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Abstract

Increasing the profits of producers solely or alternatively minimizing production costs for manufacturers were
considered in classical models for planning and designing cellular manufacturing systems. Provided that, with the
expansion of manufacturing systems and the increasing demand for products, devastating effects of increasing levels
of greenhouse gases on the environment has become more evident and has gained the attention of governments.
Besides, the satisfaction of workers’ working conditions, sound pollution and other issues, are vital to establish a
sustainable manufacturing system. In this paper, a multi-objective mathematical model (linear/nonlinear) is presented
to create stable cellular manufacturing system regarding to mentioned matters in order to minimize the costs of
system establishment in addition to optimizing the environmental impacts of the manufacturing system. This model
is introduced as a stable cellular manufacturing system (SCMS) and in fact is seeking for a solution to create a
manufacturing system in which all factors such as producers, the environment, workers and other are beneficiaries.
Also, Epsilon Constraint/LP metric/Pareto Front multi-objective approach given the weights of objectives is used to

solve the model.

Keywords: Dynamic cellular manufacturing system; Sustainable
system; Production planning; Mathematical programming; LP metric

Introduction

Manufacturing strategies and approaches have significantly
changed in recent decades in comparison to the first half of the 20th
century. One of the changes that has been employed and implemented
by numerous companies in recent decades is the Group Technology
(GT) and Cellular Manufacturing (CM) concepts. Group technology
(GT) is a management theory that aims to group products with
similar process or manufacturing characteristics, or both. Cellular
manufacturing system (CMS) is a manufacturing concept where
aims to group products to part families based on their similarities is
manufacturing processing and also, machines are grouped to machine
cells based on parts manufactured by them. CMS framework is a major
application of group technology (GT) philosophy. The basic purpose
of CM is to identify machine cells and part families concurrently,
and to assign part families to machine cells in order to minimize
the intercellular and intracellular costs of parts. Some real-world
limitations in CF are: available capacity of machines must not be
exceeded, safety and technological necessities must be met, the number
of machines in a cell and the number of cells have not be exceeded an
upper bound, intercellular and intracellular costs of handling material
between machines must be minimized, machines must be utilized in
effect [1].

Some researchers also suggest the benefits of implementing the
cell production as: Reducing setup time, reduce parts inventory under
manufacturing, reducing the cost of parts movements, increasing
the efficiency of machinery. Flexible manufacturing system (FMS)
is a highly integrated manufacturing system. The relation between
its components is very complex. The mathematical programming
approaches are very difficult to solve for very complex system so the
simulation of FMS is widely used to analyze its performance measures.
Also the FMS components are very sophisticated and costly. If FMS
has to be implemented then it is better to analyze its results using

simulation which involves no loss of money, resource and labor time.
As a typical discrete event system FMS have been studied in such
aspects as modeling and performance analysis.

Zeballos, Quiroga, and Henning (2010) proposed a constraint
programming (CP) formulation that simultaneously considers machine
loading, part routing, tool allocation and operation scheduling in FMS
environments. It employs two different two-index variables in order to
model machining activities, instead of a four index one. This feature
considerably reduces the dimensionality of the approach and facilitates
the modeling of machine and tool specific constraints. Furthermore,
the proposal represents tool management features in terms of tool
types. Indeed, the tool instances demand is calculated indirectly, based
on tool type, tool life-time, and tool magazine constraints [2]. Xing,
Han, Zhou, and Wang (2012) embedded a deadlock avoidance policy
into genetic algorithm to develop a deadlock-free scheduling algorithm
for FMSs to minimize the makespan [3].

In classical models of planning and designing cell production
systems and also flexible manufacturing, only increasing the
manufacturing profit or alternatively minimizing production costs for
manufacturers was considered and they only consider the manufacturer
and the economy and social rights of workers and the environment are
not significant. While with the expansion of production systems and the
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increasing demand for production economic and social impacts caused
and also the devastating effects of increasing greenhouse gases on the
environment was more evident and considered by the government. As
the most basic definition of the supply chain:

Supply chain management (SCM) spans all movements and storage
of raw materials, work-in-process inventory, and finished goods from
the point-of-origin to the point-of-consumption [4]. In the past, supply
chain approaches has been used only in order to determine the optimum
location, facilities management, inventory management, the amount
of current passing through the facility and etc. that only economic
factors were considered. But over time and with the development
of issues such as global warming, water and ground pollution,
increasing greenhouse gases and etc. environmental protection and
related strategies is considered as one of the most important factors
in organizations and led to creation of a new concepts in the supply
chain as Environmental Supply Chain management (ESCN) where in
addition to taking into account the objectives of profit maximization
or minimization n of the cost, environmental considerations are also
included in the objective functions and constraints which leads to the
integration of environmental factors with facilities, transportation
methods, processes, product design, technology selection and etc.
Later, with the expansion of the EU to support human rights, social
issues were also considered in supply chain topics.

Today, a lot of research has been done to assess supply chain
performance based on the three objectives of economic, environmental
performance and social responsibility which has led to integration of the
concept of sustainability with supply chain. Sustainability itself means:
Sustainability is commonly defined as utilizing resources to meet the
needs of the present without compromising future generations’ ability
to meet their own need [5]. 12 different definitions are offered for the
sustainable supply chain until 2013 [6], including: Sustainable Supply
Chain Management (SSCM) is defined as a set of managerial practices
that include all of the following:

. Environmental impact as an imperative;

. Consideration of all stages across the entire value chain for
each product;

. A multi-disciplinary perspective, encompassing the entire
product life-cycle.

This definition implies a few broad themes in our perspective on
environmental sustainability. First, firms must view environmental
impact of their activities as an integral part of decision-making, rather
than as a constraint imposed by government regulation or social
pressure, or as a fad to exploit by appearing to be “green”. Second,
firms must pay attention to environmental impact across the entire
value chain, including those of suppliers, distributors, partners and
customers. Third, firms’ view of sustainability must transcend a narrow
functional perspective and encompass a broader view that integrates
[7]. also, Sustainable SCM is the management of material, information
and capital flows as well as cooperation among companies along the
supply chain while integrating goals from all three dimensions of
sustainable development, i.e., economic, environmental and social,
which are derived from customer and stakeholder requirements. In
sustainable supply chains, environmental and social criteria need to be
fulfilled by the members to remain within the supply chain, while it is
expected that competitiveness would be maintained through meeting
customer needs and related economic criteria [8]. Now we want to
provide the main concepts of the three main areas of sustainable supply
chain.

Economic dimension (economic sustainability)

As only papers dealing with supply chain management are taken
into account, it is logical that economic issues are addressed. Most
often, total cost or net revenue is taken as indicators. Yet, there are a
number of papers not providing insights into what kind of economic
goals is pursued [9]. In fact, in some ways that is the traditional supply
chain that includes economic concept such as the profits, loss, costs
and etc.

The environment (environmental sustainability)

Green or environmentally sustainable supply chain management
(ESCM) has been viewed as one area where organizations and industry
can make significant contribution to both economic and environmental
development [10]. ESCM has been defined as the explicit consideration
of ecological dimensions in the planning, operations, and management
of SCs [11]. Most environmental aspects that are combined with
sustainability include: carbon emissions, energy consumption and
waste generation. In many papers, life-cycle assessment data forms
the starting point for the analysis. Hence, energy demand and CO2-
emissions e.g., [12-15] are among the frequently mentioned topics.
Yet, in a number of cases, rather comprehensive lists of environmental
impact criteria are taken up, such as referring to all kinds of natural
capital e.g., [16] or resources, such as water or energy as well as waste
[9,17-19].

Social dimension (social sustainability)

Social sustainability has been examined to a far lesser degree
than environmental or green supply chain management [20]. Social
sustainability in supply chains addresses issues of social justice and
human rights with studies focusing on practices such as supplier
human rights actions, labor conditions, codes of practices and social
auditing, supplier compliance with child labor laws, and the delivery
of social equity through sourcing from diverse suppliers in terms of
gender, size, ethnicity and avoidance of conflicts of interest. Including
social aspects in network design decisions allows to better evaluate the
impact of a supply chain on its stakeholders: employees, customers
and local communities. This also helps obtaining consistency between
qualitative and quantitative decision [21]. According to the description
mentioned sustainability issues should be considered and examined
in production. Therefore we address this issue and the need to be
considered.

Problem Definition

The concept of sustainability in the supply chain means meeting
the economic needs and social and environmental sustainability
which occurs with the flow of goods and services between suppliers,
manufacturers and customers. Sustainability could be studied in
economic, social and environmental areas. In the economic area, the
main objective is cost minimization or profit maximization. With
the pass of the time and paying attention to environmental issues
decision-makers combined environmental factors with the decision-
making process. These environmental factors could include various
transportation equipment, production process, product design,
production technology selection and etc. However, social sustainability
has been studied less than two other areas, its impact cannot be
overlooked. The workers social rights are studied in this area. In the
current issue social sustainability concerns job security of workers
which is applied by determining coefficients for hiring and firing
workers. Adverse impact on the increasing level of unemployment of
workers is considered using these coefficients and it is tried to minimize
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it. The proposed model is sustainable and dynamic cell production
which considers two main objectives: the first objective is to minimize
the production system costs including part manufacturing time costs,
the costs of moving parts inside and outside cells, storage and lag
costs of goods, the cost of workers” wages and the cost of purchasing
machinery and the second objective is about minimizing the impact
of sustainability criteria on environment. Because in the real world,
each piece produced in the industry have a negative impact on the
environment and society. In this paper for the production of any of the
products different technologies has been considered and their selection
depends on the production rate and also emission rate of environmental
pollutants. Each technology has a special environmental factor to show
the desired effect of technology on the environment and as for the use
of any production technology some facilities such as machinery and
etc. are required technology selection should be based on the amount
of resources available. In this model, unlike the classic model of the
cell production that the distance between cells are considered the same,
these intervals are different and this leads the problem to approach the
real world and it gets more flexible.

The considered problem takes into consideration three aspects of
sustainability simultaneously. This means thatin addition to considering
the lowest cost, the least amount of environmental pollutants and the
least adverse impact on labor satisfaction are considered. Coefficients
intended to show the environmental impact technologies firing workers
and the impact of each product on society, and according to different
economic views among economists and experts, these coefficients are
applied in order to establish a stable production system.

In the real world there are many examples to show that any product
has a certain share in the economy of society. In fact, regardless of the
profitability of certain goods, for reasons such as indigenousness and
the obligation to keep the production industry of that product, some
goods should be produced. Another major innovation in this study
is paying attention to this issue that an economic factor is considered
for each product to demonstrate the effectiveness of its production
in community in a way that the impact factor of local products is a
number greater than the imported products. In other words, each
product has an effect coefficient on the economy. For optimum control
of this effect considering manufactured goods, a term is added to the
second objective function.

Generally, the problem is formulated by considering the following
assumptions:

. The demand for each part in each period is determined.

. The capacity of each machine is determined.

. The overhead and maintenance cost for each machine is
determined.

. System reconfiguration including adding or removing

machinery to each cell and retransfer from one cell to another occurs
during the period.

. The number of cells is determined and does not change in
each period.

. Adverse impact of firing workers has been considered by
applying corresponding economic factors.

. For each product, depending on the importance of a good
rate of economic importance have been identified.

. Several technologies exist to produce each product depending

on the amount of production and the amount of environmental
pollution.

. An environmental factor is considered for each product.

. In each period a certain number of workers and machines
are available.

Notations:
Subscripts:
P Number of part types.
W Number of worker types.
M Number of machine types.
OP Number of operation types.
C  Number of cells.
H  Number of periods.
T  Number of Technology.

~=

Index for part type i.

Index for operation type j.

S

Index for worker type w.
m  Index for machine type m.
C  Index forcell c.

h Index for period h.

T  Index for Technology t.

Input parameters:

{1 if machine type m is able to process jth opertion of part type i with worker w
T 0 other

b 1 if part type i needs operation type j
Y 0other

minM . Minimum size of cell ¢ in terms of the number of machine
types.

maxM, Maximum size of cell ¢ in terms of the number of machine
types.

minW, Minimum size of cell ¢ in terms of the number of workers.

AM;, Number of available machines type m.

CHT; Acquisition cost of handling technology .

UHT; Utilization of handling technology ¢.

TM,,, Number of Machine type m are used for technology t.

CMT, Acquisition cost of manufacturing technology t.

MEPT; Manufacturing emissions of each unit part i.

MET, Per unit environmental impacts of manufacturing
technology t.

HET; Per unit environmental impacts of handling technology ¢.
EIP: Per unit economic impacts of production of part type i.

EIW,, Per unit economic impacts of firing of workers w.
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AW,, Number of available workers type w.
WT,,, Available time for worker type w in period h.
MT,,;, Available time for machine type m in period h.

tiimw Processing time of jth operation for part type i on machine
type m with worker type w.

Dy, Demand of part type i in period h.

giner Unit material handling cost inter cells of each part type i
with handling technology ¢.

gi"ra Unit material handling cost intra cells of each part type i.
y,, Unit holding cost of part type i in period h.
J;; Unit backorder cost of part type i in period h.
5Ins Installing cost of machine type m.
s Removing cost of machine type .
AD, . average distance between candid places belonging to cell ¢
if (c =c ')
EC, o lif(c#c') and0 if (¢ =¢')
a,, Maintenance and overhead costs of machine type m.
P variable cost for each work time unit for machine type m
S, Salary cost of worker type w in period h.
HI,,;, Hiring cost of worker type w within period h.
F,,;, Firing cost of worker type w in period h.
A large positive number

Decision variable

x {l if jth operation of part typei is performed by the on machine type m with worker w in cell ¢ in period /
Jimweh ) oo inor

Iy 1 if manufacturing technology tobe used
a
" 0other

1 if handling technology? tobe used
"\ 0other

NMmeh Number of machines type m allocated to cell ¢ in period h.

NWweh Number of workers type w allocated to cell ¢ in period h.
Bin production volume of part type i to be produced in period .
Tin Inventory of part type i at the end of period h; I, = 0.

Bin Backorder of part type i in period h; B, = 0.

Kpneh Number of machines type m added to cell ¢ during period h.

Ko . .
mch Number of machines type m removed from cell ¢ during
period h.
L . .
weh Number of workers type w added to cell ¢ during period h.
L. .
weh Number of workers type w removed from cell ¢ during
period h.
MinZ =Zl +Zz +Z3 +Z4 +ZS +Z6 +Z7 +Zg +Zg +ZIO +le +le +Zl3

M W C H

Z ZZZZZﬂm ijmw B Xﬂmwch

i=l m=1w=1 c=1 h=1

T 0 M
7, = zz Z Zzzz‘gmw Hal} Py, ADgg EC, o [ZX Jimwch }[ZX( Fel)imcth

h=1 i=1
H O
Zs =Zzﬂih3ih
h=1 i=1
H C M
Zg =ZZ A NM e
h=1 c=1 m=1

h=1 c=1 m=1
H C W
Zy =ZZ SywhNWypen
h=1 c¢=1 w=1
H C W
210 :ZZ HIyp Lyen
h=1 c=1 w=1
H C W
711 :ZZ FyonLyych
h=l c=1 w=1

T
Z13 =Z CHty HaT,
UHT,
=1

MinW =W+ Wy + W3 + Wy +Ws

1 H
33 e

i=l h=1
T
W, =ZMET, Maf,
t=1
T
w :ZHETt Ha,
t=1

g ZZ
4= [/ — EIP,

i=l h=
w C H

)Y

w=l c=1 h=1
s.t

0T Py AD, 0 (1 - ECC,C,){

m=1

M

m=1

m=1

M
ZX;/'imwch ZX(jH)imwc'h

m=1
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M Op
ZZZ jzmwch ijmw Pl NVVHLhWTwh VW’ C’h (1)
i=l m=1 j=1
o M Op
ZZ Ximwz‘h tijmu ih NMmch MT:nh vm’ ¢, h (2)
i=l w=1 j=1
D, =F,+1, =B, ~1,+B, Vi, h 3
C
ZX/'imwch < ljimw Vl’ m,w, h (4)
c=1
Cc w Op
ZZZXﬁmwch = bji VZ’ J’ h (5)
c=1w=l j=1
C M w Op
SN X s S AP, Vi, h (6)
c=l m=lw=1 j=1
NMmc,hfl + K;ch - KI;Ch = NMmch Vm’ c, h (7)
c
D NM,,, < AM, Vm,h ®)
c
D> NM,, =minM, Vm,h )
M
ZNMm 2 SmaxM, Ve, h (10)
m=1
NVVwc,hfl + L:/ch - L;v'ch = NI/Vwch VW, ¢, h (1 1)
c
D NW,, < AW, Vw,c,h (12)
c=1
ZN mch — mln VVc vmacah (13)
w=1
Op W C H
zzzzz Jimwch <A TeCht TMmt Vt:m (14)
i=l j=lw=lc=l h=1
T
> HaT, =1 (15)
T
> MaT, =1 (16)
=1
inmwz'h ’MaT; ’HaT; € {0’ 1} vj’ i’ ma Ws C,h (17)
NM.,,;, K K e = 0and integer Vm,c,h  (18)
NW,y Loy +Lyoy 2 0and integer vw,e,h  (19)
B, ,B, .1, 2 0and integer Vi,h  (20)

The proposed model has two objective functions that the first
one includes thirteen terms and expresses the system costs. The first
term describes the cost of production time of parts. The second and
third terms calculate the cost of parts movements inside and outside
the cells. The fourth and fifth terms explain the storage and lag costs

of goods respectively. The costs related to the purchase of machinery
are shown by the sixth term of the objective function. Since the model
is formulated as a multi-period one, therefore it is possible to change
the machinery in order to increase the flexibility of the system over
different periods. Costs imposed by this issue are stated by the seventh
and eighth term of the objective function. The cost of labor salary is
calculated by the ninth term. During different periods labor transfer
or actually hiring and firing is done in order to reduce transport costs.
The costs related to this policy are stated in tenth and eleventh terms.

The second objective function includes five terms that focuses on
meeting model sustainability criteria. Because in the real world, each
parts produced in industry has an impact on the environment and
society, in particular, it is desirable for this impact to be minimum.
The first term of the second objective function deals with minimization
of this impact coeflicient. Also, each part can be produced using
different technologies. Naturally, each technology has effects such
as environmental pollution, economic effects, etc. These effects are
controlled by the second term of the objective function. Similarly,
various technologies are available to transport the goods that each one
effects similar to production technology. The third term of the objective
function controls these effects. There are different examples in the real
world that shows any good that are produced, has a certain proportion
in economics of the society. In fact, regardless of the profitability
some goods must be produced for reasons such as indigenous and the
obligation to keep the product. In the other words each good has an
impact coefficient in economy. The fourth term of the second objective
function is utilized in order to optimal control of this impact. Similarly
an impact could be considered for hiring and firing workers also
affecting society and economy. In other words, workers firing affects
the economy and the unemployment rate that is controlled using the
last term of the second objective function.

Constraints (1) and (2) ensure that the available time for workers
and capacities of machines are not exceeded, respectively. Balance in
the amount of part type i between two consecutive periods is shown in
constraint (3). It is clear that if I, >0, a holding cost is incurred and if
B, >0, a backorder cost is incurred. Constraints (4) and (5) imply that
only one worker is allotted for processing each part on each machine
type. This model is flexible to enable a worker to work on several
machines. This means that, if one part is required to one machine
type to be processed, more than one worker will be able to service
this machine type. Constraint (6) ensures that no cell, machine, and
worker should be considered if production volume of part i in period h
equals to 0. Constraint (7) guarantees that the number of machines in
the current period is equal to the number of machines in the previous
period plus the number of machines being moved in, minus the
number of machines being moved out. Constraint (8) guarantees that
the total number of machines of each type allocated to different cells in
each period will not exceed the total number of available machines of
that type. The lower and upper bounds for number of machines which
are assigned to each cell in each period are specified in constraint (9)
and (10). Similar to constraint (7), constraint (11) balances the number
of each worker type in each period and cell. Similar to constraint (8,
constraint (12) states the limitation in number of each worker type
in each period and cell. Constraint (13) ensures that the number of
workers assigned to cell ¢ in each period is at least minW_.

Since some facilities such as machinery, etc. are required to use
any technology, technology selection should be based on the amount
of resources available. The constraint (14) limits the selection of each
technology to the resources available. Constraints (15) and (16) states
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that in order to produce the goods simultaneously only one production
and transportation technology could be used. Finally the type and
classification of utilized variables are expressed in constraints (17) to
(20).

Linearization: The proposed model is nonlinear due to the terms
(1), (2), and (3) in the objective function (I) and constraints (1) and (2).
New class of variables added to the model is defined as follows:

X P, =XP,

Jimweh i Jimwch

(ZX]zmwch)(ZX (j+1)imwe hj ih inwcc'h

m=l1

J

Jiwee'h

HaT =JH

Jiwee'h

New constraints added to the model are as follows:

XP,,.. 2P, —A(1-X

J Jimwch )

XPyy < B+ A(1=X )
M M
inwvc'h 2 - A (2 - (sz[mwch j - (ZIX(jH)imwc'h jj

m=1
M M
inwcc"h < Pih + A [2 - (ZX;/'imwch ) - [ZX(/'H)imwc'h jj
m=l1 m=1

JHjma ‘h = ijch A(I_Ha];)
JH/WCC ‘h — ijch + A(l _Haz )
XPjimwch ’inwcc'h aJHjiwCth >0andis integer

The linearized programming model is as follows:

13
Min:ZZ[
M W C H

225553 At A

i=l m=1w=1c=1 h=1

Jimwch

D Op-

z-33

=1 i=l j=1 w=le=lc'=1h

1
iizz """ AD, EC, . JH ...,

C H
h=1

N

-1 C C H

izi giinter ADL.C

w=lc=1c'=1h=1

zZ

LNII
,Mm

(1-EC,.)J e

J

i

Min=YW,
i=1

s.t

(3) - (20)

Constraint 1:

M Op

ZZZX jlmM(h ijmw < NVVwchWT;th

i=l m=1 j=1

Constraint 2:

M Op

ZZZX mmch ijmw — NMm(hMTmh

i=1l w=1 j=1

The proposed process to solve the model: The model presented
in the previous section is a multi-objective planning problem. First
we should change the problem to an equivalent problem with one
objective function. Here LP-metric method, a common approach used
to solve multi-objective models, the problem could be replaced by one
objective function. In this way the distance between objectives and
their corresponding optimal objectives are minimized.

MinZ (x [Z )se-nZ, (x)]
stxeX

In general, the objective function is defined as the following:
]

; Y
MinL, ={;aj [Z,- —z,} }

Where if a, = 1 Vi, the weight of the objective function is assumed
to be equal.

In this problem, because the first two objectives are not scaled
the same as each other, they are normalized using the following
equation where Z* is the optimum value of the objective function.
Both objective functions are replaced by the following equation for the
optimum model proposed and leads the problem to have one objective
function. In this study, we assume that the objective functions are
named as Z,Z, Based on LP-metric method, sustainable optimization
model of dynamic cell production problem is solved for each of these
two objective functions separately. The objective function of LP-metric
model can be formulated as follows:

MinZ, = {a 474 }{(Ha)ﬁ}
Z Zy

Where 0 < a < 1. Weights coefficients are related to objective
function elements mentioned above. Using the above equation, the
problem has one objective function which can be easily solved. Because
of the importance of the two objective functions, total costs and total
man-hour distortions between the cells simultaneously, three models
are presented for sensitivity analysis as the following:

1. Z model: includes total costs of design problem and cell
production formation with corresponding coeflicients.

2. Z, model: includes factors related to production systems
sustainability.

Z, model: L-P metricmodel, is a combination of Z and Z, model
with corresponding constraints.

So a series of multi-objective solutions are obtained for the different
values of a. In order to gain the optimal Pareto front, these solutions
can be calculated for different amounts of L-P metric problem.

Conclusions and Suggestions for Future Research

Due to the increasing and inevitable demand for production of
different goods in human societies and manufacturers effort to produce
qualifies products in order to increase profitability and also the
importance of the emissions of greenhouse gasses caused by production
systems the need to plan to create a balance between production and
the environment is considered more than ever. In addition, in order to
have a stable system that all levels of society are the beneficiaries, other
aspects of workers’ satisfaction with working conditions, the economic
impact of each product, the labor hiring and firing effect and other
items should be considered specially. In this paper, a mathematical
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model considering all the factors listed has been proposed as sustainable
cell production model leads to job stability of workers with the least
amount of hiring and firing and reduce environmental pollutants
emissions. On the other hand, this model focuses on production of
some goods affecting the regional economy and somehow their import
must be banned. Since this issue is introduced for the first time in this
paper, for future research we can solve this problem under conditions
of uncertainty. Also it is suggested to use the features available in
proposed model in order to study the production systems in the real
world as case studies. Given the probable complexity of the problem
innovative and meta-heuristic algorithms can be used to develop the

right solutions and compare the results.
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