
INTERNATIONAL JOURNAL OF COMPUTER MATHEMATICS: COMPUTER SYSTEMS THEORY
2023, VOL. 8, NO. 2, 108–127
https://doi.org/10.1080/23799927.2023.2193177

Evaluating efficiency and ranking of suppliers using non-radial
super-efficiency data envelopment analysis with uncontrollable
factors

Mushtaq Taleba, Ruzelan Khalidb, Mamdooh Attallaha, Razamin Ramlib and Mohd Kamal
Mohd Nawawib

aCollege of Administration and Economics, University of Anbar, Ramadi, Iraq; bInstitute of Strategic Industrial
Decision Modelling, School of Quantitative Sciences, Universiti Utara Malaysia, Sintok, Malaysia

ABSTRACT
Supply chain management (SCM) has been received much attention from
academics and corporates. Effective and sustainable SCM require proper
efficiency evaluation of suppliers. Such evaluation can be performed using
data envelopment analysis (DEA). Classical DEA models presume all inputs
and outputs are under the control of suppliers’ management, as well as
the models cannot provide a complete ranking of efficient and inefficient
suppliers. However, in SCM and other real-managerial problems, some
inputs and/or outputs may be uncontrollable (outside management con-
trol). Thus, this paper proposes a super efficiency of slacks-based measure
(SE-SBM) approach that can handle uncontrollable factors. The proposed
approach can distinguish between efficient and inefficient suppliers and
identify their rankings. The discriminating power of the proposed approach
is due to it concurrently deals with input excesses and output shortfalls to
improve inefficient suppliers, as well as input savings and output surpluses
of efficient suppliers to maintain their efficient status.
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1. Introduction

Supply chain management (SCM) is the management of a network of technologies, firms, workers,
information, activities and resources transferring services and/or products from original suppliers to
customers [1]. The main aims of SCM are to fulfil demand, facilitate financial success and increase
customer satistification by efficiently organizing and managing business activities from suppliers to
customers [2]. These activities may include rawmaterial possession, product manufacturing and dis-
tribution, customers service, and product reprocessing and disposal [3]. Successful SCM has been
proven as a very effective mechanism for providing high-quality levels of services and products to
customers with the least cost [4]. Developing such SCM can, however, be influenced by many factors,
such as resource availability and management [5], skills [6] and supplier selection. Supplier selection
is, thus, one of the crucial factors in managing effective and efficient SCM [7,8] and the most seri-
ous issue facing SCM. A recent trend of SCM is delivering of products or goods from suppliers to
customers via an electronic arrangement [9].

Supplier selection refers to the process where a firm identifies, evaluates and contracts with suppli-
ers. Itsmain objective is tominimize purchasing risk,maximize buyer values and enhance a long-term
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relationship between suppliers and buyers [10,11]. Proper selection of suppliers is one of themost cru-
cial decisions [12] enabling companies to produce and deliver products or services to their customers
with cost-effective and within a specified timeline. Besides, supplier selection plays an important role
in disaster operations management (DOM), that ensure effective procurement of relief supplies [13].
To better select suppliers, including the review and evaluation of suppliers [14], many quantitative
methods have been introduced. However, the existence of these various methods may confuse deci-
sion makers, while identifying and choosing the best supplier selection method. Since there exist
many criteria in supplier selection, decision makers commonly use multi-criteria decision making
(MCDM) as an effective tool to holistically evaluate suppliers [2]. One of the most vital methods for
evaluating suppliers is a non-parametric approach of data envelopment analysis (DEA) [15].

DEA is a decision making technique measuring the efficiency of homogeneous organizations –
called DMUs – based on a linear programming theory. An organization utilizes inputs to produce
outputs. The ratio of the weighted outputs to the weighted inputs can then be used to measure the
organization’s efficiency relative to other homogenous organizations [16]. Such efficiency score mea-
surement, considering both multiple inputs and outputs, is an essential feature of DEA. Standard
DEA models, however, cannot rank efficient DMUs appropriately. This issue has been solved by a
radial super efficiency model, proposed by Andersen and Petersen [17]. Their model discriminates
and ranks high performingDMUswhose returns to scale is constant (CRS) – a proportionate increase
in inputs will result in a proportionate increase in outputs. Due to the slacks of input savings (i.e. the
maximum expansions in inputs) and the slacks of output surpluses (i.e. the maximum reductions in
outputs) cannot be identified simultaneously by the radial models, the models may suffer from the
infeasibility issue in either orientation (i.e. input or output-oriented)1 under some cases of variable
returns to scale (VRS) [21,22].

To rectify the infeasibility issue, Tone [23] developed a non-radial slacks-based measure of super
efficiency (SE-SBM) approach. The approach simultaneously deals with input savings and output sur-
pluses at different rates to rank efficient and inefficient DMUs under VRS and CRS technologies [24] .
Various DEA studies have been performed based on Tone’s [23] SE-SBM approach. These include the
studies of Du et al. [25], Fang et al. [26], Hussain et al. [27], Johnes and Tone [28], Kasim et al. [29],
and Taleb et al. [30]. All of the mentioned efficiency studies, however, treated all inputs and outputs
as controllable (discretionary).

In many settings of real-world applications, some factors of inputs and/or outputs cannot nor-
mally be controlled by their DMUs’ management (i.e. uncontrollable or non-discretionary factors).
A radial model considered non-discretionary inputs was initially prepared by Charnes et al. [31]. Sev-
eral radial DEA models (i.e. input or output-oriented) have been introduced by many scholars and
researchers, such as, Banker and Morey [32], Izadikhah and Farzipoor Saen [15], Tsai et al. [33] and
Wu et al. [34]. However, all of these studies were carried out under the concepts of radialmodels. Since
radial models ignore slacks of inputs and outputs in calculating efficiency scores, the models cannot
reflect all inefficiency of inefficient DMUs [35]. To address this issue, Farzipoor Sean [36] devel-
oped a new formula of SBM model can concurrently deal with discretionary and non-discretionary
inputs and outputs. Based on the Farzipoor Sean’s model, various non-radial models dealing with
non-discretionary factors have been introduced, such as Esmaeili [37], Hua et al. [38], and Rashidi
et al. [39]. All of these studies, however, could not rank high performing DMUs in the context of
uncontrollable inputs and/or outputs.

To fill the gap in the literature, the objective of this research is to propose a methodology that inte-
grates uncontrollable factors of inputs and outputs into Tone’s [23] SE-SBM approach, via utilizing
the study introduced in Esmaeili [37]. The uncontrollable factors are integrated into their relevant
input and output constraints of Tone’s [23] approach. The proposed approach’s optimal solution is
obtained by transforming its nonlinear program to a linear program. Since the proposed approach
deals with uncontrollable inputs and outputs eliminating unrealistic assumption of the discretionary
factors, it can provide accurate efficiencymeasures, helping decisionmakers distinguish between inef-
ficient and efficientDMUs and improve the inefficientDMUs, as well as identify their ranks efficiently.
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be
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to
im

prove
the

per-
form
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applicability
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by

evaluating
and

ranking
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effi
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ofthe
data

setof18
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uncontrollable
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first
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e
thatuncontrollable

factors
ofinputs
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outputs

have
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Tone’s
[23]SE-

SBM
approach.Thus,the

proposed
approach

provides
a
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prehensive
evaluation

and
ranking

of
suppliersin

the
presence

ofuncontrollable
factors.

To
the

best
of

authors’
know

ledge,
there

has
not

been
any

reference
attem

pted
to

incorpo-
rate

uncontrollable
inputs

and
outputs

into
the

SE-SBM
approach

of
Tone

[23]
to

evaluate
the

sustainability
ofSC

M
.C

onsequently,the
contributionsofthisresearch

are
asbelow

:

•
To

realize
the

peer
assessm

ent
ofsupplier

selection
instead

ofthe
selfassessm

ent,an
SE-SBM

approach
in

D
EA

considersuncontrollable
inputsand

outputsisproposed.
•

Theproposed
approach

guaranteesthefeasibility
condition

in
theexistenceofuncontrollablefac-

torsregarding
the

C
RS

and
V
RS

technologies,w
hich

deem
the

prom
inentm

eritofthe
proposed

supereffi
ciency

approach.
•

The
results

ofthis
research

contribute
to

the
body

ofknow
ledge

in
the

SC
M
-D

EA
literature

by
illustrating

the
proposed

approach,using
a
realdata

setretrieved
from

the
literature.

•
Thisresearch

com
parestheeffi

ciencym
easuresoftheproposed

approach
w
ith

thoseofTone’s[23]
SE-SBM

approach,and
outline

the
potentiallim

itations
inherentin

elim
inating

uncontrollable
inputsand

outputs.

Thispaperproceedsasfollow
s.A

review
ofrelevantliteratureservingthebackground

oftheproposed
approach

is
considered

in
Section

2.The
m
ethodology

ofthe
proposed

approach
is
illustrated

in
Section

3.By
using

the
data

setof18
suppliersretrieved

from
the

literature,the
practicability

ofthe
proposed

approach
isexam

ined
in

Section
4.A

cadem
ic
and

m
anagerialim

plicationsare
considered

in
Section

5.Finally,som
e
conclusionsand

directionsforfuture
research

are
provided

in
Section

6.

2.
B
ackg

ro
u
n
d

There
are

tw
o
types

of
super

effi
ciency

m
easures

in
D
EA

:radialand
non-radial.The

first
radial

supereffi
ciency

m
odelw

asinvented
by

A
ndersen

and
Petersen

[17].Theirm
odelrankseffi

cientand
ineffi

cientD
M
U
s
under

C
RS

or
V
RS

assum
ption.For

each
effi

cientD
M
U

obtained
from

a
radial

m
odel,the

supereffi
ciency

score
isidentified

by
excluding

the
assessed

effi
cientD

M
U
o
from

itsref-
erence

setofthe
considered

m
odel.The

supereffi
ciency

score
isthen

revealed
by

the
radialdistance

betw
een

the
effi

cientD
M
U
o
and

itseffi
cientfrontier,form

ed
by

the
rem

aining
effi

cientD
M
U
s[21].

For
each

excluded
effi

cientD
M
U
o ,the

inputsavings
(i.e.proportionalincreases

in
inputs)

or
out-

putsurpluses(i.e.proportionaldecreasesin
outputs)should

be
calculated

[24,40].In
the

contextof
evaluating

and
selecting

suppliers,W
u
and

Blackhurst[8]introduced
a
supereffi

ciency
m
odelbased

on
the

radialm
easure

to
enhance

the
discrim

inating
pow

er
ofclassicalD

EA
m
odels

in
suppliers’

evaluation
and

ranking.Jahanshahloo
etal.[41]proposed

a
new

supereffi
ciency

m
odelforranking

extrem
e-effi

cient,non-extrem
e-effi

cient,and
ineffi

cientsuppliers.Based
on

the
m
odelofA

ndersen
and

Petersen
[17],m

any
effi

ciency
studies

evaluating
and

selecting
suppliers

have
been

conducted
(e.g.[42–44]).H

ow
ever,an

issue
of

infeasibility
m
ay

raise
under

som
e
cases

of
V
RS

since
radial

m
odelscannotsim

ultaneously
considerthe

slacksofinputsavingsand
outputsurpluses.

To
rem

edy
theinfeasibility

issue,a
novelnon-radialsupereffi

ciency
ofslacks-based

m
easure(SE-

SBM
)
approach

w
as

invented
by

Tone
[23].Its

essentialconcepts
are

based
on

that
ofthe

m
odel

ofA
ndersen

and
Petersen

[17].The
Tone’s

SE-SBM
approach

sim
ultaneously

identifies
the

m
axi-

m
um

expansions
in

inputs
and

(the
m
axim

um
reductions

in
outputs)

for
each

effi
cient

D
M
U

by
adding

(subtracting)the
slack

ofinputsaving
(the

slack
ofoutputsurplus)to

(from
)their

relevant
constraintsofthe

excluded
effi

cientD
M
U
o
[25].By

doing
this,the

feasibility
condition

under
C
RS

and
V
RS

assum
ptionsissatisfied

[24,30].In
the

approach
ofTone

[23],the
supereffi

ciency
score

of

® 
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an
effi

cientD
M
U
isobtained

by
m
easuring

the
non-radialdistance

betw
een

the
effi

cientproduction
frontierand

the
excluded

effi
cientD

M
U
o
[35,45].By

identifying
the

m
inim

um
non-radialdistance,

inputsavings
and

outputsurpluses
ofthe

effi
cientD

M
U
o are

identified
[26].Large

non-radialdis-
tance

leadsto
a
high

score
ofsupereffi

ciency,w
hile

sm
allnon-radialdistance

judgesthatthe
super

effi
ciency

scoreto
besm

all.H
ow

ever,allofthem
entioned

studiesdid
notconsiderSE-SBM

to
evalu-

atesupplierselection.A
dditionally,thesem

odelsassum
ethatallinputsand

outputsarediscretionary
–
controllable.Thisconflictsw

ith
m
any

real-life
m
anagerialproblem

s,including
supplierselection.

In
real-lifeproblem

s,som
einputsand/oroutputsofm

any
organizationsareoutsideoftheirm

an-
agem

ent’s
controlsince

they
are

subjectto
non-discretionary

factors.To
obtain

accurate
effi

ciency
m
easures,any

reduction
in

non-discretionary
inputsoraugm

entation
in

non-discretionary
outputs

should
be

prohibited
by

theirrelevantconstraints.C
onsequently,the

objective
function

hasto
only

dealw
ith

discretionary
inputs

and
outputs.The

incorporation
ofuncontrollable

factors
into

radial
and

non-radialm
odelsw

asfirstlaid
outby

C
harnesand

C
ooper[46]and

C
harnesetal.[47].Based

on
these

studies,m
any

D
EA

studies
dealing

w
ith

non-discretionary
factors

have
been

carried
out.

These
include

the
studies

introduced
in

A
gasisti[48],Banker

and
M
orey

[32],C
ook

and
Seiford

[49],M
uñiz

etal.[50],N
igam

etal.[51],Pateland
Pande

[52]and
Ruggiero

[53].To
evaluate

sup-
pliers

w
ith

a
non-discretionary

situation
ofinputs

and/or
outputs

ofradialm
odels,Farzipoor

Saen
[54],N

oorizadeh
etal.[55],and

N
oorizadeh

etal.[56]introduced
an

integrated
m
ethodology

using
radialm

odelsw
ith

uncontrollable
inputsand/oroutputs.A

llofthese
studiesw

ere,how
ever,carried

outunderan
orientation

D
EA

m
odel(i.e.input-oroutput-oriented).In

addition,they
did

notrank
effi

cientand
ineffi

cientsuppliers.
Lotfi

et
al.[57]

introduced
a
super

effi
ciency

m
odelofinput-oriented

D
EA

dealing
w
ith

non-
discretionary

inputs.H
ow

ever,the
m
odelsuffersfrom

the
infeasibility

issue
underV

RS
assum

ption.
In

thelightoftheinfeasibilityissue,an
alternativeapproach

ofSE-SBM
consideringnon-discretionary

inputs
and

outputs
w
as

proposed
by

Taleb,R
am

li,K
halid

[58].Their
approach

w
as

based
on

tw
o

approaches
–
the

approach
ofFang

etal.[26]
developed

an
alternative

SE-SBM
and

the
approach

introduced
by

Farzipoor
Sean

[36]in
term

s
ofSBM

and
non-discretionary

factors.H
ow

ever,their
approach

considersthatsom
e
outputsare

notcom
pletely

discretionary.To
dealw

ith
inputsand

out-
putsascom

pletely
discretionary

ornon-discretionary,Esm
aeili[37]proposed

thenon-discretionary
inputs

into
Tone’s

[59]
SBM

m
odel.To

evaluate
suppliers,M

ahdiloo
et

al.[60]
developed

a
new

SBM
m
odelin

dual-role
factor.H

ow
ever,their

m
odeldid

notconsider
the

super
effi

ciency
situa-

tion
ofeffi

cientsuppliers.To
the

bestofauthors’know
ledge,no

studies
have

considered
SE-SBM

w
ith

non-discretionary
factors

to
evaluate

suppliers
based

on
Tone’s

[23]
approach.The

key
D
EA

studies
introduced

in
the

literature
considering

radialand
non-radialm

odels
for

supplier
selection

are
sum

m
arized

in
Table

1.
Position

ofthispaper:U
ncontrollable

inputs
and

outputs
have

been
incorporated

into
the

novel
non-radialSE-SBM

approach
ofTone

[23]to
enhance

itsability
to

dealand
evaluate

real-life
appli-

cations.Incorporating
these

factorsinto
the

existing
approach

forclassifying
effi

cientand
ineffi

cient
suppliers,asw

ellasranking
them

regarding
theireffi

ciency
isthe

m
ain

objective
ofthisresearch.

3.
P
ro
p
o
sed

m
eth

o
d
o
lo
g
y
fo
r
su

p
p
liers

ran
kin

g

The
SE-SBM

approach
ofTone

[23]
can

directly
dealw

ith
inputexcesses

and
outputshortfalls,as

w
ellasinputsavingsand

outputsurplusesatdifferentrates,via
a
procedure

includestw
o
stages.In

stage-I,the
SBM

m
odelis

applied
to

effectively
classify

effi
cientand

ineffi
cientD

M
U
s.In

stage-II,
theeffi

cientD
M
U
sarediscrim

inated
and

ranked,using
thesupereffi

ciency
ofSBM

m
odel.H

ow
ever,

allinputs
and

outputs
ofthe

approach
are

expected
to

be
controllable

by
their

m
anagem

ents.The
m
odelsshould,thus,beintegrated

w
ith

uncontrollablefactorsto
supportvarioussituationsofreal-life

applications.To
do

that,assum
ethattherearen

D
M
U
sneeding

to
beassessed,indexed

by
j=

1, 14
14 ,

n.Each
D
M
U
consum

esinputsto
produceoutputs.Theinputsand

outputscan
beclassified

into
four

factors:x D∈
R
m+
,
x N

D∈
R
z+
,
y D∈

R
s1+
,
y N

D∈
R
s2+
.In

thiscase,x D
isa

discretionary
input,x N

D
is ® 
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Table
1.

A
briefoverview

in
the

D
EA

literature
ofsupplierselection.

Researcher(s)
Strengths

Lim
itations

FarzipoorSaen
[54]

Proposed
an

output-oriented
m
odelw

ith
non-discretionary

outputs
forselecting

technology
suppliers

from
supplier’s

perspective
of12

nuclearpow
erplants

•
The

m
odel

did
not

consider
sup-

pliers’ranking
using

the
super

effi
-

ciency
approach

•
The

m
odeldid

not
sim

ultaneously
consider

the
non-discretionary

inputsand
outputs

Izadikhah
and

Farzipoor
Saen

[15]

D
eveloped

a
D
EA

m
odelbased

on
a

m
odification

ofcontextdependentfor
suppliersranking

•
Their

m
odeldid

not
consider

non-
discretionary

factors
•

Suppliers
ranking

did
not

carry
out

for
the

case
of

a
non-radial

super
effi

ciency
approach

M
ahdiloo

etal.
[60]

Proposed
an

SBM
m
odelin

the
presence

of
dual-role

factorto
assess

supplierselection
of12

suppliers

•
The

non-discretionary
factors

for
standard

inputs-outputs
(non-dual

role
factors)

did
not

take
into

con-
sideration

M
ahdiloo

etal.
[18]

•
Proposed

a
m
ultiplier

D
EA

m
odel

decom
posing

effi
ciency

m
easures

into
technical

effi
ciency,

environ-
m
ent,and

eco-effi
ciency

for
green

supplier
selection

ofH
yundaiSteel

Com
pany

•
The

proposed
m
odel

is
less

com
-

putationally
intensive

than
those

in
literature

since
it
used

linear
goal

program
m
ing

to
integrate

technical
effi

ciency,
environm

ent,
and

eco-
effi

ciency

•
Theirm

odeldid
notprovide

a
com

-
plete

m
easure

forranking
suppliers

•
D
id

not
consider

effect
of

non-
discretionary

factors
on

effi
ciency

evaluation

N
oorizadeh
etal.[56]

Proposed
a
cross-effi

ciency
m
odelw

ith
non-discretionary

inputs
for

ranking
suppliers

•
Theirm

odelw
asproposed

in
a
m
ul-

tiplier
D
EA

form
ula.

Thus,
discre-

tionary
outputsurplusesofeffi

cient
supplierscannotbe

identified
•

The
m
odeldid

not
provide

a
com

-
plete

ranking
ofsuppliers

N
oorizadeh
etal.[61]

Proposed
a
m
ultiplierD

EA
m
odelconsidering

dual-role
factor,non-discretionary,and

w
eightrestrictionsforselecting

suppliers

•
The

m
odeldid

not
provide

a
com

-
prehensive

evaluation
since

it
pro-

posed
undera

m
ultiplierform

ula
•

It
did

not
consider

ranking
of

suppliers
N
oorizadeh
etal.[62]

Proposed
a
radialsupereffi

ciency
m
odel

considering
uncontrollable

inputs
and

undesirable
outputs

forevaluating
the

data
setof18

suppliers

•
The

m
odelw

asproposed
in
term

sof
radialm

easures

Source:Asdescribed
above.

a
non-discretionary

input,y D
is
discretionary

output,and
y N

D
is
a
non-discretionary

output.The
m
atricesofthese

factorsare
defined

asfollow
s:

X
D=

[x D1 ,...,x Dn ]∈
R
m×

n
+

,
X
N
D=

[x N
D

1
,...,x N

D
n

]∈
R
z×

n
+

,

Y
D=

[y D1 ,...,y Dn ]∈
R
s1 ×

n
+

,
Y
N
D=

[y N
D

1
,...,y N

D
n

]∈
R
s2 ×

n
+

W
e
assum

e
that

discretionary
and

non-discretionary
inputs,as

w
ellas

discretionary
and

non-
discretionary

outputsare
positive

data
(i.e.,

X
D

>
0,

X
N
D

>
0,

Y
D

>
0,

Y
N
D

>
0
).

The
notationsapplied

in
the

proposed
approach

can
be

sum
m
arized

asfollow
s:

x Dij :the
ith

discretionary
inputforD

M
U
o

x N
D

bj
:the

bth
non-discretionary

inputforD
M
U
o

y Drj :the
rth

discretionary
outputforD

M
U
o

y N
D

uj
:the

uth
non-discretionary

outputforD
M
U
o

i:index
ofdiscretionary

inputs
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m
:num

berofdiscretionary
inputs

b:index
ofnon-discretionary

inputs
z:num

berofnon-discretionary
inputs

r:index
ofdiscretionary

outputs
s1 :num

berofdiscretionary
outputs

u:index
ofnon-discretionary

outputs
s2 :num

berofnon-discretionary
outputs

n:num
berofassessed

D
M
U
s

o:index
ofa

specific
D
M
U
being

evaluated
Based

on
the

theoreticalconcepts
ofTone’s

[59]SBM
m
odel,as

w
ellas

the
SBM

m
odelw

ith
non-

discretionary
factors

introduced
in

Esm
aeili[37],the

production
possibility

set(PPS)
spanned

by
allevaluated

D
M
U
s
in

the
existence

of
non-discretionary

inputs
and

outputs
regarding

the
V
RS

assum
ption

isdescribed
in

form
ula

(1).

P
SBM

-N
D

= ⎧⎨⎩
(X

D,
X
N
D,

Y
D,

Y
N
D
) ∣∣∣∣∣∣ x D≥

n
∑j=

1
X
Dj
λ
j ,
x N

D=
n
∑j=

1
X
N
D

j
λ
j ,

y D≤
n
∑j=

1
Y
Dj
λ
j ,
y N

D=
n
∑j=

1
Y
N
D

j
λ
j ,

n
∑j=

1
λ
j =

1,
λ
j ≥

0 ⎫⎬⎭
(1)

w
here

λ
j ,j=

1, 14
14 ,n

arenon-negativeintensity
variables,serving

to
constructtheconvex

com
bina-

tionsofdata
set.

U
sing

PPS
defined

in
(1),a

new
version

ofSBM
m
odeldealing

w
ith

non-discretionary
factorsfor

assessing
D
M
U
o
(x Do ,

x N
D

o
,y Do ,y N

D
o

)isproposed
asfollow

s:
[SBM

-N
D
m
odel]

m
in

ρ
o =

1−
1m (∑

mi=
1
s −ix Dio )

1+
1s1 (∑

s1r=
1
s +ry Dro )

(2)

s.t.
n
∑j=

1
x Dij λ

j =
x Dio −

s −i
,

i=
1
,...,m

,

n
∑j=

1
x N

D
bj

λ
j =

x N
D

bo
−

s −b
,

b=
1
,...,z,

n
∑j=

1
y Drj λ

j =
y Dro +

s +r
,

r=
1
,...,s1 ,

n
∑j=

1
y N

D
uj

λ
j =

y N
D

uo
+

s +u
,

u=
1
,...,s2 ,

n
∑j=

1
λ
j =

1,

λ
j ≥

0,
s −i

≥
0,s −b

≥
0,s +r

≥
0,s +u

≥
0,

x Dio ,x N
D

bo
,y Dro ,y N

D
uo

∈
R
m+

z+
s1 +

s2
+

.
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The
non-radialslackss −i

and
s +r

denote
inputexcessesand

outputshortfallsofthe
discretionary

inputsand
outputs,respectively.C

onversely,the
uncontrollable

factorsofinputsand
outputsshould

bekeptattheirfixed
levels.Therefore,theSBM

-N
D
m
odeldisallow

sany
decreaseand

increasein
the

levels
ofnon-discretionary

inputs
and

outputs.The
non-discretionary

inputand
outputslack

vari-
ables

are
om

itted
from

the
objective

function
ofm

odel(2)
because

they
are

outside
the

controlof
D
M
U
s’m

anagem
ent.D

ue
to

m
odel(2)proposed

in
the

existence
ofnon-discretionary

inputs
and

outputs
m
aking

their
am

ounts
are

fixed,an
issue

ofinfeasibility
m
ay

raise
in

som
e
cases

ofV
RS

assum
ption.To

rem
edy

the
infeasibility

issue,the
slacks

ofuncontrollable
inputs

and
outputs

are
im

posed
into

their
corresponding

constraints
ofm

odel(2).U
p
to

this
point,im

proved
SBM

-N
D

m
odel(2)can

discrim
inate

betw
een

effi
cientand

ineffi
cientD

M
U
s
in

term
s
ofuncontrollable

fac-
tors.To

obtain
the

optim
alsolution

to
m
odel(2),itsnonlinearprogram

should
be

converted
into

a
linearprogram

,using
the

transform
ation

ofC
harnesand

C
ooper[63](see

also
[45],p.345;[64]).By

using
a
positive

scalarvariable
v
(
>

0),m
odel(2)can

be
transform

ed
into

the
program

,asdefined
in

m
odel(3).

m
in

τo =
v−

1m (
m∑i=
1

vs −i
x Dio )

(3)

s.t.

v+
1s1 (

s1
∑r=

1

vs +r
y Dro )

=
1,

n
∑j=

1
x Dij λ

j =
x Dio −

s −i
,

i=
1
,...,m

,

n
∑j=

1
x N

D
bj

λ
j =

x N
D

bo
−

s −b
,

b=
1
,...,z,

n
∑j=

1
y Drj λ

j =
y Dro +

s +r
,

r=
1
,...,s1 ,

n
∑j=

1
y N

D
uj

λ
j =

y N
D

uo
+

s +u
,

u=
1
,...,s2 ,

n
∑j=

1
λ
j =

1,

λ
j ≥

0,
s −i

≥
0,s −b

≥
0,s +r

≥
0,s +u

≥
0,

v
>

0.

W
e
assum

e
thatS −i

=
vs −i

,S −b
=

vs −b
,S +r

=
vs +r

,S +u
=

vs +u
,

�
j =

v
λ
j .Then,the

nonlinear
pro-

gram
of

m
odel(3)

is
transform

ed
to

the
follow

ing
linear

program
in

S −i
,S −b

,S +r
,S +u

,and
�
j ,as

presented
in

m
odel(4).

m
in

τo =
v−

1m (
m∑i=
1

S −ix Dio )
(4)

s.t.

v
+

1s1 (
s1
∑r=

1

S +ry Dro )
=

1,

® 
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n
∑j=

1
x Dij �

j =
vx Dio −

S −i
,

i=
1
,...,m

,

n
∑j=

1
x N

D
bj

�
j =

vx N
D

bo
−

S −b
,

b=
1
,...,z,

n
∑j=

1
y Drj �

j =
vy Dro +

S +r
,

r=
1
,...,s1 ,

n
∑j=

1
y N

D
uj

�
j =

vy N
D

uo
+

S +u
,

u=
1
,...,s2 ,

n
∑j=

1
�
j =

v,

�
j ≥

0,
S −i

≥
0,S −b

≥
0,S +r

≥
0,S +u

≥
0,

v
>

0.

N
ote

thatv
(
>

0)by
virtue

ofthe
firstconstraint.Itprovidesan

indicatorthatthe
transform

ation
isreversible.Thus,the

optim
alsolution

ofm
odel(4)be

τ ∗o ,v ∗,
�

∗j ,
S −∗i

,S −∗b
,S +∗r

,S +∗u
.H

ence,the
optim

alsolution
ofm

odel(2)isdefined
by

ρ ∗o =
τ ∗o ,

λ ∗j =
�

∗j
/v,s −∗i

=
S −∗i

/v,s −∗b
=

S −∗b
/v,s +∗r

=
S +∗r

/v,s +∗u
=

S +∗u
/v.

Itisnotew
orthy

thatslacksvaluesofnon-discretionary
inputsand

outputsresulting
from

theopti-
m
alsolution

ofm
odel(4)have

to
ignored.The

ignorance
isdue

to
thatthese

slackshave
integrated

into
m
odel(2)to

keep
itsfeasibility

condition
solely,asm

entioned
above.

D
efinition

3.1:
D
M
U
o
issaid

to
be

fully
effi

cientin
SBM

-N
D
m
odel(2)ifand

only
ifitseffi

ciency
score

isequalto
one

(ρ ∗o =
1
).Thiscondition

isequivalentto
allslack

valuesofdiscretionary
input

excessesand
outputshortfallsarezero

(i.e.s −∗i
=

s +∗r
=

0).In
othercases,w

hereallorsom
eofthese

slackshave
positive

values,D
M
U
o isineffi

cient.

H
ow

ever,in
m
any

situationsofperform
ance

evaluation,high
perform

ing
D
M
U
shave

the
status

offull-effi
cient,w

hose
values

are
denoted

by
one.To

discrim
inate

and
rank

the
effi

cientD
M
U
s,it

isnecessary
to

analyse
factorsthatinfluence

theireffi
ciency.To

obtain
precise

effi
ciency

values,this
paper

proposes
non-discretionary

factors
ofinputs

and
outputs

into
Tone’s

[23]super
effi

ciency
of

SBM
m
odel.In

orderto
define

a
new

supereffi
ciency

m
odelcorresponding

to
m
odel(2),a

new
PPS

ofthe
supereffi

ciency
m
odelconsidering

non-discretionary
factorsisdescribed

in
(5),by

excluding
effi

cientD
M
U
o from

itsreference
setofm

odel(2)
(i.e.,j�=

o
).

P
SE−

SBM
−
N
D= ⎧⎪⎪⎪⎨⎪⎪⎪⎩

(X
D,

X
N
D,

Y
D,

Y
N
D
) ∣∣∣ x D≥ ∑

nj=
1,j�=

o X
Dj
λ
j ,
x N

D= ∑
nj=

1,j�=
o X

N
D

j
λ
j ,

y D≤ ∑
nj=

1,j�=
o Y

Dj
λ
j ,

y N
D= ∑

nj=
1,j�=

o Y
N
D

j
λ
j , ∑

nj=
1,j�=

o
λ
j =

1,
λ
j ≥

0,j�=
o

⎫⎪⎪⎪⎬⎪⎪⎪⎭
(5)

The
intensity

variable
λ
hasdefined

in
(1).

The
proposed

SE-SBM
m
odelforassessing

D
M
U
o
(x Do ,x N

D
o

,y Do ,y N
D

o
)isasfollow

s:
[SE-SBM

-N
D
m
odel]

m
in

δo =
1+

1m (∑
mi=

1
k −ix Dio )

1−
1s1 (∑

s1r=
1

k +r
y Dro )

(6)
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s.t.

n
∑j=
1,j�=

o x Dij λ
j ≤

x Dio +
k −i

,
i=

1
,...,m

,

n
∑j=
1,j�=

o x N
D

bj
λ
j ≤

x N
D

bo
+

k −b
,

b=
1
,...,z,

n
∑j=
1,j�=

o y Drj λ
j ≥

y Dro −
k +r

,
r=

1
,...,s1 ,

n
∑j=
1,j�=

o y N
D

uj
λ
j ≥

y N
D

uo
−

k +u
,

u=
1
,...,s2 ,

n
∑j=
1,j�=

o

λ
j =

1,

λ
j ≥

0,
k −i

≥
0,k −b

≥
0,k +r

≥
0,

k +u
≥

0,k +r
≤

y Dro ,

x Dio ,x N
D

bo
,y Dro ,y N

D
uo

∈
R
m+

z+
s1 +

s2
+

.

M
odel(6)calculatestheprojection

oftheexcluded
effi

cientD
M
U
o bym

inim
izingitsdiscretionary

input
savings

(k −i
)
and

discretionary
output

surpluses
(k +r

).The
discretionary

inputs
and

discre-
tionary

outputs
are

considered
in

the
m
odel’s

objective
function

since
objective’s

value
only

relies
on

the
discretionary

factors.To
ensure

thatthe
value

ofthe
objective

function
ispositive,k +r

≤
y Dro

should
besatisfied.Theprocedureofm

odel(6)in
calculating

supereffi
ciencyscoreisthesam

eofthat
proposed

byTone[23].Theonlydifferenceisthatm
odel(6)im

posesacondition
ofdiscretionaryand

non-discretionary
data.C

onsequently,the
condition

classifiesthe
constraintsofm

odel(6)into
tw
o

categories:discretionary
and

non-discretionary
inputsand

outputs.In
m
odel(6),theeffi

cientD
M
U
o

should
be

excluded
from

the
reference

setofSBM
-N

D
m
odel(2).Thisexclusion

aim
sto

ensure
that

each
effi

cientD
M
U
o
resulting

from
m
odel(2)

has
the

ability
to

m
ove

(i.e.project)
itselfon

a
new

super-effi
cientfrontier,form

ed
by

the
super-effi

cientunits.
The

m
inim

um
non-radialdistance

from
the

effi
cient

D
M
U
o
to

a
situated

point
on

the
super-

effi
cientfrontierisidentified

by
adding

(subtracting)discretionary
inputsavings(discretionary

out-
putsurpluses)to

(from
)theirrelevantconstraints.In

contrast,m
odel(6)should

prohibitanyincrease
and

decrease
in

the
levelsofthe

non-discretionary
inputsand

outputs.H
ow

ever,the
slacksofnon-

discretionaryinputs(non-discretionaryoutputs)areadded
(subtracted)to

(from
)theirrelevantinput

(output)
constraints

to
avoid

the
infeasibility

issue.The
aim

ofconsidering
the

non-discretionary
inputand

outputconstraints
in

the
perform

ance
evaluation

ofthe
proposed

approach
is
to

ensure
fair

com
parisons

[65].N
ote

that
m
odel(6)

is
particularly

usefulw
hen

the
num

ber
ofconsidered

D
M
U
sissm

allcom
pared

w
ith

thetotalnum
berofconsidered

inputsand
outputs,w

hich
m
ay

lead
to

m
any

effi
cientD

M
U
sneeding

to
rank

theirperform
ance.

The
transform

ation
procedure

applied
on

SBM
-N

D
m
odel(2)can

be
follow

ed
to

obtain
the

opti-
m
alsolution

to
m
odel(6).Thus,m

odel(6)
is
transform

ed
to

the
program

,using
a
positive

scalar
variable

v
(
>

0),asintroduced
in

m
odel(7).

m
in

η
o =

v+
1m (

m∑i=
1

vk −i
x Dio )

(7)
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s.t.

v
−

1s1 (
s1
∑r=

1

vk +ro
y Dro )

=
1,

n
∑j=
1,j�=

o x Dij λ
j ≤

x Dio +
k −i

,
i=

1
,...,m

,

n
∑j=
1,j�=

o x N
D

bj
λ
j ≤

x N
D

b
+

k −b
,

b=
1
,...,z,

n
∑j=
1,j�=

o y Drj λ
j ≥

y Dro −
k +r

,
r=

1
,...,s1 ,

n
∑j=
1,j�=

o y N
D

uj
λ
j ≥

y N
D

uo
−

k +u
,

u=
1
,...,s2 ,

n
∑j=
1,j�=

o

λ
j =

1,

λ
j ≥

0,
k −i

≥
0,k −b

≥
0,k +r

≥
0,

k +u
≥

0,
v

>
0.

W
e
assum

e
that

K
−i

=
vk −i

,K
−b

=
vk −b

,K
+r

=
vk +r

,K
+u

=
vk +u

,
�
j =

v
λ
j .Then,the

nonlinear
program

ofm
odel(7)istransform

ed
to

the
follow

ing
linearprogram

in
K

−i
,K

−b
,K

+r
,K

+u
,and

�
j ,

asintroduced
in

m
odel(8).

m
in

η
o =

v+
1m (

m∑i=
1

K
−i

x Dio )
(8)

s.t.

v
−

1s1 (
s1
∑r=

1

K
+ro

y Dro )
=

1,

n
∑j=
1,j�=

o x Dij �
j ≤

vx Dio +
K

−i
,

i=
1
,...,m

,

n
∑j=
1,j�=

o x N
D

bj
�
j ≤

vx N
D

b
+

K
−b
,

b=
1
,...,z,

n
∑j=
1,j�=

o y Drj �
j ≥

vy Dro −
K

+r
,

r=
1
,...,s1 ,

n
∑j=
1,j�=

o y N
D

uj
�
j ≥

vy N
D

uo
−

K
+u
,

u=
1
,...,s2 ,

n
∑j=
1,j�=

o

�
j =

v,

® 
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�
j ≥

0,
K

−i
≥

0,K
−b

≥
0,K

+r
≥

0,
K

+u
≥

0,
v

>
0.

Lettheoptim
alsolution

ofm
odel(8)be

η ∗o ,v ∗,
�

∗j ,
K

−∗i
,K

−∗b
,K

+∗r
,K

+∗u
.Thus,theoptim

alsolu-
tion

ofthenonlinearprogram
in

m
odel(6)isdefined

by
δ ∗o =

η ∗o ,
λ ∗j =

�
∗j
/v,k −∗i

=
K

−∗i
/v,k −∗b

=
K

−∗b
/v,k +∗r

=
K

+∗r
/v,k +∗u

=
K

+∗u
/v.

D
efinition

3.2:
Thestatusoftheexcluded

effi
cientD

M
U
o from

thereferencesetofSBM
-N

D
m
odel

(2)issupereffi
ciencyin

term
sofSE-SBM

-N
D
m
odel(6),w

heretheobtained
effi

ciencyscoreisgreater
than

one(i.e.δ ∗o
>

1).Thiscondition
issatisfied

in
casethatsom

eorallvaluesofdiscretionaryinput
savings

and/or
outputsurpluses

are
positive.In

other
cases,w

here
the

resulting
effi

ciency
score

is
equalto

one
(i.e.,

δ ∗o =
1
),the

excluded
D
M
U
o
isineffi

cientsince
itsexclusion

hasno
effecton

the
originalPPS,leading

to
alldiscretionary

inputsavingsand
outputssurplusesare

zero
values.

4.
C
ase

ap
p
licatio

n

To
testtheapplicability

and
usefulnessofSBM

-N
D
m
odel(2)and

SE-SBM
-N

D
m
odel(4),thispaper

utilized
the

data
setof18

suppliers,involving
discretionary

and
non-discretionary

inputs,asw
ellas

discretionary
outputs.The

data
setw

ere
retrieved

from
a
study

introduced
by

FarzipoorSaen
[12].

Each
supplier,w

hoseeffi
ciency

needsto
bediscrim

inated
and

ranked,w
asconsidered

asan
indepen-

dentD
M
U
.Each

D
M
U
consum

esthreeinputsto
producethreeoutputs.Thediscretionary

inputsare
the

totalcostofshipm
ent

(x D1
)(in

$1000)and
supplierreputation

(x D2
),w

hile
the

non-discretionary
inputisdeliverydistance

(x N
D

3
)(in

kilom
etre).Thediscretionaryoutputsarethenum

berofshipm
ents

arrived
on

tim
e
(y D1

),thenum
berofbillsreceived

from
suppliersw

ithouterrors
(y D2

)and
thenum

ber
ofsupplied

parts
(y D3

).U
sing

the
inputsand

outputs,the
resulting

effi
ciency

m
easuresofm

odels(2)
and

(4)are
presented

in
the

follow
ing

subsections.Figure
1
exhibitsthe

scenariosofevaluating
and

ranking
supplierselection,using

the
proposed

approach.

4.1.
SBM

-N
D
effi

ciency
m
easures

In
orderto

reportand
discussthe

effi
ciency

m
easuresresulting

from
the

proposed
approach,a

tw
o-

stage
procedure

should
be

run.In
the

first
stage,the

linear
program

ofSBM
-N

D
in

m
odel(4)

is
coded

and
run,using

the
Lingo

softw
are

to
distinguish

betw
een

ineffi
cientand

effi
cientsuppliers.

Theeffi
ciency

m
easures,including

effi
ciency

scoresand
slacksofdiscretionary

inputexcessesand/or
discretionary
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Figure 1. Scenarios of ranking suppliers using the proposed approach.

efficient supplier if its discretionary inputs are decreased by 37, and 14, while its discretionary out-
puts should be increased by 18, 70 and 18, respectively. These processes can be carried out, using the
efficiency projection for each inefficient DMU.

The efficiency projection of the non-radial SBM model aims to decrease (increase) discretionary
inputs (discretionary outputs) disproportionally, which is deemed the salient merit of the non-radial
SBMmodel over radial models. However, if all or some values of the discretionary input excess slacks
and/or discretionary output shortfall slacks of an inefficient supplier are increased more than their
current amounts, leading to over decrease (increase) in their corresponding discretionary inputs (dis-
cretionary outputs), then status of the inefficient supplier remains inefficient. For instance, if some or
all values of input excesses and/or output shortfalls of supplier #11 have increased more than their
current amounts listed in Table 2, leading to extra decreasing in inputs and/or increasing in outputs.
Thus, the efficiency of supplier #11 cannot be improved, and its status remains inefficient. Observe
that all inefficient suppliers have input excesses in the total cost of shipment and supplier reputation,
as well as output shortfall in the supplied parts. This reflects that these three factors have a significant
role that causing the inefficiency status of all the inefficient suppliers.

4.2. SE-SBM-ND efficiencymeasures

Based on the results obtained from model (4), high performing suppliers have to distinguished and
ranked. Therefore, the linear program of SE-SBM-ND inmodel (8) is coded and run, using the Lingo
software, at the second stage. The resulting efficiency measures are tabulated in Table 3.
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positive values of discretionary output surpluses reveal the maximum amounts of outputs that can
be subtracted from the current level of their relevant outputs of the efficient supplier to identify the
minimum amounts of discretionary outputs.

The purpose of identifying the maximum amounts of discretionary inputs and the minimum
amounts of discretionary outputs is to confirm that each efficient supplier which excluded from its
reference set of SBM-ND can project on the super-efficient frontier to achieve the super efficiency
status. For instance, the input saving of efficient supplier #17 is related to supplier reputation by one,
and its output surplus is related to the number of supplied parts by six. This reveals that supplier #17
can preserve its efficiency status by adding one to the current level of its supplier reputation and sub-
tracting six from the current level of supplied parts. Supplier #17 is the top supplier utilizing supplier
reputation to produce outputs. In addition, it is ranked first among efficient suppliers.

The projection of discretionary inputs of the super-efficient suppliers is stated on the right-hand
side of the discretionary input constraint of model (6). The projection of discretionary outputs of the
super-efficient suppliers is, meanwhile, stated on the right-hand side of the discretionary output con-
straint of model (6). These projections can enhance efficient suppliers to achieve the super efficiency
status by identifying the maximum allowable increases of discretionary inputs via identifying their
input savings and the maximum allowable decreases of discretionary outputs via identifying their
output surpluses. Any value is greater than the maximum allowable amounts of discretionary inputs
and/or maximum allowable amounts of discretionary outputs will change the efficient supplier to
inefficient. For example, if super-efficient supplier #17 is added more than one to its current level of
supplier reputation (i.e. over increase) and/or subtracted more than six from its current level of sup-
plied parts (i.e. over decrease), then its status immediately drops to inefficient. As stated in Section 3,
the super efficiency score of each efficient supplier did not take into account slacks of uncontrollable
inputs and outputs since these factors are outside the control of their management. Consequently,
values of the uncontrollable input and output slacks did not present in Table 3.

4.3. Comparisonwith Tone’s SE-SBMapproach

To compare results obtained from the proposed SE-SBM-ND approach in models (2) and (6) with
other approach, one of the most popular and successful approaches in the DEA literature to rank
the efficiency of DMUs is Tone’s [23] SE-SBM approach. Therefore, the approach was applied on
the data set of this paper for the comparison purpose. The resulting efficiency scores from our pro-
posed approach are compared with those of Tone’s approach. The comparison aims to validate the
results and advantage of integrating uncontrollable inputs and outputs into the existing approach
of Tone [23]. The existing approach presumes that all inputs and outputs are under management’s
control. Thus, all inputs and outputs of the utilized data set in this research are assumed to be discre-
tionary. The efficiency scores and rankings of the evaluated suppliers resulting from the existing and
the proposed approaches regarding the VRS assumption are presented in Table 4.

Table 4 reports that the super-efficient and inefficient suppliers resulting from the proposed
approach have preserved their efficient and inefficient statuses under the existing approach, in which
each efficient supplier obtained from the proposed approach is efficient in terms of the existing
approach as well. However, the efficiency scores ofmost of the efficient and inefficient suppliers result-
ing from the two compared approaches are different, except each of supplier # 3 and supplier # 15
achieved the same super efficiency scores under the compared approaches, as shown in Figure 2.
Besides, ranking obtained from the existing approach of each supplier differs from that of the pro-
posed approach, except each of supplier #1, #2, #7, #10, #12, #16, and #17 has the same rank under the
compared approaches, as shown in Figure 3. Rankings similarity for these suppliers is due to that the
utilized data set only considers a unique non-discretionary input, whichmakes the objective functions
and input and output constraints of the compared approaches are almost similar (see for example the
data set of [19], Table 1, p. 559). For a better analysis, data set consists of several uncontrollable inputs
and outputs can be taken into consideration.
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Table 4. Comparison results.

Supplier

Tone’s (2002)
approach

Efficiency score Rank

The proposed
approach

Efficiency score Rank

1 0.1388 16 0.1217 16
2 0.3485 12 0.3923 12
3 1.0879 5 1.0879 4
4 1.1098 4 1.1647 2
5 1.0303 7 1.0116 8
6 1.4043 2 1.0582 6
7 0.0442 18 0.0581 18
8 0.3723 11 0.4369 10
9 0.3415 13 0.3751 14
10 1.1467 3 1.1357 3
11 0.3386 14 0.2402 15
12 1.0140 9 1.0033 9
13 0.3915 10 0.4099 11
14 0.3158 15 0.3829 13
15 1.0595 6 1.0595 5
16 0.0678 17 0.0616 17
17 1.4166 1 1.5937 1
18 1.0234 8 1.0334 7

Figure 2. Visual comparison of efficiency scores.

To validate the efficiency measures obtained from the proposed approach and to evaluate their
associations with those of the existing approach, Spearman’s rank correlation between efficiency
scores resulting from the compared approaches was examined. Also, the correlation coefficient
between supplier rankings obtained from the comparison was examined. Since the correlations of the
efficiency scores and rankings resulting from the comparison, at a significant level of p-value 0.00001
are strongly positive (i.e. 0.9669 and 0.9666), we conclude that uncontrollable inputs and outputs have
been incorporated into Tone’s approach appropriately, as well as efficiency measures of the proposed
approach have been computed properly ([66], p.689).

5. Academic andmanagerial implications

SCM – the management of activities of a firm that moves products or services from suppliers to
customers – has become a significant topic in industrial sectors. In sustainable SCM, suppliers ranking
and selection is one of the important operational tasks. Selecting appropriate suppliers is a Multi-
Criteria Decision-Making (MCDM) problem in decision analysis. One ofMCDM tools is DEAwhich
has long been employed by many efficiency studies to evaluate suppliers, such as Davoudabadi et al.

"' 
~ 
~ 
>, 
g 
·8 
\.:I 
"-" 
~ 

1.8 

1.6 

1.4 

1.2 

0.8 

0.6 

0.4 

0.2 

0 
1 2 3 4 5 6 7 8 9101112131415161718 

Suppliers 

■ Efficiency 
scores of Tone's 
(2002) 
approach 

■ Efficiency 
scores of the 
proposed 
approach 



INTERNATIONAL JOURNAL OF COMPUTER MATHEMATICS: COMPUTER SYSTEMS THEORY 123

Figure 3. Visual comparison of rankings.

[67], Dutta et al. [2], Farzipoor Saen [54], Izadikhah and Farzipoor Saen [15], Jahanshahloo et al. [41],
and Noorizadeh et al. [56]. However, all of the inputs and outputs used in the studies were expected
to be discretionary. In supplier selection, there exist many uncontrollable inputs (such as delivery
distance) and/or outputs (such as supply variety and defective products).

To cater for this problem, the proposed super efficiency DEA approach integrates both factors of
uncontrollable inputs and outputs into Tone’s [23] SE-SBM approach. The proposed approach can
examine the real impact of uncontrollable factors on efficiency measures. Thus, in terms of an aca-
demic aspect, this study constructs a mathematical DEA approach that can effectively measure the
performance and efficiency of a collection of teams of individuals participating in an operational
decision process. In contrast, in terms of a practical aspect, the approach helps decision makers dis-
criminate and rank suppliers effectively. Additionally, the approach is suitable for various real-world
applications of efficiency evaluation, including supplier selection and ranking.

6. Conclusions and further research extensions

Sustainable supplier selection has considered one of the most significant activities for establishing
an effective sustainable supply chain and classified as a multi-criteria decision-making problem. The
uncontrollable factors of inputs and outputs are factors which cannot be managed by the suppli-
ers’ management. These factors exist in almost managerial cases, including supplier selection and
ranking. They are, however, not taken into consideration in the standard super efficiency of slacks-
based measure approach of Tone [23] for sustainable supplier selection and ranking. Incorporating
the factors into Tone’s [23] approach can accurately measure the efficiency of suppliers and rank
them. Therefore, this paper proposes a super efficiency of slacks-based measure approach in DEA
with uncontrollable inputs and outputs for evaluating sustainable suppliers. The efficiency results
help an organization select the best supplier to avoid operational and financial problems in today’s
competitive and dynamic environment. The practicability of the proposed approach was tested using
18 suppliers, retrieved from DEA literature. The results showed that only nine out of the total 18
suppliers were efficient. The efficiency scores of most of the inefficient suppliers were relatively low,
indicating that they havemuch excesses in discretionary inputs and/or shortfalls in discretionary out-
puts. The approach is applicable for many real-managerial applications, where some of their data are
uncontrollable inputs and/or outputs.

Further research extensions can be introduced based on the results of this research, some of them
are as below:
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