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Abstract Facility layout problem has a
considerable effect on manufacturing cost; hence,
it can be viewed as a crucial subject in the design
of manufacturing systems operating at dynamic and
stochastic situations in particular. This paper
proposes a new quadratic assignment-based
mathematical model for concurrent design of
robust inter and intra-cell layouts in a multi-period
and uncertain environment of manufacturing
systems. The product demands are presumed to be
independent normally distributed random variables
with known expectation that change from period to
period at random. In the proposed model, time
value of money is also considered. To validate the
proposed model, a randomly generated test
problem is solved by using simulated annealing
(SA) algorithm programmed in Matlab. Finally, the
results are analyzed from statistical and sensitivity
points of veiw.

Keywords: Simulated annealing; Stochastic
dynamic facility layout problem; Robust inter and
intra-cell layout

1. Introduction

One of the most critical stages in the design of
manufacturing system is the facility layout problem
(FLP). In manufacturing systems, a facility can be a
work station such as a machine or a group of
machines named cell. Material handling cost
(MHC) is 20 to 50 percent of total manufacturing
costs and it can be reduced by at least 10 to 30
percent by designing an optimal layout (Tompkins,
White, Bozer, & Tanchoco, 2003). According to
the nature of product demands and time planning
horizon, the FLP can be classified into four
problems as follows: (i) static facility layout
problem (SFLP) with deterministic and constant
flow of materials over a single time period, (ii)
dynamic facility layout problem (DFLP) with
different deterministic flow of materials in each
period, (iii) stochastic static facility layout problem
(SSFLP) with stochastic flow of materials over a
single time period, (iv) stochastic dynamic facility
layout problem (SDFLP) where product demands
are random variable so that their parameters change
from period to period. Design of a robust layout is
an approach to deal with stochastic layout

problems, particularly the SDFLP. A robust layout,
which is not necessarily an optimal layout for a
particular time period is designed as the best layout
over the entire time planning horizon. The robust
approach has the advantage of lack of
rearrangement cost and the disadvantage of not
having an optimal layout for each period. The
SDFLP is the most realistic and complicated form
of the layout problems so that the first three
aforementioned problems can be regarded as a
special case of it. Thus, this paper proposes a new
quadratic  assignement problem (QAP)-based
mathematical model to concurrent design of a
robust inter and intra-cell layout throughout the
multi-period time planning horizon of the SDFLP.
The novelty of this paper is considering
independent product demands as normally
distributed  stochastic  variables with known
expected value that change from period to period at
random and time value of money. In addition,
concurrent design of a robust inter and intra-cell
layout as a flexible layout for the SDFLP. It is
essential to mention that many real world data
naturally follow a normal distribution (Kulturel-
Konak, Smith, & Norman, 2004). Product demands
have also been considered as normally distributed
random variables in layout design problem by the
following authors (Azadeh, Haghighi, &
Asadzadeh, 2014; Ripon, Glette, Hovin, &
Torresen, 2011; Tavakkoli-Moghaddam, Javadian,
Javadi, & Safaei, 2007; Vitayasak, Pongcharoen, &
Chris Hicks, 2016; Zhao & Wallace, 2014; Zhao &
Wallace, 2015).

The QAP is a nonlinear nondeterministic
polynomial (NP)-complete combinatorial
optimization problem (COP) (Sahni & Gonzalez,
1976). Besides, the computational time for solving
the QAP is exponentially proportional to the size of
the problem (Foulds, 1983). Therefore, intelligent
approaches should be used to solve the large-sized
problem rather than the exact methods. Simulated
annealing (SA) intelligent approach is one of the
promising tools for solving COPs such as the FLP
(Alvarenga, Gomes, & Mestria, 2000). SA
algorithm is a simulation of physical annealing
process of solids in statistical mechanics, which
starts with a known or randomly generated initial
solution and a high initial value of temperature. It is
formed by two loops namely, the inner loop to
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search for a neighbouring solution, and the outer
loop for decrease the temperature to reduce the
probability of accepting the non-improving
neighbouring solutions. The better performance of
SA in comparison with GA and tabu search (TS)
was concluded in solving a dynamic cell formation
problem (Tavakkoli-Moghaddam, Aryanezhad,
Safaei, & Azaron, 2005). SA has good convergence
property and it is more robustness and flexible in
comparison with other local search methods. This
algorithm not only can solve the stochastic and
single period inter and intra-cell layout problem as
good as the lingo software in quality solution
standpoint, but also it can solve the larger problems
in a reasonable computation time (Tavakkoli-
Moghaddam, Javadi, & Mirghorbani, 2006). In this
paper, the SA approach is used for solving the
problem because of the above-mentioned reasons
and the complexity of the proposed model.

2. Literature review

Rosenblatt and Lee (1987) and Kouvelis et al.
(1992) defined the robustness of a layout as the
number of times that the layout falls within a pre-
specified percentage of the optimal solution for
different sets of product demand scenarios. Using
the robust approach, a single robust layout is
designed for the whole time planning horizon so
that total material handling cost is minimized
(Kouvelis & Kiran, 1991). Montreuil et al. (1993)
proposed a robust layout named holographic or
holonic layout where different types of machines
are spread over the shop floor to cope with
uncertainties in a manufacturing system. For more
information about holonic layout the following
papers can be referred (Hsieh, 2009a, , 2009b;
Hsieh & Chiang, 2011). The robust layout design
approach is a good method to prevent the shifting
cost (Hassan, 1994). Benjaafar and Sheikhzadeh
(2000) proposed a robust layout by duplicating the
same facilities in the FLP to deal with uncertainties
in product demands. The robustness can be an
intrinsic property of a layout for example, by
replication of the main facilities at the strategic
places within the shop floor, which will guarantee a
reasonable efficiency for the MHS during the
different production periods (Benjaafar, Heragu, &
Irani, 2002 ). Braglia et al. (2003) designed the
most robust layout for a single row FLP by
assuming the product demands as normally
distributed random variables. Kulturel-Konak et al.
(2004) considered the most robust layout with
minimum region under the total MHC curve over a
pre-determined range of uncertainty. Enea et al.
(2005) proposed a fuzzy model to design a robust
layout for the stochastic FLP with multiple product
demand scenarios. Braglia et al. (2005) proved that
in the stochastic FLP, the most robust layout is
obtained by using the matrix of average flows

between facilities. Norman and Smith (2006)
proposed a mathematical model to design the most
robust layout by considering a large number of
independent product demands as random variables
with  known expected value and variance.
Tavakkoli-Moghaddam et al. (2007) proposed a
new mathematical model to concurrent design of
the optimal machine and cell layouts in a single
time planning horizon of a cellular manufacturing
system by considering the stochastic product
demands with known normal probability density
function (PDF). Irappa-Basappa and
Madhusudanan-Pillai (2008) designed a robust
machine layout for the DFLP using the quadratic
assignment formulation by considering machine
sequence and part handling factor, which represents
changes in the attributes of parts from process to
process. Balakrishnan and Cheng (2009)
considered fixed and rolling planning horizon in
the DFLP. They concluded that the algorithms with
good performance under fixed planning horizon are
not necessarily good under effectiveness of rolling
planning horizon. Madhusudanan-Pillai et al.
(2011) proposed a SA algorithm to solve their
robust layout design model in dynamic
environment. Moslemipour and Lee (2012)
proposed a new nonlinear mathematical model for
designing a dynamic layout in uncertain
environment of the FMS where the independent
product demands are normally distributed random
variables with known PDF, which changes from
period to period. Lee and Moslemipour (2012)
proposed a new mathematical model for a multiple
periods inter-cell layout problem in which the flow
of materials is assumed to be a random variable
with known expected value. Lee and Moslemipour
(2012) proposed a new mathematical model for
designing a machine layout having maximum
stability for the whole time planning horizon of the
stochastic dynamic facility layout problem by using
quadratic assignment formulation. This layout has
the maximum ability to display a small sensitivity
to demand changeability.

Forghani, Mohammadi and Ghezavati (2013)
proposed a new robust method to deal with cell
formation and layout design problem by
considering stochastic demands. Neghabi et al.
(2014) developed a novel mathematical model
named RABSMODEL along with a two-stage
algorithm to design a robust layout in which
facilities have flexible dimensions. Tavakkoli-
Moghaddam, Sakhaii, Vatani (2014) proposed a
robust optimization method to design a dynamic
CMS by incorporating production planning so that
processing time of parts is assumed to be
stochastic. Hosseini, Al Khaled & Vadlamani
(2014) developed a robust and simple hybrid
approach founded on incorporating three meta-
heuristic methods including imperialist competitive
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algorithms, variable neighborhood search, and SA
to cope with a DFLP, competently.

3. Concurrent design of a robust inter and intra-
cell layout

In this section, the new mathematical model is
formulated by considering the following
assumptions:

i. Equal-sized machines/cells are assigned to
the same number of known machines/cells
locations.

ii.  The discrete representation of the SDFLP
is considered.

iii. Demands of parts are independent
normally distributed random variables
with known expected value that change
from period to period at random.

iv. Demands of a particular part in different
time periods are independent of each

other.
v.  Time value of money is considered.
vi.  The parts are moved in batches between
facilities.
vii.  The data on machine sequence, interest

rate, part movement cost, batch size,
distance between machine locations, and
distance between cell locations, are
known.

viii. There is no constraint for dimensions and
shapes of the shop floor.

iX. Cell formation is accomplished in advance
so that each cell is formed by a certain
number of known machines used for doing
known operations on parts.

Table 1 shows the notations used in this
model.

Table 1: Notations

Notation Description
K Number of parts
M Total number of machines / machine
locations.
T Number of periods under
consideration
Me Number of machines / machine
locations within cell ¢
C Number of cells / cell locations
K Index for parts (k=1, 2,...,K)
t Index for period (t=1,2,..,T)
i, j Index for machines (i, j=1, 2,. ..,
M);i#]
l,q Index for machine locations (I, g = 1,
2,...,M);1£q
c, W Index for cells (c,w=1,2,...,C); c#
w
u,v Index for cell locations (u,v=1, 2,...
,C)iu#v
Nii Operation number for the operation
done on part k by machine i
fiiji Materials flow for part k between
machines i and j in period t
fij Materials flow for all parts between
machines i and j in period t
frew Materials flow between cells c and w
in period t
D Demand for part k in period t
Bk Transfer batch size for part k
Cxk Present value of the movement cost
per batch for part k
Cu Cost of movements for part k in period
t
Atilg Fixed cost of shifting machine i from
location | to location q in period t
Atcuv Fixed cost of shifting cell ¢ from
location u to location v in period t
dig Distance between machine locations |
and q
duv Distance between cell locations u and
v
Xiil Decision variable for intra-cell layout
problem
Xtcu Decision variable for inter-cell layout
problem
C(n) Total MHC for layout =
E() Expected value of a parameter
Ir Interest rate
Te Total MHC and rearrangement costs
for cell ¢
bic Binary variable indicating the
assignment of machine i to cell ¢
OFV Objective Function Value (total cost

of intra and inter-cell layouts)
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In general, the FLP having discrete representation
and equal-sized facilities assigned to the same
number of locations is usually formulated as the
QAP model. In discrete representation the shop
floor is divided into a number of equal-sized
facility locations.

In the robust layout design method, a dynamic
(multi-period) layout problem is converted to a
static (single period) problem. Therefore, the
following 0-1 integer programming form of the
QAP formulation suggested by Koopmans and
Beckman (1957) is used to develop a model for the
SDFLP using the robust approach:

M M M M
Minimize) > > > f.d XX )

i=1 j=1 1=1 g=1

Subject to:

M
Z X, =1 ; VI
i1

)
M
Z X, =1 ; Vi
E ©)
Xi| :{é if fac;ltir:é/rwiise is assigned to location
(4)

The objective function Eq. (1) is a second-degree
(quadratic) function of the decision variables. In

this equation, f; denotes the flow of materials

between facilities i and j. The distance between
locations | and q is denoted bydlq. In fact, the

objective function represents the total MHC, which
is calculated as the summation of the product of
materials flow between facilities and distance
between the locations of these facilities. The linear
constraints (2) and (3) ensure that each location
must be contained only one facility and each
facility must be assigned to exactly one location
respectively. Equation (4) represents the 0-1 integer

decision variables X;, that are the solution of the

problem so that they determine the location of each
facility.

According to the assumption (i), the QAP model
given in Equations (1) to (4) is used to formulate
the new mathematical model for the SDFLP. The
data on machine sequence, transfer batch size, the
present value of part movement cost per batch,
distance between machine locations, distance
between cell locations, and the expected value,
variance, and covariance of part demands in each
periods are the inputs of the model. The output of
the model is total MHC that must be minimized to

13th International Conference of Industrial Engineering**Mazandaran University of Science and Technology™**Mi
International Hotel, 22nd and 23rd February 2017

design the best layout of machines within each cell
(intra-cell layout) and the best layout of cells on the
shop floor (inter-cell layout) for the entire time
planning horizon.

In the inter and intra-cell layout problem, M

C
machines are placed into C cells so that UC =M
c=1

C

and ﬂc=®. Cell ¢ includes M¢ machines by
c=1

considering Constraints (5) and (6).

M
db,=M,; c=12..,C )
i=1
bic :{(1) if ma(c)mzfvvi;e is assigned to cell c (6)

Eqg. (7) shows the formula for calculating fijk. In
this equation, the condition | Ny— Nig | = 1 refers
to two consecutive operations, which are done on
part k by machines i and j. The formula for
calculating fij is given in Eq. (8), which is reformed
as Eqg. (9) in combination with Eq. (7). Actually,
according to Eq. (8), the average flow of part k of
different time periods fix is considered as the flow
of this part over the entire time planning horizon.
The total flow between machines i and j resulting
from all parts (fj) is calculated as Eqg. (10), which is
written as Eq. (11), after combining with Eq. (9).
Finally, the Eqg. (11) is rearranged as Eq. (12). In

Eq. (12), Dtk is a normally distributed random

variable with the expected value E( Dtk ), therefore,

fij is a normally distributed random variable with
the expected value given in Eq. (13).

[») .
?mctk if |Nki_Nkj‘:l
k

ftijk =
0 otherwise (7)
T
tzll ftijk
foo=t=
ijk
T ®)
1-C
f.==)%=%p 9
ijk T ; Bk tk 9)
K
fi=> fu (10)
k=1
fy =ii S p, (11)
k=1 t=1 T Bk
f; :ii Cy D, (12)
t=1 k=1 T Bk

IWw.SiD
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E(fu) ZZ tk E(Dtk) (13)
t=1 k 1

Since we con5|der tlme value of money, the
movement cost for part k in period t can be
calculated using the formula given in Eq. (14). In
this equation, cx is the present value of the
movement cost for part k and I, is the interest rate
for each period.

w =C @+ 1) (14)
According to Eg. (1), the MHC for the given
layout 7 (i.e. C(x)) is defined as Eqg. (15). Using Eq.
(15) being f;j as a random variable with normal
distribution leads to being C(x) as a normally
distributed random variable with the expected value
given in Eq. (16). Combining equations (13), (14),
and (16) leads to the Eq. (17).

C(ﬂ)ziiii 0 X Xq (15)

(17)
3.1 Intra-cell layout design:
To obtain the optimal layout of machines, which

are located in cell c, for each period, the objective
function T. can be written as Eq. (18) by using Eq.

@an.
M, Mg Mg M, K T C(l-l-l)

Tc:_ z ZZ[ ‘ j (Dtk)dlq il g
i=1 j=1 I=1 g=1 k=1 t=1 TBk

(18)

Since there are C cells in this problem, the total
cost of the intra-cell layouts can be calculated as
the summation of every intra-cell layout cost by
using the Eq. (19). By doing so, the mathematical
model to design of the intra-cell layouts can be
written as follows:

C
Minimize T, (19)
c=1
Subject to: Equations (2), (3), and (4).

3.2 Inter-cell layout design:

In this section, the new mathematical model to
determine the relative location of each cell in the
shop floor, which is defined as inter-cell layout
design, is proposed. The total flow of parts between

S (o,

cells ¢ and w can be calculated by using Eq. (20).
In Eg. (20), since fij is a random variable, fy is also
a random variable with the expected value given in

Eq. (21). In Eq. (21), the variables of E(f;) and

bic are defined
respectively.

M M
W=, fibby, (20)

i=1l j=1

in equations (13) and (6)

—

E(f,)= ZZE(f”) D (21)

i=1 j=1

In the inter-cell layout design process, the cells are
regarded as facilities. Therefore, using the
equations (2), (3), (4), (17), and (21), the
mathematical model for the inter-cell layout design
can be written as follows:

Minimization of

© &AW K T (ehD,0+,)
P nmmIE S SN
c=l w=l i=l j=1 k=1 t=1 K
(22)
Subject to
C
DX, =1 ;Vu (23)
c=1
C
DX, =1 Ve (24)
u=l
Xcu :{t if (:ellomcérmisse assigned to location u (25)

3.3 Intra and inter-cell layout design

Finally, the new mathematical model for
concurrently design of inter-cell and intra-cell
layout in multi-period and uncertain environment
of the manufacturing system can be written as
follows:

Minimization OFV={lIntra-cell cost
(Eq.(19)+Inter-cell cost (Eq.(22)}

(26)
Subject to:

Equations (2), (3), (4), (6), (23), (24), and (25).
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4. Computation results and analysis

To validate the proposed model, a randomly
generated test problem as numerical example is
solved by the SA algorithm programmed in
Matlab.The test problem includes ten parts,
twelve machines grouped into three cells, and ten
time periods. The three groups of machines,
including (1,2,3,4), (5,6,7,8), and (9,10,11,12)
constitute the cells 1, 2, and 3 respectively. The
input data for parts, including the data on
machine sequence, batch size, and movement
cost, are given in Table 2. In this table, for
example, the machine sequence for part 9 is
2—3—8. It means that the first, second, and
third operations on part 9 are done by machines 2,
3, and 8 respectively. The distance between
machine locations and the distance between cell
locations are given in Tables 3 and 4 respectively.
The randomly generated mean value of part
demands for each period is given in Table 5. The
initial solution required by the SA algorithm to
solve the test problem is given in Table 6. This
solution consists of the initial machine layout
within each cell (intra-cell layout) and the initial
layout of cells on the shop floor (inter-cell
layout). Here, the solution of the dynamic inter
and intra-cell layout problem is given as a row
matrix where each column represents a location,
and each element represents a machine/cell
number.

Table 2: Input Data

Batch movement

Parts | Machine sequence size cost

(k) (B (G
1 2—3—6—11-9 50 5
2 1—-4—-3-9 50 5
3 3—4—-7—-8—10 50 5
4 3—5-58—-2 50 5
5 8—-3—-10—12 50 5
6 5—-6—-7—-9—11 50 5
7 4—8—6—10—11 50 5
8 11-10—1—6 50 5
9 2—3—8 50 5
10 6—3—12—10 50 5

Table 3: Distance between machine locations

To 12 3 4 5 6 7 8 9 10 11 12
Fro

1 0 10 20 30 40 50 70 60 50 40 30 20
2 10 0 10 20 30 40 60 50 40 30 20 30
3 20 10 O 10 20 30 50 40 30 20 30 40
4 30 20 10 0 10 20 40 30 20 30 40 50
5 40 30 20 10 0O 10 30 20 30 40 50 60
6 50 40 30 20 10 O 20 30 40 50 60 70
7 70 60 50 40 30 20 O 10 20 30 40 50
8 60 50 40 30 20 30 10 0O 10 20 30 40
9 50 40 30 20 30 40 20 10 O 10 20 30
10 40 30 20 30 40 50 30 20 10 0 10 20
11 30 20 30 40 50 60 40 30 20 10 0 10
12 20 30 40 50 60 70 50 40 30 20 10 O

To| 1 2 3
Fro
1 0 100 200
2 100 0 200
3 200 100 0

Table 4: Distance between cell locations
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Table 5: Mean value of part demands

obtained by running the SA algorithm ten times are
evaluated statistically. The results obtained from
the statistical evaluation, including the worst, best,
and standard deviation (Std. Dev.) of the objective
function values are given in Table 8. The statistical
evaluation shows that the OFVs are pretty close to
each other. As a result, SA algorithm is a robust
and promising tool to solve the proposed model
with good solution quality and reasonable
computaion time.

Table 7: The best solution (Robust layout)

Intra-cell layout Inter-
cell
layout
Cell1 | Cell2 Cell 3
Location | 1234 | 1234 | 1234 123
Facility | 2341 | 7856 | 1210119 | 213
47846 | 76785 54430 Inter-
Cost cell cost
Intra-cell cost = 179061 -
2191058
OFV,.=2370119 Elapsed time =

1.258761 (seconds)

Table 8: Statistical evaluation
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Obijective Function Value (OFV) - (10 trials)

Worst Mean Best Std. Dev.

Table 6: Initial solution (Robust layout)

2375400 2372231.4 2370119 2727.10

Intra-cell layout Inter-
Cell 1 Cell 2 Cell 3 cell
layout
Location | 1234 1234 | 1234 123
Facility | 1234 | 5678 | 9101112 123

The best solution of the robust inter and intra-cell
layout problem obtained by solving the test
problem using SA algorithm is displayed in Table
7. In fact, using these solutions, the total material
handling cost of inter and intra-cell layouts (OFV)
defined by Eq. (26) is minimized. These results
include the best layout of machines within each cell
and the best layout of cells on the shop floor along
with their corresponding cost function value, the
total value of intra-cell cost, the total cost of intra
and inter-cell layout (OFV), and elapsed
computation time. The objective function values

4.2 Sensitivity Analysis

To validate the proposed model, the sensitivity of
the output (objective function) with respect to the
expectation of materials flow as the input
parameter of the proposed model is investigated.
The sensitivity analysis is done in such a way that
the expectation matrix E is changed as (E= E + r *
E), where r is a real number. It is necessary to
mention that considering r = 0 the matrix E' is
equal to E, which is corresponding to the best
solution given in Table 7. Table 9 displays the
values of the objective function with respect to
different expectation matrix for the test problem.
Actually, changes in the coefficient r lead to
changes in the expectation matrix. The results
indicate that the objective function value (OFV)
enhances proportional to increase of the
expectation of materials flow as it is expected. The
diagram of the objective function versus the
expectation of the materials flow is depicted in
Figure 1, which illustrates this conclusion.
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Figure 1: OFV with respect to E’

Table 9: OFV with respect to the expectation of
materials flow
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5. Conclusion

This paper proposed a new nonlinear QAP-based
mathematical model for concurrent design of a
robust inter and intra-cell layout in uncertain and
multi-period  environment of  manufacturing
systems where the independent product demands
are normally distributed random variables with
known expected value, which changes from period
to period. This model was validated by solving a
randomly generated test problems. The obtained
conclusions can be summarized as follows: (i)
according to statistical evaluation, the OFVs are
pretty close to each other. As a result, SA algorithm
is a robust and promising tool to solve the proposed
model with good solution quality and reasonable
computaion time. (ii) sensitivity analysis indicates
that the objective function value (OFV) enhances
proportional to increase of the expectation of
materials flow as it is expected. Therefore, the
model validation is approved. Finally, the
following works can be taken into consideration in
the future researches:

1. Concurrent design of a dynamic inter and intra-
cell layout so that the best layout of each period is
found.

2. Considering variance of product demand in each
period in addition to the expected value.

3. Proposing a more effective hybrid meta-heuristic
approach by combining the SA with other
intelligent approaches to improve the quality of the
solution and the computation time.

4. Considering some constraints such as unequal-
sized machines/cells, adding and removing
machines in different periods, closeness ratio,
aisles, routing flexibility, and budget constraint for
total cost.
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