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Abstract

Nowadays, in highly competitive global markets and constant pressure to
reduce total costs, enterprises consider group technology and Supply Chain
Management (SCM) accordingly and usually separately as the key elements for
intra and inter facilities improvement. Simultaneous consideration of the
elements of these two disciplines in an integrated design can result in higher
efficiency and effectiveness. A three-echelon supply chain that has several
markets, production sites, and suppliers is designed again in this paper as a
Cellular Manufacturing System (CMS). Every product can be manufactured in
the CMS through alternative process routings, in which machines are likely to
fail. A linear integer programming model is presented here that seeks to
minimize the intercellular movement, procurement, production, and machine
breakdown costs. We present a number of illustrative examples to demonstrate
the effectiveness of the integrated design. The proposed examples reveal that
although the procurement and logistics costs increase slightly in the integrated
design, the total cost is dropped considerably.

Keywords: Supply chain management, location allocation problem, cell
formation problem, alternative process routings.

1-Introduction

In the present era of globalization and liberalization, businesses are in conflict with great challenges
all over the world. Their objectives include remaining competition, increasing production, reducing
costs, and growing economic. Globalization has confronted businesses of the twenty-first century
posing challenges regarding customers who expect non-expensive products of high quality meeting
their particular, unique, and quickly changing needs. The problem of designing supply chain networks
(SCNs) has gained plenty of significance in recent years, as market globalization is introducing
greater competitiveness every day. Planning, manufacturing, and purchasing traditionally played their
own independent roles in the supply chain. The purposes of these organizations are not only different
from but often even contrary to one another. On the one hand, there are marketing purposes of high
customer services and maximum sales earning, and on the other hand, the production and distribution
purposes have their own functions (Jain et al., 2007; Jain, 2006; Kisomi et al., 2016).

A manufacturing business can hardly continue to grow and succeed unless global competitiveness
is increased and production ability is maximized. Group Technology (GT) has been emerged in the
manufacturing environment for almost six decades (Wmmerlo and Hyer, 1989).
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An application of GT, a Cellular Manufacturing System (CMS) is a production system where part
families include similar parts by definition, and different machines are assigned to machine cells.
CMS and SCM have appeared as modern methods of achievement of high competiveness. CMSs
help identify families of related parts and groups of different machines.

Thus, a somehow independent cell can be used for complete analysis of the part families that are
assigned to a group of machines. A manufacturing institution in today’s worldwide marketing can be
successful only if the manufacturing and other functions are optimized in a sensible cooperation with
each other. The companies could then use an integrated method to benefit from this by addressing SC
design and CMS design (Rasti-Barzoki and Hejazi, 2015; Schaller, 2008).

A novel mathematical model is developed here for incorporating CMSs into SC systems with an
extensive coverage of raw material preparation, production and distribution features, by considering
multiple suppliers, multiple production locations, multiple markets, and alternative process routings
(APR).

Recent increases in global competition has caused demands for product mixes that are mid-volume
and mid-variety more popular, and products’ life cycles have decreased. Meeting such needs requires
job shops and flow lines to be more efficient and flexible than they are. The significance of meeting
such production requirements accounts for the emergence of GT, which has obtained desirable results.
The only way that firms can increase CMS benefits is to make strategic decisions on the basis of
results obtained from models describing their structural and operational features accurately (Arkat et
al., 2012; Ahkioon et al., 2009; Defersha and Chen, 2006; Balakrishnan and Cheng, 2005 ).

Many researchers in the field of CMSs have offer the mathematical models with only one process
routing for each part, in which only one machine is also used for performing every operation or set of
operations. Alternative process routings (APR) can greatly enhance the block diagonalization process
(Mohammadi and Forghani, 2014). A non-linear binary integer programming model was presented by
Kasilingam and Lashkari (1991) for machine and part grouping, while there are alternate routings at
the same time. Bhide et al. (2005) used alternate process plans for development of a new cell
formation model. A new 0-1 mathematical model was proposed by Jabal Ameli et al. (2008) for the
CF problem on the basis of APR and machine reliability. Formulating a binary integer programming
model, they solved the model with a mathematical programming model approach. Based on a
similarity coefficient, an efficient tabu search (TS) algorithm was suggested by Chung et al. (2011)
for solving the Jabal Ameli et al. (2008) model. They made significant progress in the run time. They
reported that a problem that took about 3 hours to be solved by a mathematical approach was
optimally solved in less than two seconds by their TS algorithm.

A manufacturing institution can be successful in today’s worldwide market only if manufacturing
and other functions are optimized in a sensible cooperation with one another. This links purchasing,
distribution, planning and manufacturing together in an institution’s overall manufacturing and SC
operation. As a result, an institution often has a distributed structure, where manufacturing/supply
units are dealt with at different locations and geographical sites. There are few studies that incorporate
CMS into SC design. There are few studies that incorporate CMS into SC design. By reviewing the
literature on the incorporation of CMS into SC, the integrated approaches are classified into two broad
categories:

o the integrated design for CMS into SC which forms cells in each production facility (e.g. Saxena

and Jain, 2012)
o the integrated design for CMS into SC choosing production facility locations and forming cells
in the chosen locations (e.g. Schaller, 2008).

With regard to the identification of the requirements of CMS and SCM integration, Rao and
Mohanty (2003) illustrated interrelationships of CMS and SC design issues through an example. They
demonstrated that cell design can affect production facility location, raw material procurement, and
finished goods distribution. They did not present a mathematical model, however. Schaller (2008)
presented a new mathematical model with multiple production facilities and multiple markets to adopt
an integrated method for addressing the problems of facility location, allocation of market demand to
facilities, and cellular manufacturing system design within every facility. They took into account in
their model the cost of establishing a production facility at site, production, machines, and product
transportation from production facilities to markets. In order to present an integrated DCMS and SC
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design model, Saxena and Jain (2012) considered multi-plant locations, multiple markets, multi-time
periods, reconfiguration, and other such issues. They also solved their model utilizing both ordinary
and hybrid artificial immune systems. Table 1 classifies studies mentioned in the literature based on
integration of the CMS and SCM models.

Table 1. List of papers involving the integration of the CMS and SCM model

Author (s) Attributes
Hn @ 6 @& 6 6 0O ®6 9

Rao and Mohanty (2003) * * * * *
Schaller (2008) * * * * *
Saxena and Jain (2012) * * * * *
Aalaei and Davoudpour (2016a) * * * * * *
Aalaei and Davoudpour (2016b) * * * * * *
Ourmodel * * * * * * * *

(1) Multiple processing routes (2) Mathematical model

(3) Supplier Selection (4) Multiple production facilities

(5) Multiple markets (6) Multi-time periods

(7) Establishment of a production facility (8) Inbound logistic costs

(9) Outbound logistic costs

As was mentioned, the inbound logistics cost of parts and raw materials are considerably affected
by procurement of raw material from suppliers. In Rao and Mohanty’s (2003) words, there are trade-
offs between three parameters: inbound logistics costs, part family formation for achievement of GT
advantages, and competitive cell location for production cost reduction. In view of the previous works
summarized above, it could be useful to incorporate the multi-supplier problems and procurement of
raw materials in the integration of CMS and SCM. To make up for these gaps, the CMS, SCM and
sourcing decisions for each production facility are integrated in the proposed model.

The structure of the rest of the paper is as follows. In Section 2, a review of literature is provided to
identify CMS and its integration into SC design. In Section 3, we present our approach to modelling
CMS into the SC system, and we provide the assumptions and notations of our model. Then, in
Section 4, Section 4, computational results, parameters, and solutions generated by the mathematical
model are given. Finally, the conclusions and directions for further research are provided in Section 5.

2-Mathematical model

The present paper proposes a novel mathematical model to solve the generalized CFP integrated
into the SC network. The proposed model aims at minimizing intercellular movement, procurement
costs, production costs, inbound logistics costs, outbound logistics costs, amortized fixed costs of
establishing production facilities, amortized costs of machines, and machine breakdown costs. As far
as we are aware, this research is the first to simultaneously consider all these design features. The
model presented in this study is an extended version of two models. The first model was proposed by
Jabal Ameli et al. (2008) and Chung et al. (2011), who formulated a binary integer programming
model for the CFP accounting for APR and the issue of machine reliability. They used a mathematical
programming method to solve the model. The second integrated model was proposed by Schaller
(2008), the advantages of which include: (1) considering multiple plants/multiple markets, (2)
considering the production network, and (3) considering the establishment cost in view of the
locations that are assigned to cells. The proposed model includes one objective function with four
terms: term 1 indicates the production and machine costs, term 2 indicates the procurement costs,
term 3 denotes the distribution costs, and term 4 presents the establishment costs. Here, the proposed
model is assumed to include seven objective terms: intercellular movement cost, machine breakdown
cost, amortized cost of machines, production cost, raw material procurement for manufacturing,
distribution costs and establishing production facilities. In developing the proposed model, the
following assumptions and limitations were established:

e In every process routing, the machine sequence is the same as the operation sequence of the part
corresponding to it.
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A set of machines that a given part passes are referred to as a process routing for the part.

The value of annual demand for every product in every market is given.

The processing time of every part type on every type of machine is given.

The cost of shipping products from production facilities to markets is given.

The cost of shipping raw materials from suppliers to production facilities is known.

The annual amortized fixed cost for the establishment of every production facility at each site is

given.
e The production cost of a product unit within a cell is regarded as a step function of the number
of product types that are produced within that cell.

e All demands must be satisfied during the planning horizon.

The sets, parameters and decision variables of the model are listed below:

Sets

m={1,2,..,M} index set of markets

s={1,2,..,5} index set of suppliers

i={12,..,1} index set of facility locations

k={1,2,..,K;} index set of cells in each facility location

p={12,..,P} index set of parts

r={12,..,R, } index for routing of partp

j={12,..,]} index set of machines

q={12,..,0} index set of cell sizes.

Parameters

Aj Available time for a machine of type j

K Maximum number of cells that can be formed in the production facility i

G; Amortized fixed cost for establishment of production facility i

U Maximum number of machines in each cell

L Minimum number of machines in each cell

F; Amortized cost of a machine of type j

Icy Unit cost of intercellular movement of part type p

MTBF;  Mean time between failures of a machine of type j

Bg; Cost of breakdown of a machine of type j

u{;r Machine index for the jth operation of part type p along route r

Kpr Number of operations in routing r of part type p; the operations of part type p along route
r are processed on a machine set of { Uy, Uny, ..., uﬁf’}

Dpm Demand of part type p in market m

Cpq Production cost of part type p in a cell of size g

Byim Outbound logistics costs of part type p from production facility i to market m

Byis Inbound logistics costs of part type p from supplier s of production facility i

torj Processing time of part type p on a machine of type j along route r

PSgp Procurement cost of part type p from supplier s

M’ A great positive number
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Decision variables

Xpikmqr ~ Binary variable, equals one if the demand of market m for part type p along route r is
assigned to cell kof sizeq in production facilityi; equals zero otherwise

Xpikrj1j2 Binary variable, equals one if route r is selected for part type p; machine of type j1 is
located in cell k of size g, and machine of type j2 is not located in that cell; equals zero
otherwise

Whikr Binary variable, equals one if part type p along route r is assigned to cell k in production
facilityi; equals zero otherwise

Zikq Binary variable, equals one if cell k in production facility i is of sizeq; equals zero
otherwise

Rpis Binary variable, equals one if the demand of production facility i for production of part
type p is purchased from suppliers; equals zero otherwise

Vi Binary variable, equals one if production facility i is established; equals zero otherwise

Yiki Binary variable, equals one if machine of type j is assigned to cell k of production facility

i; equals zero otherwise.

Jabal Ameli et al. (2008) and Chung et al. (2011) have presented a mathematical method for
calculation of machine breakdown cost. We use the following equation to calculate the total
intercellular movement cost:

P Rp K Kpr=1 | y @
» Z Z Z 1epDom Zika¥y) i1 =¥ fityia) (1)
p=ir=1k=1 j=1 i=1m=1q=1

One can linearize the non-linear terms that appear in the objective function of the mathematical
model with X;)ikrjljz = ZikqYj1ki(1 — Yjzx;),under the constraint sets below:

Zikq+ Ylkl + (1 ]2k1) 2< XplkT]l]Z Vi kT, qrjlrjz (2)

A frequent method of addressing machine reliability concern in the design phase of the
manufacturing system is evaluating and measuring mean time between failures.

. < metpr(u{)‘r) w.
ZZ MTBF BeWoikr 3)

The proposed model accommodates seven different terms in the objective function, which can be
stated as in (1)—(7):
MinZ=Z1+Z2+Z3+Z4+Z5+Z6+Z7 (1-0)

M 14 1 P
n=2 ) Z ZZ 160 Pom & ercud ycudi (-1

P 1 M .
z —Z Zzﬂ&w 12
2= _ MTBF ; 7 pikr (1-2)
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The objective function given by equation (1-0) is then minimized. The term (1-1) is a linearized
form of equation (1). In this term, the cost of intercellular movement is calculated for all products in
all production facilities. Also, the term (1-2) was proposed to calculate the machine failure in the
previous section as equation (3). These two terms are also considered in the objective function in the

articles of Jabal Ameli et al. (2008) and Chung et al. (2011).

Equations (1-3)-(1-7) represent the machine costs, production costs, raw material procurement
costs, distribution costs and the total annual amortized fixed cost of establishment of production
facilities. Based on the model assumptions, the aforementioned objective function is subject to the

following constraints:
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It is ensured based on equation (4) that if all of the primary variables have unit values, so do the new
variables corresponding to them. In equation (5), all cell sizes are established according to the number
of products that are produced in the cells under question. Equation (6) allows a cell to produce the
demand of a market for a part only if the set of products that are produced by the cell contains that
part. Equation (7) illustrates the available time limitations of the production facilities for all
production processes. Equation (8) does not allow a cell to be formed in the production facility unless
the production facility is established. Equation (9) forces the sizes of the formed cells to be unique.
Eq. (10) ensures that the demand of a market for each product is assigned to a production facility and
a cell. Equations (11) and (12) let a level of production cost be used for a cell only if it has been
formed at that level of cost. Equation (13) considers that raw material demand of the production
facility is supplied by suppliers. Equation (14) and Equation (15) assign the maximum and minimum
values of the cell size. Equation (16) does not allow a machine to be assigned to a cell in a production
facility unless the production facility is established. It is ensured based on equations (17) to (26) that
if a primary binary variable is set to zero, so will the new variables corresponding to it. Equation (27)
provides the logical binary necessities for the decision variables.

3-Computational results

A few numerical examples are provided in this section to examine the performance of the proposed
model. First, a basic problem is designed and called example 1, and then, the values of selected
parameters of the problem are changed to generate other problems. Example 1 is solved using CPLEX
11 software on an Intel Core i5 2.50 GHz PC with 4 GB RAM. It is assumed in the above problem
that there are two suppliers, two production facilities, and two markets. Four part types are included in
Example 1, and GT and CM are supposed to be used for designing four machine types and cells. With
a number of process plans, every part can be manufactured on different machines. Two different
suppliers, one located at supplier 1 (Parts 1, 2, 3, and 4) and the other at supplier 2 (Parts 1, 2, 3, and
4), meet the raw material requirements for these four parts. Tables 2—5 contain the information
concerning example 1. The random distributions that are specified in table 2 are used for generating
the nominal data randomly. Table 3 contains the information related to the distance matrix between
production facility locations and markets. Table 4 gives the information concerning the distance
matrix between production facility locations and suppliers. Table 5 provides information of demands
of markets for each part.

Table 2. The sources of nominal data random generation

Parameter Range
G; 20000
A4 35000
5
Icy
F; Uniform Distribution [50,80]%100

PS

sp Uniform Distribution [10,80]

Table 3. Distance matrix between production facility locations and markets in example 1

Market 1 Market 2
Production facility 1 0 6
Production facility 2 6 0

Table 4. Distance matrix between production facility locations and suppliers in example 1
Supplier 1 Supplier 2

Production facility 1 4 5
Production facility 2 8 7
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Table 5. Demand of parts in markets in example 1
Market 1 Market 2

Part 1 70 90
Part 2 100 45
Part 3 50 80
Part 4 70 75

The data sets related to alternative part-routing, production sequence and production time incidence
matrices are shown in table 6. Also, the information on machines breakdown for example 1 is shown
in table 7.

Table 6. Alternative process routing and processing times in example 1

Part 1 Part 2 Part 3 Part 4
Routings = R1 R2 R3 R1 R2 R3 R1 R2 R1 R2
Machine 1 *1(1) 1(5) 1(3) 1(2) 1(4) 1(4) 1(2)
Machine 2 2(3) 2(3) 1(3) 2(2) 1(2) 2(3) 1(3)
Machine 3 2(3) 2(1) 2(1) 2(1)
Machine 4 2(4) 3(3) 2(3) 3(4) 3(2)

* Production sequence (Production time)

Table 7. Information on machines breakdown in example 1
Cost of breakdown MTBF (min)

Machine 1 900 5400
Machine 2 2000 3060
Machine 3 2000 4380
Machine 4 1600 3600

The initial values of the basic parameters of the problem (i.e. example 1) were presented. Table 8
gives the optimal solutions obtained from solving example 1 in the objective function. By considering
all terms, the integrated objective function Z*should be minimized as given in equation (1-0) subject
to constraints (1-1)-(1-7) and (4)-(27).

Table 8. The optimal objective function values of CPLEX for example 1

Cost terms Objective function
Intercellular movement costs Z; =800
Machine breakdown costs Z, =1760.263
Machine costs Z3 =23800
Production costs Z, =5000

Raw material procurement costs and inbound logistic costs Zs =38970
Outbound logistic costs from production facilities to markets Zs =3 290
Amortized fixed cost of production facility establishment Z; =20000
Total cost Z" =93 620.263

In a simple cell formation in a given 0-1 machine-part incidence matrix, the matrix rows and
columns are rearranged for creation of part families and machine cells. Usually, researchers try to
simultaneously minimize intercellular movement and maximize machine utilization within a cell by
determining a proper rearrangement. They can then observe blocks along the main matrix diagonal.

Based on these results, the final machine-part matrix is plotted with the demands for each part in table
9.
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Table 9. The optimum machine-part matrix for example 1

Part Part Part Part
1 2 3 4
Cell 1 Machine 1 160
Cell 2 Machine 2 E----lég_.: 145 130 145
Machine 3 145 145
Machine 4 145 130 145

Detailed results of numerical example 1 are provided in order to better understand the final results.
The assignment of machines, part-routing and parts to the production network is presented in figure 1.

Supplier 1 (7 Manufacturer 1 Market 1
{RM1, RM2, RM3} _ Ml - M2,
= 2 MaMe
S PI(R3) S P2AR2).
P3(R1), P4(R2)
- v
(T Manufacturer 2
Supplier 2
{RM4} U ) Market 2

Fig. 1. Assignment of machines, part-routing and parts to production facilities and SC network

Figure 1 displays the cells formed by the proposed model for example 1,which has two markets, two facility
locations and two suppliers. The problem is composed of four products and four machine types. The figure
contains information on the number of cells (cell 1 and cell 2) that are formed at each production location
(production facility 2), process routing and the number of machines each cell contains from every machine type,
the markets that each cell serves for every product, and the procurement of raw materials from suppliers.
Traditionally, firms had to take into account their supply chain design, choose the number of production
facilities as well as their location, and match production facilities to markets for products and to suppliers for
raw materials (traditional approach). Rao and Mohanty (2003) hinted that “there is a need to analyze the trade-
off between CMS design and SC design within the framework of mathematical programming.” However, they
did not present any model in their paper. Raw material procurement from suppliers, on the other hand, has a
considerable effect on the inbound logistics costs of parts and raw materials. Trade-offs exist between inbound
logistics costs, part family formation for obtaining GT advantages and competitive cell location for production
cost reduction. Insights can be gained into these trade-offs through Example 1. Therefore, it is tried to show the
interrelation between selecting a manufacturing system design (process, product line, or cellular layout) and the
production network design through the proposed model for example 1. The feasibility of the strategies listed
below for specification of the cells and facility location decisions has been established:

e Strategy A: design the cells separately from other components (procurement and distribution) of the SC
(Production optimization).

e Strategy B: design the cells considering procurement costs in isolation from other components
(production and distribution) of the SC (Procurement optimization).

e Strategy C: design the cells considering distribution costs in isolation from other components
(procurement and production) of the SC (Logistics optimization).

e Strategy D: locate the cells at facility locations that are obtained by GT considerations and also through
the optimal solution in our proposed model; then integrate cell design with procurement and
distribution (Total optimization).

In the production optimization (Strategy A), the intercellular movement costs, machine breakdown costs,
machine costs, production costs and amortized fixed cost of production facility establishment are included in the
objective function. In the procurement optimization (Strategy B), raw material procurement costs and inbound
logistic costs are considered as the objective function. In the logistics optimization (Strategy C), outbound
logistic costs are considered as the objective function. Table 10 provides optimal values of objective function
for each of the four strategies.
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Table 10. The optimal values of objective function in Strategies A, B, C and D for example 1

Cost terms Strategy A Strategy B Strategy C Strategy D
Production 51360.263 52802.224 96847.643 51360.263

Procurement 37315 32240 40275 38970
Logistics 14160 14160 2860 3290
Total cost 102835.263 99202.224 139982.643 93620.263

Strategy A decreases the cost of produced parts. Strategy B, as a traditional approach, reduces
procurement costs. However, the production cost and outbound logistic cost are still significant.
Strategy C leads to reduction in logistics costs. Production efficiency of production facilities improves
if cells are designed in isolation from the other SC design elements. This, in turn, reduces the cost of
produced parts (i.e. Strategy A). Here, however, both work-in-process inventories on either end of the
production network and possibly the logistics costs of finished goods distribution are increased by not
integrating it with procurement and distribution. Cell design has to be integrated with procurement
and logistics so that efficiency increases in the whole supply chain (i.e. Strategy D). Strategy D (the
proposed approach of this study) locates the cells at facility locations obtained by GT considerations
and through the optimal solution in the proposed model. Therefore, in view of the results in Table 11,
Strategy D is capable of obtaining the optimal solutions in total cost, which demonstrates that the
proposed approach is effective. The total cost of the optimal solution generated by Strategy D was
$93 620.263, which was 5.49%, 18.17% and 12.80% less than those of the solutions generated by
Strategies A ($102 835.263), B ($99 202.224) and C ($139 982.643), respectively.

To validate the quality of the proposed integrated approach, an appropriate test instance has been
prepared. Numerical example 2 was designed by Bhide et al. (2005). Jabal Ameli et al. (2008) solved
this example optimally. Example 2 consists of eight part types and nine machine types. Four different
suppliers are utilized for meeting the raw material requirements for the eight parts. Here, it is assumed
that there are six production facilities and six markets. Tables 11-14 provide the related information.

Table 11. APR and processing times for numerical example 2 (Bhide et al., 2005)

. Machines
Parts | Routings 1 5 3 4 5 6 7 3 9
1 5 3 4 5
1 2 5 5 4
3 5 4 5
1 4 4 3 4
2 2 5 3 3
3 5 3 4
3 1 4 3 4 3
2 4 3 3 3
4 1 5 3 5 4
2 5 3 5 4 4
5 1 3 5 5
2 4 4 5 5
1 5 5 5
6 2 4 5 5
1 5 4 3 5
7 2 4 4 5
3 3 4 3 5
4 5 3 4 5
1 4 3
8 2 4 4
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Table 12. Demand of parts in markets for example 2
Markets

Parts — 2 3 4 5 6
T 30 40 30 40 30 40
270 60 70 60 70 60
360 50 60 50 60 50
4 70 75 70 75 70 75
5 65 45 65 45 65 45
6 55 50 55 50 55 50
7 40 100 40 100 40 100
8 60 55 60 55 60 55

Table 13. Production cost of each part in cells with different sizes for example 2
Size of cell

Parts =T 4 s 6 7 8
15 10 10 15 15 15 20 20
2 5 10 10 15 15 15 20 20
305 10 10 15 15 15 20 20
4 5 10 10 15 15 15 20 20
5 5 10 10 15 15 15 20 20
6 5 10 10 15 15 15 20 20
7 5 10 10 15 15 15 20 20
8 5 10 10 15 15 15 20 20

Table 14. The sources of random generation of the nominal data

Parameter Range
G; 20000
4; 35000
F; Uniform Distribution [50,80]x100
PSg, Uniform Distribution [10,80]
Bpim If i=m then B,;;,, = 1, otherwise equal uniform distribution [2,10]
Bis If i=s then B;; = 1, otherwise equal uniform distribution [2,10]

Table 15 gives the optimal solutions obtained from solving each problem with one term in the
objective function.

Table 15. The optimal objective function values of CPLEX for example 2

Cost term Objective function
Intercellular movement Zy =12225
Machine breakdown Z, =15 818.607
Machine Z; =78600
Production Z, =19275

Raw material procurement and inbound logistic Zs =109 180
Outbound logistic from production facilities to markets Zg =13 745
Amortized fixed cost of establishing production facilities ~ Z, = 20 000

Total cost Z* =268 843.607

The assignment of machines, part-routing and parts to the production network is presented in figure 2.
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Supplier 1
{RM1, RMS,
RM7}

[ Manufacturer 6 ]

Market 6

\ Manufacturer 5

Cell 1| M2M3.M6, [Cell2] M1
M7.M8
P6(R1).P7(R3) P2(R1)
. P8(R2)
Cell3| MI,M3 | Cell4| MI, M9

Supplier 2

(RM6} PA(RI) PI(RI)

Cell 5 M1, M4 Cell 6 M1

Market 4

P3(R2) P5(R2)

Supplier 3
{RM2, RM4,
RMS8}

Market 3

[ Manufacturer 4 ]
e e [ Manufacturer 3 ]

[ Manufacturer 2 ]

[ Manufacturer 1 ]

Fig. 2. Assigning machines, part-routing and parts to production facilities and SC network for example 2

Based on the review of the literature, many researchers have sought to develop the models and
solution procedures. They have, therefore, experimented in different ways to obtain a model
behaviour and, consequently, non-optimal/near-optimal/optimal solutions. An integrated model of the
CMS with SC design and solution procedures was developed by Shaller (2008) for getting non-
optimal solutions. As seen in Figure 2 and Table 15, we present the optimal solutions of Example 2.
Example 3 consists of ten part types and ten machine types. Five different suppliers are utilized for
meeting the raw material requirements for the ten parts. Here, it is assumed that there are seven
production facilities and seven markets. Numerical examples 4-6 in Table 16 are designed by varying
the distance matrix between production facility locations and markets for numerical examples 1-3.

Table 16. The optimal solutions of the set of 6 numerical examples

Costs 1 2 3 4 5 6
Production 51360.263 145918.607  202323.415  55270.916 139371.214  218300.318
Procurement 38970 109180 170422 36810 114210 160662
Logistics 3290 13745 24818 5822 15758 25014
Total cost 93620.263  268843.607 397563.415 97902916  269339.214  403976.318

Here, we developed a novel mathematical model for integrating cell formation into supply chain
design, using alternate process plans. The proposed approach was used for solving six selected case
studies. It has been demonstrated that a better understanding of the integrated method’s effects is
obtained by the proposed model, as it takes into account the volume and sequence of production, and
alternative process routings in the production network.

4-Conclusion

In this study, business enterprises that distribute the capacity of their products in a wide
geographical range (in the form of several production facilities) to meet the demand of several
markets were considered. Under such circumstances, such rebuilding enterprises can re-configure
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their own manufacturing networks (including distributed facilities) for a specific production process
or a product family. In addition, a number of facilities with potential for production is established in a
number of candidate sites to meet market demands. In this research, a distributed cellular
manufacturing system was used to produce products. This system is distributed throughout the supply
chain network between manufacturers. In fact, a set of manufacturers is considered in the cellular
manufacturing system as a production network, and cells in the production sites are formed in such a
way that the costs of supplying raw materials from suppliers, production of products and distribution
of finished products are minimized.

This paper presents a novel mathematical model for integrating CMS into a three-echelon SC
network. A review of the literature showed that there has been no research incorporating multi-
supplier problems and procurement of raw materials in the integration of the CMS into SCM. To
make up for these gaps, the CMS, SCM and sourcing decisions for each production facility were
integrated in the proposed model. The purpose of the model is to minimize procurement costs,
production costs, inbound logistic costs, outbound logistic costs, intercellular movement costs,
machine breakdown costs, amortized fixed costs of establishing production facilities and amortized
costs of machines. A three-echelon SC network was taken into consideration here, on which the
proposed integrated approach was applied for effective realization of the design, figure out the part-
routing, numbers, location, and cell formation for the production network. The design also calculates
the quantity of materials to be consumed in the production process, raw materials to be transported
from suppliers to production facilities, and products to be produced for markets. Six numerical
examples were used for illustration of the performance of the proposed model. Moreover, the
originality of the paper is due to the following points:

e Designing a model for integration of the CMS into SC design.

o Considering the volume of production, sequence of production, and alternative process routings

in the production network.

o Considering the sourcing decisions for each production facility.

Determining the locations of production facilities at potential site locations.

e Determining the trade-off between procurement and inbound logistic costs, outbound logistic

costs form production facilities to markets and production costs.

The proposed model has the potential for incorporation of other features in future investigations.
Here are a number of guidelines for future research:

e Applying a metaheuristic approach (GA, SA, etc.) for solving the proposed model for real-sized

problems.

e Extending the proposed model for integration of dynamic cellular manufacturing systems into
SC design.

e Modelling the proposed approach by considering a multi-period problem while demand is
stochastic.

e Adding new cost terms in the objective function, such as the sales profits of products
manufactured for an enterprise, and eliminating assumptions related to the complete satisfaction
of each product's demand.
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