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Abstract The cell formation (CF) is one of the most
important steps in the design of a cellular manufacturing
system (CMS), which it includes machines’ grouping in
cells and part grouping as separate families, so that the
costs are minimized. The various aspects of the problem
should be considered in a CF. The machine reliability and
the tool assigned to them are the most important problems
which have to be modeled correctly. Another important
aspect in CMS is material handling costs that they consist
of inter-cell and intra-cell movement costs. Moreover,
setup and tool replacement costs can be effective in CF
decision making. It is obvious that CF cannot be completed
without considering the number of demand. With consid-
ering of all of the above aspects, an extended linear integer
programming is represented for solving the cell formation
problem (CFP) in this study. The objective is to minimize
the sum of inter-cell movement, intra-cell movement, tool
replacement, machine breakdown, and setup costs. In the
other terms, for states that cost of movement is higher than
tool-changing cost, although a part can have the inter- and/
or intra-cell movements, the model tries to find a solution
which part is allocated to one cell and with changing the
tools, processes of that part is completed. In addition, to
validate the model and show its efficiency and perfor-
mance, several examples are solved by branch and bound
(B&B) method.
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Introduction

Competitiveness in the business market, improvement, and
profitability is the main goals of each manufacturing firms.
To achieve these goals, they need to adapt themselves to
business market conditions (Valipour et al. 2013, 2016). In
the 21st century, a business environment can be described
by extending the universal competition and customer-ori-
ented resulting in high variety and low demand. Nowadays,
consumers need both low cost and high quality simulta-
neously. From the customers’ perspective, a manufacturing
firm should meet even the least market demand with best
price and quality. The group technology (GT) or cellular
manufacturing (CM) concept can be used at manufacturing
systems with high variety and low demand to get superi-
ority to environments with low variety and high demand.
GT is a manufacturing technique, so that the parts with the
same characteristics are grouped and a set of machines are
assigned to these groups to process these parts (Singh and
Rajamani 2012).

GT introduced by Mitrofanov (1966) can be defined by
matching and classifying the parts into several families
based on common characteristics of them. On the other
hand, the machines are classified into several cells, to
process part groups simultaneously. In fact, GT is a link
between job shop and flow shop environments. This tech-
nology offers the possibility of manufacturing a wide
variety of products in a low volume. GT facilitates the
control of a big system by dividing this to several sub-
systems. This technology has a significant impact on
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optimal production in terms of increasing the production
flexibility, decreasing the setup costs and products flow
(Jouzdani et al. 2014).

CM is one of the main applications of GT, where the
parts grouped as part families are processed by groups of
machines in a cell. The determination of producing part
families with groups of machines is known as cell forma-
tion problem (CFP). CM has several advantages including
more flexibility in producing of new parts, reducing the
work-in-process (WIP), reducing required times for pro-
duction (Heragu 1994; Wemmerlov and Hyer 1989),
reducing material handling costs and setup time, and
increasing the production volume, profitability, and quality
(Wemmerlov and Hyer 1989). It should be noted that CFP
is known as an NP-hard problem that has been approved in
the literature (Ballakur 1985).

Because of the importance of CFP, many researchers
have shown their interests to this area of knowledge and
investigated the different viewpoints toward it (Reisman
et al. 1997; Selim et al. 1998; Yin and Yasuda 2006).
Furthermore, different methods have been used in CF such
as visual inspection, coding, and classification (Singh and
Rajamani 2012), similarity coefficient method (Yin et al.
2005), graph theory approach (John et al. 2009), mathe-
matical programming model (Mahdavi et al. 2010), soft
computing (Venkumar and Haq 2006), fuzzy-based tech-
nique (Li et al. 2007), and neural networks (Malavé and
Ramachandran 1991; Venkumar and Haq 2006, b).

Cao and Chen (2004) developed a taboo search (TS)
method to solve CFP. The objective function was to min-
imize inter-cell movement, setup, and machine operating
costs. In their paper, the machine capacity constraint has
been considered (Cao and Chen 2004). Nsakanda et al.
(2006) solved a CFP with respect to multiple routes for
parts by genetic algorithm (GA) (Nsakanda et al. 2006).
Wu et al. (2009) presented a simulated annealing (SA)
composed with the mutation to solve a CFP with alterna-
tive processing routes (Wu et al. 2009). Paydar and Sahe-
bjamnia (2009) proposed a linear programming model to
determine part families and machine grouping in a CFP
with respect to scheduling problem simultaneously (Paydar
and Sahebjamnia 2009). Chung et al. (2011) also solved
CFP by SA, so that they considered alternative routes as
well as machine reliability (Chung et al. 2011). Mahdavi
et al. (2012) proposed a mathematical model considering a
three-dimensional incidence matrix of machine-part-
worker (Mahdavi et al. 2012). Yadollahi et al. (2014)
developed a single objective mathematical model with
respect to machines’ breakdown (Yadollahi et al. 2014).
Jouzdani et al. (2014) proposed a mathematical model with
alternative processing routes and machine reliability which
is solved by improved SA (Jouzdani et al. 2014).
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Many researchers assume that each part has a unique
process routing. However, it is known that a part may be
processed via alternative routes in any level of the pro-
duction plan (Lozano et al. 1999). Considering the exis-
tence of routes, the CFP is transformed into a generalized
CFP (Kusiak 1987). The alternative routings may result in
additional flexibility in the CM system design. Further-
more, papers associated with breakdown and machines’
reliability in CFP are scarce (Das et al. 2007; Diallo et al.
2001; Ameli and Arkat 2008; Logendran and Talkington
1997; Zakarian and Kusiak 1997). This is common that all
of the machines are assumed that have 100% reliability in
CFP. However, this assumption is not logical in the real-
life manufacturing systems. The machine breakdown can
affect extremely on system performance and increase
completion time over due date. Therefore, in CMS design,
the machine breakdown should be taken into consideration
to promote the system performance. In addition, the relia-
bility of the machines becomes more important when each
part has several routes and this can be influential on deci-
sion making for determining the part routes (Jouzdani et al.
2014). Another important issue is tools’ allocation to
machines and incurred costs based on changing the tools.
Another important issue is the tools’ assignment to
machines and calculates the tools’ substitution cost on
machines. In CMS design, when the parts can be processed
by various tools on machines, the change ability of tools on
machines will play a key role in decisions that is related to
determining the processing route for parts and imposed
costs into system. Thus, the tools’ existence and the change
ability of them on machines are considered in this research.
Another case which is considered in this paper is the
demand number for each part. In this paper, inter- and
intracellular movements as well as tool replacement on
machines is based on sequence of operations for each part.
In other words, the sequence of operations is very impor-
tant for calculating movement, routes’ setup costs, tools’
replacement, and machines’ breakdown.

Table 1 extracted from Jouzdani et al. (2014) reviews
the several recent researches in CFP. As it is seen in this
table, the tool assignment distinguishes this research from
the previous papers.

Since there is a variety in production parts in factories,
CMS can save time and cost and thus increasing produc-
tivity by processing similar parts by machines which are
located in separate cells. Therefore, this research is con-
sidered some key parameters such as moving parts path,
tools’ existence, and reliability for machines in production
cells. It helps which the CMS to be practical as well as it
considers the change ability of tools on machines. There-
fore, it prevents the moving of parts on different machines.
In some industries, the parts which have weight or high
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Table 1 Brief review of related works in the literature (from 2005 to 2014)

SM ET CS PV SC PT MM TA MR MC MH DT Authors No.

U D A E S B T R M

Robust integer vV v Vv 4 ("4 4 v/ Cao and Chen (2005) 1
programming

Non-linear integer v v Yin et al. (2005) 2
programming

Hybrid genetic v v Vv vV v v v Vv Nsakanda et al. (2006) 3
algorithm

Integer v v Vv v v vV v Ameli and Arkat (2008) 4
programming

Integer v v Vv v v v v v Ameli et al. (2008) 5
programming

Artificial Neural v vV Vv v/ Pandian and Mahapatra 6
Network (2009)

Fuzzy linear v v Vv v Vv v v 4 v Arikan and Giingor 7
programming (2009)

Ant colony v v Vv v Vv v Solimanpur et al. (2011) 8
optimization

Tabu search v v Vv (4 v vV Vv Chung et al. (2010) 9

Hybrid genetic v v (4 vV Vv Solimanpur and 10
algorithm Foroughi (2011)

Hybrid genetic v v v v/ Ghezavati and Saidi- 11
algorithm Mehrabad (2011)

Simulated v v v Vv V (%4 Vv v Vv Jouzdani et al. (2014) 12
Annealing

Linear integer v v v v V vV Vv v v Vv The Proposed model 13
programming

Notes:

Alternative routing (AR)

Selecting the required machine for each operation processing ™M)

Selecting the best route from the user-specified routings (R)

Selecting from all possible options based on operation and machine type (M)

Data type (DT)

Binary data (B)

Sequence data (S)

Material handling cost (MH)

Inter-cell material handling cost (E)

Intra-cell material handling cost (A)

Machine capacity MO)

Machine reliability (MR)

Tools allocation (TA)

Multiple machine (MM)

Processing time/cost (PT)

Setup cost/time (SC)

Production volume/demand (PV)

Cell size limits (CS)

Environment type (ET)

Deterministic (D)

Uncertain (Fuzzy, Stochastic, . . .) U)

Solution method (Exact, Heuristic, Meta-Heuristic) (SM)
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volume the tools’ substitution on machines for doing sev-
eral different processes by machines can be useful.

After checking research done by the other authors and
latest papers, we understood that ability to install and
replace tools on machines in CMS is a weakness in the
previous researches. Therefore, in this research it is con-
sidered and is focused to investigate tools in CF which is as
innovation this paper. This study develops the paper that is
presented by Jouzdani et al. (2014) and Ameli et al. (2008).
In this paper, tools’ assignment to machines and its sub-
stitution costs are considered as key factor in CFP. More-
over, to reaching to cost minimum, B&B method is
proposed.

Problem description

In this study, a CFP is formulated as a linear integer-pro-
gramming problem including inter- and intra-cell move-
ments, routes’ selection costs, alternative processing
routes, tools’ allocation, and machines’ reliability. Fur-
thermore, the processing time of each operation for each
part on each machine in each route with each tool is known
and deterministic. The capability of processing for each
operation on each tool located on each machine in each
route is given. The number of various tools for different
machines is known and finite when a tool changing on
machine j is done that operation s from part i on machine j
in cell k with tool ¢ is done and operation s + 1 from the
same part i on the same machine j in the same cell k£ with
tool 7 is done.

Furthermore, the parts can be moved within and
between cells. When the subsequent operations for a part
should be processed in two different cells, an inter-cell
movement for that part occurs. On the other hand, suppose
that operation s of part i on machine j in cell k is processed.
If operation s 4 1 for the same part on the other machines
in the same cell k is processed, an intra-cell movement
happens. In this study, several alternative routes are con-
sidered for processing of parts. In each route, several
operations based on the sequence of operations are per-
formed. The number of inter- and intra-cell movements for
each part is also dependent on the sequence of operations.
The machines’ reliability is calculated based on mean time
between two failures (MTBF) and this number is exclusive
for each machine.

Mathematical model
Indices

i : Index for parts, i = 1,2,...,P; j : Index for machines,
j=1,2,...,M;k:Index forcells, k = 1,2, ...,C; r: Index
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R;; s : Index
S,i; t : Index

for processing routes for part i, r =1,2,...,
for operations of part i inroute r, s = 1,2, .. .,
for tool, t =1,2,...,T

Parameters

Cy;: Unit cost of parts movement between cells for part; i;
Cy;: Unit cost of parts movement within cells for part; i;
C,,¢: Unit cost of changing the tool 7 to ' on machine j

o, : cost of selection of route r for part i

Asirj * processing time for operation s of part i in route r
on the machine j by tool ¢

D; : Demand for part i

Ly : Lower bound for number of machines in cell k

Uy : Upper bound for number of machines in cell k; V; :
Maximum number of available tool ; ag;j; : 1 if operation s
of part i in route » on machine j by tool ¢ can be processed;
0 otherwise; MTBF; : Mean time between two failures for
machine j; B; : The failure cost for machine j

Decision variables

Zj: 1 if machine j is assigned to cell k; O otherwise X, :
1 if operation s of part i in route r is processed on machine j
in cell k by tool #; O otherwise R;, : 1 if route r is selected
for part i; O otherwise

Objective function

The objective function includes five cost terms: inter-cell,
intra-cell, tool changing, machines’ failure, and routes’
selection costs. That is as follows:

Yy y

j=1 j=1 =1 =1 (la)
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In the above equations, the term (la) states that the
inter-cell costs and (1b) represents intra-cell costs. Term
(1c) calculates tools’ changing cost and term (1d) is
related to machine breakdown costs and term (le) is
formulated as costs of route selection. Costs Cy; and Cy;
can be dependent on the distance among machines
within and between cells. In addition, these costs can be
dependent on moving method for transmitting the parts
between machines and cells. For instance, the small-size
parts may be transferred between the machines manu-
ally, while the other parts need to be transferred by lift
truck or other equipment. With considering these facts,
the decision makers should calculate these costs. The
cost Cj,y can be dependent to spend manpower cost for
changing the tools, costs of tools’ transportation, and
cost of lost opportunity for production as tool changing.
Moreover, machine failure cost B; for each machine j
can be included fixed and variable cost of repair in
addition to the machine breakdown opportunity. The
cells and machines’ formation is done by route selection.
It is obvious that route selection cost is dependent on
relocation and setup costs of machines.

Constraints

c T
Z Z Z Asirjt Xsirike = Rir V' 8,0, 1 (3)

k=1 j=1 =1
Xyirjkt S ij vsa ia r7j7 ka f (4)
M
szk >L, Yk (5)
=
M
Y Zu<Uc Yk (6)
j=1

C
S zp=1 vj (7)
k=1

Sri—1 R M C

222D Xu<Ve Vi (®)
s=1 i=1 r=1 j=1 k=1
Xw’rjktyRithk € {Oa 1} vsai7 r7j> k7 I (9)

The constraint 2 ensures that each part belongs to

exactly one processing route. Constraint 3 states that if
route r is selected for part i, then this part should be pro-
cessed exactly on one machine and by one tool and within
one cell. Constraint 4 defines that if machine j is assigned
to cell k, each operation of part i can be processed on
machine j by tool ¢ in route 7 in cell k. Constraints 5 and 6
present the maximum and minimum bounds for the number
of machines in each cell, respectively. Constraint 7 guar-
antees that each machine is assigned to only one cell and
constraint § states that the number of used tools cannot be
more than available tools, while constraint 9 determines
kind of each decision variable in the proposed model.

Linearization

By considering three terms (la), (1b), and (lc), the
objective function is non-linear. However, these non-linear
terms can be converted to linear ones by defining the new
binary variables. In such condition, some further con-
straints should be added to the model. We can define two
new binary variables as Eqs. 10 and 11 as follows:

. P / /
inrjj’kk’tt’ = XsiijkthH,[rj’k’t’ VS7 L, 7k> k 0 T (10)

. . /
Qxirjktt’ = X.virjktXS+1,irjkt’ VS, L,rJ, kv L r. (1 1)

With respect to new variables, the further constraints
like Eqs. 12—15 should be defined as follows:

. P / /
Xsirjkt +Xs+l,irj’k’t’ < 1+ inrjj’kk’tt’ VS, Lr,J 7ka k I T

(12)

. .o / /
Xsirjkt + Xs+l,irj/"k’t’ > 2 Wsi}jjj’kk’tt’ vsa L) k7 k 1t

Xsirjkt + Xs+1,irjkt’ S I+ Qsirjktt’ st i7 raja k7 Z t/ (14)
Xsirjkt + Xerl,irjkt’ Z 2 Qsirjktt’ VS7 ia raja k7 I8 t/' (15)

Numerical examples and validity of mathematical
model

The GAMS software is known for integer linear and non-
linear models. The most important features of this software
are the high speed of model solving with many variables
and construction. This capability helps which it be distinct
in comparison to the other software. To validate the model
and show its efficiency and performance, several numerical
examples are generated and solved by branch and bound
(B&B) method under SOLVER of linear programming
called CPLEX in the GAMS software on a personal com-
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Table 2 Small-sized problem data

Part— P] P2 P3 P4
Demand— 90 100 80 95
Route— Rl R2 Rl R2 Rl R2 Rl R2
Selection cost— 500 600 500 500 400 450 450 700
Machine Breakdown cost| MTBF(min) | Tool —sequence of operations [processing time (minute)]
!
M, 300 2000 1-1(5) 2-2(6) 3-2(6)
2-3(7)
M, 200 1000 1-1(4) 2-1(7) 3-1(5) 3-1(5) 1-1(4)
2-2(6)
M; 100 1500 3-2(4) 2-1(4) 1-2(6)
3-2(6)
1-3(7)

M,y 300 2500 1-3(4) 1-2(5) 3-2(5) 3-1(6)

2-3(4)
Table 3 Small-sized problem data
Cjtt’s C,;, Cy; have not any relation let’s Cy < Gy Cjtt’, Cj < Cy Cy, Cq, < let’
Cu Ci2 Cis Cua Cn Ci2 Cis Cia Cn Ci2 Cis Cia Cn Ci2 Cis Cia
30 30 40 100 70 50 40 60 30 40 25 50 50 65 45 70
Ca Cxn Cos Cos Ca Ca Cas Co Ca Ca Cas Coy Ca Cxn Cos (&
25 105 100 250 25 15 10 20 70 65 55 60 35 45 55 50
Conz Cas Css Cis Con Gz Cagy Cizz2 Cuz  Caz Gy Cizz Coun Cas Cssi Cis2
10 50 9 8 10 9 9 8 30 9 9 8 75 90 80 72

puter (Intel Core i5-3230 M 2.6 GHz and 6 GIG) under
windows 8.

Solving the model in small-sized problem

An example including 4 parts, 4 machines, 8 processing
routes (2 routes for each part), and 3 kinds of tools (5 units
for each kind) is considered. Moreover, there are two cells
with minimum and maximum capacities of 1 and 3,
respectively. The required data for this example are given
in Table 2. In this table, three initial columns are according
to machine type, costs of machines’ breakdown, and
MTBEF, respectively. In addition, the part type, the demand
for each part type, the alternative processing routes for
each part type, and costs of route selection are represented
in rows 1, 2, 3, and 4. The number of within the table in
parentheses is operations processing time and out of
parentheses is the sequence of operations and tool type
used.

For example, the number of 3-2(4) in intersection
related to machine M3 and route R, of part Py is defined, so

)
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that “4 min is required for processing of the second
operations of part type 1 in the first processing route on the
machine type 3 by tool type 3”.

The data associated with inter-cell movement costs
(Cy;), intra-cell movement costs (Cy;), and tool-changing
costs on each machine type (C;,/) are given in Table 3. In
this example, four different relations between the above
costs are considered. These relations are as follows:

1. Ci;, Gy, and G,y have not any relations
2. Cy; > Cy and Cjtt’
3. Cyp > Cy; and Cjtt'
4. Gy > Cyjand Gy

Computational results of small-sized problem

After solving the above problem by the proposed algo-
rithm, the obtained results for X i;, Zjx and R;, and related
costs together with solving time considering the different
states for Cy;, C;, and Cjn/ are represented in Tables 4, 5,
6, and 7. The first row shows the part type. In addition, the
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Table 4 Results from GAMS for the small-sized problem/1 Table 6 Results from GAMS for the small-sized problem/3
Part— P, P, P; P, Part— P, P, P; Py
Route— R, R, R, R, Route— R, R, R, R,
Machine| Sequence of operations (tool) Machine| Sequence of operations (tool)
M, 1(1) 2(2) 2(2), 3(2) M, (1)  2(2) 2(2), 3(2)
M; 2(3) M,
M, 2(3) M, 1(3) 1(1)
M, 13) 13) 1(1) M; 2(3) 12), 2(3)
Inter-cell cost— 15,700 3(1)
Intra-cell cost— 2250 Inter-cell cost— 11,450
Tool-changing cost— 760 Intra-cell cost— 0
Machine breakdown cost— 670.7 Tool-changing cost— 2200
Route selection cost— 2150 Machine breakdown cost—  633.4
Total cost— 21,530.7 Route selection cost— 2100
Solving time— 0.03 s Total cost— 16,383.4
Solving time— 0.03 s

Table 5 Results from GAMS for the small-sized problem/2

Part— P, P, P Py
Route— R R, R; R,
Machine Sequence of operations (tool)
M,
M, (1 22 2(2), 3(2)
M, 1(3) 1(1)
M; 2(3) 1(2), 2(3)

3(1)
Inter-cell cost— 0
Intra-cell cost— 5650
Tool-changing cost— 2200
Machine breakdown cost—  633.4
Route selection cost— 2100
Total cost— 10,583.4
Solving time— 0.02 s

second row indicates that the selected processing routes for
each part and the last row, the obtained costs for five terms
in the objective function, total cost, and solving time of the
software are given. Moreover, the number of within
parentheses is tool type and out of parentheses shows the
sequence of operations.

Analysis of results for small-sized problem

From Table 4, it is deduced that machines 1, 3, and 4
are assigned to cell 1 and machine 2 to cell 2. In
addition, the first processing route is selected for part
type 1 and the second processing route for part types 2,
3, and 4. Besides, the mathematical model is so that as

Table 7 Results from GAMS for the small-sized problem/4

Part— P, P, P; Py
Route — R, R, R, R,
Machine| Sequence of operations (tool)
M, 1(1) 2(2)

M, 1(3) 1(3)

M; 2(3) 2(1)
My 2(3) 1(3), 3(2)
Inter-cell cost— 8100

Intra-cell cost— 14,000

Tool-changing cost— 0

Machine breakdown cost— 567.5

Route selection cost— 1900

Total cost— 24,561.5

Solving time— 0.3s

producing part type 4, inter- and intra-cell and tools’
changing occurs and all of the machines are used and
there are not any idle machines.

As an example, the first process of part type 2 is per-
formed on machine 2 in cell 2; while the second process of
part type 2 occurs on machine 1 in cell 1, there is an inter-
cell movement. On the other hand, the first process of part
type 1 is performed on machine 1 in cell 1, while the
second process of that part is performed on machine 3 from
the same cell; thus, there is an intra-cell movement. The
second process of part type 4 is produced on machine 1 in
cell 1 by tool 3 and the third process of that part is pro-
duced on the same machine and in the same cell but by tool
2, and as a result, a tool changing occurs for part type 4.

’r @ Springer
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| & - ) DI With respect to Table 5, the inter-cell movement in
o =~ — o . .
x| = ~ 2 Table 6, and intra-cell movement in Table 7, the tool
& o changing is not performed. Furthermore, the cost resulting
o 2 = S movements and tool changing in the objective function are
— Il N — . . . .
equal to zero. It should be noted that machine 4 is idle in
° S e D) states 2 and 3 (Ci; > Cy; and Cj; Cy > Cy; and Cjy).
| « n ) «@
“ = “ - - In the above example, a small-sized problem is designed
. © & and solved for several states and the analysis of the prob-
o = — [} .
]l o|®]® & A lem is showed model accuracy and performance. A large-
Al = . .
= - =~ sized problem is developed as follows.
S S D)
ol g = § %
[~ — — N o—
o _ Solving the model in large-sized problem
| & 2 :V. 2
* - - A shop decides to produce 6 part types on the 6 machine
. egg types by 3 tool types (number of 20 for each tool type). The
KIS oA engineering unit in shop suggests 3 processing routes for
e < a & s each part type. With respect to designing of the shop, 2
Vil B PO - R o cells with capacities minimum and maximum 2 and 4,
_ L _ respectively. Table 8 includes data associated with the
= g 2 2 S 2 § large-sized example. Table 9 also consists of inter-cell,
— o oA N A o
intra-cell, and tools’ changing costs obtained by accounting
s = unit located in the shop. Now, the manager of the pro-
! (=1 [ . . . . .
B duction unit wants to know that what operations in which
- = e & processing routes on which machines in which cells and by
o (SN — - I3} .
2 I D (\'. A which tool should be processed. The outputs are the
ol 2 N s o o selected processing routes and cell formation, so that all of
& g = ¥ 0% g the demands are met. In addition, the incurred cost to shop
for reaching the plan should be determined (notably, the
<23 S 3 descriptions related to data in the next tables are similar to
“ = é o the previous tables).
o g E @ § . .
il B < - Computational results of large-sized problem
1R S After solving the mathematical model d in thi
el g a @ er solving the mathematical model proposed in this
i 2 research, the obtained results are given in Table 10.
T8 - Analysis of results for large-sized problem
=} —~
o 53 § : VN\} .. . .
2|8 g ~ & As it is seen in Table 10, machines 1, 3, and 5 are allocated
f a o PN to cell 1 and machines 2, 4, and 6 are assigned to cell 2.
5 7 E - S < Machine 4 is idle over the planning horizon. The pro-
—_— Il — o . . .
cessing route 2 for part type 1 and processing route 3 is
“lel |1s
s g =
< R
% % § Z 3 g 2 g 2 S Table 9 L ized problem dat
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Table 10 Results from GAMS

. Part— P P P P P P
for the large -sized problem Route — Rlz R23 R33 Rt, R53 R63
Machine | Sequence of operations (tool)
M, 1(1) 1(3), 2(2) 1(2)
3(1)
M; 1(2), 2(1) 2(3), 3(2) 2(2)
M; 2(3), 3(2)
M, 1(1) 1(1)
My
Mg 2(2)
Inter-cell cost— 9450
Intra-cell cost— 21,000
Tool-changing cost— 25,075
Machine breakdown cost— 2813.6
Route selection cost— 5795
Total cost— 64,133.6
Solving time — 0.16 s
selected for the rest of part types. In addition, inter- and  Conclusion

intra-cell movement and tool changing are as follows:

e Part types 1 and 5: these two part types are transmitted
only within one cell on the various machines.

e Part type 2: machine 3 performs all of the processes of
this part by several tools.

e Part type 3: processes of this part are produced in one
cell with an intra-cell movement and a tool changing.

e Part type 4: this part needs only machine 1 with twice
tool changing on it.

e Part type 5: this part requires only to machines within
one cell.

e Part type 6: this part has one inter-cell movement and
only one to change.

With solving of two examples, the proposed model is
pursuing the optimal solutions among all solutions. In the
other terms, for states that cost of movement is higher than
tool-changing cost, although a part can have the inter- and/
or intra-cell movements, the model tries to find a solution
which part is allocated to one cell and with changing the
tools, and processes of that part are completed. On the
other hand, for states that cost of tool-changing cost is
higher than movement costs, model decides to move the
parts between or within different cells. Notably, because
solving procedure used is able to solve even large-sized
problems in a reasonable computational time thus, using
the approximate methods is not required.

In this paper, an efficient model for CFP was developed with
taking into account several important factors. Based on our
knowledge, there is no similar research which considered
inter- and intra-cell movement, tools’ changing, and route
selection with respect to alternative routes, tools’ allocation,
and machines’ reliability simultaneously. The tools’ allo-
cation and tools’ changing capability on the machines are
contributions of paper that they can prevent from further
inter- and intra-cell movements. It means that with one or
more tool changing on the one machine, the subsequent
operations which may be required to other cells can be pro-
cessed by one machine in one cell with changing of tools on
that machine. To prevent the movement, some parts are
necessary because of high cost and this results in using the
tool-changing policy. Furthermore, it was observed that
when different part types have more than one processing
route, the cost of selected route and sum of breakdown costs
for used machines in each of routes play an important role in
selecting the processing route for each part.

Future researchers

In this research, the number of demand of parts, cells,
machines, and available tools are deterministic and fixed in
advanced. Each of these parameters can be considered
uncertain for future researchers. Moreover, the number of
machines for each type was considered equal to one. As a
result, more than one machine can be challenging for this
proposed model. Using the other solving method to solve

’r @ Springer
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with less computational time like heuristics and meta-
heuristics can be an open study for the future. In addition,
on machine tools’ replacement, this study suggests those
conditions that could be considered in another way for
future researchers.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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