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Abstract The performance assessment of supply chains including sustainability dimensions of
economic, environmental and social is a significant aspect for managers and decision makers.
Furthermore, imprecise data are presented in many real world applications. Therefore, the current
paper proposes an approach based on data envelopment analysis (DEA) to analyze the revenue
efficiency of sustainable supply chains when fuzzy measures are present. Actually, a fully fuzzy DEA
approach is proposed to measure the revenue efficiency of sustainable supply chains and their
members. A numerical example is used to illustrate the introduced approach.
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1 Introduction

The uncertainty is present in many real-life problems. Furthermore, the performance
measurement of sustainable supply chains (SSCs) is a significant topic for management. Due
to the importance of revenue efficiency analysis in organizations, the current paper proposes a
data envelopment analysis (DEA) approach to assess the revenue efficiency of sustainable
supply chains with two components, supplier and manufacturer while imprecise data are
presented.

DEA, firstly proposed by Charnes et al. [1], is a popular approach to evaluate the relative
efficiency of firms. Traditional DEA models consider each decision making unit (DMU) as a
black box while all measures are deemed precise and crisp. Nevertheless, there are many
systems with network structures such as supply chains that their performance must be
determined. Moreover, fuzzy factors are present in many real world applications. In the DEA
literature, there are different studies such as [2, 3] to deal with network structures. Chen et al.
[2] provided a DEA model to identify DEA projections and to measure the efficiency of two-
stage processes. Afterwards, Zhu [3] extended it for evaluating the relative efficiency of
supply chains with four components. Banihashem et al [4] concerned cost, revenue and profit
efficiency of supply chains with crisp measures. Also, different approaches can be found in
the DEA context to analyze the efficiency of DMUs with fuzzy data. Puri and Yadav [5]
presented a fully fuzzy DEA approach to measure cost and revenue efficiency in the presence
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of undesirable outputs. Hatami-Marbini et al. [6] proposed a DEA-based approach to assess
fuzzy efficiency using lexicographic multiobjective approach.
Because of the key role of taking different dimensions of sustainability into account in the

performance analysis, the current paper extends Tone’s approach [7] to measure the revenue
efficiency of sustainable supply chains when fuzzy measures are available. To illustrate, a
fully fuzzy DEA approach is proposed to analyze the revenue efficiency of sustainable supply
chains and their members.

The rest of this paper is organized as follows: In Section 2, we review the basic concepts and
related models. Section 3 introduces a fuzzy DEA-based approach to analyze the revenue
efficiency of SSCs. A numerical example is given in Section 4 to illustrate the proposed
approach. Conclusions are discussed in Section 5.

2 Preliminaries

In this section, some basic models and definitions are presented that are essential to explain
the approach introduced herein.

2.1 Revenue efficiency

Consider n DMUs, DMU, (j=1,...,n), with m inputs x;(i=1..,m) and s outputs
Y;(r=>%1..,8). P,=(p,,P,j,--» P;)is Used to show non-negative price vectors of outputs.

Tone [7] proposed the following model to assess the maximum revenue of the unit under
evaluation, DMU

Q,=Max >y,
i (1)
St DA% < Xy, i=1..,m,
=1

DAY, 2V, r=1..5,
j=1

A.>0.
J
in which 4,(j=1...,n) are intensity variables and Yy, =p;xy, , ¥/ (r=1..,s) is the
optimal solution obtained from model (1).

The revenue efficiency of DMU, can be defined as RE=>"y,. /> ;.

r
r=1 r=1

2.2 Hatami-Marbini et al.’s fuzzy model [6]

In this subsection, the fuzzy model proposed by Hatami-Marbini et al. [6] is briefly explained.
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Suppose there are n DMUs, DMU; (j =1,...,n), with m inputs %X, (i=1..,m) and s
outputs ¥, (r=1...,s). Fuzzy inputs and outputs are shown by trapezoidal fuzzy numbers,

= (Xj10 Xij21 Xijar %ja) » ANA Vi = (Yiips Vijo» Yijar Yija) » YESPECtively. Moreover, all variables are
taken into account as fuzzy numbers. This means 6, =(6,,,6,,.6,,.6,) and

ZJ = (A, 420 4431 4;4) - Hatami-Marbini et al. [6] suggested the following model to evaluate

the relative efficiency of DMUs:
Min 6,
n )
SEY A SOy Xigr  1=1..,mk=1234,
j=1

zﬂ’jkyrjkzyrok’ r=1..,5k=1234,
/1 >0,4;, =4, 20,45-4,,20,4;,-4,,20,j=12,..

1= 1= j2 =

90 901—0’903 902—0’904 003—0'

As can be seen, model (2) contains the fuzzy decision variable,éo, with four variable
parameters (6,,,6,,,0.,,6,,) For computing model (2), Hatami-Marbini et al. [6] used a

lexicographic multi-objective approach. To illustrate, they considered the problem as a multi-
objective model to find the relative fuzzy efficiency of DMU_and first optimized one of the

objectives (6,,), then, maintaining the optimal value of that variable, optimized a second
objective (6,,), and then, following the same procedure, successively, optimized the third
(6,,) and fourth (4,,) objective functions.

In the next section, by following Hatami-Marbini et al. [6] and Puri and Yadav [5], a DEA-
based approach is introduced to evaluate the fuzzy revenue efficiency of sustainable supply
chains.

3 Fuzzy revenue efficiency in sustainable supply chains

We consider n supply chains, SC;(j=1..,n), with trapezoidal fuzzy inputs
= (Xj10 Xj21 Xjas Xja) » trapezoidal fuzzy outputs ¥, =(Y,;, Vyj2» Vijer Yia) a@nd trapezoidal
fuzzy intermediate measures 7, = (2,2, 243, Z44) - TWO components, supplier and

manufacturer, are taken for each supply chain. The structure under evaluation can be seen in
Figure 1. Fuzzy prices of output r for each member of supply chain j is indicated by

By = (Py1 Pyjz» Pyas Pys) that reO*wO™.  O°and O" show the output subscript sets of

supplier and manufacturer members. Similarly, the input subscript sets of supplier and
manufacturer members are denoted by 1°and 1.
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Fig. 1 Sustainable supply chain network under evaluation

The following model is proposed for measuring the maximum revenue of the whole SSC and
each member:

Q,=Max >y, + >V,
re0® reoM

st.  Supplier (3)

in WhICh ?rj = prj x yrj and ﬁr =(yrl’yr27yr3'yr4) r EOS UOM . AISO’ j:j = (ﬂ‘jliﬂ‘jZ’j’jS’ﬂ‘M) !

B = (B, B2 Biss By,) are  fuzzy intensity variables for supplier and manufacturer

components, respectively.
Definition 3.1. The fuzzy revenue efficiency scores of the whole supply chain under
evaluation, SC_, and its components are obtained by:
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> Ve > Voo > Vi

=~ * s M ad lier* s =M f; * M
ESC — re0® U0 , ESupp ier* _ reO , and E0 anufacturer — re0” (4)
o~k Eadt ] %
2V 2V 2V
re0® uoM re0® reoM

As can be seen, model (3) is a fully fuzzy linear programming. Also, each formula of (4) is
fully fuzzy. Model (3) can be replaced by a linear programming problem following Hatami-
Marbini et al. [6]. Thus, we have

4
Q;=Max 174>, > ¥,)

f=1re0®uOM (5)

n

H S
D Xy <Xy €17, =1,
j=1

D AV 2V, re0’, f=1,

j=1

DAty 220, VkeK, f=1..4,
j_

Ay 20,4, — A, 20,4~ A, 20,4, — A, > 0,Y],

n= n= 2=

Z'ijxijf <Xy, T I™, f =1,
=i
Zﬂjfyrjf >y, re0", f=1
j=1

D Bity <y, VkeK, f=1
j=1

ﬂ]l—o ﬂjz ﬂjl_o ﬂ]S ﬂjZ —0 ﬂ]4 IB]3_0 VJ,
yrl 20,y Yi2 _yrl 20,y yr3_yr2 20,y yr4_yr3 >0vreO’ UOM'
Notice that the approach used for difuzzifying the objective function differs from Hatami-

Marbini et al.’s [6].
The fuzzy revenue efficiency scores are also calculated as follows:

Z ):/ro ( Z yrol’ Z yroz 1 Z yro3 ’ Z yro4)

=SC* __ re0®uoM _ _reotuoM reo®uoM reo®uoM reo®uoM
B = = (6)
~* _* _* _*
Z yr ( Z yrl’ z yr2’ z yr3’ Z yr4)
reosuoM reo®uoM reosuoM reo®uoM reo®uoM
Z yrol Z yr02 Z yro3 Z yr04
(reOsuOM reo®uoM reo®uoM reo®uoM )
—_ ’ —_— ’ J— ’ J—
Z yr4 z yr3 Z yr2 Z yrl
reo®uoM reo®uoM reo®uoM reo®uoM
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:ro (z Vrol’ Z VroZ’ Z VrOS’ Z Vro4)

= Supplier* _ =SC* __ reO? _ _re0o’ reo® reo® re0’
E; =EX = = (7)
Rt —_ —_ —* —*
2.V (Va2 Vi 2 Vis 2, i)
re0O® reO® re0O® re0® reO®
Z yrol Z yr02 Z yro3 Z yro4
__ (re0°® reO’ reO’ reO’
- ( ] ] L] )
N —_ —_ %
Z yr4 z yr3 Z yr2 Z yrl
re0O® re0* re0’ re0?
Z Vro (Z yrol’ Z yroZ’ Z yr03’ Z yr04)
Emanufacturer* _ reoM __ _reoM reoM reoM reoM
- . . . . . (8)
DoV (2 Y D Vi 2 Vi 2, Vi)
reoM reoM reoM reoM reoM
Z yrol Z Vroz z Vros z Vro4
(I’EOM reoM reoM reoM )
L L b
2. Ve 2 Vs 2.2 2.V
reoM reoM reoM reoM

Definition 3.2. The whole supply chain under evaluation, SC, is said to be revenue efficient

ifandonlyif >  y,= > ¥ .Furthermore, supplier and manufacturer components are

reo®uoM reo®uoM

said to be revenue efficient if and only if we have >y, => yrand > V.= DV,
re0® re0® reoM reoM

respectively.

It is clear that the deterministic overall revenue efficiency of sustainable supply chains can be

calculated by:

142, 2. V)

Esc* f=1re0®UOM (9)

1/ 4(2 Z yrf

f=1reoswuoM

4 A numerical example

In this section, 5 SSCs with two members, supplier and manufacturer, are considered. As can
be seen in Table 1, there are economic (EC), environmental (EN) and social (SO) factors in
this example. The linguistic terms are shown as the following trapezoidal fuzzy numbers
because of uncertainty about factors: Very Low (VL): (0.1, 0.2, 0.3, 0.4), Low (L): (0.2, 0.3,
0.4, 0.5), Medium Low (ML): (0.3, 0.4, 0.5, 0.6), Medium (M): (0.4, 0.5, 0.6, 0.7), Medium
High (MH): (0.5, 0.6, 0.7, 0.8), High (H): (0.6, 0.7, 0.8, 0.9) and Very High (VH): (0.7, 0.8,
0.9, 1.0). Data have also been given in Table 1. The proposed approach is used to estimate the
overall and component revenue efficiencies of SSCs. The results are revealed in Table 2. As
can be seen, SSC 4 has better performance in contrast to others in the supplier component.
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The last column of Table 2 shows the deterministic overall revenue efficiency. As can be
found, SSc 4 has the best overall revenue efficiency. Actually, it is overall efficient as shown
in Table 3. Observed fuzzy revenue and maximum fuzzy revenue of supplier and
manufacturer components are also provided in Table 4. As shown, SSC 4 is efficient in the
supplier component, while SSCs 2 and 4 are efficient in the manufacturer component.

Table 1. Sustainable supply chain data

Supplier (S) Manufacturer (M) .
S-M Prices
Input Output Input Input Input Output Output
s8¢ Electricity Water Health and Green Productions
Operati Diversit g I iversi G
Copsi;a(llfng) (S'g;;my g(r)]n(sEJ’T)ptl %Z)E)ump Is:[:gtry(;oos)ts of (récg)me ?é?\?)um IrEo(r:r)]StoM Diversity Income prroer?Scts
1 ML L ML L ML MH ML H H 1 H
2 MH ML M ML M H H L MH 1 VH
3 H H M M M VH H ML ML 1 MH
4 L MH MH ML ML H MH MH M 1 MH
5 VH H H MH L MH ML VL H 1 M
Table 2. Revenue efficiency results
Revenue efficiency Deterministic
ssC _ overall
Supplier Manufacturer Overall revenue
efficiency
1 (0.1786, 0.4167, 0.8889, 1.8750)  (0.4533, 0.7237, 1.1640, 1.9706)  (0.3683, 0.6337, 1.0881, 1.9457)  (0.8337
2 (0.1674, 0.3571, 0.7292, 1.5000)  (0.5667, 0.8289, 1.2063, 1.7647)  (0.4340, 0.6843, 1.0747, 1.7015)  (0.8559
3 (0.1786, 0.3704, 0.7407, 1.5000)  (0.5556, 0.8026, 1.1587, 1.6863)  (0.4202, 0.6591, 1.0333, 1.6377)  0.8228
4 (0.3571, 0.7143, 1.4000, 2.8000)  (0.5519, 0.8217, 1.2170, 1.8118)  (0.5000, 0.7953, 1.2574, 2.0000) 1
5 (0.3214, 0.5833, 1.0667, 2.0250)  (0.4831, 0.7752, 1.2579, 2.1529)  (0.4078, 0.6891, 1.1756, 2.1000)  0.895
Table 3. SSC Results
Overall
SSC -
Observed fuzzy revenue Maximum fuzzy revenue
1 (0.8000, 1.0900, 1.4200, 1.7900) (0.9200, 1.3050, 1.7200, 2.1720)
2 (1.1700, 1.5000, 1.8700, 2.2800) (1.3400, 1.7400, 2.1920, 2.6960)
3 (1.1800, 1.5000, 1.8600, 2.2600) (1.3800, 1.8000, 2.2760, 2.8080)
4 (1.0500, 1.3600, 1.7100, 2.1000) (1.0500, 1.3600, 1.7100, 2.1000)
5 (0.9800, 1.2900, 1.6400, 2.0300) (0.9667, 1.3950, 1.8720, 2.4034)
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Table 4. Components Results
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Supplier Manufacturer
Observed fuzzy Maximum fuzzy Observed fuzzy Maximum fuzzy
revenue revenue revenue revenue

g b wN R Om

(0.1200, 0.2100, 0.3200 0.4500)
(0.1500, 0.2400, 0.3500, 0.4800)
(0.1800, 0.2800, 0.4000, 0.5400)
(0.2000, 0.3000, 0.4200, 0.5600)
(0.3600, 0.4900, 0.6400, 0.8100)

(0.2400, 0.3600, 0.5040, 0.6720)
(0.3200, 0.4800, 0.6720, 0.8960)
(0.3600, 0.5400, 0.7560, 1.0080)
(0.2000, 0.3000, 0.4200, 0.5600)
(0.4000, 0.6000, 0.8400, 1.1200)

(0.6800, 0.8800, 1.1000, 1.3400)
(1.0200, 1.2600, 1.5200, 1.8000)
(1.0000, 1.2200, 1.4600, 1.7200)
(0.8500, 1.0600, 1.2900, 1.5400)
(0.6200, 0.8000, 1.0000, 1.2200)

(0.6800, 0.9450, 1.2160, 1.5000)
(1.0200, 1.2600, 1.5200, 1.8000)
(1.0200, 1.2600, 1.5200, 1.8000)
(0.8500, 1.0600, 1.2900, 1.5400)
(0.5667, 0.7950, 1.0320, 1.2834)

6 Conclusions

In this paper, we introduced a fuzzy DEA approach to evaluate the revenue efficiency of
sustainable supply chains. To illustrate, the overall revenue efficiency of sustainable supply
chains and the revenue efficiency of each component have been estimated while fuzzy
measures are presented. A numerical example has been applied to clarify the introduced

approach.
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