weight value of 0.3474, and Environmental Education is
the last priority in alternative solutions with a weight of 0.2933. The rater agreement
value of this criterion is 0.2497 (w = 0.2497) which is on a weak to moderate scale,
indicating that the experts’ answers vary in determining alternative solutions.

One of the high sources of pollution at the airport is ground vehicle activity.
Emissions caused by the Aircraft Power Unit (APU) are quite high ranging from 2071
to 2892 kg/hr., quite high according to emission standards.

The results of interviews with experts in the fields of airlines, ground handling,
and airports said that of the four problem criteria, namely Use of ground power units
(GPUs), Use of low-emission vehicles, Energy Saving Control, and Installation of
airport surface management systems. Of the four aspects, the Use of low-emission
vehicles is the main criterion in the problem with a weight value of 0.3074.

There are three alternative solutions, namely Environmental Education, Environ-
mental Innovations, and Aircraft carbon management. Of the three alternatives,

Figure 2.
Aspects of criteria (interview result).

Figure 3.
Alternative aspects (interview result).
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Aircraft carbon management is the main alternative solution with a weight value of
0.3530.

A large number of activities and a variety of measures to reduce ground support
equipment emissions at airports have been carried out. Initiatives also come from
airport operators and ground support equipment (GSE) providers.

Indonesia’s Directorate General of Civil Aviation (DGCA), and Ministry of Trans-
portation, submitted to ICAO in 2015 a Country Action Plan to reduce greenhouse gas
emissions in the aviation sector which will be updated in 2018 as requested by mem-
bers. This demonstrates Indonesia’s commitment to supporting global policies on
aviation environmental protection.

The Analytic Hierarchy Process (AHP) and Analytic Network Process (ANP) are
multi-criteria decision-making (MCDM) methods that can be used to analyze com-
plex problems with multiple criteria and interdependencies. They are often used in
transportation studies to evaluate different options, such as the feasibility of using
electric ground support equipment. In this study, the ANP method was used to
develop a conceptual model for the implementation of electric fuel for ground support
equipment by interviewing experts in the airline, ground handling, and airport
authority industries. The ANP method is considered appropriate for this subject
because it allows for the evaluation of multiple criteria and the relationships between
them, providing a comprehensive understanding of the problem and potential
solutions [22].

4. Conclusion

There are three alternative solutions, namely Environmental Education, Environ-
mental Innovations and Aircraft carbon management. Of the three alternatives, Air-
craft carbon management is the main alternative solution with a weight value of
0.3530. A large number of activities and a variety of measures to reduce ground
support equipment emissions at airports have been carried out. Initiatives also come
from airport operators and ground support equipment (GSE) providers.

Indonesia’s Directorate General of Civil Aviation (DGCA), Ministry of Transpor-
tation, submitted to ICAO in 2015 a Country Action Plan to reduce green house gas
emissions in the aviation sector and will be updated in 2018 as requested by members.
This demonstrates Indonesia’s commitment to supporting global policies on aviation
environmental protection.
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Chapter 11

Analytic Hierarchy Process
Algorithm Applied to Battery
Energy Storage System Selection
for Grid Applications
Ana Paula Oening, Débora Cintia Marcilio,
Natalie Cristine Scrobot, Danielle de Freitas,
Patricio Rodolfo Impinnisi
and Cleverson Luiz da Silva Pinto

Abstract

The increasing use of energy storage in batteries has been contributing to the electric
sector technological advancement, specially to guarantee of continuous supply in
periods of intermittence or low production. In this work the problem of selecting
batteries for application in the quality of energy supply is addressed. A methodology to
size and classify the best battery technology based on the multicriteria decision-making
method AHP (Analytic Hierarchy Process) was developed. The opinions of specialists in
the area were considered for the avaliation to four types of criteria: environmental,
technological, regulatory and financial. Finally, to evaluate the developed approach a
problem of classifying four different battery alternatives (Ventilated Stationary Tubular
Lead Acid, Lead-Carbon Acid, Ventilated Stationary Lead Acid, and Lithium Ion LFP)
was tested and the result pointed to the Ventilated Stationary Lead Acid technology as
the best alternative. In addition, analyses using theoretical scenarios with preferences in
certain criteria were performed. The methodology proved applicable, considering that
with the input data provided by the decision maker, it is possible suggest the best
technological alternative for a given purpose. The simulations carried out suggest that
the methodology has potential to evolve and act in a real situation.

Keywords: energy storage system, battery, multicriteria decision-making algorithm,
analytic hierarchy process, Brazilian electrical system

1. Introduction

The supply of energy, in times of intermittency or low production, can be assured
through energy storage systems (ESS). Efficient management of energy storage is
crucial in the process of achieving a balance between power quality, efficiency, costs,
and environmental constraints [1]. In Brazil, for example, it is estimated that by 2023
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its market will use around 95 GWh in energy storage systems, and this number
corresponds to 50% of all installed capacity in the world at the end of 2015 [2].

ESS, in particular battery energy storage systems, are the most frequently installed
options to facilitate the use of renewable energy [3], and batteries have been maturing
for several decades and increasing their reliability and durability. In Germany, the
market for stationary battery storage systems is growing rapidly compared to pumped
storage systems [4]. Taking into account the expected increase in consumption of this
technology for the coming years, it is expected, as a reflection of its large-scale use, a
gradual reduction in its acquisition and implementation costs.

The choice of batteries for energy storage is a complex decision, as it needs to take
into account several technical, economic, regulatory, and environmental criteria. In
this sense, the multicriteria decision-making (MCDM) methods can serve as a
decision support tool.

Conventional MCDMmethods are frequently used in the energy field [5] in a wide
range of problems [6–12]. In [11], the combination of analytic hierarchy process
(AHP) and Vise Kriterijumska Optimizacija I Kompromisno Resenje (VIKOR)
methods are used to select the best solution for electrical power supply in remote rural
locations. The evaluation and classification of renewable energy sources are addressed
as an MCDM problem in [10], based on the theory of gray systems. The problem of
selecting investment projects for solar thermal power plants addressed in [12] uses the
AHP and Analytic Network Process (ANP) methods.

More specifically in the energy storage problem, we also have the applicability of
MCDM methods [1, 13–16]. In [16], an attempt is made to determine the most
appropriate among six energy storage alternatives, considering four main criteria and
16 subcriteria. For this, a hybrid methodology is used that combines AHP and Tech-
nique for Order Preference by Similarity to Ideal Solution (TOPSIS) based on type 2
fuzzy sets. In [15], a decision support tool is proposed for the selection of energy
storage alternatives. Considering a multi-objective optimization approach based on
the augmented ϵ constraint method meets the technical constraints, economic, and
environmental objectives of the problem. The AHP method combined with fuzzy logic
is used in [1] for the selection of energy storage considering criteria of efficiency, load
management, technical maturity, costs, environmental impact, and energy quality. In
[5], five different battery alternatives (lead-acid, lithium-ion, vanadium redox flow
battery, sodium-nickel chloride, and sodium-sulfur) are evaluated using Pythagorean
Fuzzy sets combined with AHP-TOPSIS.

A literature review of the main MCDM approaches in evaluating ESS is provided in
[3]. As seen earlier, among the multicriteria decision-making methods, we have the
AHP method created by the mathematician Thomas L. Saaty [17, 18]. This approach
consists of evaluating criteria through a measurement scale, organizing them in a
hierarchical structure [18]. Since this is a flexible decision support method, which can
take into account objective and subjective criteria by comparing pairs of criteria [19],
in the subjective criteria we can consider the opinion of specialists in an area of
knowledge. Its use in its original form or in hybrid approaches has applications in
several problems in the energy sector [8, 20–26].

Given the growing demand for ESS technologies, especially batteries, here we
develop a multicriteria analysis methodology based on the AHPmethod, which is one of
the most traditional MCDMmethods used in a wide range of energy field problems. The
main objective of this approach through AHP is to help choose the best battery tech-
nology for energy storage, considering for this, technical, regulatory, environmental,
and economic criteria and subcriteria through the opinions of specialists in the area.
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This chapter is organized as follows. In Section 2, we make a brief summary of the
AHP method. In Section 3, we present the methodology developed to choose the best
battery technology for energy storage using the AHP method. To validate the devel-
oped methodology, we performed numerical experiments in Section 4, considering an
analysis of a scenario based on expert opinion and another analysis based on theoret-
ical scenarios. Finally, in Section 5, we present our conclusions.

2. Brief review of the AHP method

Decision theory is the set of techniques that help decision-makers to recognize the
particularities of a problem and structure it. In this context, MCDM refers to deter-
mining the best option in relation to multiple and often conflicting criteria [27].

Among the traditional methods of MCDM, we have the AHP method which has
already been applied in various problems in the energy field, such as renewable
energy [26, 28–30], energy storage [3, 13, 21, 31–33], site selection for wind farms
[22, 34–36], among others [37–40].

This method was created by the mathematician Thomas L. Saaty in the 70s
[17, 18], being a method used to solve problems with multiple criteria and which
emphasizes modeling according to the knowledge of specialists in the area. This
method considers quantitative and qualitative aspects and can be used both to identify
the best possible alternative and also to list the alternatives according to a ranking of
priorities.

One of the advantages of using the method is the consideration of the experience of
the decision-maker who can intuitively assign weights to the relevant criteria by
comparing them pair by pair. Figure 1 describes the steps of this method.

First, the alternative solutions to the problem are listed, and the criteria and
subcriteria for choosing the alternatives are listed. Then, based on the judgment of the
decision-makers, scores are assigned to each criterion following the Saaty scale
[17, 18], as described in Table 1.

Figure 1.
Steps of the method AHP.
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Each criterion/subcriteria are judged pair by pair, and this judgment is represented
through a square decision matrix A ¼ aij

� �
∈ℝn�n, where n is the number of evalua-

tions of criteria/subcriteria. To calculate the consistency of the judgments made, we
first normalize the decision matrix, according to Eq. (1):

Anorm ¼ aij ∈ℝn�n, such that aij ¼ aij=
Pn
i¼1

aij (1)

must satisfy the equation Eq. (2):

Av ¼ λv (2)

where A represents the squared decision matrix, λ is the eigenvalue with the largest
value of A, and v is its corresponding eigenvector.

Then, the consistency ratio CRð Þ of each decision-maker’s preferences is calculated,
according to the Eq. (3):

CR ¼ λmax � nð Þ
n� 1ð Þ ∙

1
RCI

(3)

where RCI is the random consistency index, obtained from Table 2, n is the
number of evaluated criteria, and λmax is the maximum eigenvalue of A.

If the value of CR is less than 0.1 we say that matrix A is consistent, otherwise the
matrix is inconsistent and decision-makers must repeat their evaluations until a satis-
factory CR is obtained.

After this brief explanation about the AHP theory, in the next section, we will
present the methodology developed for sizing batteries and show the approach
developed for the application of the AHP method, which uses some of the information
obtained through sizing.

Intensity of
importance

Description

1 Equal importance

3 Moderate importance of one over another

5 Essential or strong importance

7 Very strong importance

9 Extreme importance

2, 4, 6, 8 Intermediate values between the two adjacent judgments

Reciprocals If judgment of factor i compared with factor j is aij, then judgment of factor j
compared with factor i is aji ¼ 1 ¼ aij.

Table 1.
The Saaty rating scale for deciding relative importance of factor i compared to factor j [17].

n 1 2 3 4 5 6 7 8 9 10

RCI 0.00 0.00 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

Table 2.
Average random consistency index [41].
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3. Approach developed for the application of the AHP method

In order to fulfill the objective of listing the battery alternatives, the “Input data”
stage concerns the collection of essential data for the other calculations, originating
from the region where the battery bank will be allocated, the demand, the conditions
of use of the application, and the information provided by the manufacturers. In the
dimensioning stage, the application data are combined with the data provided by the
manufacturers, and the results of this stage alone provide a range of information on
the different batteries evaluated, some of which will serve as input for the AHP
method. In the “Application of the AHP method” stage, the batteries are classified
according to each of the considered criteria and subcriteria. As a result, AHP lists
battery alternatives in a priority ranking (Figure 2).

3.1 Input data of the problem

One of the objectives of this work is the classification of different battery technol-
ogies to form a bank that meets a certain demand. Since this ordering is established
considering the preference of certain qualification criteria. Therefore, input data are
necessary for the development of the methodology, namely:

a. average temperature of the region: provided in C°, being necessary for
calculating the time of use of the batteries;

b. energy demand: supplied in kWh, used to calculate the energy of the battery
bank in the sizing.

c. operating regime: in this regard, we provide the period considered (hours, days,
etc.), number of cycles per period, and the duration of each cycle per hour, and
this information is used to determine the time of use of the battery bank.

d. battery database: these are made available by the manufacturers and used in the
sizing calculation.

3.2 Battery sizing

In the methodology developed for dimensioning the batteries, the application data
entered by the user and the information contained in the database are combined. The
variables that make up the sizing are gravimetric density, volumetric density, optimal
Depth of Discharge (DOD), battery bank energy, number of containers, and battery
usage time. Determining the sizing variables provides the user with a range of informa-
tion on the different battery alternatives evaluated, and some of this information serves
as input for the AHP method.

Therefore, the design calculation was divided into six steps, as shown in the
following algorithm. In Step 1, we described the calculation of gravimetric energy
density. In Step 2, we present the calculation of the volumetric energy density. In Step
3, we show the methodology adopted to determine the optimal DOD. The calculation
for energy from the battery bank is performed in Step 4. In Step 5, we establish the
logic for defining the number of containers for storing the battery bank, taking two
options for containers with volumes of 33 m3 and 67 m3, named type I and type II,
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respectively. Since, we consider only 60% of the total capacity of the container, since
the remaining space is destined for the control and refrigeration systems. Finally, the
calculation of the battery usage time is presented in Step 6.

Battery sizing algorithm

Step 1 Gravimetric Energy Density

Require: Capacity (Ah), Voltage (V) and Weight (kg)
For each type of battery technology do

Gravimetric density Capacity�Voltage
Monoblock Weight

Figure 2.
Overview of the developed methodology.
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End For

Step 2 Volumetric Energy Density

Require: Capacity (Ah), Voltage (V) and Volume (m3)
For each type of battery technology do

Volumetric density Capacity�Voltage
Monoblock Volume.

End For

Step 3 DOD great

Require: Energy Throughput (kWh) and DOD (percentage)
For each type of battery technology do

Calculate the max
DOD

Energy Throughput
� �

:

If you have a maximum then
great DOD DOD ∗ , where DOD ∗ is the solution obtained

Else
great DOD manufacturer0s DOD.

End If
End For

Step 4 Battery bank power

Require: Optimal DOD (percentage) and Demand (kWh)
For each type of battery technology do

Bank Energy Demand
Optimal DOD.

End For

Step 5 Number of containers

Require: Bank Volume (m3) and Effective Container Capacity (m3)
For each type of battery technology do

Type I Containers Bank Volume
0:6�Type I Container Capacity

� �
.

Type II Containers Bank Volume
0:6�Type II Container Capacity

� �
.

Optimal number of containers min Type I containers,
�

Type II containersÞ
End For

Step 6 Battery usage time

Require: Number of optimal DOD cycles and number of cycles per period
For each type of battery technology do
Usage time Number of optimal DOD cycles

365�Number of cycles per period.
End For

3.3 Application of AHP

The methodology developed was divided into four phases: (i) definition of
alternatives, (ii) definition of criteria and subcriteria, (iii) pairwise comparison and
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consistency check, and (iv) final classification. The methodology for phases (i) to (iii)
is presented in this section. Phase (iv) consists of the calculations for prioritizing the
alternatives and final classification, and these results are presented in Chapter 4.

3.3.1 Definition of battery alternatives

For the developed approach, four types of battery technologies were chosen,
according to Table 3.

Batteries 1, 2, and 3 are lead-acid, one of the most used and developed technologies
in the world. It has a low acquisition, installation, and maintenance cost and competes
with lithium-ion batteries when weight and volume are not decisive factors. These
batteries have the following characteristics: fast response time, low percentage of self-
discharge, fully recyclable, presenting risks of corrosion, exposure to toxic agents,
leakage, and potential for contamination. However, there are still limitations such as
energy density and malfunction at low temperatures [42].

Battery 4 is iron phosphate lithium ion, and this technology features low weight,
good storage capacity, absence of memory effect, high energy density, risk of explo-
sion, exposure to toxic agents, contamination by lithium, phosphorus, and organic
solvents [43].

3.3.2 Definition of criteria and subcriteria

Based on previous studies and the experience of the researchers who developed
this work, four criteria were defined for choosing battery alternatives, namely: envi-
ronmental, technological, regulatory and financial, and subcriteria were also defined
according to Figure 3. The main idea for these criteria is to consider different aspects
that can influence this type of decision-making. Accordingly, a breakdown of the
criteria and subcriteria is provided below.

3.3.2.1 EC environmental criteria

EC1. Security: It refers to sporadic environmental risks, whose indicators are
associated with potential damage. The risks are classified based on the sum of scores
distributed as follows: 1 for the risk of corrosion, 2 for the risk of exposure to toxic
agents, and 3 for the risk of explosion and fluid leakage. In this subcriterion, the lower
the score obtained, the greater the preference for drums.

EC2. Demobilization: It refers to the recycling of batteries according to the mate-
rial they are made of and the types of waste generated at the end of the equipment’s
useful life.

N° Battery alternatives Manufacturer Model

1 Ventilated Stationary Tubular Lead Acid (OPzS) Fulguris 3OPzs150

2 Lead-Carbon Acid (PbC) Narada 12RECX120

3 Ventilated Stationary Lead Acid Moura Clean 12MF175

4 Lithium-Ion LFP (Iron Phosphate) UniPower UP-LFP 4875

Table 3.
Battery technology alternatives.
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EC3. Visual Impact: It refers to the visual impact caused by the size of the
containers that will be used to support the battery bank, considering that the larger
the container, the lesser the importance of the technology.

EC4. Contaminant Potential: It refers to the environmental damage on the biota
caused by the chemical components of the batteries. The following damage classes
were defined: low when the contaminating elements reduce the quality of fauna and
flora and even affect local ecosystems, medium when they can reduce reproduction or
biological survival, and high or very high when they cause damage that can lead to
death of organisms and the impossibility of reproduction.

3.3.2.2 TC. Technological criteria

TC1. Technological Maturity
TC11. Number of Systems Installed: It refers to the number of systems installed

worldwide for each battery technology this information is taken from [44]. In this
third-level criterion, the greater the number of projects, the greater the importance of
technology.

Figure 3.
Hierarchical structure of the problem criteria.
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TC12. Installed Power: It refers to the total amount of installed power in projects
deployed in the world for each technology, and the information was taken from [44].
In this subcriterion, the greater the installed capacity, the greater the importance of
technology.

TC13. Availability of suppliers:With regard to the number of suppliers available
for each type of technology, this information was obtained from [44]. In this
subcriterion, the greater the number of suppliers, the greater the importance of
technology.

TC14. Time of Commercial Use: The time in which the technology is commer-
cially available is evaluated, that is, the longer the time, the greater the degree of
importance of the technology.

TC2. Efficiency: Maximum percentage charge and discharge of stored energy
with minimal decrease in battery life. When evaluating this criterion, it is defined that
the higher the percentage, the greater the degree of importance.

3.3.2.3 TC3. Density

TC31. Gravimetric Energy Density: Amount of energy stored per unit mass,
expressed inWh=kg. For density criteria, the higher the density, the greater the degree
of importance. The value is numeric and undergoes a normalization process to gener-
ate the score for this subcriterion.

TC32. Volumetric energy density: Amount of electrical charge stored per vol-
ume; in this case, the greater the density, the greater the degree of importance, being
measured in Wh=mm3 As this criterion is numerical, the values undergo normaliza-
tion to acquire the score for each technology.

3.3.2.4 RC. Regulatory criteria

RC1. Applicable Environmental Law: It refers to the existence of legal provisions
for the analysis of technologies with regard to the operation, since the existence of
legislation gives legal certainty to contracts. The adaptability of the legislation can be
considered by the absence of specific legal provisions, and the degree of importance is
increased as the alternative has valid and applicable legislation.

RC2. Compliance with regulations and certificates: It is evaluated by the exis-
tence or not of norms and/or specific laws for a certain type of technology. The degree
of importance increases due to the existence of specific norms and laws.

3.3.2.5 FC. Financial criteria

FC1. Average Cost: It refers to the average cost of purchase, installation, and
maintenance of the battery system; in this criterion, the higher the average cost, the
lesser its importance. If there are exact values obtained through budgets, this value
can be used and goes through a normalization process to obtain the score for each
technology.

FC2. Manufacturing/Import: It concerns the existence of domestic or foreign
battery factories. The degree of importance is increased if the company has a national
domicile, as it excludes possible difficulties related to importation.

With the exception of the security and density subcriteria, we can associate ranges
of importance to each subcriteria according to Table 4. Note that if the average cost
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subcriterion does not have a budgeted value, studies can be used to estimate this
value, adopting the importance ranges defined in Table 4.

3.3.3 Pairwise comparison and consistency check

After defining the alternatives and the hierarchical model of the problem,
according to the AHP method, the pairwise comparisons begin to determine the level
of importance between the criteria and subcriteria. For that, a questionnaire was
developed with comparison matrices between the criteria and subcriteria, separated
by type and level. For each comparison matrix, a pairwise evaluation must be
performed using the Saaty scale (Table 1).

To carry out these evaluations, the questionnaire was sent to 12 professionals with
degrees in the areas of Electrical, Environmental, Chemical, Materials, Forestry, in
addition to the areas of Biology and Ecology.

From the responses of the questionnaire, the process of normalization and consistency
of the scores is assigned by the specialists to validate the interdependence of the criteria
and subcriteria (Section 2). The experts’ inconsistent assessments were dismissed. In
sequence, to define the final weights to be used, we considered the geometric mean of the
normalized scores of the eight specialists with consistent responses.

Subcriteria Feature evaluated Small Great Very large Absolute

EC2 Recycling Disposable Partially
recycling

Fully recycling —

ec3 Number of containers More than 2
type II

containers

2 type II
containers

1 type II containers 2 type I
containers

EC4 Damage to the biota Very serious Serious Average Little

TC11 Projects in the world [0,10[ [10,40[ [40,80[ ≥ 80

TC12 Energy (MW) [0,10[ [10,50[ [50,100[ ≥ 100

TC13 Number of suppliers in
the world

[0,5[ [5,20[ [20,40[ ≥40

TC14 Usage time worldwide
(years)

[0,10[ [10,30[ [30,60[ ≥ 60

TC2 Efficiency percentage [0,0.8[ [0.8,0.9[ [0.9,0.95[ ≥0:95

RC1 Applicability of law Not
applicable

Law can
be

adapted

Established law but
with difficult
application

Established
and

applicable
law

RC2 Compliance with
regulations and issuing

of certificates

There is no
norm and law

Is there a
rule

There is rule and
there is law

—

FC1 Average cost $=MWhð Þ > 1000 ]
500,1000]

]100,500] ≤ 100

FC2 Domestic or foreign
manufacturing

Foreign Domestic Foreign Domestic

Table 4.
Level of importance per characteristic evaluated in each subcriterion.
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4. Numerical experiments

We performed numerical experiments for the problem of classifying different
battery alternatives for energy storage in a region of Brazil, with an application
demand of 50 kWh, two cycles of battery use per day, where each cycle lasts 10 hours,
and also a temperature of 25C°.

4.1 Dimensioning of the chosen alternatives

Based on the input data of the problem, on the manufacturer’s catalog and the
sizing methodology developed in Section 3, the characteristics of the batteries were
obtained and calculated according to Table 5.

4.2 Evaluation of the batteries according to the criteria

Through the results obtained in the dimensioning phase and also through the
manufacturers’ data, in Table 6, we describe the results of each battery in relation to
each criterion.

4.3 Application of the AHP method

To rank the different battery technologies, we use the AHP method. For this study,
we considered two types of analysis. The first considers the view of specialists in the
areas of engineering, environment, and chemistry regarding the analyzed criteria. The
second considers theoretical cases where scenarios are generated considering the pref-
erence in each of the environmental, technological, regulatory, or financial criteria, and
even a neutral scenario where all criteria have the same level of importance.

4.3.1 Expert scenario analysis

As presented in section 2, based on the consistent evaluations of the eight experts,
the weights for each criterion and subcriteria were defined, according to Table 7. This
set of weights was named Expert scenario.

Considering the weights defined by the expert’s answers (Table 7) and the weights
defined through the ranges of interest (Table 4) together with the information of the
batteries made available (Table 6), the final score of each heat in each criterion is
provided in Table 8, and also the final priority of the heats.

Battery
alternatives

Gravimetric
energy density

Wh=kg
� �

Volumetric
energy density

Wh=m3
� �

Optimal
DOD
(%)

Battery pack
energy
supplied
kWhð Þ

Containers
number

Battery
usage time
(years)

1 18.75 3.82E+04 54.43 91.9 1 of type I 3.53

2 23.53 6.27E+04 25 200 1 of type I 13.13

3 35.42 5.55E+04 20 250 1 of type I 2.47

4 87.80 1.15E+05 64 78.12 1 of type I 6.19

Table 5
Result of sizing battery alternatives.
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From the perspective of the environmental criterion, the indicated technology is
that of lithium ions; however, the difference between the results of the four technol-
ogies was not substantial. This alternative is also the most adequate regarding the
technological criterion, in this case with a wide advantage in relation to the others. As
for the regulatory and financial criteria, lead-acid (OpzS) and vented lead-acid batte-
ries obtained the same results, since the two technologies have exactly the same input
data for the associated subcriteria as show in Table 6.

Finally, with the assumptions adopted in this study and the four technologies
evaluated, the final results are presented in Table 9. It appears that the overall result
pointed to the Ventilated Stationary Lead-Acid technology as the best alternative for
this study, that is, 27.92% priority over the others.

The results of the final priorities of technologies 1, 3, and 4 are very similar
(around 2% off difference), so they can be considered technically equivalents and
small changes in weights may result in different classifications.

4.3.2 Analysis of theoretical scenarios

With the AHP weights established, we can create other scenarios, which can
explain different user preferences. For example, assuming a greater preference for a

Criteria Battery 1 Battery 2 Battery 3 Battery 4

EC1 6 6 6 5

EC2 Recyclable Recyclable Recyclable Disposable

EC3 1 container of type I 1 container of
type I

1 container of type I 1 container of
type I

EC4 Little damage Serious
damage

Average damage Little damage

TC11 45 3 69 112

TC12
MWð Þ

61.4 1.0 61.4 174.6

TC13 [40,80[ [5,20[ [40,80[ [40,80[

TC14 ≥ 60 [10,30[ ≥ 60 [30,60[

TC2 0.85 0.92 0.85 0.98

TC31
kWh=kgð Þ

0.01875 0.02353 0.03542 0.08780

TC32
kWh=m3ð Þ

3.82E+04 6.27E+04 5.55E+04 1.15E+05

RC1 Law enacted and applicable
to technology

Law can be
adapted

Law enacted and applicable
to technology

Law can be
adapted

RC2 Standard only No standard Standard only Standard only

FC1
$=MWhð Þ

]500,1000] ]500,1000] ]500,1000] > 1000

FC2 Brazil Abroad Brazil Abroad

Table 6.
Characteristics of each battery regarding the criteria.
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certain criterion and a lower weight for the others, or leaving them all with the same
decision-making power, in this way the decision-maker indicates his priority.

To create these scenarios, we changed the weights given to the first-level criteria
(Environmental, Technological, Regulatory, and Financial), while the rest of the
weights are defined according to the expert’s scenario (Table 7).

In this way, we generate five different scenarios, namely: environmental, techno-
logical, regulatory, financial, and neutral. The weights for the criteria of each scenario
can be seen below in Table 10, with the criterion with the highest weight highlighted
in bold.

Finally, considering the assumptions adopted in this study and the four technolo-
gies evaluated, Table 11 shows the final result of the AHP for each scenario. The
general result presents the priority ranking of the batteries, with the Stationary
Vented Lead-Acid technology being the best alternative for this application, among
the four of the five analyzed scenarios. The evaluation of these scenarios is interesting
to verify the performance of technologies considering different strategies.

1st level criteria (%) 2nd level criteria (%) 3nd level criteria (%)

EC 24.64 EC1 37.39

EC2 20.20

EC3 5.35

EC4 37.09

TC 29.64 TC1 19.04 TC11 12.92

TC12 33.28

TC13 37.07

TC14 16.72

TC2 36.90

TC3 44.04 TC31 54.65

TC32 45.35

RC 21.07 RC1 51.67

RC2 48.33

FC 24.64 FC1 61.45

FC2 38.55

Table 7
Weights for each criterion and subcriteria based on consistent expert responses.

Battery Environmental Technological Regulatory Financial

1 0.2371 0.1700 0.3415 0.3267

2 0.2371 0.1819 0.1186 0.2433

3 0.2527 0.2176 0.3415 0.3267

4 0.2730 0.4305 0.1985 0.1033

Table 8
Notes for each battery against the criteria.
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5. Conclusions

The Brazilian Power Sector is preparing the introduction of battery energy storage
in its distribution lines for energy quality control. The success or failure of this new
technology (from a financial and technical standpoint) depends on many factors.
Different kinds of battery technologies have advantages and disadvantages depending
on the operational systems regimes adopted. Different geographical locations, acces-
sibility, spare parts availability, and other related factors may play a significant role in
giving priority to one technology rather than another, and even environmental
restrictions and the local regulatory framework can affect the results. The AHP algo-
rithm is designed to take into account all these factors. It should be pointed out that
the results depend a great deal on the evaluations of the specialists. In view of this, as
many experts as possible must be consulted for each evaluated criteria and subcriteria
to overcome this subjectivity.

In this work, we present a methodology to size and classify different battery
alternatives, based on the AHP method. For this, considering the opinions of experts

Battery Final priority

1 Ventilated Stationary Tubular Lead Acid (OPzS) 26.13%

2 Lead-Carbon Acid (PbC) 19.73%

3 Ventilated Stationary Lead Acid 27.92%

4 Lithium Ion LFP (Iron Phosphate) 26.22%

Table 9
Final result of the AHP for each battery technology.

Scenario

Environmental Technological Regulatory Financial Neutral

Criteria EC 0.4000 0.2000 0.2000 0.2000 0.2500

TC 0.2000 0.4000 0.2000 0.2000 0.2500

RC 0.2000 0.2000 0.4000 0.2000 0.2500

FC 0.2000 0.2000 0.2000 0.4000 0.2500

Table 10
Weights for the 1st level criteria in each scenario

Battery Scenarios priorities

Environmental Technological Regulatory Financial Neutral

1 26.25% 24.90% 28.33% 28.04% 26.88%

2 20.36% 19.26% 17.99% 20.48% 19.52%

3 27.82% 27.12% 29.60% 29.30% 28.46%

4 25.57% 28.72% 24.08% 22.18% 25.14%

Table 11
Final AHP result for each battery technology in each scenario.
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in the field, grades were assigned to different criteria and subcriteria, defined from
the main characteristics of batteries in the segments: environmental, technological,
regulatory, and financial.

Finally, to validate the developed methodology, we approach a problem of classi-
fying four different types of battery technologies (Ventilated Stationary Tubular Lead
Acid, Lead-Carbon Acid, Ventilated Stationary Lead Acid, and Lithium Ion LFP). In
the study, two types of analysis were performed. The first analysis considered the
specialists’ view about the analyzed criteria, and the study pointed out that the best
alternative for the application was the Ventilated Stationary Lead-Acid battery.

The second analysis considered theoretical cases, with scenarios generated assum-
ing a preference for each of the first-level criteria, and even a neutral scenario where
all criteria have the same level of importance. In the results, the Ventilated Stationary
Lead-Acid battery was the best alternative among the four of the five analyzed
scenarios.

It is important to note that the useful life of the alternatives was used to calculate
the batteries dimensioning; however, it was not considered as a criterion in the AHP
method. In the future work, it is expected to use the useful life with the real prices of
the technologies to replace the average price subcriteria.

The results of the method must be evaluated by specialists to validate the choice,
since they have greater knowledge of the particularities of each technology. The
advantage of using AHP for this problem is the consideration of subjective criteria
such as environmental and regulatory criteria, which cannot be used directly in the
calculation of the cost-benefit of technologies.
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Chapter 12

Analytic Hierarchy Process 
(AHP) Applications in Watershed 
Management Plan, A Case Study of 
Sub-Watershed
Kartic Bera, Jatisankar Bandyopadhyay and Pabitra Banik

Abstract

Analytical Hierarchy Process (AHP) one of the Multi-Criteria Evaluation tech-
niques is proposed by Saaty’s-1980. More than one parameter is equally important 
for management, as these are very much interrelated. One of the methods is AHP, 
which is welcomed for supporting procedural justice that regards clearness and 
equality of decisions. However, the AHP method promises for procedural justice 
are partly grounded in it is supposed by numerical accuracy. By contrast, AHP 
method can contribute to the multiple criteria for procedural justice, which may 
explain AHP’s continuing and growing popularity. The actual process of apply-
ing the decision rule is evaluation. In order to meet a specific objective, several 
criteria need to be evaluated. Such a procedure is termed as AHP. The integration 
of special information technology and multi-criteria methods facilitate the provi-
sion of a tool with great potential for obtaining watershed boundary or selecting 
sites for taking action plan. AHP provides an appropriate framework for the 
application of multi-criteria evaluation methods, whereas multi-criteria evalua-
tion techniques add to GIS the means of performing trade-offs on contradicting 
objectives, giving weight-age to both multiple criteria as well as the knowledge of 
the decision maker.

Keywords: AHP, Dryland, water balance, surface water, prioritization, management 
plan

 1. Introduction

According to Thomas L. Saaty [1] “We are all fundamentally decision makers. 
Everything we do consciously or unconsciously is the result of some decision”. By the 
objectives, criteria, sub-criteria, alternatives multi-level hierarchical structure are 
used. Pair wise comparisons pertinent data set derived from pair wise comparison [2]. 
These pair wise comparisons are used to obtain the weights of rank of the decision 
criteria, and the relative performance measures of the alternatives in terms of each 
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individual decision criterion. The mechanism improving is required if the compari-
sons are not perfectly consistent.

Analytical Hierarchy Process (AHP) one of the Multi-Criteria Evaluation tech-
niques is proposed by Saaty’s-1980. The AHP is increasingly used as decision support 
method along with multiple parameters. AHP is welcomed for supporting procedural 
justice that regards clearness and equality of decisions. The numerical basis of AHP is 
not as unequivocal as current ‘AHP standard practice’ suggests. By contrast, AHP can 
contribute to the multiple criteria for procedural justice, which may explain AHP’s 
continuing and growing popularity. It is increasingly used as decision support method 
along with multiple parameters.

Many researches had been applied in several fields, for example, in engineering 
[3], industry [4], economics [5], environmental management, and water manage-
ment [6–10].

Recently researchers have applied AHP to decision-making concerning water 
resource management [9, 11] focusing on criteria relating to social, economic [12], 
and environmental factors [13]. Thus, multi-criteria (or multi-parameters) deci-
sion support methods are widely applied in evaluation and strategic watershed 
planning and management, and infrastructure development. Multiple criteria 
analysis techniques have been used by water resource practitioners to select or to 
design alternatives in areas such as river basin planning and development, water 
resources development, land use management, groundwater/surface water allocation, 
 watershed restoration and water resources quality [14, 15].

More than one parameter is equally importance for management [16], as this is 
very much interrelated. In the present study watershed management, 6 standard 
methods were used and studied briefly to calculate individual parameters of the 
study area. Final priority has been evaluated through AHP method [1]. This is useful 
for water resource management, with diverse malty parameter, for prioritization 
questions with diverse criteria or for allocation of scarce resources. However, AHP’s 
promises for procedural justice are partly grounded in its supposed numerical 
accuracy.

Insufficient of hydrologic data, the logical alternative is to use for estimate the 
hydrologic characteristics of a watershed by using drainage morphometric param-
eters. These parameters can be precisely estimated in GIS environment. Extensively 
used techniques for estimating direct runoff depths from storm rainfall proposed by 
United States Department of Agriculture (USDA) Soil Conservation Service’s (SCS) 
Curve Number (CN) method [17]. SYI model used for quantitative assessment of soil 
erosion which is basic aspect of watershed management, one can predict the amount 
of soil loss by using some empirical formulae. Also demographic stretcher informa-
tion is required for best management practices on these areas and assessment of BMP 
implementation effectiveness on water amiability improvement through monitoring 
strategies. The final priority and action plan of each micro-watershed has been taken 
by Analytic Hierarchy Process (AHP) [18].

2. Case study area

Dwarakeswar (also known as Dhalkishor) river originates from the Tilaboni 
hill near Bangalia Railway Station in Puruliya district of West Bengal state, flows 
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easterward through pedimental landscape and enters into dissected Bankura, 
then enters in lateritic upland and further downstream into the Gangetic Alluvial 
Terrain debouching in the Rupnarayan river [19]. Beko is one of the watersheds of 
Dwarakeswar river in Bankura and Puruliya district. Upper Beko watershed (2A2C8) 
contains 7 sub-watersheds i.e. Beko, Dangra, Kansachara, Arkasa, Dudhbhariya, 
Darubhanga and Futuari (Figure 1). This study was undertaken in sub-watersheds 
namely Dangra (Figure 1).

3. Dangra river

Left hand tributary of Dwarkeswar river flowing through Kasipur, Raghunathpur-I, 
& Santuri block of Puruliya district and Chhatna block in Bankura district. Dangra 
sub-watershed contain by proposed 29 micro-watersheds (Figure 2). The area of 
Dangra sub-watershed is 210.16 km2 and elevation varies between 90 m to 250 m above 
mean sea level (MSL).

The area under study constitutes part of a semi-arid region with distinct char-
acteristics in terms of the following elements i.e. Relief, Soil, Geology, Climate, 
Drainage, and Slope, Land use / Land cover and Groundwater availability.

Figure 1. 
Location of study area.
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4. Methodology

Watershed management is described by the different natural parameters for tack-
ing appropriate action plan or implementation. Watershed management is a complex 
attribute of watershed that has a direct effect on micro watershed. Most micro 
watershed parameters are determined by the interaction of several characteristics and 
measurable natural attributes of the region [19, 20]. In this study, selected numbers of 
parameters have been selected for evaluation the micro watershed. Once the prob-
lem has been recognized, the set of criteria for assessment needs to be designated. 

Figure 2. 
Study area watershed.
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Since the evaluation criteria are related to geographical entities and the interlinking 
between them, they can be approximately represented.

The actual process of applying the decision rule is evaluation. In order to meet a 
specific objective several criteria need to be evaluated. Such a procedure is termed 
as Multi-Criteria Evaluation. The integration of special information technology 
and multi-criteria methods facilitate the provision of a tool with great potential for 
obtaining micro watershed boundary or selecting sites for taking action plan [19]. 
AHP provides and appropriate framework for the application of multi-criteria evalu-
ation methods, whereas multi-criteria evaluation techniques add to GIS the means of 
performing trade-offs on contradicting objectives, giving weightage to both multiple 
criteria as well as the knowledge of the decision maker.

The multi-criteria decision analysis method is widely used for pair-wise com-
parison techniques. Analytic Hierarchy Process (AHP) is developed by Saaty [1] for 
decision making process. The pair-wise comparison of related parameters results into 
the ‘importance matrix’ which is based on a scale of importance intensities. Table 1 is 
elaborately discus about scale of importance. The importance matrix can then be ana-
lyzed by various methods-“Eigen-Vector method” or “Least Square” method, to arrive 
at the weightages of each parameter in the matrix. However, in the present study a 
ratio (reciprocal matrix) is constructed, where each factor or criteria is compared 
with the other criteria, relative to its importance on a scale from 1 to 9.

Weights are calculated by normalizing the eigen-vector associated with the maxi-
mum eigen-value of the matrix. This involves the following operation:

• Computation of sum of values in each column of the Pair-wise comparison matrix;

• Normalization of the matrix by dividing each element by its columan total;

• Computation of mean of the elements in each row of the normalized matrix.

Then the consistency ratio (CR) is computed to check the consistency of compari-
sons by using the flowing formulas:

Assigned value Definition Explanation

1 Parameters are of equal importance Two parameters contribute equally to the 
objective

3 Parameter j is of weak importance 
compared to parameter i

Experience and Judgment slightly favor 
parameter i over j

5 Essential or strong importance of 
parameter i compared to j

Experience and Judgment strongly favor 
parameter i over j

7 Demonstrated importance Criteria i is strongly favored over j and its 
dominance is demonstrated in practice

9 Absolute importance The evidence favoring parameter i over j to 
the highest possible order of affirmation

2,4,6 & 8 Intermediate values between two adjacent 
judgment

Judgment is not precise enough to assign 
values of 1,3,5,7,and 9

Table 1. 
Scale for pair-wise comparison.
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( )
( )

=
Consistancy Index

Random Inconsistency Index
CI

CR
RI  (1) 

 

−
=

−
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1
n

CI
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Where.
λ max – Principal Eigen – value = sum of products between each elements of the 

priority vector and column total.
n = number of comparisons/criteria.
If the consistency ratio (CR) > 0.10, then some pair-wise values need to be 

reconsidered and the process is repeated till the desired value of CR < 0.10 is reached 
(Table 2 and Figure 3).

Figure 3. 
Flow chart of the work.

Number of criteria (n) Random Inconsistency Indices (RI)

1 0.00

2 0.00

3 0.58

4 0.90

5 1.12

6 1.24

7 1.32

8 1.41

9 1.45

10 1.49

Table 2. 
Random Inconsistency Indices (RI).
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5. Result and discussion

The methodology described above has been implemented for the Dangra sub-
watersheds to determine the suitable of land for micro-watershed management 
and taking action plan [21]. The prioritization at micro watershed level for the 
sub-watersheds based on the following parameters; Water scarcity, Sediment Yield 
Index, Land Capability, Morphomatic parameters, Societal parameters, and Run-off 
(Tables 3 and 4).

Calculation of Consistency Ratio (CR):

 

( ) ( )
( ) ( )
( ) ( )

= × + ×
+ × + ×
+ × + × =

ë max 1.928 46.07632855 4.923 24.29530124
10.033 12.76595183 15.7 8.592603084
19.5 5.026182866 27 3.243632435 6.57014234        (3)

 ( ) ( )= − − =6.57014234 6 / 6 1 0.114028468CI                            (4)

 

( )= =

= <  

0.114028468 6 Parameters,Value of 1.24
1.24

0.0919584 Consistency is acceptable, 0.10

CR RI

asCR  
(5)

6. Conclusion

As per the analysis in Table 5 of the total 29 micro-watershed in the sub-watershed 
eighteen micro-watersheds are fall under fast management stage twelve micro-water-
sheds, in second management stage seven micro-watershed and four under third 
management stage, whereas immediate action not required for development based on 
sub-watersheds (Figure 4).

The multi-criteria evaluations of physical parameters of the sub-watersheds 
indicate that the area is facing a great water resources problem. Thematic information 
of scarcity zone, morphometric characters, surface runoff, sediment yield, land capa-
bility and socio-economy with demography were generated in the GIS environment 

Factors Scarcity SYI Land capability Morphometric Societal Run-off

Scarcity 1 3 5 7 7 9

SYI 1/3 1 3 5 4 7

Land capability 1/5 1/3 1 2 5 3

Morphometric 1/7 1/5 1/2 1 2 5

Societal 1/7 1/4 1/5 1/2 1 2

Run-off 1/9 1/7 1/3 1/5 1/2 1

Sum 1.928 4.923 10.033 15.7 19.5 27

Table 3. 
Pair-wise comparison of factors for action Plan.
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using remote sensing data and field data. Therefore, all final prioritized value is 
assigned weightage to obtain normalized weightage by using analytical hierarchy 
process. Then all the parameters are integrated in the GIS environment to decide the 
soil conservation measures at the appropriate site in the watershed.

AHP provides an appropriate framework for the application of multi-criteria 
evaluation methods, whereas multi-criteria evaluation techniques add to GIS the 
means of performing trade-offs on contradicting objectives, giving weight-age to both 
multiple criteria as well as the knowledge of the decision maker. On the whole, this 
study demonstrated that the remote sensing, GIS and AHP techniques offer a useful 
integrated tool for the deciding micro watershed management plan with societal 
perspective towards development and planning.

Figure 4. 
AHP based final priority.
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