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ABSTRACT
Route selection strategy has become the main aspect in the multimodal transportation system. The transport cost and time
as well as the inherent risks must be considered when determining a corrective design plan. The selection of a multimodal
transportation network route is a complex multi-objective decision problem. Therefore, considering the impact factors such as
the transport cost, time, and comprehensive risk assessment model were further created. This paper develops a decision support
model using an analytic hierarchy process (AHP) and zero-one goal programing (ZOGP) to determine an optimal multimodal
transportation route. AHP is employed to determine weights of each factor, which rely on expert judgments. The significant
weights of criteria obtained from AHP can be integrated in the objective function of ZOGP which is used to generate the optimal
route. The empirical case study of coal manufacturing is conducted to demonstrate the proposed model. This methodology can
provide a guidance for effectively determining the multimodal transportation routes to improve performance of logistics systems.
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1. INTRODUCTION

Freight transportation is an important supply chain and logis-
tics aspect. Multimodal transportation has been considered as a
major component of modern logistics systems, especially for long-
distance transportation and large logistics volumes. Multimodal
transportation, as defined by the Multimodal Transport Handbook
published by UNCTAD, is the transport of products by several
modes of transport from one point or port of origin via one or
more interface points to a final point or port where one of the car-
riers organizes the entire transport. Multimodal transportation is
an important development toward making local industry and inter-
national trade more efficient and competitive, by its potential to
create a smooth flow of goods and better control over the trans-
port chain. Recognizing the benefit of the concept, multimodal
transportation has attracted increased attention of late because of
ever-increasing road traffic congestion, environmental, and traf-
fic safety concerns. Consequently, many countries have taken ini-
tiatives to improve laws and regulations that would create the
necessary environment for it to progress. Nowadays, several man-
ufacturers are striving to reduce logistics cost, deliver products on
time, minimize freight transportation damage or risks to remain
competitive. Therefore, multimodal transportation is currently a
key solution of modern transportation systems. Especially, mul-
timodal transportation route selection strategy has become an
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important component in the logistics of transportation to correctly
prioritize multimodal transportation routes.

Solving the freight route choice problem by simultaneously con-
sidering the wide range of constraints, including transport logistics
cost, transport time, and inherent risk is considered as the most
effective approach for generating an optimized freight route choice.
In the past, most of the studies on multimodal transportation route
selection have emphasized minimizing cost and time only [1–5].
However, there are some studies dealing with minimizing risk
[6–9]. Risk is one of the important factors in route selection. It can
be associated with accidents, which cause more direct cost, time
and reduced quality of logistics systems [9,10]. Additionally, in the
case of the transportation and logistics process, the UNCTAD Sec-
retariat stated that risks not only imply a direct cost but also reduce
the competitiveness of exports. Therefore, in the decision-making
process of transportation route selection, all the three objectives,
i.e., cost, time, and risk must be considered in the model.

However, considering all these factors makes route selection a very
complex multi-objective decision-making problem. To address this
important issue, many scholars have been developing mathemati-
cal programing models to optimize route selection to improve the
logistics performance. Yang et al. [11]. established a multi-objective
optimization model for railway route selection in China. Zhang
et al. [12]. proposed a multi-objective optimisation model for route
selection of hazardous liquid on the railway network. Although
there have been many studies conducted on this issue, but only
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some studies have addressed optimal route selection for multimodal
transportation [9–10]. For example, Meethom and Koohathong-
sumrit [13] presented an optimization model based on dynamic
programing for a container freight transportation.

The aforementioned studies aim was to find the optimal route
by considering the various factors in combination with certain
optimization algorithms, but as they were based on the estab-
lished transportation system and also subjectively influenced by
field experts when evaluating the importance of weights. Therefore,
applying the methods above directly cannot solve the multimodal
route selection problem effectively. To mitigate for the shortcom-
ing, it is necessary to utilize a multiple criteria decision-making
(MCDM) method including analytic hierarchy process (AHP) to
properly weight the coefficients. Kengpol et al. [9]. stated that AHP
and an optimization model are a good combination to eliminate the
weakness of the transportation problem.

This study developed a multi-objective optimization model, con-
sidering transportation cost, time, and risks. It utilized the AHP and
zero-one goal programing (ZOGP) to solve the optimal route for
the multimodal transportation problem. The practicability of the
proposed method is proved by a real case study in Thailand. To vali-
date the model and result, Spearmans rank correlation, and Pearson
correlation analysis are carried out on each of the MCDM methods
that are studied. Furthermore, sensitivity analysis is also conducted
to present the impact on the optimal solution of the proposed AHP-
ZOGP model.

The significant contribution of this study can be summarized as
follows:

(i) The presented AHP-ZOGP model has competitive perfor-
mance compared with other techniques for determining
multimodal transportation routes. To avoid a large num-
ber of pairwise comparisons in AHP method, the proposed
model requires the experts to only provide pairwise com-
parisons on decision criteria. Therefore, the model has no
synthesis of pairwise comparison matrices and requires only
simple calculation.

(ii) The case study is presented along with its contributions to
the literature by introducing a holistic list of potential fac-
tors affecting the multimodal transportation, including cost,
time, freight damaged risk, infrastructure risk, operational
risk, security risk, environment risk, law risk, and financial
risk. Moreover, the factors in multimodal transportation are
identified in two sequential stages using both qualitative and
quantitative research approaches. This comprehensive clas-
sification not only helps researchers and practitioners iden-
tify and classify the potential transportation factors, but also
provides a starting point for creating a risk transportation
index model applicable to the multimodal transportation
process.

(iii) This study proposes a route selection framework to reduce
bias in risk assessment and to help develop a new decision
support system for ranking routes in multimodal transporta-
tion. Moreover, the proposed model integrates optimiza-
tion model minimizing the complexity of cost and time and
also uncertainty associated with risk. The study offers use-
ful insights to researchers and practitioners for prioritizing

transportation routes as well as optimizing routes under cost,
time, and risk decision criteria.

The remainder of this paper is organized as follows: Section 2
presents the literature review. Section 3 explains the methodol-
ogy and the AHP-ZOGP model is formulated. Section 4 describes
the case study and discusses the results. Finally, Section 5 presents
the conclusion, limitation, and some efficient directions for future
study.

2. LITERATURE REVIEW

Multimodal transportation is a key element within the freight trans-
portation industry [14,15]. It has various definitions; for example,
the European Conference of Ministers of Transport in 2001 defined
multimodal transportation as the movement of goods in one and
the same loading unit or vehicle, which uses successively two or
more modes of transport without handling the goods themselves
in changing modes. Multimodal transportation is considered as an
important development in making local industry and international
trade more efficient and competitive. However, the multimodal
transport problem has been addressed by many authors [4,5,9,16].
The previous research found that route selection is a fundamen-
tal problem of multimodal transportation and logistics manage-
ment [17,18]. A large number of literature has been published in
the area of multimodal route selection. Most of the research studies
have focused only on the minimization of cost and time objectives
[4,5,16]. However, there appears to be only a few studies dealing
with minimizing transportation risk [6–9]. For example, Kengpol
et al. [9]. suggested seven key transportation factors; transporta-
tion cost, transportation time, freight damage risk, infrastructure
and equipment risk, political risk, operational risk, and environ-
ment risk.

MCDM methods are approaches to structure information and deci-
sion evaluation in formal problems with multiple and conflicting
goals [19]. Many authors have applied MCDM methods to solve
real-world problems, including the AHP [20] method. AHP is the
most popular methodology that has been used in many MCDM
problems [21–24]. Because the advantages of AHP are evident.
The AHP method transforms a complex multi-criteria problem
into a hierarchical structure [24,25] and can be successfully applied
to both qualitative data and quantitative data 24. Furthermore,
AHP is the only methodology that can consider the consistency of
the decision makers [24]. Bentes et al. [26]. examined a telecom-
munications company in Brazil and assessed its organizational
performance using AHP to prioritize performance perspectives
and indicators. Ammarapala et al. [27]. utilized the AHP method
to select potential rural roads to support cross-border shipment.
Kengpol et al. [9]. applied AHP to determine the weights of the
criteria and linguistic terms of assessment grades for route selec-
tion of multimodal freight routes between Thailand and Vietnam.
Rajak and Shaw [24] developed a model for health application selec-
tion by adopting a combined approach of AHP and fuzzy TOPSIS;
however, limitations such as self-assessment bias affecting internal
validity were certainly presented in this application [28].

ZOGP is a technique for MCDM when a decision maker requires
to satisfy several goals and to reach the optimal solution [29].
The main advantage of this method is that it has the capacity
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to handle large-scale problems [28]. Its ability to produce infinite
alternatives provides a significant advantage over some methods.
However, ZOGP has an inability to weight coefficients. Many appli-
cations find its usage necessary in combination with other methods,
such as AHP, to properly weight coefficients. This approach allows
for proper weighting by eliminating this weakness while still being
able to choose from infinite alternatives [28]. Kengpol et al. [9].
combined AHP and ZOGP for a transportation problem. Kim and
Emetry [30] and Badri et al. [31]. used ZOGP for a project selection
problem.

The previous research studies indicated that the integrated AHP-
ZOGP is appropriate and widely used for prioritizing transporta-
tion routes. The combined AHP and ZOGP methods can deal with
qualitative and quantitative data. Moreover, it is more practical
and easier for ranking decisions compared to a large number of
alternatives.

Therefore, the proposed integrated AHP-ZOGP model has the fol-
lowing advantages over the methods of absolute priorities [9,10]:

(i) The proposed AHP-ZOGP is more efficient and straight-
forward than other techniques. The implementation of
AHP-ZOGP considers the relative priorities of factor and
represents the best alternative. Furthermore, AHP is
especially suitable for both qualitative and quantitative
modeling. AHP provides a useful mechanism for checking
consistency of the evaluation measures and thus reducing
bias in decision-making.

(ii) This study proposes a methodology that uses a combina-
tion of AHP and ZOGP. It is not only to formulate indi-
vidual models to reach the most suitable output from the
viewpoint of each individual expert but also to strike a bal-
ance among the possibly different outputs obtained from
individual ZOGP model to reach optimal route selection.
AHP-ZOGP model have the AHP advantage of generating
approximate weights. In addition, ZOGP model are capa-
ble of resolving conflict and fulfillment of both tangible
and intangible criteria from different experts’ view points to
achieve the different goals.

(iii) The combined AHP-ZOGP model possesses the
flexibility of adding new constraints, aspiration levels,
improvement objectives or alternative along with resource
limitations and modifying them when necessary. However,
the integrated AHP-ZOGP model does not have obvious
direct disadvantages

(iv) The constraints of ZOGP model, such as cost, time and risk
limitations, they have only one-to-one relationship between
criteria. The aim of these kinds of constraints is not only to
take into account the intangible criteria in the model by their
quantification using pairwise comparison of AHP, but also
to provide a way to measure how well an alternative performs
against a criterion. However, ZOGP cannot be used alone
because it still requires calculation of the weights of various
criteria to use in the objective function of the model. One of
the most suitable solutions to this dilemma is to use a combi-
nation of AHP and ZOGP in order to obtain a good solution
that is close to the ideal one.

3. METHODOLOGY

Appropriate freight multimodal transportation route selection is a
strategy to improve the performance of logistics and transporta-
tion. To determine the multimodal route selection, we consider
the following relevant factors; transportation cost, transportation
time, and seven transportation risks. The objective of this research
is to formulate a mathematical model that can optimize a multi-
modal transportation route, which can effectively minimize cost,
lead time and transportation risks in a multimodal transportation
system. To achieve these approaches, the multi-objective optimisa-
tion model can be utilized to obtain an optimal multimodal trans-
portation route. The problem is formulated by using ZOGP. The
significant weights obtained from the AHP method are incorpo-
rated into the objective function of ZOGP. The significant weights
from AHP, parameters and limited data are used to formulate the
objective function and constraints. The AHP method and ZOGP
are described in the following sub-sections.

3.1. Analytic Hierarchy Process

In the 1970s, Thomas L. Saaty [20] developed the AHP technique,
which formulates a decision-making problem into a hierarchy of
goal, criteria, sub-criteria, and decision alternatives. AHP has been
used in various applications, for examples, road network selection,
resource allocation, and evaluation of environmental impacts [32].
In this work, the significant weights of each criterion for each trans-
portation situation are obtained by using the AHP methodology.

In this section, a procedure is proposed to determine the weights of
the main criteria, namely transportation cost, time, and the seven
transportation risks. We consider the possible coal multimodal
routes regarding the main criteria. These criteria, sub-criteria and
alternative weights are then calculated. For problem formulation,
the following notation is adopted from the general AHP theory. The
description of AHP is as follows.

A set of criteria can be assumed as C = {Cj∕j = 1, 2, 3,… , n}. After
pairwise comparison among n criteria, a (n×n) dimension matrix
A is formed in which each component, aij (i, j = 1, 2… n), repre-
sents the importance of alternative i over alternative j. The number
of pairwise comparisons can be determined based on the formula
n2−n

2
if n criteria are considered in the model [24]. Equation (1) rep-

resents the matrix of pairwise comparison.

A =

⎡
⎢⎢⎢⎢⎣

1 a12 ⋯ a1n

1∕a12 1 ⋯ a2n
⋮ ⋮ ⋱ ⋮

1∕a1n 1∕an2 ⋯ 1

⎤
⎥⎥⎥⎥⎦

(1)

where a11
= 1, aij = 1

aij
and aij ≠ 0.

After the pairwise comparison, a mathematical computation is car-
ried out to establish the relative weights of criteria. The computa-
tion includes the calculation of a normalized principle eigenvector
from the given matrixA. The relative weights are given by the eigen-
vector ( w) corresponding to the largest eigenvalue ( 𝜆max) as

Aw = 𝜆max ∗ w (2)
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If the rank of matrix A is 1 and max is n, then it can be conjectured
that the pairwise comparisons are completely consistent. The rela-
tive weights are obtained by normalizing any of the rows or columns
of A.

To confirm the certain quality level of a decision, Saaty [20] intro-
duced a consistency index (CI) of evaluation to verify each pairwise
comparison matrix. To assess the consistency, the maximum eigen-
value of the CI is calculated using Eq. (3).

CI =
𝜆max − n
n − 1

(3)

where 𝜆max is the largest eigenvalue of the comparison matrix, and
n is the dimension of the matrix.

Finally, the consistency ratio (CR) is defined as the ratio between
the consistency of CI and the consistency of a random index (RI).
TheCR verifies whether the evaluations are appropriately consistent
[24]. CR is calculated using Eq. (4).

CR =
CI

RI(n)
(4)

where RI(n) is a random index that depend on n, RI as shown in
Table 1.

The acceptance limit of CR is 0.1 or 10%. If CR is not less than 0.1,
the judgment needs to be carried out on the pairwise comparison
again to make a more consistent decision.

3.2. Zero-One Goal Programing

ZOGP is a well-known modification and extension of linear pro-
gramming. It became a widely applied technique due to its ability
to handle decisions of multiple conflicting goals. However, ZOGP
has an inability to weight coefficients. Many applications find its
usage necessary in combination with other methods, such as AHP,
to properly weight coefficients.

The ZOGP model has been applied very frequently because it
is simple to use and understand [33]. This technique is used to
minimize the deviation from several objectives because of limited
resources. To achieve this, the problem is generally formulated by
using the ZOGP model. ZOGP can be used to select the alternatives
because of the binary nature of the selection variables and the mul-
tiple conflicting criteria involved. In this research, we looked for-
ward to finding the optimal multimodal transportation routes using
a multi-objective optimization approach. Owing to the complexity
of the transportation data, ZOGP was utilized to solve large-scale
problems.

Therefore, ZOGP is now introduced. The purpose of this concep-
tual model is to avoid the complexity of MCDM problems which
includes many decision criteria. This model organizes the decision
criteria into clusters with hierarchical structure. The objective func-
tion selects the most appropriate alternative from the total deviation

Table 1 Random Index (RI) of random matrices [20].
N 3 4 5 6 7 8 9

RI(n) 0.58 0.90 1.12 1.24 1.32 1.41 1.45

of main decision criteria in the highest layer of the model, while the
deviation of main decision criteria was computed by constrained
functions which are identified deviation between deviation of sub-
decision criteria and their maximum deviation.

The proposed route selection model integrates AHP and a multi-
objective optimization approach. The significant weights from
AHP, parameters, and limited data from previous phases are used
to formulate the objective function and constraints. The objective
function aims to select the optimal multimodal freight transporta-
tion route with the lowest total deviation between route data, min-
imizing transportation cost, time, and seven important risks. The
mathematical formulation of the model is defined in the following
equations. The objective function is given in Eq. (5).

The ZOGP methodology can be optimized to obtain a multi-
modal transportation route. The problem is formulated by using
Eqs. (5–18). The significant weights obtained using the AHP
method in the previous phase are added into the objective function
of ZOGP. The significant weights from AHP, parameters, and lim-
ited data from previous phases are used to formulate the objective
function and constraints. The definition of multi-objective mathe-
matical optimization model, the indices, parameters, and decision
variables are explained below. To clearly present the model formu-
lation, the notation is given as follows:

Decision
Variables
d+c The overachievement deviation of cost

d+t The overachievement deviation of time

d+d The overachievement deviation of freight damaged
risk

d+r The overachievement deviation of risk of infrastruc-
ture and equipment

d+o The overachievement deviation of operational risk

d+s The overachievement deviation of security risk

d+e The overachievement deviation of environmental risk

d+l The overachievement deviation of law risk

d+f The overachievement deviation of financial risk

xi The zero-one variables represented the non-selection
(zero) or selection (one) of route i = 1, 2, 3,..., n, sub-
ject to criteria right-hand side (cost, time, and risks)

Parameters
Zi The total deviation of objective or main decision

criteria for ith route
wc The relative weight of cost’s objective
wt The relative weight of time’s objective
wd The relative weight of freight damaged risk’s objective
wr The relative weight of risk of infrastructure and

equipment’s objective
wo The relative weight of operational risk’s objective
ws The relative weight of security risk’s objective
we The relative weight of environmental risk’s objective
wl The relative weight of law risk’s objective
wf The relative weight of financial risk’s objective

Continued
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(Continued)
ci The coefficient of xi in transport cost constraint for ith

route
C The percentage of transport cost limited by user
ti The coefficient of xi in transport time constraint for

ith route
T The percentage of transport time limited by user
di The coefficient of xi in freight damaged risk con-

straint for ith route
D The percentage of freight damaged risk limited by

user
ri The coefficient of xi in risk of infra-structure con-

straints for ith route
R The percentage of risk of infra-structure limited by

user
oi The coefficient of xi in operational risk constraints for

ith route
O The percentage of operational risk limited by user

si The coefficient of xi in security risk constraint for ith
route

S The percentage of security risk limited by user
ei The coefficient of xi in environmental risk constraint

for ith route
E The percentage of environmental risk limited by user

li The coefficient of xi in law risk constraint for ith route
L The percentage of law risk limited by user

fi The coefficient of xi in financial risk constraint for ith

F The percentage of financial risk limited by user

The objective functions of ZOGP are combined with the weights
from AHP for minimizing the deviation in Eq. (5). The first objec-
tive is the transport cost. The second objective is the transport time.
The last objectives are the seven multimodal transportation risks.
The user could specify the significant weights by using AHP.

MinZ = wc(d+c ) + wt(d+t ) + wd(d+d ) + ... + wf(d+f ) (5)

The cost constraint in Eq. (6) function represents the deviation
between transportation cost and budget. The transport budget
should not exceed the user limit. Equation (7) is the time constraint
function that is focused on the deviation between transportation
time and limited transportation time. Similarly, the transportation
time should not be higher than the lead time limited by the user.
The constraints for these models are as follows:

c1x1 + c2x2 + c3x3 +…+ cnxn − d+c ⩽ C (6)

t1x1 + t2x2 + t3x3 +…+ tnxn − d+t ⩽ T (7)

Equations (8–14) show the deviation of the seven transportation
risks constraint functions that are less than the user limit.

d1x1 + d2x2 + d3x3 +…+ dnxn − d+d ⩽ D (8)

r1x1 + r2x2 + r3x3 +…+ rnxn − d+r ⩽ R (9)

o1x1 + o2x2 + o3x3 +…+ onxn − d+o ⩽ O (10)

s1x1 + s2x2 + s3x3 +…+ snxn − d+s ⩽ S (11)

e1x1 + e2x2 + e3x3 +…+ enxn − d+e ⩽ E (12)

l1x1 + l2x2 + l3x3 +…+ lnxn − d+l ⩽ L (13)

f1x1 + f2x2 + f3x3 +…+ fnxn − d+f ⩽ F (14)

Equations (15–18) create controls to ensure that only one route is
optimum for a given situation. If the transportation cost, time, and
risks are greater than the user limitations, the route will not be con-
sidered.

x1 + x2 + ... + xn = 1 (15)

wcd+c ,wtd+t ,… ,wfd+f ⩾ 0 (16)

ci, ti,… , fi ⩾ 0 for i = 1, 2,… , n (17)

xi = 0 or 1; i = 1, 2, ..., n (18)

However, as the data in the objective functions has been recorded
in different units, they were converted to percentages (the units for
transportation cost, time, and risks are different). The normaliza-
tion is given by Eqs. (19–23).

ci = The coefficient of xi in budget constraint that is cost of each
route in percentage of the under budget:

ci =
(Budget limited by user) − (Cost of route i)

Budget limited by user
× 100 (19)

C = The right-hand side of Eq. (6) is percentage of budget limited
by user that is presented below:

C =
(Budget limited by user) − (Minimum cost of route i)

Budget limited by user
× 100

(20)

ti = The coefficient of xi in transport time constraint that is a per-
centage of transport time of each route which is limited by user:

ti =
Transportation time of route i

Transportation time limited by user
× 100 (21)

T is the percentage of transport time limited by user (=100%)

di,..., fi = The coefficient of xi in seven transportation risk con-
straints:

di, ..., fi =
(Risk score limited by user) − (Risk score of route i)

Risk score limited by user
× 100

(22)

D,..., F = The right-hand side of seven transportation risk con-
straints in Eqs. (8–14):

D, ..., F =

Risk score limited by user−
Minimum risk score of route i

Risk score limited by user
× 100 (23)
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4. CASE STUDY AND RESULTS

The multimodal freight transportation system handles a varied
range of freight while providing service to a wide range of indus-
tries. The major commodity is coal (largely for regional power
production), which is one of the world’s most important natural
resources. It is used in the electricity generating process and other
manufacturing industries, such as cement industry, paper industry,
and others that require high heat in production. Coal is an unper-
ishable product that is usually transported via waterways, railways,
and roads. Therefore, the empirical case study of coal industry is
conducted to demonstrate the proposed model. The main objective
is to enhance the logistics system’s performance by finding the opti-
mal route while minimizing the factors involved.

The research methodology will illustrate the process of data collec-
tion and analysis. This study proposed the development of a frame-
work of route selection in multimodal freight transportation, which
was then tested on a realistic multimodal transportation problem.

We applied combined methodologies, consisting of AHP and multi-
objective optimization. The details of the five-phase framework for
route selection in multimodal freight transportation are discussed
along with the graphical illustration in Figure 1.

4.1. Scope Definition of Case Study

This section demonstrates the application of the proposal for a con-
ceptual framework for route selection in multimodal transportation
with a case study, investigating the domestic freight route in mul-
timodal transportation from Srichang, Chonburi Province in Thai-
land, to the destination of a cement factory in Saraburi Province,
Thailand. These routes are composed of three transport modes,
namely, rail, sea, and road.

In this case study, the limitation of capacity is set at 50,000 tons
for each possible route. These data can be obtained from interviews
and brainstorming of experts and logistics service providers (LSPs).
To identify areas of study and appropriate multimodal transporta-
tion routes, five experts from three different areas of works asso-
ciated with multimodal transportation of coal industries were
interviewed. From brainstormings and interviews with the experts,
eight possible transportation routes were identified (refer to
Appendix A). These routes are combinations of several different
modes of transport (i.e. rail, sea, and road). In this research, the
selection of an optimal multimodal transportation route is based on
the multi-criteria that consist of transportation cost, transportation
time, and transportation risks.

4.2. Quantitative Data: Transportation Cost
and Time

The quantitative data will be represented as the outcomes from
certain actions that are measurable in numeric terms. There are
two types of quantitative decision criteria in this research, namely,
transportation cost and time. The selection of a transport mode or
combination of transport modes has a direct impact on transporta-
tion cost and time [9].

The transportation cost can be divided into fixed and variable costs.
Fixed costs are invariant costs that do not increase or decrease with
the size of the transportable product [13]. They are unavoidable
transport expenses, including labor cost, depreciation, and insur-
ance cost. Meanwhile, variable costs are avoidable variant costs,
such as for trans-shipment, fuel, gate fees and handling charges, and
pilotage.

Moreover, the impact of geography mainly involve distance and
accessibility. It can be expressed in terms of transportation time. It

Figure 1 Proposed methodology.
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varies greatly according to the type of transportation mode involved
and the efficiency of specific transport routes.

From the possible multimodal transportation routes identified in
the previous phase, the selection of transport route has a different
impact on transportation cost and time. There are fixed and vari-
able costs associated with multimodal transportation. In this study,
transportation cost and time for each possible multimodal trans-
portation route were derived from collecting data through inter-
viewing experts about the actual data. The results are shown in
Table 2.

4.3. Qualitative Data: Transportation Risk

This phase is the risk calculation process. Risk analysis is an essen-
tial and systematic process to assess the impact, occurrence, and
consequences of human activities on systems with hazardous char-
acteristics and constitutes a necessary tool for a safety policy [14].
The first step of risk analysis is risk identification. It is the analysis
of the nature of multimodal transportation risk.

This research adopts the non-overlapping risk factors employed by
previous research and expert interviews. The risk factors can be
assessed in terms of the following criteria:

(i) Freight damage risk. It is identified by using the percentage
of damaged goods (value) and loss information. It refers to a
situation of a loss of goods or goods damaged during trans-
fer, from transportation, from delivery at a warehouse, or
from delivery to a customer [9,10].

(ii) Infrastructure and equipment risk. It involves the slope and
the width of roads, capacity of roads, trains or ships, risk of
shipment in the rainy season, accident rate, and traffic vol-
ume. It is the accident rate of each route, quality of road, rail,
port, traffic facilities, and equipment material handling in
each route [34].

(iii) Operational risk. It is defined as a lack of skilled workers,
lack of standardization of documents, and interpretation
problems with documents or contracts [9,10].

(iv) Security risk. The transportation system is a significant
consideration in overall transportation planning. Security
risk refers to theft from an insider, terrorism, fire, and
accidents.

(v) Environment risk. It refers to natural disasters, climate
changes, floods, tropical storms, and rainy season carbon
released into the air along the multimodal route [34].

(vi) Law risk. It means laws, political risk, traffic rules, custom
rules, and protesting interference by nearby residents [34].

(vii) Financial risk. It refers to financial crisis, fierce competition
in the logistics sector, and unattractive markets, for exam-
ples, rising cost of fuel, machines and materials, an increase
in payrolls, and tax payments in transportation sector in the
region and poor financial situation [34].

The second step is risk assessment that is a quantitative risk anal-
ysis process. It is used to determine the risk level of an activity
by which people, environment, or system might be in hazard. In
transportation risk assessment, quantitative risk can be calculated
by the probability of accident occurrence multiply with the accident
consequence as indicated in Eq. (24) [10,35]:

R = P × C (24)

where R is risk level. P is the probability or frequency of accident
occurrence. C is the consequences of the accident.

The potential impact of each risk is indicated on a five-point scale.
Tables 3 and 4 present the level of the probability or frequency of
accident occurrence (P) and level of the consequences of the acci-
dent (C) [13,36]. The results of the risk assessment analysis of the
multimodal transport routes are shown in Table 2.

4.4. Prioritized Criteria by Using AHP
Methodology

The AHP method provides a structured framework for setting pri-
orities on each level of the hierarchy using pairwise comparisons
that are quantified using 19 scales9,20. The data collection from
experts is requested to determine the weight for each criterion. The
process of implementing AHP can be generally summarized into
four steps:

Step 1: Construct a complex MCDM problem, which is decom-
posed into a graphical hierarchy with respect to one or more crite-
ria. The hierarchy is constructed in such a way that the decision goal
is at the top level, decision criteria are in the next level and decision
alternatives at the bottom. In this study, there are nine criteria in the
decision criteria, namely, transportation cost, transportation time,
and the seven transportation risks. The AHP Model is as shown in
Figure 2.

Step 2: Structure the pairwise comparison matrix. Let the pairwise
comparison matrix be expressed by the Eqs. (1) and (2). The pair-
wise comparisons aij that are quantified using 19 scales can be eval-
uated by using the fundamental preference scale in Table 5.

Table 2 Database of transportation routes.

Route Time (Hrs.) Cost (THB) Freight Damaged Infrastructure Operational Security Environmental Law Financial
1 73 100,501 4 4 4 6 6 2 1
2 75 109,923 4 6 4 4 9 2 1
3 73 111,494 6 6 4 6 9 2 1
4 75 102,070 4 8 12 6 9 9 2
5 168 94,218 4 6 12 6 9 9 2
6 144 89,507 4 6 4 4 6 4 1
7 99 98,929 4 4 4 6 6 4 1
8 97 95,799 6 4 4 4 6 4 1
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Figure 2 AHP model.

Table 3 Level of the probability of accident occurrence (P).
Level The Probability of Accidents Occurrence

1 No possibility
2 Small possibility
3 Moderate
4 Highly likely
5 Definitely possible

Table 4 Level of the consequences of the accident ( C).
Level The Consequence of the Accident Impact on LSPs

1 Not impact at all
2 Small impact
3 Moderate impact
4 Highly likely impact
5 Definitely impact

Table 5 The AHP scale suggested by Saaty [20].
Definition Rating Scale Reciprocal
Equally important 1 1
Moderately more important 3 1/3
Strongly more important 5 1/5
Very strongly more important 7 1/7
Extremely more important 9 1/9
Intermediate values 2, 4, 6, 8 1/2, 1/4, 1/6, 1/8

Step 3: Calculate the priority weight. The hierarchical priority
weight vector is calculated by extracting the eigenvector (w) corre-
sponding to the pairwise comparison matrix with Eq. (2).

Step 4: Check the consistency. To ensure the consistency of the
decision makers preference, the consistency property of the pair-
wise comparison matrix is applied to check the quality level of a
decision. The CI can be calculated for the pairwise comparison by
Eq. (3). Furthermore, the CR is employed to measure the consis-
tency degree by Eq. (4). The acceptable value of CR is less than 10%.
If the calculated value of CR is more than 10%, it is important to
repeat the pairwise comparison process.

The pairwise comparisons between the decision criteria can be con-
ducted by asking the decision maker (DM) or experts which cri-
terion they regard as more important with regards to the decision
goal following the score of the AHP scale (Table 5). Suppose a pair-
wise comparison matrix for the nine assessment criteria provided
by the logistics and transportation experts and the answers to these
questions form a pairwise comparison matrix which is defined in

Figure 3. Through the utilization of Expert Choice software, the
resulting relative weight criteria for the transportation cost is 0.260,
transportation time is 0.283, freight damage risk is 0.116, infras-
tructure and equipment risk is 0.069, operational risk is 0.084, secu-
rity risk is 0.078, environmental risk is 0.041, law risk is 0.046, and
financial risk is 0.022. The maximum eigenvalue (𝜆max) obtained
is 9.610. The CI for the above paired comparison matrix is 0.076
and the corresponding CR is 0.0084. Because CR is less than 0.1,
the pairwise comparison matrix is considered to have an accept-
able consistency. After defining the relative weight criteria, the
significant weight of each criterion is integrated in the objective
function of ZOGP.

4.5. Optimization by Using the ZOGP
Methodology

The final phase is to apply the ZOGP methodology to optimize
the multimodal transportation routes selection. To achieve this, the
problem is generally formulated by using a ZOGP model. ZOGP
can be used to select the alternatives because of the binary nature of
the selection variables and the multiple conflicting criteria involved.
The ZOGP model has been applied very frequently because it is
simple to use and understand [33]. The literature as in Kengpol
et al. [9]. were specifically chosen for review, as it is a good source
of ideas in integrating AHP with ZOGP. The significant weights
obtained from the AHP method in the previous stage, associated
parameters, and limitations were applied to the objective function
of ZOGP [13]. In this case study, the problem is formulated with
ILOG CPLEX Optimization. Equations (25–34) can be defined by
the deviation variables, decision variables and parameters, respec-
tively (More details in Appendix B). Equations (35–38) ensure that
only one route is optimum for each situation. The limitations of
each criteria (From experts) are set as constraints that comprise
budget not over 110,000 THB, lead time not over 84 hrs, transporta-
tion risk score not over 12, and the relative weight criteria from the
AHP method as transportation cost at 0.260, transportation time
at 0.283, freight damaged risk at 0.116, risk of infrastructure and
equipment risk at 0.069, operational risk at 0.084, security risk at
0.078, environment risk at 0.041, law risk at 0.046, and financial risk
at 0.022, with CR not over 0.1 to find the optimal route. The inte-
grated model of AHP and ZOGP can be presented below:

MinZ = 0.260
(
d+c

)
+ 0.283

(
d+t

)
+ 0.116

(
d+d

)
+ 0.069

(
d+r

)

+ 0.084
(
d+o

)
+ 0.078

(
d+s

)
+ 0.041

(
d+e

)
+ 0.046

(
d+l

)
+ 0.022

(
d+f

)

(25)
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Figure 3 Normalised weight.

Subject to

8.635x1 + 0.070x2 − 1.358x3 + 7.209x4 + 14.347x5

+18.630x6 + 10.065x7 + 12.910x8 − d+c ⩽ 18.630
(26)

0.869x1 + 0.893x2 + 0.869x3 + 0.893x4 + 2.000x5

+ 1.714x6 + 1.179x7 + 1.155x8 − d+t ⩽ 100
(27)

66.667x1 + 66.667x2 + 50.000x3 + 66.667x4 +

66.667x5 + 66.667x6 + 66.667x7 + 50.000x8
−d+d ⩽ 66.667

(28)

66.667x1 + 50.000x2 + 50.000x3 + 33.333x4 +

50.000x5 + 50.000x6 + 66.667x7 + 66.667x8
−d+r ⩽ 66.667

(29)

66.667x1 + 66.667x2 + 66.667x3 + 66.667x6

+66.667x7 + 66.667x8 − d+o ⩽ 66.667
(30)

50.000x1 + 66.667x2 + 50.000x3 + 50.000x4+

50.000x5 + 66.667x6 + 50.000x7 + 66.667x8
−d+s ⩽ 66.667

(31)

50.000x1 + 25.000x2 + 25.000x3 + 25.000x4+

25.000x5 + 50.000x6 + 50.000x7 + 50.000x8
−d+e ⩽ 50.000

(32)

83.333x1 + 83.333x2 + 83.333x3 + 25.000x4+

25.000x5 + 66.667x6 + 66.667x7 + 66.667x8
−d+l ⩽ 83.333

(33)

91.667x1 + 91.667x2 + 91.667x3 + 83.333x4+

83.333x5 + 91.667x6 + 91.667x7 + 91.667x8
−d+f ⩽ 91.667

(34)

x1 + x2 + ... + xn = 1 (35)

wcd+c , wtd+t , ..., wfd+f ⩾ 0 (36)

ci, ti, ..., fi ⩾ 0 for i = 1, 2, ..., n (37)

xi = 0 or 1; i = 1, 2, ..., n (38)

In this research, there are nine goals being solved using the
ZOGP optimization model. The first goal is that the transporta-
tion cost should not exceed the user limit. The second goal is the
transportation time not exceeding the time allowed. Finally, the last
set of goals are seven multimodal transportation risks that have to
be lower than the user’s acceptable limits. The deviation variables
(d+j ) are the overachievement percentage vectors of each goal. wj
are the significant weights for each criterion coefficient relating to
the deviation from each goal, obtained from AHP (transportation
cost (wc) is 0.260, transportation time (wt) is 0.283, freight damage
risk (wd) is 0.116, risk of infrastructure and equipment risk (wr) are
0.069, operational risk (wo) is 0.084, security risk (ws) is 0.078, envi-
ronmental risk (we) is 0.041, law risk ( wl) is 0.046, and financial
risk (wf) is 0.022).

Xi represents the zero-one variables representing the nonselection
(i.e., a zero) or selection (i.e., a one) of route i = 1, 2, ..., n, sub-
ject to the criteria constraint on the right-hand side (budget, time,
and risks). Finally, the last constraint can be used to control the
result that only one route is optimum for each situation. This math-
ematical model of integrated AHP and ZOGP is solved by ILOG
CPLEX optimization software. The results established that the opti-
mal route is ship and truck transport mode departing from Srichang
to Saraburi Cement Industry (Route1). Transportation cost was
equal to 100,501 THB for a 73-hour period of transportation. The
risk of freight damage was 4, infrastructure and equipment damage
risk was 4, operational risk was 4, security risk was 6, environmen-
tal risk was 6, law risk was 2, and financial risk was 1.

4.6. Comparison with Other MCDM
Methods

Comparison of integrated AHP-ZOGP results with other MCDM
approaches are conducted to ensure validity and stability of the pro-
posed model and result. The advantage of integrated AHP-ZOGP
model is illustrated by its comparison with well-known MCDM
approaches. The priority of each factors is determined with those
methods to compare with the proposed integrated AHP-ZOGP
model. The best-worst method (BWM) [37] and full best-worst
method (FUCOM) [38] were employed because the validity of both
methods are based on the concept of degree of consistency and
pairwise comparison, that are the fundamental of AHP and ZOGP
methods.

Each of the selected model was analyzed through the previous dis-
cussed models in which BWM-ZOGP and FUCOM-ZOGP model
were utilized. For the purpose of validity and stability, the obtained
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results will present the criteria weight and priority ranking.
Table 6 indicates the criteria weight for comparison with other
MCDM models–AHP, BWM, and FUCOM–were further employed
as input data in the ZOGP model.

The prioritization discussed previously illustrated that AHP, BWM,
and FUCOM models yielded the same weight ranking results in
Table 6. However, it can be noticed that these weights are different
because of reasons, summarized briefly below:

(i) In the initial stage of determining the weight of AHP,
BWM, and FUCOM models, AHP performs n(n − 1)∕2
pairwise comparisons whereas BWM requires 2n − 3
pairwise comparisons and FUCOM uses n − 1 pairwise
comparisons.

(ii) When comparing the pairwise matrix, AHP requires the
use of ratio scale, unlike BWM applies integer value. While
FUCOM uses any scale (integer or decimal).

(iii) The AHP and BWM models rely on mathematical transitiv-
ity. However, FUCOM allows satisfying the complete con-
sistency of the model while respecting the conditions of
transitivity.

4.7. Result Validation Using Spearman’s
Rank and Pearson Correlation
Coefficient

The correlation analysis is a statistical method used to deter-
mine the strength of relationship between two quantitative vari-
ables or categorical variables. A high correlation means that two
or more variables have a strong relationship with each other
whereas a weak correlation means that the variables are hardly
related. The values range between −1.0 and 1.0. A correlation of
−1.0 indicates a perfect negative correlation, while a correlation
of 1.0 indicates a perfect positive correlation. A correlation of 0.0
shows no linear relationship between the movement of the two
variables.

Basically, two main types of Spearmans rank correlation coeffi-
cient and Pearson correlation coefficient are measured. In this case,
Spearman’s rank correlation determines the ranked value for each
variable, whereas Pearson correlation is used to evaluate the weight
score value.

The computation of Spearman’s rank correlation and Pearson cor-
relation are based on the following definitions [39]:

1 Spearmans rank correlation coefficient:

Correlation = 1 −
6
∑n

i=1
d2
i

n(n2 − 1)
(39)

where di is the difference between two rankings and n is the
number of observations.

2 Pearson correlation coefficient:
Correlation

=
n
∑n

i=1
xiyi −

∑n

i=1
xi
∑n

i=1
yi√

n
∑n

i=1
x2
i − (

∑n

i=1
xi)

2
√

n
∑n

i=1
y2
i − (

∑n

i=1
yi)

2

(40)

where n is the total number of values, x is the value in the first set
of data, and y is the value in the second set of data.

The results from Spearmans rank correlation coefficient and Pear-
son correlation coefficient analysis, shown in Figure 4, confirm the
validity of the proposed AHP method. The AHP is most highly cor-
related with the weight ranking whereas the BWM method is least
correlated with the weight ranking. Therefore, AHP method make
evident that the ranking of criteria weight remain steady and pro-
duces the best overall results.

4.8. Sensitivity Analysis

Sensitivity analysis, also known as simulation analysis or the what-
if analysis, determines the robustness of a model’s outcome. It
studies the effect of independent parameters on dependent param-
eters. The independent variables are varied over a range, and its
effect on the outcome is observed. Sensitivity analysis discusses the
impact of changing in the parameters of an ZOGP optimization
model. Sensitivity analysis increases the confidence in the proposed
AHP-ZOGP model, by providing an understanding of how model
respond to change in the inputs. The sensitivity analysis is carried
out by changing the cost, time, and freight damaged risk by +/-5 to
20 %. In this analysis, these factors are selected due to highest weight
respect to other factors.

From the results as shown in Tables 7–10, the sensitivity analysis
indicated that the output of AHP-ZOGP model does not change
much, it is said to be insensitive or robust although the factors are
decreased and increased by +/−20 %. On the other hand, the results
from BWM and FUCOM indicate that the output varies noticeably

Table 6 Alternative criteria weight ranks.
Transportation Factors

C T D R O S E L F
Weight 0.260 0.283 0.116 0.069 0.084 0.078 0.041 0.046 0.022

AHP
Rank 2 1 3 6 4 5 8 7 9

Weight 0.261 0.277 0.123 0.065 0.091 0.084 0.030 0.044 0.025
BWM

Rank 2 1 3 6 4 5 8 7 9
Weight 0.255 0.290 0.133 0.065 0.091 0.077 0.032 0.045 0.012

FUCOM
Rank 2 1 3 6 4 5 8 7 9
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Figure 4 Correlation between the results of the criteria weight and ranking.

Table 7 +/− 5 % sensitivity analysis result.
Factors Methods Cases Results
Cost AHP-ZOGP Decreased by 5% Route 1

AHP-ZOGP Increased by 5% Route 1
BWM-ZOGP Decreased by 5% Route 2
BWM-ZOGP Increased by 5% Route 2
FUCOM-ZOGP Decreased by 5% Route 1
FUCOM-ZOGP Increased by 5% Route 1

Time AHP-ZOGP Decreased by 5% Route 1
AHP-ZOGP Increased by 5% Route 1
BWM-ZOGP Decreased by 5% Route 1
BWM-ZOGP Increased by 5% Route 1
FUCOM-ZOGP Decreased by 5% Route 1
FUCOM-ZOGP Increased by 5% Route 1

Freight damaged
risk

AHP-ZOGP Decreased by 5% Route 1

AHP-ZOGP Increased by 5% Route 1
BWM-ZOGP Decreased by 5% Route 1
BWM-ZOGP Increased by 5% Route 1
FUCOM-ZOGP Decreased by 5% Route 1
FUCOM-ZOGP Increased by 5% Route 1

when changing the input variables from minimum to maximum
over a range, then the output is said to be sensitive.

In conclusion, the AHP-ZOGP outcome that remain robust while
changing the input values of the parameters help strengthen the
credibility of the model. Therefore, it clearly proves that the pro-
posed AHP-ZOGP is robustness testing and appropriate for this
decision-making process.

5. CONCLUSION, LIMITATION, AND
FURTHER STUDY

Multimodal transportation is increasingly being focused upon
because of the road traffic problem, environmental concerns, and
traffic safety. Consequently, many researchers are interested in the

Table 8 +/− 10 % sensitivity analysis result.
Factors Methods Cases Results
Cost AHP-ZOGP Decreased by 10% Route 1

AHP-ZOGP Increased by 10% Route 1
BWM-ZOGP Decreased by 10% Route 2
BWM-ZOGP Increased by 10% Route 3
FUCOM-ZOGP Decreased by 10% Route 4
FUCOM-ZOGP Increased by 10% Route 2

Time AHP-ZOGP Decreased by 10% Route 1
AHP-ZOGP Increased by 10% Route 1
BWM-ZOGP Decreased by 10% Route 3
BWM-ZOGP Increased by 10% Route 2
FUCOM-ZOGP Decreased by 10% Route 1
FUCOM-ZOGP Increased by 10% Route 1

Freight dam-
aged risk

AHP-ZOGP Decreased by 10% Route 1

AHP-ZOGP Increased by 10% Route 1
BWM-ZOGP Decreased by 10% Route 2
BWM-ZOGP Increased by 10% Route 3
FUCOM-ZOGP Decreased by 10% Route 3
FUCOM-ZOGP Increased by 10% Route 3

multimodal transportation problem. The multimodal route selec-
tion problem has been addressed by many authors by proposing
many algorithms. This study developed a decision support frame-
work for optimal route selection in a multimodal transportation
system which can reduce transportation cost, time, and risks. The
model is the combination of the AHP method and ZOGP. Fur-
thermore, the weights in the model are examined in an in-depth
collaboration with logistics and transportation experts. The model
represents as close as possible the operation of coal industries in
Thailand. A framework for multimodal route selection was devel-
oped consisting of five main phases. The first phase identified the
possible multimodal coal transportation routes. The second phase
determined the transportation cost and time of each route. The
third phase integrated qualitative decision-making, which included
risk scores as assessed by experts. The fourth phase determined the
weights of criteria by using AHP. The final phase optimized the
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Table 9 +/− 15 % sensitivity analysis result.
Factors Methods Cases Results
Cost AHP-ZOGP Decreased by 15% Route 1

AHP-ZOGP Increased by 15% Route 1
BWM-ZOGP Decreased by 15% Route 4
BWM-ZOGP Increased by 15% Route 4
FUCOM-ZOGP Decreased by 15% Route 3
FUCOM-ZOGP Increased by 15% Route 2

Time AHP-ZOGP Decreased by 15% Route 1
AHP-ZOGP Increased by 15% Route 1
BWM-ZOGP Decreased by 15% Route 6
BWM-ZOGP Increased by 15% Route 5
FUCOM-ZOGP Decreased by 15% Route 2
FUCOM-ZOGP Increased by 15% Route 2

Freight dam-
aged risk

AHP-ZOGP Decreased by 15% Route 1

AHP-ZOGP Increased by 15% Route 1
BWM-ZOGP Decreased by 15% Route 4
BWM-ZOGP Increased by 15% Route 3
FUCOM-ZOGP Decreased by 15% Route 6
FUCOM-ZOGP Increased by 15% Route 6

Table 10 +/− 20 % sensitivity analysis result.
Factors Methods Cases Results
Cost AHP-ZOGP Decreased by 20% Route 1

AHP-ZOGP Increased by 20% Route 2
BWM-ZOGP Decreased by 20% Route 3
BWM-ZOGP Increased by 20% Route 3
FUCOM-ZOGP Decreased by 20% Route 4
FUCOM-ZOGP Increased by 20% Route 2

Time AHP-ZOGP Decreased by 20% Route 1
AHP-ZOGP Increased by 20% Route 2
BWM-ZOGP Decreased by 20% Route 4
BWM-ZOGP Increased by 20% Route 5
FUCOM-ZOGP Decreased by 20% Route 5
FUCOM-ZOGP Increased by 20% Route 5

Freight dam-
aged risk

AHP-ZOGP Decreased by 20% Route 1

AHP-ZOGP Increased by 20% Route 2
BWM-ZOGP Decreased by 20% Route 3
BWM-ZOGP Increased by 20% Route 3
FUCOM-ZOGP Decreased by 20% Route 4
FUCOM-ZOGP Increased by 20% Route 2

route by generating ZOGP. The results found that the optimal route
to use was a ship and truck transport mode departing from Srichang
to Saraburi Cement Industry (Route 1). Transportation cost was
equal to 100,501 THB for a 73-hour period of transportation. The
risk of freight damage was 4, infrastructure and equipment damage
was 4, operational risk was 4, security risk was 6, environmental risk
was 6, law risk was 2, and financial risk was 1.

The contribution of this research lies in the development of a valid
decision support approach that is flexible and applicable to the
users in selecting a multimodal transportation route under the
multi-criteria in terms of cost, time, and related risks. The results
have shown that the approach can provide a guidance for deter-
mining the optimal route subject to the aforementioned attributes.
However, there are a number of limitations in collecting informa-
tion about transportation cost and time owing to seasonal changes,
which may cause alterations in both of these factors. Moreover,
interviewing the experts from different organizations (e.g., type,
size, region) might bring various perspectives related to factors
affecting route selection. For further study, future plans are to
develop a new algorithm to solve the multimodal transport prob-
lem at a large scale and apply the model to other case studies.
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APPENDIX A

Route 1: Srichang + Nakornluang Port - Mittraphap Road - Cement
Plant Saraburi Province

Route 2: Srichang + Nakornluang Port - Jumpa District - Mit-
traphap Road - Cement Plant Saraburi Province

Route 3: Srichang + Nakornluang Port - Don Yanang District - Mit-
traphap Road - Cement Plant Saraburi Province

Route 4: Srichang + Laem Chabang = Chachoengsao = Nakorn-
Nayok = Kaeng Khoi - Cement Plant Saraburi Province

Route 5: Srichang - Laem Chabang = Chachoengsao = Nakorn-
Nayok = Kaeng Khoi - Cement Plant Saraburi Province

Route 6: Srichang + Bang Pa Kong - Bang Nam Piew - NakornNayok
- Mittraphap Road - Cement Plant Saraburi Province

Route 7: Srichang + Bang Pa Kong - Mittraphap Road - Cement
Plant Saraburi Province

Route 8: Srichang + Bang Pa Kong - NongRong District - Mit-
traphap Road - Cement Plant Saraburi Province

(Note: + is ship transport, = is train transport, - is truck transport.)

APPENDIX B

Example for calculation of the parameters

This section presents the example for calculation of the converted
values of all units in percentage as below. This case study sets the
constraints as the budget not over 110,000 THB, lead time not over
84 hrs and transportation risk score not over 12.

For example, according to Eq. (27), the coefficient of xi in budget
constraint (ci) is a cost of each route in percentage of the user budget
which can be calculated as follows (cost of route see Table 4):

ci =
(Budget limited by user) − (Cost of route i)

Budget limited by user
× 100

c1 =
(110,000)−(100,501)

110,000
× 100 = 8.635

c2 =
(110,000)−(109,923)

110,000
× 100 = 0.070

c3 =
(110,000)−(111,494)

110,000
× 100 = −1.358

c4 =
(110,000)−(102,070)

110,000
× 100 = 7.209

c5 =
(110,000)−(94,218)

110,000
× 100 = 14.347

c6 =
(110,000)−(89,507)

110,000
× 100 = 18.630

c7 =
(110,000)−(98,929)

110,000
× 100 = 10.065

c8 =
(110,000)−(95,799)

110,000
× 100 = 12.910

The right-hand side of Equation (27) is the percentage of the budget
limited by the user which can be calculated as follows:

C=
( Budget limited by user )−( Minimum cost of route i)

Budget limited by user
× 100

C=
(110,000)−(89,507)

110,000
× 100 = 18.630

Similarly, the coefficient of xi and the right-hand side of other
constraints (Parameters) can be computed by using equation in
Section 3.2.
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