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Abstract 

Supplier selection is one of the key decisions to be made in the strategic planning of supply 

chains that has far-reaching implications in the subsequent stages of planning and 

implementation of the supply chain. A typical supplier selection problem involves selecting the 

suppliers and assigning the order quantities to those suppliers taking into consideration 

numerous conflicting constraints. Traditionally, in supply chain literature, the supplier selection 

problem is treated as an optimization problem that requires formulating a single objective 

function. However, not all supplier selection criteria can be quantified, because of which, only a 

few quantitative criteria are included in the problem formulation. To this end, in this paper, we 

develop an integrated multi-criteria decision making methodology using Taguchi loss functions, 

AHP and Fuzzy Programming that evaluates the suppliers and determines the order quantities 

under different degrees of information vagueness in the decision parameters in a closed-loop 

supply chain network. While the Taguchi loss functions quantifies the suppliers attributes to 

quality loss, the AHP transforms these quality losses into a variable for decision making that can 

be used in formulating the fuzzy programming objective function to determine the order 

quantities. A numerical example is considered to illustrate the proposed methodology. 
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Introduction 

A reverse supply chain consists of a series of activities required to retrieve a used-product from a 

consumer and either recover its left over market value or dispose it off. The combination of 

traditional/forward supply chain and reverse supply chain forms the closed-loop supply chain 



(CLSC) (Figure 1). Even though this process is still in its infancy in the United States, it is 

mandatory in many countries in Europe. Until recently, environmental regulations are the 

primary driving force behind driving the original equipment manufacturers (OEMs) to indulge in 

the business of reverse logistics. However, of late, many OEMs realized several other drivers, 

apart from the environmental regulations, that include reduction in the production costs by 

reusing products or components, enhancing their brand image etc.   

 

Figure 1. A Generic Closed-Loop Supply Chain 

Supplier selection is one of the key decisions to be made in the strategic planning of supply 

chains that has far-reaching implications in the subsequent stages of planning and 

implementation of the supply chain strategies. In traditional/forward supply chain, the problem 

of supplier selection is not new. First publications on supplier selection in traditional/forward 

supply chains date back to the early 1960s [1]. Contrary to a traditional/forward supply chain 

however, the strategic, tactical and operational planning issues in reverse and closed-loop supply 



chains involve decision making under uncertainty. The uncertainty stems from several sources, 

the quality and timing of availability of the used-products being the major ones. In addition, the 

relative importance of the different selection criteria varies for each supplier. A typical supplier 

selection problem involves selecting the suppliers and assigning the order quantities to those 

suppliers taking into consideration numerous conflicting constraints. Traditionally, in supply 

chain literature, the supplier selection problem is treated as an optimization problem that requires 

formulating a single objective function. However, not all supplier selection criteria can be 

quantified, because of which, only a few quantitative criteria are included in the problem 

formulation.  

 

Methodology 

In this paper, we propose a fuzzy mathematical programming approach that utilizes Analytic 

Hierarchy Process (AHP), Taguchi Loss Functions and Fuzzy Programming techniques to weigh 

the suppliers qualitatively as well as determine the order quantities under uncertainty. While the 

Taguchi loss functions quantifies the suppliers attributes to quality loss, the AHP transforms 

these quality losses into a variable for decision making that can be used in formulating the fuzzy 

programming objective function to determine the order quantities. We also carry out a sensitivity 

analysis on how the order quantities of the suppliers vary with the degree of uncertainty. A 

numerical example is considered to illustrate the methodology.  

Nomenclature used in the methodology 

Bj = budget allocated for supplier j 

cj = unit purchasing cost of product from supplier j 

dk = demand for product k 



g = goal index 

j = supplier index, j = 1, 2, …, s 

Lossj = total loss of supplier j for all the critical evaluation criteria 

rj =  capacity of supplier j 

pj = probability of breakage of products purchased from supplier j 

pmax = maximum allowable probability of breakage 

Qj = decision variable representing the purchasing quantity from supplier j 

s = number of alternate suppliers available 

wi  = weight of criterion i calculated by the AHP 

Xij = Taguchi loss of criterion i of supplier j 

Taguchi Loss Functions 

According to Taguchi’s quality philosophy, any deviation from a characteristic’s target value 

results in a loss that can be measured by a quadratic loss function [2]. Taguchi proposed three 

types of loss functions: 1) Nominal value is the best, used when there is a finite target point to 

achieve, 2) Smaller-is-better, used where it is desired to minimize the result, with the ideal target 

being zero and 3) Higher-is-better, used where it is desired to maximize the result, the ideal 

target being infinity [3]. The three loss functions are shown in equations (1), (2) and (3) and 

figures 2, 3, 4 and 5 respectively [4].  
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where, L(y) is the loss associated with a particular value of quality characteristic y, m is the 

nominal value and k is the loss coefficient.  

The quality losses of all the critical criteria for all the suppliers are calculated using the above 

mentioned loss functions.  

 

                          Figure 2. Nominal-the-better          Figure 3.  Nominal-the-better 
                                  (equal specification)                      (unequal specification) 
 

 

                                Figure 4. Smaller-the-better    Figure 5. Larger-the-better                                            

Analytic Hierarchy Process 

The Analytic Hierarchy Process (AHP) is a tool, supported by simple mathematics, which 

enables decision-makers to explicitly weigh tangible and intangible criteria against each other for 

evaluating different alternatives. The process has been formalized by Saaty [5] and is used in a 

wide variety of problem areas. In a large number of cases, the tangible and intangible criteria (for 

evaluation) are considered independent of each other, i.e., those criteria do not in turn depend 

upon sub-criteria and so on. The AHP in such cases is conducted in two steps: (1) Weigh 



independent criteria using pair-wise judgments, (2) Compute the relative ranks of alternatives 

using pair-wise judgments with respect to each independent criterion. Pair-wise comparisons 

express the relative importance of one item versus another in meeting a goal. Table 1 shows 

Saaty’s scale for pair wise judgments. 

Table 1. Saaty’s scale of pair wise judgments 
Comparative 
importance 

Definition 

1 Equally important 
3 Moderately more important 
5 Strongly important 
7 Very strongly more important 
9 Extremely more important 

2, 4, 6, 8 Intermediate judgment values 
 

Ranking the Suppliers 

Once the quality losses of all the critical criteria for all the suppliers are calculated using the 

above mentioned Taguchi loss functions and the weights of all the decision criteria are obtained 

by the AHP, the total loss of all the criteria to each supplier can be calculated by equation (5): 

∑
=

=
n

i
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1                                                                                                                           (4) 

where, Lossj is the total loss of supplier j for all the critical evaluation criteria, Wi is the weight of 

criterion i calculated by the AHP and Xij is the Taguchi loss of criterion i of supplier j. Suppliers 

can be ranked based on the smallest to the largest loss; the best supplier is the one with the 

smallest loss [6].  

Fuzzy Programming 

In real life situations for a supplier selection problem, much of the input information is uncertain. 

At the time of selecting a supplier, values of many criteria are expressed in terms of imprecise 

terms like “approximately more than” or “approximately less than” or “somewhere between” etc. 



Such vagueness in critical information cannot be captured by deterministic models; hence, the 

optimal solutions derived from deterministic formulations may not serve the purpose in real life 

situations. Hence, such problems need to be modeled as a fuzzy model, in which, the overall 

aspiration level is maximized rather than strictly satisfying the constraints [7]. Fuzzy 

mathematical programming has the capability to handle multi-objective problems and vagueness 

of the linguistic type [8]. Using [8], the multi-objective programming problem with fuzzy goals 

and constraints can be transformed into a crisp linear programming formulation that can be 

solved using conventional optimization tools.  

The multi-objective integer programming supplier selection problem (MIP-SSP) for three 

objectives, namely, total loss of profit (TLP), total cost of purchase (TCP) and percentage 

rejections (PR) and for relevant system constraints is represented as follows: 

Goal 1: Minimize TLP: TLPQLoss
s

j
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                                                                            (5) 

Goal 2: Minimize TCP: ∑
=

=∗
s

j
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Goal 3: Minimize PR:   ∑
=

=∗
s

j
jj PRQp

1

                                                                                   (7) 

Capacity Constraint:      ii rQ ≤                                                                                                     (8) 

Demand Constraint:    j
j

j dQ =∑                                                                                                 (9) 

Budget Allocation Constraint: j
j

jj BQc ≤∗∑                                                                           (10) 

Non-negativity Constraint: 0≥jQ                                                                                             (11) 

The fuzzy programming model for J objectives and K constraints is transformed into the 

following crisp formulation: 



Maximize      λ 

Subject to:  
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where, λ is the overall degree of satisfaction and dk is the tolerance interval. . 

Zimmerman [7] suggested the use of individual optima as lower bound ( min
jZ ) and upper bound 

( max
jZ ) of the optimal values for each objective. The lower bound ( min

jZ ) and upper bounds 

( max
jZ ) of the optimal values are obtained by solving the (MIP-SSP) as a linear programming 

problem using one objective each time, ignoring all the others. A complete solution of the (MIP-

SSP) problem is obtained through the following steps: 

Step 1: Transform the supplier selection problem into the (MIP-SSP) form. 

Step 2: Select the first objective and solve it as a linear programming problem with the system 

constraints, maximizing the objective gives the upper bound and minimizing the objective gives 

the lower bound of the optimal values of the objective. 

Step 3: Use these values as the lower and upper bound of the optimal values for the crisp 

formulation of the problem. 

Step 4: Formulate and solve the equivalent crisp formulation of the fuzzy optimization problem 

maximizing the overall satisfaction level. 

 

 

 



Supplier Selection Methodology: A Numerical Example 

We consider three suppliers for evaluation. For the qualitative evaluation using Taguchi loss 

functions and AHP, we consider four criteria: 1) Quality of the products delivered (smaller 

defective rate is better) 2) On-Time delivery (lesser the delays or early deliveries the better) 3) 

Proximity (closer the better) and 4) Cultural and Strategic Issues, that include level of 

cooperation and information exchange, supplier’s financial stability/economic performance, 

supplier’s green image, flexibility etc. Table 2 shows the relative weights of the criteria obtained 

by carrying out the AHP.  

Table 2. Relative weights of criteria 
Criteria Relative Weight
Quality 0.384899 

On-Time Delivery 0.137363 
Proximity 0.052674 

Cultural & Strategic Issues 0.425064 
 

Table 3 shows the service factor ratings (SFR’s) for the sub-criteria considered under the 

Cultural and Strategic issues criteria for the three suppliers. The ratings are given on a scale of 1-

10, the level of importance being directly proportional to the rating.  

Table 3. Service factor ratings for Cultural and Strategic issues 
Supplier Flexibility Level of Co-op 

and Info. 
Exchange 

Green 
Image 

Financial stability & 
Economic 

performance 

Average Average/10

1 7 6 6 4 5.75 57.5% 
2 5 7 8 5 6.25 62.5% 
3 6 5 8 8 6.75 67.5% 

 

Table 4 shows the decision variables for calculating the Taguchi losses for the suppliers.  

Table 4. Decision variables for selecting suppliers 
Criteria Target Value Range Specification Limit 
Quality 0% 0-30% 30% 

On-Time Delivery 0 10-0-5 10 days earlier, 5 days delay
Proximity Closest 0-40% 40% higher 

Cultural & Strategic Issues 100% 100%-50% 50% 



 
To illustrate the calculation of Taguchi losses, consider for example the criteria, Quality. The 

target defect rate/breakage probability is zero at which there is no loss to the manufacturer and 

the upper specification limit for the defect rate/breakage probability is 30% at which there is a 

100% loss to the manufacturer. Monczka and Trecha [9] proposed a service factor rating (SFR) 

that includes performance factors difficult to quantify but are decisive in the supplier selection 

process. In practice, experts rate these performance factors. For a given supplier, these ratings on 

all factors are summed and averaged to obtain a total service rating. The supplier’s service factor 

percentage is obtained by dividing the total service rating by the total number of points possible. 

We assume a specification limit of 50% for the service factor percentage, at which, the loss will 

be 100%, while there will be no loss incurred at a service factor percentage of 100%. The value 

of loss coefficient, k, and the Taguchi losses are computed using equations (1), (2) or (3) using 

the characteristic relative values of each criterion for the three suppliers shown in table 5. Table 

6 shows the Taguchi losses for each criterion calculated from the appropriate loss functions for 

the individual suppliers. 

Table 5. Characteristic and Relative values of criteria 
 Quality On-Time Delivery Proximity Cultural & Strategic 

Issues 
Supplier Value Relative 

Value 
Value Relative 

Value 
Value Relative 

Value 
Value Relative 

Value 
1 15% 15% +3 +3 8 33.33% 57.5% 57.5% 
2 20% 20% +1 +1 6 0 62.5% 62.5% 
3 10% 10& -8 -8 9 50% 67.5% 67.5% 

 
Table 6. Supplier characteristic Taguchi losses 

Supplier Quality On-time Delivery Proximity Cultural & Strategic Issues
1 24.99 36 69.43 75.61 
2 44.44 4 0 64 
3 11.11 64 156.25 54.86 

 



The weighted Taguchi loss is then calculated using the AHP weights from table 4 and equation 

(5). Table 7 shows the weighted Taguchi loss and the normalized losses for the individual 

suppliers. 

Table 7. Weighted Taguchi Losses 
Supplier Weighted Taguchi Loss Normalized Loss 

1 50.36567 0.360148 
2 44.86013 0.32078 
3 44.62138 0.319072 

Determining the Order Quantities: Fuzzy Programming 

Table 8 shows the supplier profiles we considered in our illustrative example. 

Table 8. Supplier Profiles 
Supplier Unit Cost Probability of Breakage Capacity Budget Allocation

1 1 0.03 300 1500 
2 1.5 0.02 500 1750 
3 2 0.05 600 1500 

Net Demand = 1250 units 
  
We consider the net demand to be a deterministic constraint in our illustrative example. The 

values of the level of uncertainties for all the fuzzy parameters (capacities and budget 

allocations) are considered as 15% of the deterministic model. Table 9 shows the data for the 

values at the lowest and highest aspiration levels of the membership functions. 

Table 9. Limiting values in membership function for fuzzy objectives and fuzzy constraints 
 μ = 1 μ = 0 

Total Loss of Purchase (TLP) 399.31  (= min
TLPZ ) 413.47 (= max

TLPZ ) 
Total Cost of Purchase (TCP) 1867.5 (= min

TCPZ ) 2220 (= max
TCPZ ) 

Percentage Rejections (PR) 38.35 (= min
PRZ ) 49.15 (= max

PRZ ) 
Capacity Constraints   

Supplier 1 300 345 
Supplier 2 500 575 
Supplier 3 600 690 

Budget Allocations   
Supplier 1 1500 1725 
Supplier 2 1750 2012.5 
Supplier 3 1500 1725 



With the above data, the equivalent crisp formulation of the fuzzy optimization problem is 

formulated as in (12) and solved. The crisp formulation for the illustrative example is as follows:     
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                                       (13) 

The above model is solved using LINGO8 and the maximum degree of overall satisfaction 

achieved is λmax = 0.48 for the supplier quantities: Q1 = 180, Q2 = 539 and Q3 = 531. This 

solution yields a net TLP = 406.6, TCP = 2050.5 and PR = 42.73.  

The above model is tested for varying degrees of uncertainty in the capacities of suppliers. The 

solutions are obtained at corresponding increased levels of uncertainties i.e., the values of bk is 

kept the same as the deterministic model, but the value of dk (= tolerance) is increased in steps of 

15% of bk and the fuzzy model is solved for each step that represents increased vagueness in the 

supplier’s capacities.  



 

Figure 6. Supplier Allocations at Varying Degrees of Uncertainty 

 

Figure 6 depicts the percentage changes in the supplier quota allocations at different degrees of 

uncertainties. The quota allocations depend on the coefficients of the different objectives and the 

uncertainities captured in the supplier capacities. It can be seen from the figure that at higher 

degrees of uncertainty, supplier 3’s quota allocations drastically reduced while that of suppliers 2 

and 1 increased. This can be attributed to the fact that though supplier 3 has the highest capacity, 

supplier 3’s probability of breakage as well as cost per unit item are higher than those of 

suppliers 1 and 2. While supplier 2 has the least probability of breakage, supplier 1 has the least 

cost per unit item. Depending on the decision makers relative importance between the two 

criteria, it can be suggested that allocations be made to suppliers 1 and 2 first, then allocate to 

supplier 3 if the aggregate demand is not fulfilled by 1 and 2. Apart from the criteria considered 

in our methodology, there can be several other critical criteria, such as, percentage late 

deliveries, suppliers flexibility etc, that can be included in the decision making frarework.  

 



Conclusions 

In this paper, we developed an integrated multi-criteria decision making methodology using 

Taguchi loss functions, AHP and fuzzy programming techniques to address the supplier selection 

problem in a closed-loop supply chain network. Our methodology takes into account several 

qualitative criteria that are hard to quantify, hence ignored in majority of the traditional supplier 

selection models in the forward supply chains. While the Taguchi loss functions quantifies the 

suppliers attributes to quality loss, the AHP transforms these quality losses into a variable for 

decision making that can be used in formulating the fuzzy programming objective function to 

determine the order quantities. A numerical example was considered to illustrate the proposed 

methodology. 
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