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Highlights

. The integrated analytic hierarchy process-fuzzy approach was the most popular.
. The manufacturing sector replaced logistics as the most popular application area.
. Supplier evaluation and selection was the most commonly studied problem.

. The integration with more than one method is expected to attract more attention.
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Abstract

Because of its great flexibility and wide applicability;,integrated analytic hierarchy process
(AHP) approaches have been studied extensively for the last,20 years. This paper, as a follow-up
study to Ho (2008), reviews the literature on the integrated AHP approaches and applications
published between 2007 and 2016 and compares those studies with papers published during the
previous decade, i.e., 1997-2006. Based on the 88 journal articles, five questions can be answered: (1)
which type of integrated AHP approaches was paid most attention to? (2) Which application areas
were integrated AHP approaches primarily applied to? (3) Which specific problems were integrated
AHP approaches most commonly applied to? (4) What is the trend in publications regarding
integrated AHP approaches? and.(5) Which international journals were integrated AHP approaches
most widely published in? Finally, some new applications of new AHP integrations are proposed to

assist scholars in filling the literature research gaps.

Keywords: Analytichiefarchy process; integrations; applications; literature review.



1. Introduction

Because of its simplicity, ease of use, and great flexibility, the analytic hierarchy process
(AHP) has been studied extensively and used in nearly all applications related to multiple criteria
decision-making (MCDM) since its development (Saaty, 1980). Because Ho (2008) observed in his
literature review article that integrated AHP can result in a more realistic and promising decision than
a stand-alone AHP, we focus only on integrated AHP approaches and conduct a follow-up literature
review study to Ho (2008) to explore the new trends and advances of the integrated AHP and its
applications from the perspective of operations/supply chain management from 2007 to 2016.

In the last decade, i.e., 2007-2016, five journal articles reviewing the literatureof AHP have
been published. Ho (2008) reviewed 66 journal articles published between 1997, and 2006. Ho
concluded that the most popular integrated AHP approaches are the integrated AHP-GP and
integrated AHP-QFD approaches and that the most widely applied area‘ofsthevintegrated AHP
approaches is logistics. Transportation route selection, supplier/subcontractor selection, facility
location selection, and scheduling plan selection are the most ommon=problems addressed in
logistics. Liberatore and Nydick (2008) reviewed 50 journal articles_published between 1981 and
2006 that applied AHP to medical and health care decision=making. Those authors classified the
articles into seven categories and determined that the AHP was most widely applied to project and
technology evaluation and selection. Sipahi and Timor (2010) reviewed 232 journal articles published
between 2005 and 2009 and concluded that applications”of AHP are dominant in manufacturing.
Supplier selection, supply chain evaluation, location ‘selection, system selection or evaluation, and
strategy evaluation are the most common preblems addressed in manufacturing. In addition, those
authors reported that the most frequently used integrated AHP approach is the integration of AHP and
simulation. Subramanian and Ramanathan/(2012) reviewed 291 journal articles published from 1999
to 2009 that applied the stand-aloné and integrated AHP approaches in operations management. Their
paper presented three major tesearch findings. First, product and process design and supply chain
management are the two most addressed decision themes. Second, applications of integrated AHP
approaches in operatiensiymanagement occur more frequently than stand-alone AHP. Third, the
applications of AHP.in.the manufacturing sector received more attention than in the service sector.
Unlike the above four articles, Ishizaka and Labib (2011) reviewed the developments of AHP since its
inception, including problem modeling, pairwise comparisons, judgment scales, derivation methods,
consistency=indices, incomplete matrices, synthesis of weights, sensitivity analysis, and group
decisions.

Although the previously mentioned review articles make significant contributions to the
literature of AHP, two significant knowledge gaps remain that motivated us to conduct this study.
First, none of these review articles are sufficiently recent to include the many new studies published
after 2009. Second, the previously mentioned review articles focus primarily on the commonly

studied stand-alone and integrated AHP approaches during a certain period of time. None of these



review articles provide a comparative analysis or analyze development trends. To fill these gaps, this
paper presents a review of relevant journal articles appearing between 2007 and 2016 to analyze the
integrations and applications of AHP and then compare these articles with those published between
1997 and 2006 (Ho, 2008).

There is no doubt that AHP is one of the most popular MCDM approaches (Ho, 2008). At the
same time, AHP has been criticized considerably for the issue of rank reversals and the violation of a
so-called condition of order preservation (COP). First, the issue of rank reversals means that the
relative rankings of the other alternatives would change if an alternative is added or deleted (Belton
and Gear, 1983). Since the early 1980s, there are two types of reactions about this issue::One group of
researchers has suggested various modifications to avoid rank reversals in AHP (e.g.,Schenkerman
1994; Wang and Elhag, 2006). Maleki and Zahir (2013) reviewed 61 schelarlyypapers from 18
journals on AHP methodologies and rank reversals. Another group of researchers has defended that
rank reversal is an intrinsically legitimate phenomenon not only because the measurements are made
in relative terms but also it has been observed to occur in practice. Therefore, there is no need to
adjust AHP to avoid rank reversals (Forman, 1993; Saaty, 1994; Vargas, 1994; Millet and Saaty, 2000;
Saaty, 2013).

Second, Bana e Costa and Vansnick (2008) criticized that the eigenvector method in AHP, used
for deriving priorities, violates the COP: “For all alternatives xi, x», x3, x4, such that x; dominates x,
and x; dominates x4, if the evaluator’s judgments indicate the extent to which x; dominates x, is
greater than the extent to which x; dominates x,, then the vector of priorities w should be such that not
only w(x;) > w(x,) and w(x3) > w(x,) (preservation of order of preference) but also that w(x;) / w(x,) >
w(x3) / w(xy) (preservation of order of‘intensity of preference)” (Saaty, 2013). Wang et al. (2009) used
the concept of overall judgments/to re-examine Bana e Costa and Vansnick’s numerical examples,
and revealed that Bana e Costatand Vansnick’s criticism is invalid. Kulakowski (2015) argued that
Bana e Costa and Vansnick’s, criticism is not the inherent problem of the prioritization procedure
followed in AHP. Instead, the problem is due to the inconsistencies between elements of the pairwise
comparison matrix; whichuis not detected by the inconsistency measurement used for the matrix as a
whole (Kulakowski, 2015).

The remainder of the paper is organized as follows: Section 2 provides an introduction to the
research methodology. Section 3 presents various integrated AHP approaches and their applications.
Section 4 discusses the observations and compares this paper’s conclusions with observations in Ho

(2008): Section 5 proposes future research directions. Finally, Section 6 concludes the paper.

2. Research methodology

Because this paper is a follow-up literature review to Ho (2008), which reviewed journal
articles published between 1997 and 2006, we will focus on journal articles published from 2007 to
2016. The research methodology is illustrated in Figure 1. First, the search term was defined. A



title/abstract/keyword search with the term “Analytic Hierarchy Process” was used in the search
process. Second, various academic databases were utilized to identify the journal articles, including
EBSCOhost, Emerald, IEEExplore, Ingenta, Metapress, ProQuest, ScienceDirect, Springer, Taylor
and Francis, and Wiley. To achieve the highest level of relevance, only peer-reviewed articles written
in English and published in international journals were selected; conference papers, master’s and
doctoral dissertations, textbooks, book chapters, and notes were excluded from this review. Third,
several criteria were determined and used to filter the articles. Regarding the criteria, abstracts of
articles were examined to determine whether the article addressed integrated AHP approaches and
applications. Note that articles simply suggesting other approaches to modify AHP,“such as
prioritizing divergent intangible alternatives (Saaty and Shang, 2011), improving the conSistency ratio
of the pairwise comparison matrix (Ergu et al., 2011), mitigating judgment contradiction (Kou et al.,
2014), and modifying the priority vector derivation (Kou and Lin, 2014), do/not*meet the criteria
because they lack of real-world applications. In addition, because thousandssof articles have been
published in the last decade, we focused on those articles publisheddn international journals with high
ranking, including A/A” journals on the Australian Business Deans Council (ABDC) journal list,
and/or 3/4/4" journals on the Association of Business Schools (ABS) journal list in the United
Kingdom. This filtering criterion would let researchers.and practitioners learn about the prominent
and state-of-the-art integrated AHP approaches and applications. Articles that did not meet one of
these filtration criteria were excluded. Fourth, the reference lists of the shortlisted articles were
carefully evaluated to ensure that no other articles of relevance were omitted in the search. Finally, the
content of each article was thoroughly reviewed to ensure that the article fit into the context of

integrated AHP approaches. This analysis‘tesulted in 88 journal articles.

3. Integrated AHP approaches and applications
3.1. Integrated AHP and fuzzy set theory

Fuzzy set theory has been widely used in conjunction with AHP because fuzzy set theory
enables decision-makers to, render interval judgments and consider uncertainty or fuzziness. Twenty
articles applied”the integrated AHP and fuzzy (AHP-fuzzy) approach, as shown in Table 1. The
articles can, be classified into five categories: supplier evaluation and selection, product/process
evaluation and selection, business information system assessment, project assessment, and others.

A number of researchers applied the integrated AHP-fuzzy approach to supplier evaluation and
selection. Chan and Kumar (2007) and Chan et al. (2008) applied the integrated AHP-fuzzy approach
to evaluate and select global suppliers with risk considerations for a hypothetical case. Other groups
of researchers demonstrated the applications of the integrated AHP-fuzzy approach with real cases,
including the textile industry (Wang et al., 2008), liquid crystal displays (LCD) manufacturing (Lee,
2009), the automotive industry (Kahraman et al., 2010), and the food industry (Rezaei and Ortt,
2013).



Several scholars applied the integrated AHP-fuzzy approach for product/process evaluation and
selection in the manufacturing industry, including in the casting process and in producer evaluation
and selection (Akarte and Ravi, 2007), sofa design evaluation and selection (Ma et al., 2007), rapid
tooling process evaluation and selection (Nagahanumaiah et al., 2007), equipment maintenance
strategy evaluation and selection (Wang et al., 2007), and statistical process control (SPC)
implementation strategy evaluation and selection (Huang et al., 2009).

Regarding the business information system assessment, Kreng and Wu (2007) applied the
integrated AHP-fuzzy approach to evaluate the performance of a knowledge portal system«o improve
the competitiveness of the Taiwanese stone industry. Sarfaraz et al. (2012) adoptedsthe integrated
AHP-fuzzy approach to assess the customization options of an enterprise resource'planning (ERP)
system. Liang (2015) applied the integrated AHP-fuzzy approach to measureythe, performance of
inter-organizational information systems for the Taiwanese telecommunications industry.

With respect to project assessment, three groups of researchers applied the integrated
AHP-fuzzy approach to evaluate and select projects, including knowledge management projects for a
Taiwanese LCD manufacturing company (Wang and Changy, 2007), a government-sponsored
industrial technology development program assessment in ‘Taiwan (Huang et al., 2008), and a
transportation project assessment in the United States (Aszslan, 2009).

Three additional applications of integrated AHP-fuzzy approach cannot be classified in the
above categories. Chu et al. (2007) assessed the performance of organizational transformation by
Communities of Practices using the integrated AHR-fuzzy approach. Wang et al. (2012) developed a
risk assessment model based on the integrated AHP-fuzzy approach that can analyze the aggregative
risk of implementing green initiatives in“the fashion supply chain. Third, van de Kaa et al. (2014)

proposed the integrated AHP-fuzzy approach to model the process of technology standard selection.

3.2. Integrated AHP and data envelopment analysis

Seven articles @pplied the integrated AHP and data envelopment analysis (AHP-DEA)
approach as shown in/T'able 2. These articles can be classified into four groups. First, two articles
used the outputof AHP as the input of the DEA. Korpela et al. (2007) studied the warehouse
evaluation_and selection problem using the integrated AHP-DEA approach. The AHP was used first
to evaluate the performance level of alternative warehouses. The AHP-derived performance
weightings*were then passed to the DEA model to measure the warehouses’ efficiency. Lin et al.
(201 applied the integrated AHP-DEA approach to evaluate the economic performance of 31 local
governments in China. The AHP was used first to determine the weighted values of 31 local
governments or decision-making units (DMUs) with respect to two qualitative variables. After that,
the weighted values were used in the DEA model in conjunction with eight other quantitative

variables to measure the relative efficiency of 31 DMUs.



Second, Sevkli et al. (2007) embedded the DEA into the AHP to select suppliers for a Turkish
company operating in the appliance industry. In this approach, the DEA method derives local weights
from a given judgment matrix and aggregates local weights to obtain overall weights. Each row and
column of the pairwise matrix is assumed to be a DMU and an output, respectively. The efficiency
scores are calculated using the DEA method and may be interpreted as the local weights of the
DMUs.

Third, Sueyoshi et al. (2009) combined the results of AHP and DEA to address the critical
business unit evaluation and selection problem in a rental car company. In this approach, the AHP
was used to process the qualitative information provided by past audits and.management’s
experiences and judgments. The DEA model was deployed to measure quantitative data provided by
the accounting department and the fleet information system. Finally, subjective"(AHP) and objective
(DEA) results were combined to determine the urgency and efficiency scores of gachstore.

Fourth, Wang et al. (2008), Wang and Chin (2009), and Mirhedayatian and Saen (2011)
demonstrated that the integrated AHP-DEA approach for weight derivation”and aggregation in the
AHP was flawed and sometimes produced counterintuitive priority vectors for inconsistent pairwise
comparison matrices, which renders its application quite restrictive. The researchers revised the
integrated AHP-DEA approach to overcome these drawbacks with the aid of research fellow
recruitment (Wang et al., 2008) and university president recruitment (Wang and Chin, 2009;
Mirhedayatian and Saen, 2011) examples.

3.3. Integrated AHP and mathematical programming

Seven articles applied the intégrated AHP and mathematical programming approaches as
shown in Table 3, including goal programming (GP), mixed integer linear programming (MILP),
dynamic programming (DP); linear programming (LP), and multi-objective linear programming
(MOLP). In these approaches;ithe AHP evaluates and quantifies the relative importance of criteria and
alternatives. The AHP<derived weights are then incorporated into the objective function or constraints

of a mathematical programming model.

3.3.1 Integrated AHP-GP approach

Kull and Talluri (2008) utilized an integrated AHP-GP approach to evaluate and select
suppliers with regard to risk factors and product life cycle considerations. In the proposed approach,
the AHP was used to assess suppliers using the risk criteria and to derive risk scores. The GP model
was then constructed to evaluate alternative suppliers based on multiple risk goals and various hard
constraints. Anzar et al. (2011) proposed the integrated AHP-GP approach for agricultural asset
valuation in the La Ribera district, Valencia. First, the AHP was used to evaluate alternative assets

with respect to tangible and intangible information. Second, the GP was applied to capture the



information provided by the scarce information and the attitude of the appraiser in the valuation

process.

3.3.2 Integrated AHP-MILP approach

Kengpol (2008) proposed an integrated AHP-MILP approach to a design logistics distribution
network for Greater Mekong Subregion countries. The AHP was used to determine customers’
priorities and the distribution center operator’s perspective on logistics distribution network design
alternatives. The MILP model was then formulated to integrate priorities to minimize the total
transportation costs with maximum satisfaction.

Similar to Kengpol (2008), Validi et al. (2014) also applied the integrated AHP=-MILP approach
to a logistics distribution network design. The major difference was that=Validi et al. (2014)
considered a low-carbon/green distribution system. First, the AHP was uséd™to determine the
decision-maker’s preferences on various types of vehicles with mespectnto carbon emissions
minimization. Then, the MILP model with green constraints was constructed-to determine the optimal

path and vehicle types.

3.3.3 Integrated AHP-DP approach

Mafakheri (2011) applied the integrated AHP-DP approach to the supplier selection and order
allocation problem. First, the AHP was employed .to evaluate potential suppliers and determine
supplier ranking. The AHP-based supplier rankings were then incorporated into the DP model to
determine the optimal order quantity with\theé~objectives of maximizing a utility function and

minimizing the total supply chain cost§ in‘a hypothetical case.

3.3.4 Integrated AHP-LP approach

Ishizaka and Labib42014) developed the integrated AHP-LP approach for disaster assessment
and effective resource@llocation using the case of the Bhopal disaster. First, the AHP was deployed to
assess the criticality ofrany event that may lead to a disaster. Then, the LP model was formulated to

calculate the optimal allocation of available funds to avoid that disaster.

3.3.5 Integrated AHP-MOLP approach

Quezada and Lopez-Ospina (2014) applied the integrated AHP-MOLP approach to design a
strategy map of a balanced scorecard for a fishing company. The AHP was used to establish the
importance of cause-effect relations within a strategy map. Then, the MOLP was formulated to

minimize the number of selected relations and maximize the total importance of the selected relations.



3.4. Integrated AHP and quality function deployment

Five articles applied the integrated AHP and quality function deployment (AHP-QFD)
approach as shown in Table 4. There were two commonalities among all of the articles. First, three
houses of quality (HOQ) were proposed in each of the articles. Second, AHP was used to quantify the
relative importance ratings and the relation weightings in the HOQ. Specifically, Baramichai et al.
(2007) applied the AHP-QFD approach to evaluate and select business practices to achieve agility in
the supplier-buyer supply chain in a plastics manufacturing company. In this approach, the first HOQ
related the business challenge to changes; the second HOQ linked the changes<to change
accommodations, and the third HOQ evaluated the business practices infrastructures. with respect to
the change accommodations.

A group of researchers applied the AHP-QFD approach to evaluate and select suppliers in
various sectors, including automotive (Ho et al., 2011), bioenergy (Scott et, al.,"2013; Scott et al.,
2015), and carpet manufacturing (Dey et al., 2015). In their approaches, thegfirst HOQ related the
company stakeholders to stakeholder requirements; the second HOQwlinked the stakeholder
requirements to evaluating factors, and the third HOQ evaluated alternative suppliers with respect to

the evaluating factors.

3.5. Integrated AHP and simulation

Five articles applied the integrated AHP and simulation (AHP-simulation) approach as shown
in Table 5. These articles can be classified into) three groups. First, two articles used the output of
AHP as the input of the simulation. Ayag (2007) studied the machine tool selection problem using the
integrated AHP-simulation approachsFirst, the AHP was used to rank the machine tool alternatives.
Then, a simulation generator was used to model the manufacturing organization, evaluate each
alternative remaining from the AHP, and select the final alternative. Rabelo et al. (2007) applied the
integrated AHP-simulation “approach to evaluate value chain alternatives for a multinational
construction equipment corporation. The simulation approach was used to model the value chain
system at strategicy tacticaly and operational levels and evaluate the value chain alternatives. The AHP
was used to help the simulation perform group analysis and consider qualitative criteria such as
political instability.

Second, some scholars integrated simulation into the AHP to help make decisions. Ahn and
Choi, (2008)7applied the integrated AHP-simulation approach to select the most appropriate ERP
system for a Korean home-shopping company. To enhance the fitness of AHP, the scholars applied
the simulation-based approach to build a group consensus instead of forming point estimates that were
aggregated from individual preference judgments. Sharma and Agrawal (2009) developed the
integrated AHP-simulation approach to evaluate the performances of production control policies.

Simulation programs were used to predict the performance of policies with different demand patterns.



After that, the AHP was applied to calculate the weight of alternatives to show the effectiveness of the
production system.

Third, Yaraghi et al. (2015) compared the performance of stand-alone AHP with the
performance of the integrated AHP-Monte Carlo Simulation approach against a real world and
reliable ranking of blogs (weblogs) at different levels of uncertainty. Their simulation results indicate
that when the uncertainty in terms of variation extends beyond 0.24, the integrated AHP-Monte Carlo

Simulation approach provides more precise rankings than the stand-alone AHP.

3.6. Integrated AHP and other approaches

Eight articles integrated the AHP with other approaches as shown in Tabley64such as real
options (RO), the theory of constraints (TOC), the 2-Tuple linguistic representation model (2TLRM),
Dempster-Shafer theory (DST), the orders of magnitude (OM), and rough “set theory (RST)
approaches. First, two groups of researchers applied the integrated AHP-RO approach. Angelou and
Economides (2008) applied the approach to evaluate and prioritize/information and communications
technologies (ICT) infrastructure investment projects for a water supply and sewage company. In this
approach, the projects were first ranked using RO analysis. Then, the AHP was used to consider both
tangible and intangible factors. Tsai and Hung (2009a).applied the integrated AHP-RO approach to
determine the dynamic pricing for a hypothetical case in Internet retailing. The RO techniques were
used first to determine whether the price was worth \changing the initial quota. After that, the AHP
was deployed to determine the basic quotas and theibasic quota increments.

Second, two teams of researchers applied“the integrated AHP-TOC approach to product-mix
decision-making. Ray et al. (2010)sapplied the approach first: the TOC identified the resource
constraints, and the AHP determined the product rankings to maximize the product throughput in a
fabrication industry. Wang et aly, (2014) re-examined the approach of Ray et al. (2010), and argued
that Ray et al.’s (2010) approach would not generate the optimal solution, using three examples. The
authors clarified the eases/in which the integrated AHP-TOC approach can and cannot output the
optimal solution.

Third, four groups of scholars proposed other integrations. Dong et al. (2013) applied the
integrated AHP-2TL.RM approach to evaluate and select the most livable city. The 2TLRM was
incorporated into the AHP to enable AHP decision-makers generate numerical scales individually. Yeo
et al.(2010)applied the integrated AHP-DST approach to measure the effectiveness of container ports
located in Northeast Asia. In this approach, the DST was incorporated into the AHP weight evaluation
for eliminating uncertainty and adjusting the contradictory opinions of each group. Zhii et al. (2014)
applied the integrated AHP-OM approach to help restructure the iron and steel industry in China.
Specifically, 31 alternative locations were evaluated with respect to 15 criteria based on the current
status of the industry and governmental policy to prioritize the ideal location for the industry. In this

approach, the dummy pivot OM approach was used in conjunction with the AHP to increase the

10



robustness of the final results even when another alternative (a dummy pivot) was added. Song et al.
(2013) applied the integrated AHP-RST to evaluate and prioritize customer requirements of an
industrial product-service system in a rotary oil-free air compressor manufacturing company. This
approach combines the advantage of AHP in requirement evaluation structure and the strength of RST

in manipulating vagueness and subjectivity.

3.7. Integrated AHP and multiple approaches

Thirty-six articles integrated the AHP with more than one method (AHP-multiple), as shown in
Table 7. First, 26 of 36 articles incorporated the fuzzy set theory into the AHP with a variety,of other
approaches, including DEA (Tseng et al., 2009; Kou et al., 2010; Kamvysi et al., 2014),/GP (Tsai and
Hung, 2009b), integer linear programming (ILP) (He et al., 2012), LP (Kamvysivet al., 2014; Ulutas et
al., 2016), MOLP (Li et al., 2008), multi-objective MILP (MOMILP) (Babi¢ . and Peri¢, 2014), QFD
(Nagahanumaiah et al., 2008; Kamvysi et al., 2014), axiomatic design (AD) (Biiyiikdzkan, 2012),
Copeland (Piechnicki et al., 2015), evidential reasoning theory (ERT)-(¥an et al., 2012), genetic
algorithm (GA) (Aguilar-Lasserre et al., 2009), geometric mean (Piechnicki et al., 2015), grey
relational analysis (GRA) (Samvedi et al., 2012; Pitcchipoo et al., 2013), the Kano model (Ghorbani et
al., 2013), life cycle assessment (LCA) (Chan et al., 2013), preference ranking organization method
for enrichment evaluations (PROMETHEE) (Rao_and Patel, 2010; Avikal et al., 2014), scoring
methods (Sun et al., 2008), a technique for order preference by similarity to ideal solution (TOPSIS)
(Biiytlikozkan et al., 2008; Ghorbani et al., 2013; Samvedi et al., 2013; Kilic et al., 2014; Yayla, 2015;
Dincer et al., 2016), and VIKOR (Ren and Liitzen; 2015).

The majority of these 26 articles, studied the supplier evaluation and selection problem
(Biiyiikozkan et al., 2008; Tsai and Hung, 2009b; Kou et al., 2010; Biiylikozkan, 2012; Ghorbani et al.,
2013; Pitcchipoo et al., 2013; Babi¢ and Peri¢, 2014; Yayla, 2015; Ulutas et al., 2016). The other
problems studied included batch plant design (Aguilar-Lasserre et al., 2009), business performance
assessment (Tseng et al., 2009), course design evaluation and selection (Kamvysi et al., 2014), cutting
fluid evaluation and selection (Rao and Patel, 2010), disassembly line balancing (Avikal et al., 2014),
ERP system evaluationsand selection (Kilic et al., 2014), expert evaluation and selection (Sun et al.,
2008), fuel evaluation and selection (Ren and Liitzen, 2015), machine tool evaluation and selection
(Samvedi et al.§2012), portfolio investment assessment (Dincer et al., 2016), product design evaluation
andsselection”(Li et al., 2008; Yan et al., 2012; Chan et al., 2013), rapid tooling process evaluation and
selection (Nagahanumaiah et al., 2008), supply chain risk assessment (Samvedi et al., 2013), total
productive maintenance design (Piechnicki et al., 2015), and transshipment problems (He et al., 2012).

Ten articles applied the integrated AHP-multiple approaches without considering the fuzzy set
theory. Among these ten articles, the DEA was most commonly used (Zhou and Chen, 2010; Falsini et
al., 2012; Zhang et al., 2012; Kengpol et al., 2014; Kengpol and Tuammee, 2016), followed by
mathematical programming approaches (Meza et al., 2009; Che and Chiang, 2012; Falsini et al., 2012;

11



Kengpol et al., 2014), QFD (Partovi, 2007; Zhou and Chen, 2010; Chang, 2012), quantitative risk
assessment (QRA) (Kengpol et al., 2014; Kengpol et al., 2016), activity-based costing (ABC) (Zhang
et al., 2012), analytic network process (ANP) (Partovi, 2007), entropy (Freeman and Chen, 2015), GA
(Che and Chiang, 2012), GRA (Chang, 2012), K-means algorithm (Meza et al., 2009), rough sets
theory (RST) (Che and Chiang, 2012), and TOPSIS (Freeman and Chen, 2015).

Like the fuzzy-based, integrated AHP-multiple approaches mentioned above, the supplier
evaluation and selection problem attracted the most attention (Che and Chiang, 2012; Falsini et al.,
2012; Zhang et al., 2012; Freeman and Chen, 2015), followed by transportation route evaluation and
selection (Kengpol et al., 2014; Kengpol et al., 2016), business process reengineering (Zheu and Chen,
2010), manufacturing flexibility evaluation and selection (Chang, 2012), manufacturing process

evaluation and selection (Partovi, 2007), and power generation expansion planning, (Meza'et al., 2009).

4. Observations and discussions

In this paper, 88 journal articles published between 2007 and/2016-that'studied integrated AHP
approaches were reviewed. The methods integrated with the AHP include fuzzy set theory, DEA,
mathematical programming, QFD, simulation, and some others. These integrated AHP approaches
and their applications are summarized in Tables 1-7. Based on,the 88 journal articles, five questions
can be answered: (1) Which type of integrated AHP.approach received the most attention? (2) Which
application arecas were integrated AHP approaches smost often applied to? (3) Which specific
problems were integrated AHP approaches most commonly applied to? (4) What are the trends in
publications regarding the integrated AHP, approaches? and (5) Which international journals
published the most papers on integrated AHP approaches? In addition to answering these questions,
this paper also attempts to compare the,findings with findings obtained during the period from 1997 to
2006, published in Ho (2008).

4.1. The most popular integrated AHP approach

The first question requires determining the most popular integrated AHP approach. Among the
88 journal articles, 52 articles integrated the AHP with a single method as listed in Tables 1-6,
whereas 36 articles integrated the AHP with two or more methods (so-called integrated AHP-multiple
approaches) assshown in Table 7. According to Tables 1-6, the most popular method integrated with
the#AHP “is*fuzzy set theory (20 of 52 articles), followed by DEA (7 articles), mathematical
progtamming (7 articles), QFD (5 articles), simulation (5 articles), and some others (8 articles),
including RO, TOC, 2TLRM, DST, OM, and RST.

According to Table 7, there are a wide variety of integrated AHP-multiple approaches. The
majority of these studies integrated the AHP with two methods (31 of 36 articles), followed by three
methods (4 articles) and four methods (1 article). Because there is no single dominating approach, we

developed Table 8 to determine the most popular method applied in the integrated AHP-multiple
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approaches. Table 8 shows that the top 5 methods are fuzzy set theory (26 of 36 articles), followed by
mathematical programming (10 articles), DEA (8 articles), TOPSIS (7 articles), and QFD (5 articles).

The above observations indicate that the integrated AHP-fuzzy approach attracted the most
attention between 2007 and 2016. In addition, the fuzzy set theory was commonly used in conjunction
with the AHP in the integrated AHP-multiple approaches. Forty-six of 88 articles integrated AHP
with fuzzy set theory. The major reason is that the crisp pairwise comparison in conventional AHP is
unable to tolerate vagueness or ambiguity. Therefore, fuzzy numbers and linguistic terms have been
widely used in an uncertain pairwise comparison environment (Lee, 2009; Liang, 2015). Specifically,
fuzzy set theory has the advantage of resembling human reasoning in its use ofyapproximate
information and uncertainty to address multi-criteria, decision-making problems when information is
imprecise and incomplete (Chan and Kumar, 2007).

Comparing the findings obtained over two decades (i.e., 1997-2006 vs. 2007=2016), first, the
most popular integrated AHP approach changed completely. From 1997 to 2006, both the integrated
AHP-GP and the integrated AHP-QFD approaches were the most popularseach studied in 16 of 66
articles (24%) (Ho, 2008). From 2007 to 2016, only two of 88 articles applied the integrated AHP-GP
approach (2%) whereas the integrated AHP-QFD approach attracted a little more attention (5 of 88
articles, 6%). The declination of applications and/or publications of both the integrated AHP-GP
approach and the integrated AHP-QFD approach in prestigious journals is expected to be associated
with the limitations of the AHP. Specifically, as mentioned in Section 3.3.1, Kull and Talluri (2008)
applied the AHP to assess suppliers using the risk'eriteria and to derive risk scores, which were then
used in the GP model to evaluate alternative'suppliers based on multiple risk goals and various hard
constraints. Kull and Talluri (2008) claimed that the major drawback of the AHP is its inability of
handling the interdependence among various supplier failure events. By using the AHP, the authors
assumed that the failure events,are all independent, but not the case in real life situations. For
example, poor information systems may lead to quality problems and delivery problems. For the
integrated AHP-QFD approach, Ho and his research team (Ho et al., 2011; Scott et al., 2013; Scott et
al., 2015; Dey et al., 2015),applied the approach to capture holistic and conflicting requirements from
all concerned stakeholders, and then translate to explicit and comparable evaluation criteria for
strategic supplier selection and performance management. The major drawback of the approach is that
the AHP process is very time-consuming especially when the number of stakeholder requirements and
the mumber'of evaluation criteria are large.

Second, the number of types of integration increased significantly. In 1997-2006, there were
only five types of integration, including mathematical programming, QFD, meta-heuristics, SWOT,
and DEA. From 2007 to 2016, if we focus on Tables 1-6, there were already 11 types of integration.
There were 24 more methods integrated with the AHP, which were not identified in 1997-2006, such
as 2TLRM, ABC, AD, ANP, Copeland, DST, Entropy, ERT, fuzzy set theory, geometric mean, GRA,
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K-means algorithm, Kano model, LCA, OM, PROMETHEE, QRA, RO, RST, scoring method,
simulation, TOC, TOPSIS, and VIKOR.

4.2. The most commonly studied application area

The second question was to identify the most commonly studied application area. According to
Table 9, there are 19 application areas, among which manufacturing has attracted the most attention,
followed by logistics, government, higher education, utility, process, Internet, telecommunications,
textiles and fashion, chemicals, food, agricultural, airlines, bakeries, construction, financial, fishing,
iron and steel, and rental cars sectors.

According to Table 9, 35 of 88 articles applied the integrated AHP approaches to the
manufacturing sector. The specific fields included air compressor manufacturing (Song et al., 2013),
automotive manufacturing (Kull and Talluri, 2008; Kahraman et al., 2010; Kousetalz; 2010; Ho et al.,
2011; Biiyiikozkan, 2012; Samvedi et al., 2012), carpet manufacturing (Dey etral:, 2015), cutting-tool
manufacturing (Ayag, 2007), electronics manufacturing (Li et al., 2008; Zhang et al., 2012; Chan et al.,
2013; Freeman and Chen, 2015), equipment manufacturing (Yan'et al., 2012; Ghorbani et al., 2013),
furniture manufacturing (Ma et al., 2007), LCD manufacturingy(Wang and Chang, 2007; Huang et al.,
2009; Lee, 2009; Tseng et al., 2009), mould manufacturing (Nagahanumaiah et al., 2007
Nagahanumaiah et al., 2008), plastics manufacturing (Baramichai et al., 2007), steel casting
manufacturing (Akarte and Ravi, 2007), stone ‘manufacturing (Kreng and Wu, 2007), TV
manufacturing (Sevkli et al., 2007), and general manufacturing (Chan and Kumar, 2007; Chan et al.,
2008; Sharma and Agrawal, 2009; Rao and Patel;2010; Zhou and Chen, 2010; Mafakheri et al., 2011;
Che and Chiang, 2012; Sarfaraz et al?; 2012; Avikal et al., 2014). Among 35 articles, the fuzzy set
theory was widely used in conjunction, with AHP, including 11 integrated AHP-fuzzy approach and
nine integrated AHP-multiple.approaches.

Comparing the findings,obtained from two separate decades (i.e., 1997-2006 vs. 2007-2016),
first, the most commonly studied application area changed. From 1997 to 2006, logistics attracted the
most attention with 21,066 articles (32%) (Ho, 2008). From 2007 to 2016, logistics attracted much
less attention,swith .only 10 of 88 articles (11%) but nevertheless ranked second, just behind
manufacturing, (35 of 88 articles, 40%), as mentioned above. Note that both manufacturing and
logistics are the top two studied application areas over both decades. Second, the number of
application“ateas increased. From 1997 to 2006, there were 14 application areas studied: logistics,
followed by manufacturing, government, higher education, business, environment, military,
agriculture, health-care, marketing, industry, service, sports, and tourism. From 2007 to 2016, there
were 19 application areas studied. Among those areas, 14 application areas were not covered from
1997 to 2006, such as airlines, bakeries, chemicals, construction, financial, fishing, food, Internet, iron

and steel, processing, rental cars, telecommunications, textiles and fashion, and utility sectors.
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4.3. The most commonly studied problem

The third question was to discover the most commonly studied problem. According to Table 10,
21 problems were studied, among which the supplier evaluation and selection problem attracted the
most attention, followed by performance assessment, strategy/policy evaluation and selection,
distribution network optimization, process evaluation and selection, expert evaluation and selection,
product design evaluation and selection, project/program evaluation and selection, equipment/tool
evaluation and selection, location evaluation and selection, risk assessment, system evaluation and
selection, product-mix evaluation and selection, batch plant design, business unit evaluation and
selection, course design evaluation and selection, disassembly line balancing, dynamie, pricing and
revenue management, fuel evaluation and selection, power generation expansion planning, and value
chain evaluation and selection.

According to Table 10, 26 of 88 articles addressed the supplier evaluation and selection
problem using integrated AHP approaches. The specific problems included agricultural machinery
provider evaluation and selection (Ghorbani et al., 2013), apparel Supplier=€évaluation and selection
(Ulutas et al., 2016), automotive supplier evaluation and selectiony(Kull and Talluri, 2008; Kou et al.,
2010; Ho et al., 2011; Biiyiikdzkan, 2012), biomass supplierievaluation and selection (Scott et al.,
2013; Scott et al., 2015), carpet supplier evaluation and, selection (Dey et al., 2015), catering firm
evaluation and selection (Wang et al., 2008), electronics supplier evaluation and selection (Zhang et
al., 2012; Freeman and Chen, 2015), electroplating supplier evaluation and selection (Pitcchipoo et al.,
2013), ERP provider evaluation and selection (Kahraman et al., 2010), flour supplier evaluation and
selection (Babi¢ and Peri¢, 2014), food supplier~evaluation and selection (Rezaei and Ortt, 2013),
global supplier evaluation and selection. (Chan and Kumar, 2007; Chan et al., 2008), LCD
manufacturing supplier evaluation‘andiselection (Lee, 2009), logistics partner evaluation and selection
(Biiytikozkan et al., 2008; Falsini€t als; 2012; Yayla, 2015), mobile phone supplier evaluation and
selection (Tsai and Hung,2009b), TV set manufacturing supplier evaluation and selection (Sevkli et
al., 2007), and generi¢ supplier evaluation and selection (Mafakheri et al., 2011; Che and Chiang,
2012). In the 26 articles, the fuzzy set theory was widely used in conjunction with AHP, including six
integrated AHP=fuzzy approaches and eight integrated AHP-multiple approaches.

Comparing the findings obtained over two decades (i.e., 1997-2006 vs. 2007-2016), first, the
most commonly studied problem changed. Between 1997 and 2006, transportation route selection or
thedistribution network optimization problem attracted the most attention with 11 of 66 articles (17%)
(Ho,2008). Between 2007 and 2016, the distribution network optimization problem attracted much
less attention, occurring in only 5 of 88 articles (6%). Conversely, the supplier evaluation and
selection problem attracted much more attention, 8% (5 of 66 articles) from 1997 to 2006 vs. 30% (26
of 88 articles) from 2007 to 2016. Supplier evaluation and selection has been regarded as one of the
most important decision making problems in supply chain management (Goffin et al., 2006; Dey et al.,

2015). Selecting and collaborating with strategic suppliers not only reduces the purchasing costs
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(Ghodsypour and O’Brien, 2001) and manufacturing costs (Narasimhan and Das, 1999) significantly,
but also contributes in product quality (Su et al., 2009), product innovation (Dey et al., 2015), firm’s
flexibilities (Narasimhan and Das, 1999; Chiang et al., 2012), and supply chain agility (Chiang et al.,
2012). Therefore, appropriate supplier selection improves supply chain performance. According to
Table 10, 15 of 26 articles (58%) addressed the supplier evaluation and selection problem using the
fuzzy set theory based AHP approaches, including six integrated AHP-fuzzy approaches and nine
integrated AHP-multiple approaches. It is believed that the fuzzy set theory based AHP approaches
work very well in this domain. As Ho et al. (2011) highlighted, multiple perspectives from multiple
stakeholders should be considered in order to facilitate effective and strategic supplier-evaluation and
selection. The fuzzy set theory based AHP approaches can support team based. (i.e., multiple
stakeholders) decision making processes when information (i.e., multiple perspectives) is imprecise
and incomplete.

Second, the number of problems studied decreased. From 1997 to2006, there were 38
problems studied: transportation route selection, followed by product design=€valuation and selection,
supplier evaluation and selection, location evaluation and selection,_etc. From 2007 to 2016, 21
application areas were studied. Fourteen of those problems were not addressed between 1997 and
2006, such as batch plant design, business unit evaluation,and'selection, course design evaluation and
selection, disassembly line balancing, dynamic pricing and revenue management, equipment/tool
evaluation and selection, expert evaluation and selection, fuel evaluation and selection, power
generation expansion planning, product-mix evaluation and selection, risk assessment, strategy/policy

evaluation and selection, system evaluation and selection, and value chain evaluation and selection.

4.4. Trends

The distribution of the 88yjournal articles over the last decade is presented in Table 11. There
are 22 articles more in the’petiod from 2007 to 2016 than from 1997 to 2006. Notably, in this paper,
we only focus on thos€ articles published in international journals with high ranking, including A/A”
journals on the Australian,Business Deans Council (ABDC) journal list, and 3/4/4" journals on the
Association of-Business/Schools (ABS) journal list in the United Kingdom.

Although there are more publications addressing the integrated AHP approaches in the
high-ranking journals in the more recent decade, there is a decreasing trend in the use of integrated
AHR approaches in the first five years of the decade (2007-2011) compared with the last five years
(201240 2016), 48 vs. 40. In particular, according to Table 11, there is a significant decreasing trend
in the use of AHP integration with one method from the first five years to the second five years, 36 vs.
16. Conversely, the number of publications of AHP integration with multiple methods in the last five
years is double the number in the first five years, 24 vs. 12. Based on the above observations, it is

estimated that integrated AHP-multiple approaches will attract more attention.
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4.5. The most commonly published journal

The international journals in which the integrated AHP approaches were published are listed in
Table 12. There are 17 journals, among which the International Journal of Production Research ranks
number one, followed by the International Journal of Production Economics, IEEE Transactions on
Engineering Management, the European Journal of Operational Research, Omega, Journal of the
Operational Research Society, Decision Support Systems, Supply Chain Management: An International
Journal, Computers & Operations Research, Computers in Industry, IEEE Transactions on Systems,
Man, and Cybernetics — Part A: Systems and Humans, the International Journal of Logistics
Management, Annals of Operations Research, the International Journal of Operations & Production
Management, Production Planning & Control, Transportation, and Transportation Rese€arch Part D:
Transport and Environment.

Three journals must be highlighted based on the comparisons of the findings obtained over two
decades (i.e., 1997-2006 vs. 2007-2016). First, the European Journal of Operational Research ra