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The aim of this paper is to propose a robust reliable bi-objective supply chain network design (SCND)
model that is capable of controlling different kinds of uncertainties, concurrently. In this regard,
stochastic bi-level scenario based programming approach which is used to model various scenarios
related to strike of disruptions. The well-known method helps to overcome adverse effects of
disruptions and extend a network that is less vulnerable regarding disruptions strike. Also, scenario-
based modeling approach enables decision makers (DMs) to the model uncertainty of model
parameters regarding different scenarios that are disregarded in reliable SCND research scope. An
effective robust programming method is employed to control the risk-aversion level of output decisions
that helps company managers to adjust long-term effects of their decisions via determining uncertainty
level of model parameters. Notably, extended bi-objective programming model minimizes total costs
of network design aside with maximization of responsiveness of supply chain network. Agile and fast
performing networks could be regarded as a long-term competitive advantage for companies that are
modeled in the extended form as a different objective besides cost minimization. Finally, the extended
robust reliable network model is implemented and evaluated based on real case study of a national
project and output results demonstrates efficiency and applicability of proposed reliable network.
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1. INTRODUCTION

used goods recycling and recovery with the aim of
preventing waste of resources, reducing environmental

The importance of major changes in the business
environment such as customer demand, variable costs of
operations, products processing, transportation and
facilities construction leads to designing reliable supply
chain networks. SCND could be performed in both
forward and reverse orientations of networks [1, 2].
Forward supply chain networks consist of different
echelons that add value to raw materials and turn them
into final products to satisfy demand of customers [3].
On the other hand, owing to importance of
environmental issues and efforts of companies to
effectively and efficiently use End-of-life products,
design of backward and closed-loop supply chain
networks became an important issue for company
managers and DMs[3-5]. In this regard, defective and
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pollution and achieving profitability are taken into
consideration [6, 7]. Since aforementioned types of
networks regarding some network echelons are
interdependent and have effect on each other's
performance, so many researchers have strived to design
integrated forward and reverse networks called as
closed-loop supply chains[8, 9]. Noted matter leads to
optimize direct and reverse networks simultaneously
and prevents sub-optimality of decisions [10, 11].
Important point is dynamic nature of supply chains that
affect effectiveness, structure and supply chain
coordination[12, 13]. The most important sign of
complexity of the supply chain networks is uncertainty
of network parameters regarding complex interaction
between chain facilities that heightens necessity of
dealing with the various sources of supply chain risks
inevitable. Thus, according to the high impact of
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uncertainty on supply chain performance, efficient
management of risk sources is an important issue. Risk
sources could be generally divided into two groups.
First group is associated with differences and
contradictions between supply and demand and second
group is related to risks caused by disruptions.
Disruptions are unpredictable events such as natural
disasters, floods, earthquakes, hurricanes, economic
disturbances and terrorism. The second group of risks is
derived from three sources, namely (1) operating
possibilities (2) natural hazards (3) terrorism and
political instability [12, 14]. In fact, occurrence of the
second group can cause lost capacity of facilities,
increasing the cost of product transport and lowering
organizations market share. Thus, attention to the
reliable network design problem, not only can make
decisions more reliable, but also will prevent possible
losses [15, 16]. Such an approach is called reliable
SCND under disruptions strike. Notably, the design of
sustainable supply chain networks is related to the
researchers’ orientation and companies commitment to
corporate social responsibilities (CSR) [17, 18]. In fact,
CSR is a concept that recently has been considered in
the design of supply chain networks. Social
Responsibility of companies is defined as impact of
corporate activities on various social groups that
includes environmental protection, employees and
citizens’ rights and also workplace safety [19, 20].

This study aims to design a reliable closed-loop
supply chain network based on case study of training
centers of an Iranian national project that presents the
concept of CSR in a new perspective. Equipping smart
training centers for the start of each school year is
essential and reducing the delivery speed of needed
electronic appliances to educational centers could be
regarded as governments’ social responsibility toward
E-learning centers. Therefore, shortening the timely
delivery of manufacturing levels, technical support
levels, and pole centers could be considered as an
essential social commitment factor in SCND scope.
Another important feature of this study is taking into
account various capacity levels for network facilities.
Also, component base recycling and recovery of End-
of-Life products could be regarded as novel and
significant feature of the proposed model. In the present
study, an efficient robust programming approach with
discrete scenario is applied to control uncertainty of
parameters. It is worthy to mention that it is the first
time that noted robust optimization method with P-
Robust restriction was employed to cope with the
facilities disruption and uncertainty of parameters,
concurrently. In other words, the mentioned model is a
responsive network design model that controls the speed
of transportation between facilities and speed of
processing products at different facilities aside from
cost minimization regarding different disruption

scenarios.  About  enumerated  matters, main

contributions of this paper are listed as follows.

e Presenting a bi-objective reliable model that
minimizes costs of network besides maximization of
responsiveness system regarding processing of
products between echelons of network

e Suggesting a bi-level scenario base programming
model that is capable of modeling uncertain
parameters and disruption scenarios concurrently
and also controlling adverse effects of disruptions
via designing less disruption vulnerable network

e Extending a reliable model that enables DMs to
model partial and complete disruption of capacity of
facilities

e Extending a robust stochastic programming model
that is capable of controlling risk-aversion level of
output decisions of proposed model based on
preference of company managers and DMs

e Extending a SCND model based on case study of
equipping Iranian national training centers that is a
general model and is applicable in industries such as
electronic appliances manufacturing and plastic
instruments manufacturing with minor modifications

e Extending a closed-loop model that its reverse
direction is capable of component base recycling and
efficient production planning regarding components
used in products produced in the forward direction
of the network.

2. METHODOLOGY

2.1. The Reliable Counterpart Model Reliable
supply chain network models perform efficiently while
disruptions occur. In fact, the primary concern of SCND
models that deals with adverse effects of disruptionsare
flexibility [3, 21, 22] that leads to consistently and
efficiently meet customers demand [23]. In this regard,
various reliable models are presented. Snyder and
Daskin  [24] introduced p-Robust criteria for
establishing reliability in the SCND models. For this
purpose, assuming that some scenarios have been
impaired,so that s = 0 represents that no disruption
scenarios are available. In this model, the flow decision
variables depend on defined scenarios and location
variables are fixed regarding all scenario that could
regard as first level decision variables. Furthermore,
decision variables X and Y correspond to location and
flow variables. Moreover, Fs(X, Y) is the target value of
(X, Y) in scenario S. So P-robust criteria can be applied
as follows.

”XF# <p > EXY) <A +p)E )
Parameter p = 0 represents the Robustness level of
scenarios S. The right hand side of inequality (1)
demonstrates relative regret value of scenario S. P-
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Robust criteria to heighten reliability of supply chain
network is used by few researches [8, 15, 25]. In present
study, a robust and reliable mixed integer linear
programming model for the closed-loop SCND of smart
training centres is offered and the P-Robustness criteria
is used to create output results of the proposed model
reliable.

2. 2. Scenario-based Robust Optimization A
practical approach for dealing with the uncertainty of
the parameters is robust optimization. This approach
seeks to find near-optimal solutions which can be
named feasibility robustness, and it strives to retain
objective function value near optimal regarding
different scenarios that could be called as optimality
robustness [26]. Mulvey et al. [27] proposed model
robustness  considering  solution and optimality
robustness based on cost-benefit analysis. They
regarded as robust programming model to create a
framework to define robustness concept in objective
function and constraints. Now, consider following the
compact model.

minZ=c"x+d’y 2
s.t. Ax=b 3)
Bx+Cy=e 4
x,y=>0 (5)

where, Ax=b is a design or structural constraint and
Bx+Cy=e is a control constraint. Uncertainty parameters
in this approach is defined by scenarios that set S is
representative of scenarios and probability of each
scenario is determined by parameter P,. Based on the
presented model and robust programming model
extended by Mulvey et al. [27], hybrid robust
programming model is formulated as follows:

Mino(x,y1,¥2, -, ¥s) + vp (21,23, ..., Zs) (6)
s.t. Ax=B (7)
Bsx + Csys = e, Vs eQ 8)
x =0, ys =0, Vs eQ 9)

where, X is a design variable and y is a control variable.
Parameters B, A and C are coefficients, and e and b are
parameters of the model (right-hand side values). A and
B are specified parameters. While B, C, and e are
uncertain parameters and uncertain coefficients could be
formulated as By, C;, esregarding scenario s € Q.

There are two terms in the objective function. The
first phrase is representative of solution robustness and
the second one demonstrates the robustness of objective
function via application of weight y. Symbol & is a

function of the costs and benefits used for each scenario
(e, & =f(xys)). High variance for & = f(x,ys)
indicates that the outcome decisions include high risks
for company. Objective function in this method can
minimize the total cost of all possible scenarios.
Notably, Mulvey et al. [27] offered mean-variance
approach as a technique to cope with deviations of
objective function. Revised cost function seeks to
minimize expected valued of objective function aside
with its deviations. Mulvey et al. [27] used following
method to find a robust solution and dedicated weight of
d to control variance of solutions.

0(0) = ZSEQ psés + 82569. Ds [E_vs - ZSEQ p;é;]z (10)

In a presented phrase, there is a quadratic term that
makes model nonlinear. Leung et al. [28] provided the
following modeling method to change the model into a
linear form.

minYseq ps& + 3 Yscabs [(és -2 psésl) +265] +

vp(z4, 23, .., Zs) (11
s.t. Ax =B (12)
Bsx + Csys = es, Vs € Q (13)
& — XseaPsés +05 2 0; (14
x=20,y,=20,6,=0 Vs €Q (15)

Recently, scenario-based robust optimization approach
in supply chain planning scope has attracted
researchers’ attention. This approach enables decision-
makers to control uncertainty of parameters in
constraints and objective function based on their level of
risk-aversion [29]. This path leads to creation of a series
of solutions that are less sensitive to uncertainties of
input data [30]. Thus, robust optimization approach via
applying different defined scenarios strives to find
reliable output decisions for company DMs [28, 30]. In
fact, scenario-based robust optimization method
considers a range of values for uncertain parameters by
defining different scenarios and seeks to achieve risk-
averse output decisions [31]. Azaron presented a
stochastic multi-objective mixed integer nonlinear
programming model to minimize total costs of network
design and cost variance [32]. Pishvaee et al. [1]offered
a mixed integer linear programming model for closed-
loop SCND. Haun and Kuhn developed a framework for
value-based performance optimization and supply chain
risk management [33]. Ramezani et al. [5] offered
closed-loop supply chain network in a multi-product
and multi-stage network and suggested a robust
optimization approach to handle the uncertainty of
demand and the rate recycled End-of-Life products.
Salehi et al. [34]expanded a possibilistic Scenario-based
robust approach to design flexible retailing network.
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Niknamfar et al. [35] developed an optimization model
regarding a multi-level supply chain network including
production facilities, distribution and customer zones to
efficiently manage production-distribution master plan.
Most of the above studies are based on the approach
extended by Mulvey et al. [27]. This review is also a
closed-loop SCND model proposing two objective
functions, multi-capacity levels with different
production technologies in production, support and pole
centers. The extended model controls the flow of
components and final products aside with increasing
speed of product flow between different echelons of
supply chain network.

3. PROBLEM DESCRIPTION AND MODELING

3. 1. Model Definition This study was
conductedby an Iranian national project and real data
derived from the noted actual case study. The purpose
of this case study was to design a supply chain network
for delivering notebook laptops to intelligent training
centers that are located across the country. These
products were assembled by three components including
the body with keyboard and LCD monitor attached to
component |, main board and module power supply
connected to component Il) and main memory or hard
drive attached to component Ill. The forward direction
of supply chain network consists of suppliers that
provide three noted components for manufacturers’
assembly process. Assembly process is performed at
manufacturing plants. Final products are sent to pole
centers and then distributed in educational centers. In
reverse network, defective and End-of-Life products of
training centers are sent to national support centers. In
any situation that software or hardware of products had
limited problems, they would be sent to support centers
for repair process, and they will then be returned to pole
centers. In a situation that a defective hardware
component is non-repairable, it would be entered into
the recycling process. Then, recycled components aside
with other components coming from suppliers could
enter into the production cycle.

To specify the study scope, assumptions are postulated

in the proposed model formulation as follows.

e The model covers tactical and strategic planning
horizons for one product. Nevertheless, multiple
products can be modeled by a small modification.

e The capacity of manufacturers, support centers,and
pole centers are restricted.

e Location of suppliers, training centers,and disposal
centers are fixed and predefined.

o Flow is only permitted between consecutive stages of
the network. Also, there are no flows between
facilities at the same stage.

e The quantity of demands, percent of correct and
defective components and repairable products,
transportation costs and return rates are uncertain and
could be described by the set of discrete scenarios.

e Minimization of total costs and maximization of
processing and transportation flow speed are regarded
as objective functions of the proposed model.

3. 2. Model Formulation The following notations
are used to formulate the P-Robust reliable bi-objective
closed loop supply chain model (see Figure 1).

Indices:

index of potential locations for suppliers

index of potential locations for the manufacturer
index of potential locations for national pole centers
index of fixed locations of customers

index of potential locations for support centers
index of potential locations for disposal centers
index of components

index of scenario

index of production technology of manufacturer
index of the capacity level of manufacturer

index of the capacity level of pole centers

index of the capacity level of support centers
Parameters:

*Processing = (operation and isolation)

Shipping cost per product from support center f to

SsSCcoOoOTSTO3ITIMUX®

TFFpy pole center p
TEF. Shipping cost per product from training center e to
ef support center
TPE Shipping cost per product from pole center p to
pe training center e
VP, Storage cost of pole center p
TKP, Shipping cost per product from manufacturer k to
P pole center p
VK Production cost of manufacturer k with production
ko technology o
Fixed cost of opening the manufacturer k with
FKkua

capacity level u and production technology o
FPyy, Fixed cost of pole center p with capacity w
Shipping cost per component c unit from supplier s

TSKske 4o manufacturer k
FF Fixed cost of support center f with technology t and
fre capacity level r
VS, Purchase cost per component ¢ from supplier s
VEP Repairing cost of software per product at support
T center f
VHFP Repairing cost of hardware per product at support
T center

Pole Training
Supplier (s) Manufacturer (k) centers (p) centers (e)

2
.9
= x5k XKP. XPE, @
[ skeol: Im Jepol peh . ‘
I---I aes ., Bz ()

&4,( XFP o
25 XHFPp,;,
Disposal % Support
centers (m) &  centers (f)
XFM1,2,.3 XEF,
AN » } [

PATAN (g \]
Figure 1.Closedloop supply chain network structure
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VF1,
VF2;,
VF3;
TFM1.py,
TFM2y,
TFM3;,,
TFK1p,
TFK2,
TFK3p,
TFK12p,
TFK13;,
TFK23p,
VFK1,,
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Shipping cost of hardware repaired product from
support center f to pole center p

Processing cost for products with disposal
requirements at support center f

Transportation speed of component ¢ between
supplier s and manufacturer k

Production speed with production technology o at
manufacturer k

Transportation speed of product between
manufacturer k and pole center p

Transportation speed of product between pole
center p and training center e

Transportation speed of product between training
center e and support center f

Processing™ speed of component with disposal
requirements at support center f

Repairing speed of software per product at support
center f

Transportation speed of product between support
center f and pole center p

Repairing speed of hardware per product at support
center f

Capacity of manufacturerk with capacity level u
and production technology o

Capacity of pole center p with capacity level w
Capacity of support center f with capacity level r
Probability of scenario h

Percentage of the disruptive capacity of
manufacturer k in scenario h

Demand for training centers e over scenario h
Percentage of returned products of training center e
over scenario h

Percentage of the returned product for software
repairing

Percentage of the returned products for hardware
repairing

Percentage of the returned product with disposal
conditions

Weighting factors for model robustness &
objective functions

Weighting factor for solution robustness part in
objective functions 1,2

Percentage of the returned product with correct
components 1,2,3

Percentage of the returned products with correct
components (1,2;1,3;2,3)

Processing cost of defective components 1,2,3 at
support center f

Packaging cost of components 1,2,3 from support
center f to disposal center m

Shipping cost of components 1,2,3 from support
center f to manufacturer k

Shipping cost of components(1,2;1,3;2,3) from
support center f to manufacturer k

Processing cost of components 1,2,3 at support
center f

Processing cost of components(1,2;1,3;2,3) at

VFK13;,
VFK23;
SFM1,,
SFM2;,
SFM3;
STFM1sy,
STFM2;,,
STFM3;,,
SFK1,,
SFK2;,
SFK3;
SFK12;,
SFK13;,
SFK23;
STFK 15,
STFK2p,
STFK3p
STFK12p,
STFK13p,
STFK23,

support center f

Processing” speed of components 1,2,3 with
disposal requirements at support center f

Transportation speed of components 1,2,3 with
disposal requirements between support center f and
disposal center m

Processing” speed of correct component 1,2,3 at
support center f

Processing™ speed of correct components
(1,2;1,3;2,3)at support center f

Transportation speed of correct components 1,2,3
between support center f and manufacturer k

Transportation speed of correct components
(1,2;1,3;2,3) between support center f and
manufacturer k

Variables:

XSKskcoh

XKPypon

XPEyen

YKkua

XEF,p,

XFFy,

XFPpyp

XHFPpy,

DEM;,
01,02
YKyuo

YB,w

YF;,

XFK 15,
XFK2p4p,
XFK3pp
XFK12,,
XFK13,,
XFK23,
XFM1,pp,
XFM2pp,
XFM3,p,

Quantity of shipped components ¢ from supplier
s to manufacturer k with technology o over
scenario h

Quantity of shipped products from manufacturer
k to pole center p with production technology o
over scenario h

Quantity of shipped products from pole center p
to training center e over scenario h

Quantity of produced products at manufacturerk
with capacity level u and production technology
0

Quantity of produced products at training center
e shipped to support center f over scenario h
Quantity of products with disposal conditions at
support center f over scenario h

Quantity of repaired products (software
repairing) shipped from support center f to pole
center p over scenario h

Quantity of repaired products (hardware
repairing) shipped from support center f to pole
center p over scenario h

Amount of not meeting demand of training
center e over scenario h

Deviation for violations of the mean of total
costs and speeds in scenario h

1: If afactory k is established with capacity level
u and production technology o; 0: otherwise

1: If apole center pis established with capacity
level w; 0: otherwise

1: If support center fis established with capacity
level r; O: otherwise

Quantity of correct components 1,2,3 isolated at
support center f shipped to manufacturer k in
scenario h

Quantity of correct components (1,2;1,3;2,3)
isolated at support center f shipped to
manufacturer k in scenario h

Quantity of defective components 1,2,3isolated
at support center f shipped to disposal center m
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MinZy = 3, ¥, Y FKiuo YKo + Xp 2w FPoy Y By +
Y2 FFe YEe + 3 Ny [Bs 2 Ze(VSse +

TSKeiee)- XSKsieen + X 2p Yo(VEio + TKPkp) -XKPpon +
Y0 2e(VPy + TPE,.) . XPEpey + X0 s TEF;. XEFop,  +
YrSm(VF1, + TFM1p, ). XFM 1, + 30 2 (VF2, +
TFM2). XFM2pp + X S (V3 +

TFM3;,,). XFM3py + 3 X (VFK 1, + (16)
TFK1p.). XFK 1, + 3 X (VFK 2, +

TFK2p,.). XFK 25, + X X (VFK3 +

TFK3p,.). XFK3 s + X S (VFK 12, +

TFK125,). XFK12p, + 3 Y (VFK13; +

TFK134,). XFK13p, + 35 i (VFK23, +

TFK234,). XFK23p, + X5 ¥, (VFP; + TFP;, ). XF Py

+ 3, %, (VHFP; + THFP;). XHF Pppyp, + X VFFy. XFFpp) (16-1)
+ 8, Xn Ny [(ih -2 Pnrih,) + 291n] + ¥ 2nNw X DEM, (16-2)

Max Z, = Y Ny [Xg Xc Xs STSKsiee - XSKieen +

Y 2eSTPEpe . XPEpep + Yo Xp STEF ;. XEFpp, +

Y Zp Xo(SKio + STKPyy). XKPypop + X s SFF; . XFFpy +
Y 2o (SFPs + STFP;,) . XFPpy + X 3, (SHF P, +
STFP;,). XHFPrpy + Xy T (SFM1; +

STFM1py). XFM1spy + X5 X (SFM2; +

STFM2) . XFM2ppp + X5 X (SFM3; + 17)
STFM3;,,) . XFM3, + 3 Yic(SFK 1, +

STFK1z,). XFK g, + Xf Yi(SFK2, +

STFK2p.) . XFK2p, + X Zi(SFK3; +

STFK3s,.) . XFK3p + X i (SFK12 +

STFK124) . XFK12p, + ¥, Y (SFK13, +

STFK137;) . XFK13p,

+ %, Yk(SFK23; + STFK23p,) . XFK23 1] (17-1)
=8, X Np[(tp — Zp P Th) + 2631] (17-2)

Zs Zk ZC(VSSC + TSKskcb)- XSKskch + Zk Zp EO(VKkO +
TKPip) . XKPipor, + Xy Xe(VPy + TPEp,) . XPEpe, +
Yo X TEF s XEF,py + X Yon(SFM1, +

STFM1;y,) . XFM 1ty + Xf ¥ (SFM2; +
STFM2) . XFM2ppp + X5 X (SFM3; +
STFM3py,) . XFM3ppnp + X5 Xk (SFK 1, +

STFK1s.) . XFK1p + X i (SFK2, +

STFK2s). XFK 2, + Xy Yic(SFK3, +

STFK3py). XFK3p, + Xy Yi(SFK 12, +
STFK124) . XFK12p, + ¥ Yi(SFK13, +
STFK13p) . XFK13p, + X Y (VFK23, +
TFK23). XFK23p, + X, X (VFP; +

TFP;). XFPp,, 3 X (VHFP; +

THFP;,). XHF Prpy 3 VFF;. XFFp, < Z* (14 p)

(18)

Zpr ZOXKPprh < Zo Zu KAPKouk(l - (19)
NPw). YK, Vk,h

Zo Zu YKouk <1 vk (20)

Y XPE,e; < X, CAPP,,,.YP,, Vp,h (21)

Y YPy, < 1Vp

Y XEFy sy < ¥, CAPFs YF;,  Vf,h

Y, YF, <1 Vf

% XPE,y, = DE,, Ve, h

Y XEF ¢y, = 0,p, . DEgy, Ve, h

Y XSKyen + X XFK 1y, + X XFK 125, +

% XFK13p = Y 3o XKPiepon ve=

1,kh

N XSKgpeen + Xp XFK 2530, + X p XFK 127, +
Y XFK23 0, = Y Yo XKPrpon ve=2,kh

Y5 XSKyen + X XFK3ppp, + X XFK 135, +

Y XFK23pp = ¥ X0 XK Pipon Vc=3,kh
q1Ye XEFepp = Y XFK 1, Vf,h
Q2 Xe XEFepyn = X XFK 2pp, Vf,h
qs Xe XEFepn = X XFK3pp, Vf,h
Yk 20 XKPypon = Yo XPEpey, Vf,h

PSR ¥.. XEF ¢y = ¥ XFPpyp, Vf,h
Q12 2e XEFopp, = X XFK 125y, Vf,h
Q13 Xe XEFern = X XFK 13 vf.h
23 Xe XEFopp, = X XFK23 5y, Vf,h
qdisZeXEFefh = XFFp, Vf,h
PHR Y,  XEFyp, = ¥, XHF Py, Vf,h
YeXEF,py = X XFK gy + X XFK2pp, +
Y XFK3ppp + X XFPrpp + X XFK124p, +

S XFK13 10 Sy XFK 23y, + XFFp, +
Yo XHFPy,  Vf,h

G2 Xe XEFepp + Q3 Xe XEFo g + Q3 Yo XEF gy + XFFpp, +
PHRY,, XEFp, = Yo XFM 1 V£, h

q1 Xe XEFepy + q3 Xe XEFopp + qu3 X XEFep, + XFFpp +
PHRY, XEFyp = Yo XFM2pmn Y, h

q1 Xe XEFepy + G2 Xe XEFopp + i X XEFep, + XFFpp +
PHRY, XEF,p, = Y XFM3py  Vf R

&, — Zn Py + 01 2 0VR

Ty = Xn PrTr + 02 = OVA

(22)
(23)
(24)
(25)

(26)

@7)

(28)

(29)

(30)
(31)
(32)
(33)
(34)
(35)
(36)
37)
(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)
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Yy XPEpen + DEMy, = DE,, Ve, h (46)
YKyuor Y P YFpy € {0,1} (47)
YKoukr Y Pous Yyt XSKsieens XK Pipons XPEpony XEF o,
XFM1ppp, XFM2,0 XFM3 i, XK £y, XFK 2300, XFK 30
XFK12,0, XFK 131, XFK23 0, XFPppp, XHF Prpp, XHFPrpy

XFFpp, XKPypop, XK Ppon = 0 (48)

First objective function (16) minimizes total costs of
network design regarding robustness costs. The first part
(16-1) minimizes thefixed cost of opening facilities at
different echelons of the network. The second part of
the objective function (16-2) minimizes different
processing costs including cost of raw material
procurement, storage and transportation costs in
forwarding direction and processing and transportation
costs of End-of-Life products at the reverse side of
network regarding different scenarios. The second
objective function (17) is related to maximization of
responsiveness of supply chain network to quickly
answer and immediately meet the demand of learning
centres. It includes processing speed at different
echelons of network and transportation speed between
consecutive echelons of network. Constraint (18)
presents P-Robust constraint. In this constraint, it is
assumed that considered costs regarding each planning
scenario should be less than or equal toZ*(1 + p).
Constraint (19) ensures that total number of products
transferred from each factory to different pole centres
should be lower than or equal to capacity of
manufacturing plant. Constraint (20) ensures that at
most one capacity level and production technology
would be open for each potential factory. Constraint
(21) assures that total number of products sent from
each pole centre to training centres should be less than
or equal to maximum capacity of each pole centre.
Constraint (22) ensures that at most one capacity level
should be opened for each pole centre. Constraint (23)
ensures that the number of returned products from
training centre to each support centre should be less
than or equal to capacity of each support centre.
Constraint (24) ensures that at most one capacity level
should be opened for each support centre. Constraint
(25) guarantees meeting demand of customers.
Constraint (26) ensures collection of all End-of-Life
products from training centres via different support
centres. Constraints (27) to (29) ensure flow balance of
input components and output final products at
manufacturing plants. Constraints (30) to (32) determine
number of recycled components at support centres
based on number collected products from different
training centres. Constraint (33) ensures flow balance at

each pole centre. Constraint (34) ensures that number of
products requiring software repair at each support centre
should be equal to a predefined percentage of number of
collected products different training centres. Constraints
(35) to (37) assure flow balance of End-of-Life products
at each support centre comprising two non-defective
components. Constraint (38) ensures flow balance of
useless products collected from training centres that
should be sent to disposal centres. Constraint (39)
assures flow balance of End-of-Life products at support
centres that mean number of collected products with
hardware problems should be equal to number of
recovered products transferred to pole centres.
Constraint (40) guarantees flow balance at each support
centre. Constraint (41) to (43) ensures flow balance of
components at each pole centre. Noted constraints
assure that total number of usable recycled components
at support centres should be equal to number of
components transported to manufacturing plants.
Constraints (44) and (45) are used for linearization of
robust model based on equations (10) to (15). Notably,
&, presents value of cost objective and z, refers to value
of objective function of delivery speed maximization
regarding scenario h. Constraint (46) is a control
constraint that manages flow of products from pole
centres to training centres. Constraint (47) and (48)
impose binary and non-negativity restrictions on
decision variables.

4. IMPLEMENTATION AND  EVALUATION
(NUMERICAL EXAMPLE: CASE STUDY)

In this section, the proposed model is solved and
analysed based on the case study of an Iranian national
project with the aim of equipment training centers. To
evaluate the accuracy of proposed model, numerical
examples of the project aboveare madewith the help of
field experts. According to the importance of this
research in the national dimension and uncertainty of
parameters, a team of managers was arranged to design
realistic scenarios. First, the effect of disruption on the
supply chain network facilities by altering P-Robust
criteria was reviewed. Regarding equation (18), in case
that p > oo, the P-Robust criterion is disabled and there
is no protection against disruptions. On the other hand, a
small p-value, may cause infeasible solutions. In fact,
one of goals of extended model is to minimize
maximum value of costs emanated from disruptions
regarding different disruption scenarios. Snyder and
Daskin proposed an approach that makes a trade-off
curve between the relative maximum regret and the
relative cost [24]. The model was solved regarding p =
co and maximum regret was found for all scenarios.
Then,maximum achieved regret was subtracted 0.01 and
model was resolved. Process will continue until there is



655 A. Hamidieh et al./ IJE TRANSACTIONS A: Basics Vol. 31, No. 4, (April 2018) 648-658

no feasible solution. Analysis of objective function
value based on different maximum regret values were
summarized in Table 1.

According to presented results in Table 1, reducing
the value of robustness parameter leads to increase in
the objective function cost (i.e., a small percentage).
Therefore, it was concluded that the above model is
capable of efficiently producing trade-off between
maximal relative regret and nominal costs.

Furthermore, to assess the performance of robust
model against the deterministic model, they are solved
separately, and output results are rendered in Table 2.

Also, the extended model is solved via considering
fixed parameter Delta and different values of parameter

Gamma. The results are provided in Table 2. While
increasing the robustness coefficient of the model (i.e.,
gamma), unsatisfied demand is compensated in the
objective function, and that results in solution
robustness. The model can use more than predefined
capacity regarding high rates of parameter gamma.

For § = 1 and different Gamma values indicated in
Table 3. It means that by increasing the balancing
coefficient of model robustness and solution robustness,
unsatisfied demand values and solution robustness alter
according to the expected change.Also, interactions of
weighting factorwand standard deviation values are
demonstrated in the Table 4.

TABLE 1.Sensitivity analysis objective function value on the robust number

P-robust 0 6.13 6.12 6.11 6.1 6.09 6.08
Objective function 71566842 71567448 71568133 71569081 71568752 71568752 Infeasible
Maximum

6.14 6.13 6.12 6.11 6.1 6.09 6.08

relative regret

TABLE 2. Comparison of the robust and deterministic results

TABLE 4. Impact of changing the objective weights on mean
value and standard deviation

Objective function values
;;(C)é)::riil:% Deterministic Robust
Z, z, Z, Z,
0.25 76265037 35307887 75889321 35689824
1 06 81243672 37612811 81574227 37842733
0.95 84351265 39051511 84825549 40028631
0.25 84677353 39202478 84725112 39761490
2 0.6 88264715 40863293 88191149 42695138
0.95 89403732 41390616 88923928 43782225
0.25 87769347 40633956 88389864 43254361
3 0.6 93483547 43279419 94767375 45719436
0.95 96805724 45012309 97353754 46164381
0.25 95674065 44477120 96083662 46175237
4 0.6 97511236 44830814 96356219 46832145
0.95 110348452 50191696 125475378 49047827

Weighting

parameter M K2 91 92
w=1 88483173.75 40825159.2 02648.63  47126.42
w=0.8 88483173.75 40825159.2 02648.63  47126.42
w=0.6 88483173.75 40825159.2 02648.63  47126.42
w =04 95432868.37 42108420.7 94546.42 46532.7
w=0.2 9570602849  43794351.43 91201.6 48623.1

w=0 9453761349  43885273.82 93625.2 489724

TABLE 3. Analysis of Robust parameters (§ = 1)

Unsatisfied Robustness Expected

Y demand solution cost
8000 1650 67494.251 84725746
12000 823 3450569 85646990
18000 178 8042667 88478186
35000 0 10068783 94969652

As shown in Table 4, standard deviation of costs and
expected delivery speed does not change up to @ = 0.6.
Decreasing value of weighting factor from 0.6 to zero
leads to increse of average standard deviation of costs.
Also, decreasing trend of weighting factor @ has led to
increase in the expected speed standard deviation. In the
weighting factor @ = 0.2, overall costs is increased with
high rates (i.e., 9%) compared to initial value. In
contrast, the average expected speed for the initial
values is increased up to 7%.

To evaluate results, proposed robust and
deterministic models are solved. Mean, and standard
deviation of objective functions are computed for
scenarios (Figure 2). The findings demonstrate the
importance and effectiveness of robust optimization
approach. Figure 2 describes the application of robust
optimization approach that has been effective in
offsetting the costs, controlling capacity of facilities,
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increasing the efficiency of reopened facilities and their
effectiveness in improving the delivery speed of
products to the learning centers. In other words,
applying robust programming method has led to lower
constraint violations and accordingly total cost are
lower regarding mean and standard deviation of the
objective cost function. In this regard, it could be noted
that robust programming method is better performing
owing to its ability to control the risk-aversion level of
output decisions.

Notably, to show the efficient performance of
extended model strategic output decisions of the model
(i.e., number of opened plants and their corresponding
capacity level and production technology) are rendered
in Table 5. As can be understood from output results of
the model, the best choice is chosen in this model about
disruptions effect on the capacity of facilities. In other
words, opened facilities are less sensitive to strike of
disruptions and have lowest lost capacity regarding
crisis circumstance that results in lower cost increase.
Noted matter confirms that long-term plan of the
extended reliable network could be trustworthy for
company DMs.

80104523 91853362

42043520 4003419

92800 83126 44585 47326 I

standard deviation  Standarddeviation ~ Meanvaluecosts  Mean value speeds
cosls speeds

W Deterministic model Robust model

Figure 2. Comparison of the robust and deterministic results
(w = 0.6)

TABLE 5. Opened plants regarding different disruption
scenarios

Production

Capacity level technology

Manufacturing

plant
No.1 No.2 No.3 No.1 No.2 No.3

No. 1. [ ] [ ]
No.
No.
No.
No.
No.
No.

© ® N o o &~ w N

Z
©
=
©
]
]

Output results would help DMs to cope with adverse
effects of disruptions effectively. The other important
point is that chosen production technologies are the best
ones. As it can be seen, most of the manufacturing
plants are opened with their second or third production
technology that helps to deliver products to pole centers
with lowest processing time and makes supply chain
network responsive. Noted matter can be regarded as a
long-term  competitive advantage for company
managers.

Finally, it should be mentioned that proposed model
is a reliable, responsive closed-loop SCND model that is
capable of controlling model robustness and
determining the risk-aversion level of decisions. The
extended robust counterpart model outperforms
deterministic model regarding different performance
measures.

4. CONCLUSIONS AND FUTURE RESEARCH

This article seeks to render a bi-objective optimization
model with P-Robust restrictions on costs of network
design regarding each scenario which is presented for
the closed-loop SCND problem. Furthermore, it aims to
maximize the responsiveness of supply chain by
extending a new objective function. The primary goal is
to increase the speed of product delivery to the training
centers. Some parameters such as demand of customers,
the percentage of returned products from learning
centers to support centers, the amount of unsatisfied
demand of e-learning centers and the percentage of
disrupted capacity of manufacturers are regarded as
uncertain parameters. Then, about theavailability of
uncertain parameters, robust counterpart of the model
should find robust solutions and control the risk-
aversion level of output decisions. A feature of the
extended model is minimizing the expected costs of
network design including processing and operation costs
in such a way that a reliable network is extended. In
robust optimization, worst-case scenario would be
fundamentally optimized. Also, the expected value of
network design costs is minimized via different defined
scenarios. In this study, the model propose to minimize
the expected costs of network design; also considers a
P-robustconstraint on each design scenario results in the
reliability of the network. Furthermore, proposed model
maximizes the flow speed of products and components
in forward and reverse directions of network. It means
that output decisions provided by proposed model
minimizes total expected costs of network and
maximizes expected product delivery speed. Notably,
the model is tested via application of four scenarios; that
are designed by field experts, and the impact of
changing parameters on behavior and complexity of the
model is analyzed. After running the model, results



657 A. Hamidieh et al./ IJE TRANSACTIONS A: Basics Vol. 31, No. 4, (April 2018) 648-658

indicate that the quality of the output results of the
extended robust model is better than deterministic
model regarding mean and standard deviation measures.

Notably, output results of the extended model
showed that opened facilities in disruptions strike
circumstance are those facilities that are less sensitive to
capacity losses and long-term operation failure. In this
regard, it could be mentioned that output results
achieved by solving extended bi-objective reliable
SCND model are trustworthy owing to their best
performance regarding disruptions strike.  Also,
extended model strives to open facilities and chose to
transfer ways that are faster and help to heighten
responsiveness of supply chain network. Output results
of model confirm the accurate performance of a
proposed model that could be regarded as its advantage
over other extended models in the related literature
based on comments of field experts and company
managers.

As future research guideline, it is noted that since
solving of closed-loop SCND models is an NP-HARD
problem, it is better to use a meta-heuristic algorithm to
reduce the time and complexity of solving the model.
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