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A B S T R A C T	   A R T I C L E   I N F O The strategic location of reverse logistics facilities enables organizations to obtain optimal performance to collect end‐of‐line (EOL) products and distrib‐ute remanufactured products effectively and efficiently. The planning of facili‐ty location entails consideration of multiple essential criteria rather than optimizing a single criterion. This paper develops a methodological frame‐work based on an integrated multiple criteria decision‐making (MCDM) ap‐proach that captures the complexity of location planning for collection and distribution centers under fuzzy conditions utilizing decision making trial and evaluation laboratory (DEMATEL), analytic network process (ANP), and analyt‐ic hierarchy process (AHP). This novel approach aids decision‐makers to sim‐ultaneously select a separate location for collection and distribution through a holistic assessment of a location's viability for both purposes. It advances the reverse logistics literature by considering multiple criteria and their interrela‐tionships in the location selection process, along with uncertainty and vague‐ness in decision making. Additionally, the proposed approach allows flexibil‐ity for decision‐makers as they retain the control in picking a site based on its priority on being a collection or distribution center. Results show that gov‐ernment policies and regulations play a vital role in the facility location deci‐sion as they interact mostly with other criteria. Moreover, results also suggest that quantity and quality uncertainties for remanufacturing are significant factors that must be taken into consideration in the collection function, while economic and market‐oriented issues are major concerns for a distribution function. This finding was observed through the application of the proposed methodological framework in a case study of the furniture industry in the Philippines. The practical implications of this study focus on being an aid in organizing and improving the operations of the reverse logistics sector of the Philippines. Finally, the proposed approach can be used to address general facility location problems in other industrial applications where tradeoffs among stakeholders or entities are well pronounced and decision‐makers find it imperative that such tradeoffs must be carefully considered. © 2019 CPE, University of Maribor. All rights reserved. 
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1. Introduction Sustainable practices have become a continual pursuit of manufacturers to address prevalent issues on environmental awareness, resource depletion, consumer awareness of sustainability impacts, legislation, corporate imaging, economic benefits, and government incentives (Mutha and Pokharel, 2009 [1]; Sheu, 2011 [2]; Rashid et	al., 2013 [3]; Govindan et	al., 2015 [4, 5]). One 
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chief sustainable practice is the end of life (EOL) strategies which intend to restore goods to its original working condition (USITC, 2012 [6]). Among the extant EOL strategies, the concept of remanufacturing is of growing interest to scholars from domain disciplines (Rashid et	al., 2013 [3]). As an industrial process, the goal of remanufacturing is to recover the residual value of used products by reconditioning and reusing components that are still functional and acceptable (Wei 
et	al., 2015 [7]). It is a product recovery technique (PRT) that promotes sustainability as it helps firms achieve closed‐loop supply chains. Remanufacturing addresses the environmental, social, and economic dimensions of sustainability by minimizing waste and emission generation, creat‐ing jobs, and trimming down production costs by 50 % (Rathore et	 al., 2011 [8]; Chen and Chang, 2012 [9]; Xiaoyan, 2012 [10]). Several original equipment manufacturers (OEMs) have taken an interest in remanufacturing such as Caterpillar, HP, Xerox, and Kodak to increase profit and improve their social and environmental performances as well. This increased attention can be attributed to remanufacturing’s benefits and essential functions in the ever‐changing society. In remanufacturing, one of the crucial aspects is reverse logistics. Reverse logistics is the pro‐cess of planning, implementing, and controlling efficient, effective inbound flow, inspection, and disposition of returned products and related information for recovering value (Srivastava, 2006 [11]). The collected EOL products are subjected to a detailed inspection, which either ends up remanufactured or disposed. Products that go through the remanufacturing process are distrib‐uted in secondary markets; afterward, the cycle of collection and remanufacturing continues. The practice of remanufacturing, however, is rather hindered despite its advantages in terms of sustainability since the receptivity of consumers varies from one region to another, as suggested in the current literature. That is, consumers in well‐developed Western countries are more open to remanufactured products compared to those in most developing countries (Nnorom and Osi‐banjo, 2008 [12]; Zou et	al., 2016 [13]). As critical tasks of reverse logistics, several studies in the literature tackled how these func‐tions can be optimized according to collection rate and sales (Malik et	al., 2015 [14]; Pop et	al., 2015 [15]), profit and return rate (Hong and Yeh, 2012 [16]), and economies of scale (Atasu et	
al., 2013 [17]), to name a few. Consequently, dominant mathematical models such as continuous modeling frameworks (Wojanowski et	al., 2007 [18]), a mixed‐integer nonlinear model (Min and Ko, 2008 [19]), and graph theory and matrix approach (Malik et	al., 2015 [14]) are adapted to design such functions.  While prior studies in literature present mathematical models with single objective analyses to optimize collection and distribution decision problems, these methodologies fail to incorpo‐rate various aspects and holistic considerations that are necessary for the decision problem in‐volving the location of centers (Malik et	al., 2015 [14]). Real‐world problems are rarely single objective but are multi‐objective; therefore, multi‐objective approaches should be given more attention and focus (Govindan et	al., 2015 [4, 5]). Additionally, results are expected to be more informed, and better decisions are drawn when an appropriate structure of the problem and evaluation of the multi‐criteria nature of the problem is explicitly established. Hence, multi‐criteria decision‐making (MCDM) approaches are introduced in the current literature. In the field of remanufacturing, pertinent issues are successfully resolved using MCDM approaches such as: identifying a strategic model for distribution channel management using fuzzy analyti‐cal hierarchy process (FAHP) and hierarchical fuzzy technique for order of preference and simi‐larity to ideal solutions (HFTOPSIS) (Paksoy et	al., 2012 [20]), analyzing the interrelationships between risks faced by third‐party logistics service providers (3PLs) using decision‐making and trial evaluation laboratory (DEMATEL) (Govindan and Chaudhuri, 2016 [21]), and selecting im‐portant criteria in considering factors of reverse logistics implementation using FAHP (Chiou et	
al., 2012 [22]), to name a few. Given that the selection of a logistics center can be modeled as a decision problem that in‐volves critical elements and that an integrated approach of simultaneously selecting distribution and collection centers lacks in the current literature, this paper aims to simultaneously identify a location for collection and distribution centers using MCDM approach. With an MCDM model, complexity and uncertainty of the selection process may mimic real‐life decision‐making with different and contradictory criteria and alternatives. Further, it is imperative to recognize that while the selection of collection and distribution centers are addressed in separate conditions, 
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the need to simultaneously resolve both logistic centers remains relevant in the context of eco‐nomic and operational sustainability. Thus, this paper attempts to map both collection and distribution centers simultaneously us‐ing an integrated MCDM approach consists of fuzzy DEMATEL, fuzzy analytic network process (FANP), and FAHP. The proposed approach is intended to address the complexity and uncertain‐ty of the selection process in location decision problems. That is, the use of DEMATEL methodol‐ogy to analyze the causal and effect relations among criteria, ANP to provide criteria priorities, and AHP to rank potential collection and distribution locations. Additionally, fuzzy set theory (FST) is employed to deal with the vagueness, ambiguity, and uncertainty of human judgments (Zadeh, 1965 [23]), prevalent in carrying out the three identified MCDM methodologies (i.e., DEMATEL, ANP, and AHP). The three MCDM methodologies, along with FST, are used as they are suitable to address the following conditions of locating collection and distribution centers for reverse logistics. The problem requires a selection of the best location among possible location sites for collection and distribution functions, subject to multiple and often conflicting criteria. The problem seems to be in a simple hierarchical structure (i.e., goal, criteria, and alternatives); however, real‐life conditions suggest that the set of criteria contains interrelationships which must be captured to address the problem holistically. These interrelationships, thus, are identi‐fied by fuzzy DEMATEL, and the fuzzy ANP approach is used to address them and generate crite‐ria weights. Finally, to identify the best alternative for each function, the fuzzy AHP methodology is used to generate the relative weights of the possible alternative locations. As opposed to other MCDM approaches for this purpose (e.g., TOPSIS, PROMETHEE, ELECTRE, VIKOR, to name a few) where rankings are directly generated, the fuzzy AHP method which produces priority weights of the alternatives provides a meaningful scheme for allowing tradeoffs of a location between collection and distribution functions. Such a tradeoff is instrumental for operational viability. The gap that is advanced in this paper is twofold: (a) the use of evaluation criteria to identify collection and distribution centers in the literature is found to be only a few and limited and is focused on single‐objective‐based mathematical models; this paper seeks to consider critical elements of logistics infrastructure and its relations among one another to determine collection and distribution centers using an integrated MCDM model, and (b) the concept of remanufac‐tured products by consumers in developing countries, such as the Philippines, is relatively un‐welcome; this paper pursues to address issues in remanufacturing particularly with that of lim‐ited and ill‐informed policies, cultural preferences, and assessment of actual benefits.  
2. Literature review The collection of used products is one of the most important tasks of reverse logistics and also the first task that affects all the other activities in remanufacturing. EOL product collection is accompanied by uncertainty, especially in terms of quantity that must be taken into considera‐tion in establishing collection centers (Serrano et	al., 2013 [24]). On the other hand, distribution of goods involves the transportation of both finished and raw materials; its objective is to make sure that the products delivered are in good condition and will arrive at the right destination. In distribution systems, distribution centers are sometimes required to connect manufacturers and customers for supporting and improving the product flow (Langevin et	 al., 1996 [25]; Yang, 2013 [26]). Due to uncertainties related to returns (e.g., timing, quality, quantity, disassembly and reassembly, homogeneity of product range), the collection function is challenged (Mukher‐jee and Mondal, 2009 [27]). In the same manner, the distribution function can potentially be affected when end users do not support remanufactured goods due to negative user perception and unawareness of its quality and price, to name a few (Choudhary and Singh, 2011 [28]; Ser‐rano et	al., 2013 [24]; Sharma et	al., 2016 [29]).  To address such issues on the collection and distribution process related to remanufacturing, collection and distribution centers are utilized (Malik et	al., 2015 [14]; Pop et	al., 2015 [15]). These two logistics functions may be performed in a center altogether or separately. In an ideal situation, a collection of EOL products and distribution of remanufactured products must be optimized; that is, the collection rate and sales must be maximized. It is, however, significant to note that the type of collection model likewise affects this situation. For instance, a recent study conducted by Hong and Yeh (2012) [16] compared non‐retailer collection model and retailer 
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collection model and found that the latter is superior to the other model under certain aspects such as profit and return rate. Also, when there is a consideration on operating channels in‐volved (i.e., retailer‐managed collection, manufacturer‐managed collection, and third‐party‐managed collection), a retailer‐managed collection is believed to be optimal when there are economies of scale; otherwise, the manufacturer‐managed collection becomes an optimal option (Atasu et	al., 2013 [17]). Furthermore, collection points in a reverse logistics system location have also been a focus of relevant studies. Wojanowski et	al. (2007) [18] proposed combining a collection of used prod‐ucts with retail activities. A continuous modeling framework is presented for designing a drop‐off facility network. They determined that a primary factor for an organization to be involved in the collection of used products is the net value that can be reacquired from a returned product. On the other hand, a mixed‐integer nonlinear model is presented by Min and Ko (2008) [19] in determining the optimal number and locations of collection points as well as its centralized re‐turn centers. It is proposed to enhance customer convenience by reducing travel time and effort to return used products, thereby, improving the efficiency of product returns. Therefore, an ade‐quate number of collection facilities need to be situated proximate to that of the customers. Simi‐larly, Malik et	al. (2015) [14] presented other techniques such as graph theory and matrix ap‐proach to determine viable locations for collection centers based on ten key factors, comparative significance, and its availabilities. Other authors have also developed mathematical models for the design of reverse logistics network design, considering the location and allocation of facili‐ties (Mutha and Pokharel, 2009 [1]; Yi et	al., 2016 [30]). As for the distribution centers, determining practical locations are considered an essential problem as that of collection centers which have also served as the focal point of studies in re‐manufacturing for the past few decades (Owen and Daskin, 1998 [31]). Two problems of the most highly studied problems for facility location are the p‐median problem and the maximal covering location problem. The p‐median problem concerns on locating p facilities to minimize the total demand‐weighted distance between each customer to the nearest facility around. For the maximal covering location problem, its objective is to locate a fixed number of distribution facilities to make sure that the number of covered demands is maximized. The two models share a common objective; that is, to be able to get the attention of customers to maximize revenue (Zhang et	al., 2016 [32]). Furthermore, the total relevant cost for the whole distribution process can be minimized when the proper selection of facility location is made (Kuo et	al., 2011 [33]). Reverse logistics studies for developing countries are unsurprisingly scarce as it is still in a state of infancy (Sarkis et	al., 2010 [34]; Zhang et	al., 2011 [35]). In fact, there are still many as‐pects that need to be considered and explored in the strategic planning of collection centers lo‐cation. At a broader scope, remanufacturing is popular in developed economies considering its advantages (Sharma et	al., 2016 [29]). Developed economies have a more mature foundation on remanufacturing as it is practiced as a means to deal with EOL issues. In developed economies, a well‐established understanding and perception of environmental issues exist (Nunes et	al., 2009 [36]). Additionally, governments in developed countries implement policies that promote the growth of remanufacturing (Govindan et	al., 2016 [37, 38]). Consequently, more research re‐garding sustainability approaches like reverse logistics has been focused on developed countries (Sarkis et	al., 2010 [34]; Zhang et	al., 2011 [35]). Consumers in well‐developed Western coun‐tries are more receptive of remanufactured products, while the opposite situation is observed in most developing countries (Nnorom and Osibanjo, 2008 [12]; Zou et	al., 2016 [13]). Poor knowledge, limited consumer acceptance, scarcity of remanufacturing tools and tech‐niques, poor remanufacturability of many products, and quality concerns hinder and significant‐ly limit the potential for developing countries from practicing remanufacturing. OEM practices such as patents and intellectual property rights are also hindrances to remanufacturing as they limit possible remanufacturing operations only to the OEM (Ijomah et	al., 2007 [39]). Sustaina‐ble development in developing countries is relatively lower, as is evident in some countries like Thailand, Vietnam, India, Malaysia, and the Philippines (Xu et	al., 2013 [40]). Complete legislation systems in the context of remanufacturing in these countries are not yet fully developed since there is no recognition of the importance of remanufacturing in most firms in developing coun‐tries. Hence, empirical data, specifically in the Philippines, is deficient (Saavedra et	al., 2013 [41]). 
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3. MethodologyThe following subsections present the MCDM methodologies to be integrated into this work for determining a location for collection and distribution centers. 
3. 1 Fuzzy set theoryThe fuzzy set theory was developed to deal with uncertainty and impreciseness of human deci‐sion (Zadeh, 1965 [23]). In a set of collection of objects ݔ ∈ ܺ where ܺ is the universe of dis‐course and ܣ ⊆ ܺ, the classical set theory defines the membership of ݔ ∈ ݔ or ܣ ∉ :ሻݔ஺ሺߤ is a crisp set if ܣ .with truth values defined in a membership function in Eq. 1 ܣ ܺ → ሼ0,1ሽ. ߤ஺ሺݔሻ ൌ ቄ1 ݔ ∈ 0ܣ ݔ ∉ ቅܣ :ሻݔ஺ሺߤ ሻ such thatݔ஺ሺߤ is a standard fuzzy set if ∃ a membership function ܣ(1) ܺ → ሾ0,1ሿ. The set of 2‐tuple ܣ ൌ ሼݔ, :ሻݔ஺ሺߤ ݔ ∈ ܺ, ሻݔ஺ሺߤ ∈ ሾ0,1ሿሽ is a fuzzy set where ݔ ∈ ݔ ሻ is the member‐ship function ofݔ஺ሺߤ and ܣ ∈ ,݈  is of L‐R type if ∃ membership functions for left and for right with ܣ Fuzzy numbers are fuzzy subsets of Թ. Fuzzy number foundations and their arithmetic opera‐tions were first introduced by Zadeh (1965) [23]. Commonly used in fuzzy set theory applica‐tions, a fuzzy number is defined as a convex normalized fuzzy set in Թ with membership func‐tion which is piecewise continuous.  In MCDM applications, a left‐right (L‐R) fuzzy number is commonly adopted. A fuzzy number .ܣ ݎ ∈ Թ, and	 (2)݈, ݎ ൒ 0 with (3)ߤ஺ሺݔሻ ൌ ൜ ܯሺሺܮ െ ሻݔ ݈⁄ ሻ ݔ ൑ ݔሺሺܴܯ െ ሻܯ ⁄ݎ ሻ ݔ ൒ ൠܯ (4)where ܯ ∈ Թ is the modal value of ܣ and ݈, ݎ ∈ Ը are the left and right spreads of ܣ. In this work, an L‐R type triangular fuzzy number (TFN) was adopted because of its populari‐ty and ease of implementation (Promentilla et	al., 2008 [42]). A triangular fuzzy number expresses the strength of each pair of elements in the same group and can be denoted as ܣ ൌ ሺ݈, ݉, 	ሻݑ (5)where ݈ ൑ ݉ ൑  .represents smallest possible value, modal value, and largest possi‐ble value, respectively. Fig. 1 shows these parameters in a triangular fuzzy scale graph. Table 1 demonstrates a pair‐wise comparison with fuzzy numbers ݑ and ,݉ ,݈ ;ݑ

Fig	1 Fuzzy triangular scale graph 

Table	1 Sample pairwise comparison matrix 
Criteria	1	 Criteria	2	 Criteria	3	

Criteria	1	 (1,1,1) (5/2,3,7/2) (9/2,5,11/2) 
Criteria	2	 (2/7,1/3,2/5) (1,1,1) (13/2,7,15/2) 
Criteria	3	 (2/11,1/5,2/9) (2/15,1/7,2/13) (1,1,1) 

In the graph shown in Fig. 1, the membership function ߤ஺ሺݔሻ can be defined in Eq. 6. 
μ
A

ሺݔሻ ൌ ൞ 0ሺݔ െ ݈ሻ ሺ݉ െ ݈ሻ⁄ሺݑ െ ݈ሻ ሺݑ െ ݉ሻ⁄0
ݔ ൏ ݈݈ ൑ ݔ ൑ ݉݉ ൑ ݔ ൑ ݔݑ ൐ ݑ ൢ	 (6)

where ݈, ݉, ݎ ∈ Թ, ߤ஺ሺݔሻ → ሾ0,1ሿ and ܺ is the universe of discourse. The arithmetic operations of two TFNs denoted by ሺܽଵ, ܽଶ, ܽଷሻ and ሺܾଵ, ܾଶ, ܾଷሻ are shown in Eqs. 7 to 10. ܣ ൅ ܤ ൌ ሺaଵ ൅ bଵ, aଶ ൅ bଶ, aଷ ൅ bଷሻ	 (7)
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ܣ െ ܤ ൌ ሺaଵ െ bଵ, aଶ െ bଶ, aଷ െ bଷሻ (8)
A ⊗ B ൌ ሺaଵbଵ, aଶbଶ, aଷbଷሻ  (9)
A ൊ B ൌ ሺaଵ/bଷ, aଶ/bଶ, aଷ/bଵሻ  (10)Linguistic scales may be used to help decision‐makers compare criteria or elements. Scales used by Tseng (2011) [43] and Tseng et	 al. (2008) [44], presented in Tables 2 and 3, were adopted in this study. The linguistic scales are assigned to numbers in a triangular fuzzy scale (i.e., for both Table 2 and Table 3), as well as its reciprocals in the pairwise comparison matrix (i.e., as shown only in Table 3). These tables have an ascending order for the triangular fuzzy numbers along with the degree of importance for each scale. This scale helps address vagueness in decision making by allowing qualitative answers to be quantified. Further, the concept of the fuzzy set theory is integrated into the conventional DEMATEL, ANP, and AHP methodologies to obtain a more comprehensive judgment of decision‐makers. 

3.2 Fuzzy DEMATEL methodology The DEMATEL methodology roots from the need to enable analyses and solve problems utilizing pragmatic visualization method specifically directed graphs (Gabus and Fontela, 1972, 1973 [45, 46]; Herrera et	al., 2000; Wang and Chuu, 2004 [47]; Tsai and Chou, 2009 [48]). These directed graphs, also known as digraphs, are believed to be more useful compared to directionless graphs because digraphs illustrate directed relations (i.e., causal and effect relations) of sub‐systems. When directed relations are established well, it can provide a better understanding of system elements in a complex setting. While conventional DEMATEL methodology is proven effective in evaluating factor relations, human judgment on decision variables remains subjective; thus, crisp values become inadequate (Büyüközkan and Çifçi, 2012 [49]). Hence, the fuzzy set theory is applied to the conventional DEMATEL methodology. Fuzzy DEMATEL has been widely applied in various areas such as air transportation system (Bongo and Ocampo, 2017 [50]), supplier evaluation problems (Büyüközkan and Çifçi, 2012 [49]), green supply chain management prac‐tices (Lin, 2013 [51]), truck selection problem (Baykasoğlu et	al., 2013 [52]), firm environmental knowledge management (Tseng, 2011) [43], and monitoring of paint utilization (Kumar et	al., 2017 [53]), to name a few. 
3.3 Fuzzy analytic hierarchy process (AHP) and fuzzy analytic network process (ANP) Saaty (1977) [54] developed the analytic hierarchy process (AHP) to simplify complex decision problems by structuring the decision attributes and alternatives in a hierarchical manner using a series of pairwise comparisons. AHP models are best used in a decision problem where there are unidirectional hierarchical relations among levels. When the relationships between levels do not merely signify higher or lower, dominant or subordinate, direct or indirect interactions, the ana‐lytic network process (ANP) may be used instead. ANP is also introduced by Saaty (1996) [55] as an extension of AHP where feedback mechanisms in a network type of structure are utilized to illustrate better the dependence among alternatives or attributes by obtaining composite weights through a supermatrix (Shyur, 2006) [56]. Both the traditional AHP and ANP methodology are unable to handle imprecise judgments elicited by decision‐makers, thus, the enhancement of such methodologies in the being of fuzzy AHP and fuzzy ANP (Tavana et	al., 2013) [57]. Instead of a crisp value used in the evaluation process, fuzzy AHP and fuzzy ANP adopt a range of linguistic expressions with a corresponding triangular fuzzy number to improve how decision‐makers make qualitative evaluations. Recent applications of fuzzy AHP are, among others, selection of an R&D strategic alliance partner (Chen 
et	al., 2010 [58]), selection of best pricing strategy for new product development (Liao, 2011) [59], resolution of uncertainty and imprecision in the evaluation of airlines' competitiveness (Wu et	al., 2013 [60]), selection of a cruise port of call location (Wang et	al., 2014 [61]), selection of passenger aircraft type (Dožić et	al., 2017 [62]), and various applications in automotive indus‐try (Banduka et	al., 2018 [63]). As for fuzzy ANP, it has been widely applied in areas such as evaluation and selection of suppliers (Razmi et	al., 2009 [64]), selection of conceptual design in a product development (Ayağ and Özdemir, 2009 [65]), prioritization of strategy (Babaesmailli et	
al., 2012 [66]), prioritization of advanced‐technology projects at the National Aeronautics and Space Administration (NASA) (Tavana et	al., 2013 [57]), and evaluation and selection of out‐sourcing providers for a telecommunication company (Uygun et	al., 2014 [67]). 
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3.4 An integrated MCDM methodology A detailed procedure on the integrated MCDM approach to determine collection and distribution centers is shown as follows: 
Step 1: Apply fuzzy DEMATEL.	The interrelationships between criteria are established by decision‐makers using linguistic rating scales adopted from Tseng (2011) [43] (see Table 2). This scale helps address vagueness in the decision‐making process by allowing qualitative answers to be quantified. Fuzzy DEMATEL is utilized to identify causal and effect criteria. The fuzzy DEMATEL method includes the following steps (Lin and Wu, 2004 [68]). These steps are further applied to both models (e.g., collection and distribution centers) considered in this paper. 

Table	2 Linguistic scale for DEMATEL as adopted from Tseng (2011) [43] 
Linguistic	variable	 Code	 (TFNs)	No influence   NI (0.0, 0.1, 0.3) Very low influence   VLI (0.1, 0.3, 0.5) Low influence   LI (0.3, 0.5, 0.7) High influence   HI (0.5, 0.7, 0.9) Very high influence   VHI (0.7, 0.9, 1.0) 1.1 Compute	for	the	fuzzy	initial	direct‐relation	matrix.	The fuzzy initial direct‐relation matrix ෨ܼinvolves fuzzy numbers represented as ෨ܼ௜௝௄ ൌ ሺ݈௜௝௄ , ݉௜௝௄ ,  .௜௝௄ሻ as shown in Eq. 11 where k represents the kth decision‐makerݑ

ሺ ෨ܼ௜௝௞ሻ௡௫௡ ൌ ێێۏ
ۍ 0 ෨ܼଵଶ ⋯ ෨ܼଵ௡෨ܼଶଵ 0 ⋯ ෨ܼଶ௡⋮ ⋮ ⋱ ⋮෨ܼ௡ଵ ෨ܼ௡ଶ ⋯ 0 ۑۑے

(11) ې
1.2 Obtain	the	average	judgment	of	decision‐makers.	The average judgment of k	decision‐makers also referred to as matrix Z෨, is obtained using Eq. 12: ෨ܼ ൌ ෨ܼଵ ⊕ ෨ܼଶ ⊕ ⋯ ⊕ ෨ܼ௞݇  (12)1.3 Solve	for	the	fuzzy	normalized	direct	relation	matrix	X෩. This matrix is obtained using Eq. 13 where ෨ܺ௜௝ ൌ  ௓෨೔ೕ௥ ൌ ቀ௟೔ೕ௥ , ௠೔ೕ௥ , ௨೔ೕ௥ ቁ and ݎ ൌ ∑ଵஸ௜ஸ௡൫ݔܽ݉ ௜௝௡௝ୀଵݑ ൯. According to the authors Lin and Wu (2004) [68], the transformation of linear scale is used as a formula for normaliza‐tion to transform the criteria scales into its corresponding scales. For instance, ෤ܽ௜  repre‐sents each triangular fuzzy number in each cell of ෨ܼ௜௝  and ݎ on the other hand is the maxi‐mum summation of the upper bound element of each TFN in every row of Eq. 14. 

෨ܺ ൌ ێێۏ
ۍ ෨ܺଵଵ ෨ܺଵଶ … ෨ܺଵ௡෨ܺଶଵ ෨ܺଶଶ … ෨ܺଶ௡⋮ ⋮ ⋱ ⋮෨ܺ௡ଵ ෨ܺ௡ଶ … ෨ܺ௡௡ۑۑے

ې (13)
෤ܽ௜ ൌ ෍ ෨ܼ௜௝ ൌ௡

௝ୀଵ ቌ෍ ݈௜௝௡
௝ୀଵ ൅ ෍ ݉௜௝ ൅ ෍ ௡ݑ

௝ୀଵ
௡

௝ୀଵ ቍ , ݎ ൌ ଵஸ௜ஸ௡ݔܽ݉ ቌ෍ ௜௝௡ݑ
௝ୀଵ ቍ (14)

 1.4 Define	 crisp	matrix	 for	each	element	of	 the	matrix	 ෨ܺ .	 The elements in the matrix X෩ where ݔ෤௜௝ ൌ ൫݈′௜௝ , ݉′௜௝ ,   .௜௝൯ are extracted to obtain three crisp matrices, as presented in Eqs. 15, 16, and 17, respectively′ݑ
௟ܺ ൌ ൦݈′ଵଵ ݈′ଵଶ ⋯ ݈′ଵ௡݈′ଶଵ ݈′ଶଶ ⋯ ݈′ଶ௡⋮ ⋮ ⋱ ⋮݈′௡ଵ ݈′௡ଶ ⋯ ݈′௡௡

൪ (15); ܺ௠ ൌ ൦݉′ଵଵ ݉′ଵଶ ⋯ ݉′ଵ௡݉′ଶଵ ݉′ଶଶ ⋯ ݉′ଶ௡⋮ ⋮ ⋱ ⋮݉′௡ଵ ݉′௡ଶ ⋯ ݉′௡௡
൪ ሺ16ሻ; ܺ௨ ൌ ൦ݑ′ଵଵ ଵଶ′ݑ ⋯ ଶଵ′ݑଵ௡′ݑ ଶଶ′ݑ ⋯ ⋮ଶ௡′ݑ ⋮ ⋱ ௡ଵ′ݑ⋮ ௡ଶ′ݑ ⋯ ௡௡′ݑ

൪   (17) 
1.5 Attain	the	fuzzy	total	relation	matrix	 ෨ܶ .	This matrix is computed using Eq. 18 where the ma‐trix T෩ contains TFNs as in Eq. 19. 
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෨ܶ ൌ ൦̃ݐଵଵ ଵଶݐ̃ ⋯ ଶଵݐଵ௡̃ݐ̃ ଶଶݐ̃ ⋯ ⋮ଶ௡ݐ̃ ⋮ ⋱ ௡ଵݐ̃⋮ ௡ଶݐ̃ ⋯ ௡௡ݐ̃
൪ (18)

in which ̃ݐ௜௝ ൌ ൫݈"௜௝ , ݉"௜௝ , ௜௝൯,    ൣ݈"௜௝൧"ݑ ൌ ௟ܺ ൈ ሺܫ െ ௟ܺሻିଵ,    ൣ݉"௜௝൧ ൌ ܺ௠ ൈ ሺܫ െ ܺ௠ሻିଵ,and ൣݑ"௜௝൧ ൌ  ܺ௨ ൈ ሺܫ െ ܺ௨ሻିଵ (19)
 1.6 Defuzzify	 total	 relation	matrix	 ෨ܶ . The entries in the total relation matrix T෩ are defuzzified using the center of gravity equation shown in Eq. 20 to obtain matrix ܶ ൌ ൫ݐ௜௝൯௡ൈ௡.

௜௝ݐ ൌ ݈"݆݅ ൅ 4݉"݆݅ ൅ 6݆݅"ݑ (20)1.7 Set	threshold	value.	The negligible effects are filtered out using a threshold value. This value indicates how one factor affects another. The elements in matrix T that exceed the threshold value are considered of significant relations. The threshold level used in this work is deter‐mined by decision‐makers. The arithmetic mean of the decision‐makers’ inputs is computed to determine the threshold. 1.8 Classify	the	nature	of	criteria. The ܦ௜ ൅ ܴ௜  and ܦ௜ െ ܴ௜ of each criterion are calculated where ܦ௜  and ܴ௜  are rows and columns sum of matrix	T, respectively. ܦ௜ ൅ ܴ௜ shows the relative importance of the criteria while ܦ௜ െ ܴ௜ 	demonstrates a causal relationship. A positive value between the difference of ܦ௜ 	 and	 ܴ௜ 	 denotes that a criterion belongs to the causal group. Conversely, negative value denotes that a criterion belongs to the effect group. 1.9 Construct	the	impact	network	relations	map.	The relationship of one criterion to another is illustrated through a constructed impact relationship map. A scatter graph is created where a criterion’s ܦ௜ ൅ ܴ௜ value is the abscissa and ܦ௜ െ ܴ௜ value as the ordinate. 
Step 2: Apply FANP.	 The following steps from Ocampo et	al. (2015) [69] below are adapted to generate the criteria weights. These steps are further applied to both models (e.g., collection and distribution centers) considered in this paper. 2.1	 Attain	initial	matrix	ܣሚ௞ . The elicited judgment of decision‐makers on each criterion based on pairwise comparison is gathered using the linguistic scale with TFNs presented in Table 3. 

Table	3	FANP linguistic scale from Tseng et	al., (2008) [44] 
Linguistic	Scale Code Triangular	fuzzy	scale Triangular	fuzzy	

reciprocal	scaleJust equal JU (1,1,1) (1,1,1) Equal importance EQ (1/2,1,3/2) (2/3,1,2) Moderate importance MO (5/2,3,7/2) (2/7,1/3,2/5) Strong importance ST (9/2,5,11/2) (2/11,1/5,2/9) Demonstrated importance DE (13/2,7,15/2) (2/15,1/7,2/13) Extreme importance EX (17/2,9,9) (1/9,1/9,2/17)The initial decision per comparison matrix ܣሚ௞is equivalent to ሺ ෤ܽ௜௝௞ሻ௡ൈ௡ represented as ෤ܽ௜௝௞ ൌ ሺ݈௜௝௞ , ݉௜௝௞ ,  :௜௝௞ሻ where k represents the kth decision‐maker. The form of this matrix is shown in Eq. 21ݑ
ሺ ෤ܽ௜௝௞ሻ௡ൈ௡ ൌ ൦ሺ1,1,1ሻ ෤ܽଵଶ ⋯ ෤ܽଵ௡෤ܽଶଵ ሺ1,1,1ሻ ⋯ ෤ܽଶ௡⋮ ⋮ ⋱ ⋮෤ܽ௡ଵ ෤ܽ௡ଶ ⋯ ሺ1,1,1ሻ൪ (21)

2.2	 Aggregate	 the	 judgments	using	 the	geometric	mean	method.	 The judgment of the decision‐makers elicited for each matrix type is then aggregated. The geometric mean method is among the most commonly used methods for aggregating individual ratings (Saaty, 2008) [70]. This method generates an aggregate fuzzy pairwise comparison matrix ܣሚ ൌ൫݈݆݅, ݆݉݅, .௜௝൯௡ൈ௡, shown in Eq. 22, is used in this paperݑ
݈௜௝ ൌ ൣ∏ ൫݈௜௝௞൯௄௞ୀଵ ൧ భ಼ ;      ݉௜௝ ൌ ൣ∏ ൫݉௜௝௞൯௄௞ୀଵ ൧ భ಼ ௜௝ݑ ; ൌ ൣ∏ ൫ݑ௜௝௞൯௄௞ୀଵ ൧ భ಼ (22)
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where ݈௜௝ , ݉௜௝ , and ݑ௜௝  represents lower bound, modal value, and upper bound, of the aggre‐gate fuzzy judgment, respectively.  2.3	 Compute	 for	 consistency	 ratio	 of	 each	 pairwise	 comparison. Using this approach, the con‐sistency of the initial set of fuzzy judgments made by decision‐makers is measured (see Eq. 23). If the optimal value (ߣ) is positive, all solution ratios completely satisfy the fuzzy judg‐ments, which mean that the initial set of fuzzy judgments is consistent. On the other hand, if the optimal value (ߣ) is negative, the solution ratios of the fuzzy judgments are strongly in‐consistent. 
          Max ߣ subject to:  ൫݉௜௝ െ ݈௜௝൯ݓߣ௝ െ ௜ݓ ൅ ݈௜௝ݓ௝ ൑ 0 ൫ݑ௜௝ െ ݉௜௝൯ݓߣ௝ ൅ ௜ݓ െ ௝ݓ௜௝ݑ ൑ 0  ∑ ௞ݓ ൌ 1௡௞ୀଵ ௞ݓ   ൐ 0, ݇ ൌ 1,2, … , ݊ ݅ ൌ 1,2, … , ݊ െ 1, ݆ ൌ 2,3, … ݆ ൐ ݅  

(23)
where ߣ represents the degree of satisfaction of fuzzy constraints, ݈௜௝ is lower bound of the TFN in each element, ݉௜௝  is the modal value of the TFN in each element, ݑ௜௝  represents the upper bound of the TFN in each element, ݓ௜  represents the crisp weight of row element, and ݓ௝  is the crisp weight of column element. Eq. 23 is run in LINGO® Optimization Software, where ߣ represents the degree of satis‐faction of fuzzy constraints, and ݓ௜  and ݓ௝  are the weights of the elements in the pairwise comparison matrix. This formula is used to defuzzify matrices and to give weight to the cri‐teria compared. Each cell in the pairwise comparison is subjected to the constraints and is added in the formula. As suggested by Mikhailov and Tsvetinov (2004) [71], some cells could be removed in case of inconsistency. Some matrices in this study contain only ݊ െ 1 cells, the minimum number of cells needed, where ݊ is the number of objects compared.  2.4 Structure	of	the	initial	supermatrix.	Using	the local weights obtained in the previous step, the supermatrix is structured as in Eq. 24.  

ܵ ൌ ൮ݏଵଵ ଵଶݏ ⋯ ଶଵݏଵ௡ݏ ଶଶݏ ⋯ ⋮ଶ௡ݏ ⋮ ⋱ ௡ଵݏ⋮ ௡ଶݏ ⋯ ௡௡൲ (24)ݏ
 2.5 Normalize	initial	supermatrix.	The supermatrix is normalized to achieve a stochastic column matrix by utilizing the column sum (Eq. 25) and dividing each element in the column by Eq. 26 where ܥ is the column sum. ෨ܶ ൌ lim௞→ஶሺ ෨ܺଵ ൅ ෨ܺଶ ൅ ⋯ ൅ ෨ܺ௞ሻ (25)
ܥ  ൌ ൥෍ ௜௝௡ݏ

௜ୀଵ ൩௜ൈ௡ ൌ ௝൧௡ൈଵ (26)ݏൣ
 2.6 Limit	matrix	to	 large	powers.	The final weights are obtained by raising the matrix to large powers until the elements in the normalized matrix have reached a steady state.  2.7 Determine	normalized	weights.	The criterion interactions are divided by the sum of the in‐teractions of the criteria in an arbitrarily chosen column to determine its corresponding normalized weights. The weights of criteria are used to construct the matrix ݓ௖  and matrix ݓௗ for collection and distribution function, respectively.  

Step 3: Apply FAHP.	The weights of each location in terms of its viability as a collection and dis‐tribution center with respect to a function’s criteria are determined through FAHP. The steps below are adapted from Wang and Chin (2011) [72] and are applied to both models of this paper.  3.1 Decision‐makers elicit their judgment on a pairwise comparison matrix among location al‐ternatives with respect to each criterion.  3.2 The results from the pairwise comparison are then utilized and further follow steps 2.1 to 2.3, accordingly. 



Ocampo, Himang, Kumar, Brezocnik 
 

306  Advances in Production Engineering & Management 14(3) 2019
 

 3.3 The computed weights for each alternative with respect to a certain criterion are plugged into the matrix ௗܹ .  

ௗܹ ൌ ൮ݓௗଵଵ ௗଵଶݓ ⋯ ௗଶଵݓௗଵ௡ݓ ௗଶଶݓ ⋯ ⋮ௗଶ௡ݓ ⋮ ⋱ ௗ௡ଵݓ⋮ ௗ௡ଶݓ ⋯ ௗ௡௡ݓ
൲ (27)

3.4 The global weights for each alternative are determined by multiplying the matrices in steps 2.7 and 3.3. 
 3.5 The alternatives are ranked according to the global weights identified in the model. A higher global weight denotes a higher priority.  

Step 4: Obtain a satisfactory map. This map which plots alternatives with its global weights for both functions as its coordinates. This graph allows a comparison between a location alterna‐tive’s satisfaction for collection and distribution. The satisfaction level represents a location’s capability to carry out a function. 
4. A case study  This section highlights the application of an integrated MCDM approach in the context of identi‐fying the locations for collection and distribution functions of reverse logistics (see Fig. 2). The decision models are tested in a furniture firm as a case study in Cebu, the Philippines, since this industry produce highly remanufacturable products. Moreover, Cebu is considered as one of the emerging industrialized regions in the Philippines that practice remanufacturing. The MCDM procedure begins with the definition of the decision goal, which is the selection of a viable collection and distribution center location. Then, the location criteria applicable in the Philippine setting for collection and distribution centers are determined through a preliminary survey conducted among experts. A criterion is generally perceived applicable when at least 65 % of the experts agree to have it included in the final roster to be used in the MCDM method (Krishnan and Poulose, 2016 [73]). Applicable criteria are then included in the second level of the framework for collection and distribution centers presented in Figs. 2 and 3, respectively. The next step involves the implementation of fuzzy DEMATEL to determine the interrelation‐ships among criteria. Afterward, FANP is used to obtain the weights of each criterion. Lastly, possible collection and distribution location points are evaluated using FAHP, which results in a final ranking of alternatives. For further analyses and visual purposes, a two‐way graph is used to plot the locations points of collection and distribution centers.  

 
Fig.	2 Computational framework of the study 
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Selection	of	experts	It is crucial that the decision‐makers involved in any MCDM problem are carefully selected as the accuracy of evaluation among criteria and alternatives significantly relies on their expertise. In this paper, 10 decision‐makers (i.e., two decision‐makers from the manufacturing firms, two decision‐makers from logistics industries, two academics having research interest in the related fields, two decision‐makers from government agencies, and two critical consumers) are tapped. Distinct qualifications are set for each decision‐maker ranging from minimum educational at‐tainment, years of experience in related fields, working knowledge in remanufacturing/forward and reverse logistics issues, to knowledge in government legislation for manufacturing indus‐tries. The choice of respondents is consistent with that of outstanding MCDM applications con‐ducted by several authors (Govindan et	al., 2009 [74, 75]; Mittal and Sangwan 2014 [76]; and Ocampo and Promentilla 2016 [77]) in various areas of concern. 
Decision	models	The proposed decision‐making models of this paper that pertains to collection and distribution centers are presented in Fig. 3 and Fig. 4, respectively. A hierarchical structure is utilized to solve the location problem. The structure consists of three levels, and each level represents a particular aspect. The goal of this paper is to determine collection and distribution centers as represented by the first level of the structure. The second‐ary levels are composed of critical criteria for collection and distribution locations. These crite‐ria are believed to have an interrelationship among one another; thus, fuzzy DEMATEL and FANP are applied in the secondary levels to evaluate the interrelationships and to generate cor‐responding weights. The location points, as alternatives, are represented in the third level. FAHP is used at this level to determine priorities in terms of an alternative’s ranking as a collection or distribution center. The proposed framework is applied through a case study in the furniture industry. 

   

CC

L1 L2 L3 L4 Ln

CnC3C2 C4 C5C1

fuzzy DEMATEL

fuzzy ANP and

fuzzy AHP

………...
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Fig.	3	The decision model for the collection center	

   	
Fig.	4	The decision model for the distribution center 

Legend: CC – collection center Cn – criteria for collection center Ln – location alternatives 

Legend: DC – distribution center Dn – criteria for distribution center Ln – location alternatives 

fuzzy DEMATEL

fuzzy ANP andfuzzy AHP

fuzzy DEMATEL

fuzzy ANP andfuzzy AHP
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Decision	criteria	In the Philippine setting, nine criteria are agreed by decision‐makers from the preliminary sur‐vey to apply to the decision problem that concerns the selection of locations for collection and distribution centers. These criteria, coded as C1 through C9 for collection center criteria and D1 through D9 for distribution center criteria, are summarized in Tables 4 and 5.  
	

Table	4	Critical criteria for the collection center 
Code	 Criteria	 DescriptionC1 The capacity of the center The holding capacity of the facility.C2 Initial investment The capability of shareholders’ financial support in setting up the facility.C3 Government policies and regulations The compliance of requirements given by the government (local regulations on zoning, building codes, among others).C4 Environmental collaboration with customers The market’s interest and acceptance of the remanufactured product for environmental preservation.C5 Material availability The availability of end‐of‐life products in an area. C6 Proper disposal The effective disposal of waste from the facility without any public disturbance.C7 Land price The value of the land per square meter.C8 Supply of product return The number of EOL products that can be collected. C9 Quality of product return The quality of EOL product collected. 

Table	5	Critical criteria for the distribution center 
Code	 Criteria	 DescriptionD1 Distance from facility between competitor The proximity of competition in a nearby area.D2 The demand for the second market of the area The adaptation and acceptance of the remanufactured product by the secondary market in an area.D3 Initial investment The capability of shareholders’ financial support in setting up the facility.D4 Government policies and regulations The compliance of requirements given by the government (local regulations on zoning, building codes, among others).D5 Environmental collaboration with customers The market’s interest and acceptance of the remanufactured product for environmental preservation.D6 Distance to suppliers The accessibility and proximity of facility location from suppliers. D7 Transportation The transport of materials and products to and from the location. D8 Proximity to customers The proximity of potential customers of the area.  D9 Land price The value of the land per square meter. A more concrete illustration of each criterion about its role in the collection and distribution functions of remanufacturing is given as follows: 

 

 The	capacity	of	 the	center	(C1). The holding capacity of a facility is an essential factor in setting up a center. This affects the ability of the center to execute its function. For in‐stance, if the facility has reached its maximum capacity, then it is difficult to store addi‐tional units. 
 

 Initial	investment	(C2 and D3).	Investment cost in setting up a facility is a factor to consider in the establishment of both a collection and distribution center. Once a facility is estab‐lished, it is challenging and costly to revert. Initial investment (C2 and D3) covers the cost for construction, labor, materials, and other activities except for land acquisition. 
 

 Government	policies	and	regulations	(C3 and D4).	Government legislation has been identi‐fied by Sharma et	al. (2016) [29] as an important factor in adopting remanufacturing in a developing country. A government’s support regarding remanufacturing can either be a major driver for remanufacturing (Xiang and Ming, 2011 [78]), or a major roadblock (Sharma et	al., 2016 [29]). 
 

 Environmental	 collaboration	 with	 customers	 (C4 and D5).	 Environmental collaboration with customers is achieved when there is support for sustainable practices. The level of acceptance of remanufacturing and support for sustainable practice is directly propor‐tional; when acceptance is high, support is also high (Andel and Aichlmayr, 2002 [79]). This, in turn, creates greater collaboration with the public especially the customers. Coop‐eration of customers in a distribution function concerns with the support of remanufac‐tured products. 
 Material	availability (C5).	 The ability to collect is vital in remanufacturing since the raw materials are used products. A lack and insufficient amount of EOL products may hinder the remanufacturing operations as a collection of the used products is the first step that af‐fects all other activities in remanufacturing. With this, material availability (C5) is a signif‐icant consideration to assess the viability of a collection center. 
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 Proper	disposal	(C6).	It is necessary to protect the natural environment, and reduce pollu‐tion caused by pre‐remanufacturing activities. If there is improper waste disposal for facil‐ities, the surrounding area takes a negative impact that affects the community (McAllister, 2015 [80]).   
 Land	price	(C7	and	D9).	Similar to investment cost, the price of acquiring land is an essen‐tial consideration since it is the foundation for establishing a collection and distribution center.  
 Supply	 of	 product	 return	 (C8). Supply of product return is an important criterion since some EOL units that can be collected greatly affects the input cost of materials and com‐ponents. For instance, organizations would have to acquire new components if there are limited EOL units collected.  
 Quality	of	product	return	(C9). Quality uncertainty must be addressed similarly with quan‐tity uncertainty in which a location with a higher quality level of collected units is pre‐ferred. The quality of the EOL units to be collected in an area is also an important consid‐eration since it affects the remanufacturing suitability of the components.  
 The	distance	of	 facility	between	competitor	(D1).	It is important to know the distance be‐tween competitors to assess how competitive the area is. This enables the organization to know if they can conduct business, perform operations, and penetrate the market.   
 The	demand	 for	the	secondary	market	of	the	area	(D2).	The adaptation and acceptance of remanufactured products by the secondary market in an area affect the distribution func‐tion of remanufactured goods. For instance, if the end consumers are not supportive of remanufactured goods, then the ability to distribute is negatively affected (Choudhary and Singh, 2011 [28]). As some customers are hesitant in accepting remanufactured products due to its negative perception on its quality (Sharma et	al., 2016 [29]), it is of great im‐portance to ensure the consumers’ needs are fulfilled upon creating a network supporting the distribution center.  
 Distance	to	suppliers	(D6).	The accessibility and proximity of facility location from suppli‐ers is a significant consideration that affects the lead time of acquiring supplies as it may affect the efficiency of operations if supplies are low.  
 Transportation	 (D7).	 The distribution of remanufactured products as part of the reverse logistics practice involves the transportation of remanufactured products from one loca‐tion to the other. Transportation (D7) pertains to the ease of product movement, the avail‐able alternative routes, and available mode of transportation.  
 Proximity	 to	customers	(D8).	 The proximity to customers is an important criterion in se‐lecting a location for a distribution center. It is one of the primary considerations as it af‐fects economic performance.  It can be observed that there are criteria applicable for both collection and distribution centers. Some criteria are exclusive to a specific facility. Examples of the limited list of criteria are material availability (C5) for collection centers and proximity to customers (D8) for distribu‐tion centers. These criteria are exclusive to a particular facility as they are essential considera‐tions to meet specific objectives. Material availability (C5) is deemed crucial by the decision‐makers as applicable only for collection centers as the facility’s primary focus is to acquire EOL units. While in the distribution function, this criterion is irrelevant since distribution centers do not deal with EOL unit acquisition. Proximity to customers (D8) is deemed as applicable only for distribution centers since a facility located in the vicinity of customers would significantly mini‐mize costs for delivering products to destinations. 

5. Empirical results of the case study Firstly, the fuzzy DEMATEL methodology is carried out. The aggregate direct relation matrices of the decision‐makers are computed using Eq. 12 and are shown in Tables 6 and 7. It is then nor‐malized using Eqs. 13 and 14 which results are presented in Tables 8 and 9. Note that the nor‐malized direct relation matrices are still expressed in fuzzy numbers, therefore, Eq. 20 is used to 
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defuzzify the values and obtain the total defuzzified relation matrices as in Tables 10 and 11. These total defuzzified relation matrices are evaluated by decision‐makers further as to which relations are perceived to be significant. The arithmetic average of decision‐makers’ inputs re‐garding significant relations among criteria represents the threshold value set. For the case of this paper, a threshold value of 0.47 is established. Then, the next step involves the identification of relations among criteria. Tables 12 and 13 shows the influence and effect of the criteria. The term ሺܦ ൅ ܴሻ indicates the relative importance of a criterion while ሺܦ െ ܴሻ determines whether a criterion is a dispatcher (net cause) or a receiver (net effect). When a criterion has a positive ሺܦ െ ܴሻ value, it implies that it influences other criteria; otherwise, it is the one influenced. As can be noted from the results, government policies and regulations (C3), environmental collabo‐ration with customers (C4), material availability (C5), land price (C7), supply of product return (C8), and quality of product return (C9) influences the two remaining criteria for collection cen‐ter whereas demand of the second market of the area (D2), government policies and regulations (D4), environmental collaboration with customers (D5), distance to suppliers (D6), transporta‐tion (D7), proximity to customers (D8), and land price (D9) influence the remaining critical cri‐teria for distribution center. On the other hand, Figs. 5 and 6 show the interdependent relationships of criterion ݅ to crite‐rion ݆ for a collection and distribution center, respectively. The criteria are plotted in a scatter graph where ܦ௜ ൅ ܴ௜  is its abscissa and ܦ௜ െ ܴ௜ its ordinate. The elements of the deffuzified ma‐trices are compared to the threshold value set. A one and zero representation are developed to distinguish the significant relationship between criteria. A value of one represents a significant relationship between criterion ݅ to criterion ݆, while a value of zero means no significance be‐tween criteria. The arrows denote the influence given and received by one criterion to the other. The arrowhead represents the criteria being affected while the tail corresponds to the influenc‐ing criterion. It can also be noted in Fig. 5 that government policies and regulations (C3), material availabil‐ity (C5), and of product return (C8) have mostly affected other criteria. However, government policies and regulations (C3) is not affected by any criteria, while material availability (C5) and product return (C8) affect each other. The capacity of the center (C1) and initial investment (C2) are mostly affected by other criteria except for the quality of product return (C9), thus, indicates its dependence on other criteria. In Fig. 6, proximity to customers (D8) has mostly affected other criteria and is affected by the demand of the second market of the area (D2) and environmental collaboration with customers (D5). The demand of the second market of the area (D2) is mostly affected by the other criteria namely: distance of facility between competitor (D1), environmen‐tal collaboration with customers (D5), proximity to customers (D8) and land price (D9). The demand for the second market of the area (D2) is mainly dependent on other criteria. Once the evaluation of criteria using fuzzy DEMATEL approach is completed, FANP and FAHP are correspondingly implemented. These methodologies focus on comparing critical criteria with its significance in a collection and distribution center and identifying interrelationships among criteria. The first step involves aggregating the elicited judgment of decision‐makers us‐ing Eq. 22. Then, the consistency of each matrix is computed using LINGO® software following through Eq. 23. A positive value of ߣ indicates that an aggregate matrix has acceptable consisten‐cy; conversely, a negative value indicates an inconsistent matrix. In cases of inconsistencies, cells can be deleted (Mikhailov and Tsvetinov, 2004 [71]). Due to some inconsistencies in the judg‐ment of decision‐makers, only the first row, being ݊ െ 1, is considered since ݊ െ 1 is the mini‐mum solution required in LINGO® to solve Eq. 23. The initial supermatrices in Tables 14 and 15 are constructed using the generated weights from Eq. 22 and are normalized using Eqs. 25 and 26. Tables 16 and 17 show the normalized matrices for collection and distribution function, respectively. The final weights are obtained by raising these normalized matrices into large powers until a steady‐state behavior is observed. The final weights listed in Table 18 are representative of the matrix ݓ௖  and matrix ݓௗ of collec‐tion and distribution functions, respectively. The furniture firm considered in this paper provid‐ed four location alternatives under evaluation. Table 19 summarizes the details of these location alternatives, including lot area, land price, and zoning, to name a few. The location alternatives 
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are evaluated by decision‐makers to determine its viability in terms of priorities with respect to each criterion for collection center and distribution center. The elicited judgment of decision‐makers is aggregated using the geometric mean method as shown in Eq. 22. Then, using LINGO®, consistency ratios, as well as local weights of the alternative locations, are computed. The product of matrix ݓ௖  and ݓௗ representing the final weights of each criterion (see Table 18) and matrix ݓ௙௖ and ݓ௙ௗ (see Tables 20 and 21) is computed to generate the global weights of each alternative (see Table 22). In reference to the global weights, a scatter graph is constructed, as shown in Fig. 7 to map the location alternatives’ satisfaction being a collection and distribu‐tion center. The satisfaction level represents a location’s capability to carry out a function.  
Table	6	Aggregated direct relation matrix for the collection center 

 
	

Table	7	Aggregated direct relation matrix for distribution center	

 
	

Table	8	Normalized direct relation matrix for collection center	

 
 

Table	9 Normalized direct relation matrix for distribution center 

 
	

Table	10	Total defuzzified direct‐relation matrix for collection center 

 
	

Table	11 Total defuzzified direct‐relation matrix for distribution center 
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Table	12	Relative importance and causal relationship ofcritical criteria for collection center 			Table	13	Relative importance and causal       relationship of critical criteria for distribution center

Fig.	5	Impact relationship map for the collection center 

Fig.	6	Impact relationship map for the distribution center 
Table	14	Initial supermatrix for collection center 

Table	15 Initial supermatrix for distribution center 
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Table	16	Normalized supermatrix for collection center 

 
Table	17	Normalized supermatrix for distribution center 

 
Table	18	Weights of criteria for collection and distribution center 

  
Table	19 Location alternatives for the furniture industry 

  
Table	20 Local weights of each alternative with respect to a criterion for a collection center 
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Table	21 Local weights of each alternative with respect to a criterion for a distribution center 
  

Table	22 Global weights of collection and distribution center for the furniture industry 
  

 
Fig.	7 Furniture industry satisfaction map 

6. Discussion and managerial implications Potential strategic locations of chief logistics functions such as collection and distribution cen‐ters are evaluated using the proposed fuzzy MCDM model with key results presented in the pre‐vious section. The succeeding sections provide thorough analyses of each aspect considered in selecting a collection and distribution center given the case study in Cebu, Philippines. 
6.1 Collection center function For a collection center, government policies and regulations (C3), material availability (C5) and supply of product return (C8) established the most number of influenced criteria over the other while the quality of product return (C9) has no significance towards other criteria. Moreover, the capacity of the center (C1) and initial investment (C2) are observed as being the most influenced criteria. The results can be viewed and justified as follows: 
	

Government	policies	and	regulations	(C3).	Government legislation has been identified by Sharma 
et	al. (2016) [29] as an important factor in adopting remanufacturing in a developing country. A government’s support regarding remanufacturing can either be a major driver for remanufac‐turing (Xiang and Ming, 2011 [78]), or a major roadblock (Sharma et	al., 2016 [29]). The gov‐ernment has a great contributing factor as it can impose legislation that could engage people and organizations in environmentally sustainable activities such as remanufacturing. This shows the dependency of investment (C3), environmental collaboration with consumers (C4) and proper disposal (C6) toward government policies and regulations. Currently, the Philippines does not have specific laws regarding remanufacturing and reverse logistic. Poor implementation, budg‐etary issues, weak monitoring and implementation, and lack of political will at both local and national level hinder the full effect of the policies and regulations (Magtolis and Indab, 2008 [81]). To make up for the lack of specific laws on remanufacturing, it is ideal that the location of a facility has a proper local implementation of other environmental policies and regulations to increase the efficiency of the collection of EOL units for remanufacturing, and increase the awareness, cooperation, and collaboration of people. 
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Material	availability	(C5)	and	supply	of	product	return	(C8). It is difficult to predict the quantity of return of materials and products, therefore placing a collection center that has the minimum quantity uncertainty and maximum material availability is a major concern for decision‐makers. This is a consideration highlighted by Serrano et	al. (2013) [24]. The ability to collect sufficient EOL units is considered as a major economic driver of remanufacturing by Toffel (2004) [82] for its economic advantages. When material availability and supply of product return do not have a profitable opportunity for an organization, placing a collection center may not be feasible (Wojanowski et	al., 2007, [17]). An interdependent relationship is observed between material availability (C5) and supply of product return (C8). Moreover, when material availability (C5) of EOL product is high, the supply of product return (C8) is also high; this implies a directly propor‐tional relationship between both criteria. Material availability (C5) and supply of product return (C8) also affect the capacity of the center (C1), initial investment (C2), environmental collabora‐tion with customers (C4), and proper disposal (C6). 
	

Quality	of	product	return	(C9). There are different quality levels of return for each EOL product (Xiaoyan, 2012 [9]). Proper inspection of units should be administered to carefully assess the products’ viability for remanufacturing. Aras et	al. (2008) [83] emphasized that organizations should carefully strategize since a high number of returns may have poor quality creating a chal‐lenge as most of the time, quality is unknown and uncertain. This is the reason that quality of product return (C9) does not exhibit any significant relationship with other criteria. The inclu‐sion of this criterion in the framework supports the statement of Aras et	al. (2008) [83] on the importance of considering quality in collecting EOL units.  
	

The	capacity	of	the	center	(C1)	and	initial	investment	(C2). Other criteria must first be assessed in determining the probable capacity and initial investment of the center. The viability of an area in terms of other criteria is evaluated first to ensure that the area is operationally and strategically feasible before considering the required capacity and needed investment to establish a collec‐tion center. This shows that capacity is affected by material availability (C5), environmental col‐laboration with customers (C4), and supply of product return (C8). Additionally, both are inter‐dependent towards one another. These criteria demonstrate a directly proportional relationship, that is, with a greater capacity of a facility, higher investment is needed (Rao et	al., 2015 [84]). 
6.2 Distribution center function For a distribution center, proximity to customers (D8) established the most number of influ‐ences over other criteria while the demand of the second market of the area (D2) is greatly af‐fected by other criteria. Moreover, government policies and regulations (D4), distance to suppli‐ers (D6), and transportation (D7) have no significant influence and are not substantially affected by other criteria. 
	

Proximity	to	customers	(D8). Capturing the interest of customers creates a challenge to support remanufactured products primarily in the Philippine context where remanufactured products are usually associated with inferior quality and are considered as second hand or reused prod‐ucts. This highlights the need to locate a distribution center in the vicinity of customers. By hav‐ing the facility strategically proximate to customers, awareness, convenience, and increase po‐tential customers may be evident. Consequently, maximized sales and profitability will be at‐tained. 
	

The	demand	for	the	secondary	market	of	the	area	(D2).	Attaining a high demand will entail con‐sumers to recognize, accept and be aware of the importance of remanufacturing as the demand of the secondary market of the area (D2) is greatly influenced by environmental collaboration with customers (D5), and proximity to customers (D8). A strategically located facility that cap‐tures a high demand would signify a tremendous economic advantage for an organization. Mitra (2007) [85] has stated that the demand to support remanufactured products can be driven by the inherently lower prices of these products. This scenario applies in the context of the Philip‐pines since the market in this country is price‐sensitive. 
	

Government	policies	and	regulations	(D4).	The consideration of government policies for a distri‐bution center is in contrary to the disposition of a collection center. Little emphasis has been given by Philippine legislation regarding the selling and distribution of remanufactured prod‐
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ucts. As an effect, remanufactured products are not given specific consideration. The little em‐phasis on the distribution of remanufactured products can be identified as an effect of the lack of legislation and encouragement towards the collection of EOL units. This scenario is contrasting to the effect of policies in India determined by Govindan et	al. (2016) [37, 38] where regulations towards EOL units restrict the flow of remanufactured products. With the lack of specific legisla‐tion towards collecting EOL units, it follows that the distribution aspect is not given importance as well. This is evident in the mathematical results of fuzzy DEMATEL where government poli‐cies and regulations (D4) is neither affected nor being affected by other criteria.  
	

Transportation	 (D7). Most of the time, manufacturers are unwilling to distribute the goods themselves; instead, prefer a third‐party logistics provider to perform such operation (Govindan 
et	al., 2012 [86]). For this reason, transportation (D7) forms no significant interrelationship with other criteria.  
	

Material	availability	 (C5),	 the	 supply	of	product	 return	 (C8),	and	 initial	 investment	 (C2).	 These criteria are deemed by decision‐makers to be the most critical considerations in selecting a loca‐tion for a collection center. A considerable gap is observed between the prioritization of these criteria and the remaining criteria. These criteria are perceived to be the significant drivers that motivate organizations; moreover, this prioritization reveals that economic and profitability concerns are significant considerations to set‐up facilities for the collection of EOL units. On the other hand, proximity to customers (D8), the demand of the secondary market (D2) and land price (D9) are perceived to be the most important criteria in choosing a location for a distribu‐tion center. Similar to the selection of a location for a collection center, economic and profitabil‐ity concerns are observed to be more prioritized. Basing on these trends, it can be inferred that economic sustainability is the primary driver for choosing a location alternative for both collec‐tion and distribution centers. 
6.3 Evaluation of alternative locations Cebu is a leading exporter in the furniture industry. It accounts for 60 % of the country’s total exports of the said sector, making Cebu the furniture capital of the country (PwC Cebu 2017 CEO Survey, 2017 [87]). With this favorable condition of the furniture industry in Cebu, the host company expressed its willingness to expand and improve its operations locally to increase its competitive advantage in the market. The case firm is open to the idea of setting up facilities for reverse logistics to enhance their operations. Four alternatives, F1, F2, F3, and F4 are critically assessed by decision‐makers in terms of its viability as a collection and distribution center. The application of FAHP to the viability of locations for both collection and distribution centers in the furniture industry are discussed as follows.  As a potential collection center, F2 exhibits the highest priority. It has been identified that the major contributing factors for this result are material availability (C5), proper disposal (C6), land price (C7), and quality of product returns (C9). From Table 22, it is observed that F2 is giv‐en more priority in terms of the proper disposal (C6) criterion. This alternative has a stricter implementation of policies and regulations towards proper waste management as the area is highly industrialized and is more pressured to comply with environmental regulations. The highly urbanized setting of F2 denotes that there is a high EOL unit availability in the area that can be collected. This could be explained in Table 22, as F2 ranked first regarding material avail‐ability (C5). F4 is believed to have the second‐highest priority level and is considered as the most im‐portant alternative with regards to the initial investment (C2), environmental collaboration with customers (C4), and supply of product returns (C8). F4 ranks first in terms of supply of product returns (C8) since there is also a high priority in environmental collaboration with customers (C4). Notably, there is only a slight difference between the priority levels of F2 and F4. Although F4 ranks first in terms of initial investment (C2) and supply of product return (C8), which are second and third priority for the selection of location for collection center, decision‐makers pre‐ferred F2 over F4 due to its high material availability (C5) which ranked first in the prioritiza‐tion on the selection of location for collection center. Comparing the prioritized criteria for F4 and F2, F4 has more important criteria for a collection center. However, considering the remain‐ing criteria, F2 demonstrates more priority. This is then succeeded by F3 and F1 with a high pri‐
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ority for government policies and regulations (C3) and capacity of the center (C1) respectively. In terms of the capacity of the center (C1), while F1 has a lesser lot area compared to F3, deci‐sion‐makers prefer F1 as it is believed to have sufficient capacity for the operations of a collec‐tion center. With regards to a distribution center, F3 exhibits the highest priority. It has been determined that the key contributing factors in selecting a distribution center are distance of facility be‐tween competitor (D1), demand of the second market of the area (D2), government policies and regulations (D4), environmental collaboration with customers (D5), distance to suppliers (D6), and land price (D9). Land price (D9) is considered to be the most significant criterion and is also one of the top priority on the selection of a location for a distribution center, that impacts F3. The expense for the land acquisition of F3 is relatively lower than the other location alternatives making it more preferred by decision‐makers. The current operations of the company are cur‐rently based in the northern area of Cebu, establishing a distribution center in F3 allows the company to venture in the southern area. Moreover, it allows them to test their profitability of penetrating in a new area. F3 also has the highest ranking of environmental collaboration with customers (D5) and demand of the second market of the area (D2). Exploiting the demand and acceptance of remanufactured products in F3 will be favorable for the company in terms of prof‐itability. F4 is deemed to have the second‐highest priority and is perceived to have the most straight‐forward transportation and the highest proximity to customers. Although proximity to custom‐ers (D8) is the top priority in selecting a location for a distribution center, F3, which has a rela‐tively lower weight for proximity to customers (D8), was still favoured by decision‐makers due to the other criteria that have a significant influence in setting up distribution center such as demand of the second market of the area (D2) and environmental collaboration with customers (D5). This is then followed by F2, which is significant in the investment criterion. The least pre‐ferred alternative for a distribution center is F1 without significance to any criteria. In summary, the Philippine furniture industry aims to be a global design innovator using sus‐tainable materials by 2030. The industry intends to focus on factors such as product develop‐ment where sustainable and environment‐friendly materials are being used in manufacturing processes (DTI BOI, 2016 [88]). The government has been collaborating with private sectors to address the roadblock that hinders the growth of the manufacturers and improve policies for consistency and sustainability. The proposed framework of this study gives the government an insight as to the attractiveness of its policies among location alternatives. This allows an evalua‐tion of a location’s disposition towards policies for the collection of EOL units and distribution of remanufactured products. The government can impose additional policies or enforce stricter implementation of existing policies should they opt to make regions more supportive of remanu‐facturing activities. The identification and prioritization of critical criteria allow the government to implement better and more precise legislation that focuses on improving a location’s inclina‐tion on a specific criterion. A policy that can be considered by the government is providing incentives to organizations and or consumers through subsidies to organizations. An attractive incentive policy entices or‐ganizations to engage in remanufacturing activities and encourages consumers to return EOL units which increase the supply of product return (C8). Another action that can be performed by the government is initiating and enforcing laws that would regulate the remanufacturing sector to standardize their operations. This organizes the remanufacturing sector of the country which is comprised mostly of independent remanufacturers. Developing countries such as the Philippines lack heuristic research on reverse logistic stud‐ies specifically on the branch of remanufacturing. This paper can be considered as a pioneering study that discusses facility location planning supporting remanufacturing. Existing studies on facility location mostly utilizes a single objective criterion and fails to address other critical cri‐teria that would affect the selection location for a collection and distribution center. Since the study is relatively new, it can start an interest among researchers who would like to further supplement the gap in the literature. The criteria determined for a collection and distribution center is applicable in general industry and can be used for future studies. 
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7. Conclusion This study proposes a comprehensive approach to solve a facility location problem using fuzzy multiple criteria decision‐making (MCDM) techniques. Since the facility location is one of the crucial problems that decision‐makers encounter, it is necessary to assess the implications of establishing collection and distribution centers. The proposed approach provides a holistic deci‐sion that simultaneously considers multiple criteria that are critical for an EOL product collec‐tion center and a remanufactured product distribution center. It is determined in this paper that the government plays a vital role in the decision for the selection of facility locations. Since gov‐ernment policies and regulations (C3 and D4) have a significant interdependent relationship with the other criteria and are evaluated with the alternatives, the government is given an in‐sight as to where locations are most and least preferred for policies. In the field of research in the Philippines, there is a lack of interest and studies on the subject of remanufacturing particu‐larly in the location decision. This study is significant as it supplements this research gap. This study has identified nine essential criteria for both collection and distribution centers in the context of the Philippines. These criteria can be used by decision‐makers as a reference in solving a location problem. The proposed framework provides decision‐makers critical evalua‐tion of location alternatives for facilities with consideration to the established criteria. The ap‐proach allows decision‐makers to address major concerns regarding collecting EOL units and distributing remanufactured products. For example, in the collection function, quantity and qual‐ity uncertainties are significant factors that must be taken into consideration; while economic and market‐oriented issues are major concerns for a distribution function. The methodology incorporates these various essential criteria that enable decision‐makers to perform compre‐hensive judgment. Moreover, the framework enables decision‐makers to assess the suitability of an alternative at strategic, tactical, and operational levels. The location alternatives are ranked based on their viability to perform reverse logistics functions. The decision‐makers are given insights and can select a location to perform collection or distribution regardless of ranking as long as it fits the strategic plan of an organization. This allows decision‐makers to evaluate spe‐cific location that can operate satisfactorily, that is, a location perceived to have sufficient per‐formance to increase economic, social, and environmental opportunities. Remanufacturing in the Philippines is a mostly unappreciated industrial sector. This can be inferred from the country not having specific laws regarding remanufacturing and reverse logis‐tics. The Philippines still has many issues that must be addressed, such as limited and ill‐informed policies, cultural preferences, and assessment of actual benefits. The lack of legislation towards reverse logistic practices particularly in EOL unit collection affects the entire operation of remanufacturing. From the results of the surveys, government policies and regulations (C3 and D4) are seen as an important criterion as it is considered for both collection and distribution centers. Thus, the support of government is essential in improving the overall condition of re‐manufacturing. The framework, in general, allows decision‐makers to select a location that enables them to exploit the potential of a location as a collection and distribution center. This approach increases the economic and operational viability of reverse logistics operations. Decision‐makers retain the control in picking a site based on its priority on being a collection or distribution center. The flexibility of the framework enables decision‐makers to select a site as to their preference. For instance, decision‐makers can choose to perform collection and distribution on a location for its practicality and applicability instead of its high viability depending on the strategic plan of the organization. Outside the reverse logistic literature, the methodological framework proposed in this work can be used to address general facility location problems where tradeoffs among stakeholders or entities are well pronounced and decision‐makers find it imperative that such tradeoffs must be carefully observed. With a different application domain, a few changes in the criteria set, and the interrelationships of these criteria (i.e., other applications could set them as 
a	priori) can be implemented. Future work could explore the following: (1) the hierarchical net‐work problem could be better expounded by adding sub‐criteria components in the criteria set, (2) the use of other MCDM methodologies, such as data envelopment analysis, best‐worst meth‐
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od, multi-objective optimization, in the prioritization of the location alternatives could be carried 
out as fuzzy AHP imposes limits on the number of alternatives, and (3) the priority of the deci-
sion-makers as to the importance of collection and distribution functions is not reflected in the 
proposed methodological framework which could change the satisfaction trade-off map. Finally, 
the proposed approach could be set within the context of location-allocation problems. 
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