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Abstract
In this paper, a novel quadratic assignment-basathematical model is
developed for concurrent design of robust inter a@mda-cell layouts in
dynamic stochastic environments of manufacturingtesys. In the proposed
model, in addition to considering time value of ragnthe product demands
are presumed to be dependent normally distribuéediaom variables with
known expectation, variance, and covariance thaingéd from period to
period at random. This model is verified and vakdaby solving a number of
different-sized test problems and a real world [mobas well as doing
sensitivity analysis by using the analysis of vac@(ANOVA) technique.The
validation process will be ended by investigatihg effect of considering
dependent product demands and time value of mongsrést rate) on the
total cost. Dynamic programming and simulated almmgaalgorithms
programmed in Matlab are used to solve the prohl&ome conclusions can
be summarised as follows: (i) the simulated anngaklgorithm has a
performance as good as the dynamic programmingitdigo from solution
quality point of view; (ii) the simulated annealifgya robust algorithm; (iii)
different values of the input parameters lead teigie of different facility
layouts; (iv) total cost of inter and intra-celytauts is affected by the interest
rate and the percentile level; and (v) the propasedel can be used in both
of the stochastic and deterministic environments.
Keywords. Simulated annealing, stochastic dynamic, robustayemut

1- Introduction

One of the most critical stages in the design ohufecturing system is the Facility Layout
Problem (FLP). Facility layout is the problem otetenining the relative location of facilities oneth
shop floor. In manufacturing systems, a facility &g a work station such as a machine or a group of
machines named cell. Regarding the importance ®fRbP, it is nessesary to mention that the
Material Handling Cost (MHC) forms from twenty tdty percent of the total manufacturing costs
and it can be reduced by at least from ten toythiercent by an optimal layout design (Tompkins et
al., 2003). According to the nature of product dedsaand time planning horizon, the FLP can be
classified into four problems as follows: (i) statsingle period) facility layout problem (SFLP)tiwvi
deterministic and constant flow of materials ovesimagle time period, (ii) dynamic(multi-period)
facility layout problem (DFLP) with different detamistic flow of materials in each period, (iii)
stochastic static facility layout problem (SSFLRdwstochastic flow of materials over a single time
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period, (iv) Stochastic Dynamic Facility Layout Blem (SDFLP) where product demands are
random variables so that their parameters chamye freriod to period. Among the aforementioned
problems, the SDFLP is the most comprehensiveistieabhnd complicated problem.Thus this paper
considers the robust layout design approach iiSieLP.

The MHC is one of the most appropriate measumdich has been widely used to evaluate the
efficiency of a facility layout. This measure shiube minimised to design an optimal
layout.Uncertainties and changes in product demdedd to changes in the flow of materials.
Increase in the flow of materials during the tréiaei from the current period to the next period
increases the MHC, which in turn leads to an ingdfit layout. Therefore, it is necessary to reayean
the facilities in the next period to obtain theioyatl layout. The rearrangement of facilities isostty
process. This cost is named the rearrangement ddwtrefore, to avoid the high facility
rearrangement costin transition from one periothéonext, it is preferable to design just one layou
named a robust layout for theentire multi-periadetiplanning horizon. Actually, in each period, the
MHC of therobust layout remains near to its optifminimum) value in spite of changes in product
demadsfrom period to period.The lower deviatiomfrihe optimal value of the MHC indicates the
better robustness of the layout. The robust layloas some advantagessuch as lack of the
rearrangement cost and being flexible (robust) ghoto cope with uncertainties in demand of
products. However, it suffers from the disadvantafj@ot necessarily being an optimal layout for
each time period.

In general, the FLP having discrete represemtadind equal-sized facilities assigned to the same
number of known locations is usually formulatedtas Quadratic Assignment Problem (QAP) model.
In discrete representation, the manufacturing isiteplit into a quantity of the same-sized facility
places.Koopmans and Beckman (1957) formulated #hié & amathematical model, whichis usedto
formulate the SDFLP in this paper.

The QAP is a nonlinear nondeterministic polyra{iNP)-complete combinatorial optimisation
problem (COP) (Sahni & Gonzalez, 1976). Besides,dbmputational time required for solving the
QAP is exponentially proportional to the size o tbroblem (Foulds, 1983). Therefore, intelligent
approaches should be used to solve the large-pindadiem rather than the exact methods. Simulated
annealing (SA) intelligent approach is one of thenpsing tools for solving COPs such as the FLP
(Alvarenga, Gomes, & Mestria, 2000). SA algorittsranimitation of physical solids annealing. This
algorithm belongs to the class of improvement rtggmh approaches so that it needs toa known initial
solution. SA algorithm consists of two loops namedhe inner loop to search for a neighbouring
solution, and the outer loop for decrease the teatpes to reduce the probability of accepting the
non-improving neighbouring solutions.

The outstanding performance of SA in comparigdtih genetic algorithm (GA) and tabu search
(TS) was concluded in solving a dynamic cell forioatproblem (Tavakkoli-Moghaddamet al.,
2005). This algorithm can not only solve the ststicaand single period inter and intra-cell layout
problem as good as the lingo software from qualitytion standpoint, but also it can solve thedarg
problems in a reasonable computation time (Tava®obhaddam, Javadi, & Mirghorbani, 2006).
According to Moslemipour et al. (2012), SA algomitinas somadvantagess follows: (i) it reduces
the computational time and in turn, it has low memequirement; (ii) accepting the non-improving
solution (uphill movement) prevents the algoritmaonii getting entrapped at a deprived local solution;
(iif) the ability of finding global optimal solutig (iv) this algorithm is easy for implementatidi) it
has the convergent property upon executing the latgnber of iterations; and (vi) SA is more robust
and flexible in comparison with other local seanobthods.In this paper, the SA approach is used for
solving the proposed model because of its abovdiomad advantages and the complexity of the
model.

Lee et al. (2012) proposed a novel hybrid AC&phroach having an outstanding performance to
solve the SDFLP. Moslemipour et al. (2012) revievileel SA and other intelligent approaches for
solving layout problems, comprehensively.

Rosenblatt and Lee (1987) and also Kouvelis, wauavala and Gutierrez (1992)defined the
robustness of a layout as the number of timestligakayout drops inside a pre-defined fractionhef t
optimum solution for dissimilar groups of produantbnd patterns.Using the robust approach, a
single robust layout is designed for the whole tiplanning horizon so that the total MHC is
minimised (Kouvelis & Kiran, 1991). Montreuil et.a{1993) proposed a robust layonamed
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holographic or holonic layout where different types wohachines are spread over the shop floor to
cope with uncertainties in a manufacturing systear.more information about the holonic layout the
following papers can be referred (Hsieh, 20094)09p; Hsieh & Chiang, 2011). The robust layout
design approach is a good method to prevent thiinghicost (Hassan, 1994). Benjaafar and
Sheikhzadeh (2000) proposed a robust layout byichtplg the same facilities in the FLP to deal
with uncertainties in product demands.The robustress be an intrinsic property of a layout for
example, by replication of the main facilities kg tstrategic places within the shop floor, whicl wi
guarantee a reasonable efficiency for the matéaaldling system during the different production
periods (Benjaafar, Heragu, & Irani, 2002).

Braglia, Simone and Zavanella (2003) designedmniost robust layout for a single row FLP by
assuming the independent product demands as ngrmtiributed random variables. Kulturel-
Konak,Smith and Norman (2004) considered the nastist layout with minimum region under the
total MHC curve over a pre-determined range of uat®y. Enea, Galante and Panascia (2005)
suggested a fuzzy-based model for designinga rdacitity layout in the SFLP with multiple product
demand scenarios.Braglia,Simone and Zavanella j20@ed that in the stochastic FLP, the most
robust layout is obtained by using the matrix oérage flows between facilities.Norman and Smith
(2006) proposed a mathematical model to designmhbst robust layout by considering a large
number of independent product demands as randombles with known expected value and
variance.Tavakkoli-Moghaddam et al. (2007) propaseuvelformulation to simultaneous design of
the optimum intra and inter-cell facility layoutsrfthe SSFLP. Irappa-Basappa and Madhusudanan-
Pillai (2008) designed a robust machine layout ttee DFLP using the quadratic assignment
formulation by considering machine sequence anthmardling factor, which represents changes in
the attributes of parts from process to proceskkBiahnan and Cheng (2009) considered both of the
fixed and rolling planning horizon in the DFLP. Fheoncluded that the algorithms having good
performance under condition of fixed planning horiz-don't have necessarily good performance in
the case of rolling planning horizon.Madhusudangéiaifrappa-Basappa and Krishna (2011)
proposed a SA algorithm to solve their robust layt®sign model in dynamic environment.

Moslemipour and Lee (2012) designed an optimathime layout for each period of the SDFLP,
which is named as dynamic layout.They consideréeépendent uncertain product demands having
normal distribution with known and changeable pholitg density function (PDF) from current
period to the next one. Lee and Moslemipour(20t8jppsed a new mathematical model to deal with
a dynamic inter-cell layout problem in which thevil of materials is assumed to be a random variable
with known expected value. Lee and Moslemipour P0Heveloped a novel QAP-based
mathematical model for designing the most stabiditialayout in the whole time planning horizon
of the SDFLP. This layout has the maximalcapabtlityexhibit a little sensitivity to product demand
changes. Forghani, Mohammadi and Ghezavati (20bppoged a new robust method to deal with the
cell formation and the layout design problem bysidering stochastic demands. Neghabi, Eshghi and
Salmani (2014) developed a novel mathematical moaeled RABSMODEL along with a two-stage
algorithm to design a robust layout in which fdmk have flexible dimensions. Tavakkoli-
Moghaddam, Sakhaii and Vatani (2014) proposed astotyptimisation method to design a dynamic
cellular manufacturing system (CMS) by incorporatgroduction planning so that processing time of
parts is assumed to be a stochastic variable. ihbs&daled and Vadlamani (2014) developed a
robust simple hybrid approach by incorporating éhreeta-heuristic methods including imperialist
competitive algorithms, variable neighborhood seaand SA to cope with the DFLP.

In modern manufacturing systems such as thébfeexnanufacturing system (FMS) and the CMS,
machines are grouped into some cells in terms @fpthilosophy of group technology. Therefore,
according to the aforementioned importance of thB,Fan optimal layout of machines inside each
cell (intra-cell layout) and an optimal layout ddlls on the shop floor (inter-cell layout) should b
designed simultaneously. The novelties of this pagehe gaps in the literature are as followsto(i)
propose a QAP-based mathematical model for simediasm design of robust inter and intra-cell
layouts in the SDFLP, (ii) to consider dependemtdpct demands and time value of money. In this
model, regarding the SDFLP,the product demandpra®imed to be dependent normally distributed
random variableswith known expectation, varianoel, @ovariance that change from period to period
at random. In fact, despite considering uncertatdpct demands, the proposed model is free of any
uncertain parameters and thereby there is no meaptement the robust optimisation technique. As
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mentioned before, the term “robust” refers to teaibility of the layout to deal with uncertaintiasd
changes in product demands from period to period.

Regarding the normal distribution assumptions iessential to mention that many real world data
naturally follow a normal distribution (Kulturel-Kak et al., 2004). Product demands have also been
considered as normally distributed random varialitesayout design problem by the following
authors (Ji, Yongzhong, & Haozhao, 2006; Rezazaetkehl., 2009; Ripon, et al., 2011; Tavakkoli-
Moghaddam et al., 2007; Vitayasak, Pongcharoenh&stHicks, 2016)

2-The proposed model
In this section, the new mathematical model asmilated by considering the following
assumptions. Table 1 shows the notations useckiprbposed model.

Tablel. Notations

Notation Description
K Total quantity of parts
M Total quantity of machines / machine locations.
T Total quantity of periods
M. The quantity of machines / locations of machiné@agell c

C Total quantity of cells / locations of cell

k Partindex K=1, 2,...K)

t Period indicator t(=1, 2,...,T)
i Machine indicesi( j =1, 2,. .., M)j #]

g Machine location indicesl, =1, 2,..., M)] #¢
w

Cellindices ¢, w=1,2,...,C)c#w
u, v Cell location indices ,v=1, 2,. .., Cu#£v
Nii Process number for the process performed orkgartmachinea
i Materials flow between machineand;j in periodt created by pak
fii Materials flow between machineandj in periodt created by all parts
ficu Materials flow between celtsandw in periodt
D Partk demand during period
By Partk batch volume
Ck Present value of the movement cost per batchaidkp
Cu Cost of movements for pdetin periodt
&g Cost of shifting machinefrom locationl to locationg in periodt
Qe Fixed cost of shifting celt from locationu to locationv in periodt
dgq Distance from machine locatiéto machine location
doy Distance from cell location to cell locationv
Xi Decision variable for robust machine (intra-ckljout problem
Xeu Decision variable for dynamic inter-cell layoubpltem
TC(Lm) Total cost of layouL,
E() Expectation
Var() Variance
Cou) Covariance

UTC(Lim, P The highest value ofC(x) with the percentile valug
[ Interest rate

T, Total part movement and rearrangement costs foccel

bic A zero-one variable representing the assignmentawhine to cellc
OFVin Total cost of the robust machine layout
OFV, Total cost of inter and intra-cell layouts

i.  Equal-sized machines/cells are assigned to the gsameber of known machines/cells
locations.
ii.  The discrete representation of the SDFLP is consitle
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iii. Demands of parts are dependent normally distribcaadom variables with known expected
value, variance, and covariance that change framg#o period at random.

Iv. ~ The confidence level (percentil®, which represents the decision maker’s attitudeut
uncertainty in product demands, is considered.

v.  Time value of money is considered.

vi.  The parts are moved in batches between facilities.

vii.  The data on number of facilities (machines-celtg)mber of periods, machine sequence,
present value of part movement cost, transfer bsitteh distance between facility locations,
money interest rate for each period (e.g. yeasemt value of facility (machine/cell)
rearrangement cost, the expected value, variamckcavariance of part demands in each
period are known as inputs of the models.

viii.  There is no constraint for dimensions and shapéseo$hop floor.
iX. Machines can be laid out in any configuration sueé rectangular and U-shaped
configurations.

X.  Cell formation is accomplished in advance so tlaghecell is formed by a certain number of
known machines used for doing known operationsastsp

2-1- Robust intra-cell layout design model
Using the robust facility planning approach, a impéiriod problem is changed into a single period
one. Hence, considering the assumption (i), thevahg QAP formulation developed by Koopmans

and Beckman (1957)is utilised to develop the novathematical model for designing inter and intra-
cell layouts in the SDFLP.

M M M M 1
Minimise> >3 f ¢, ¥ % 1)
i=1 j=11=1qg=1
Subject to
M 2
> x =1 ;0 @)
i=1
M 3
dYx =1 ;0i )
1=1
—J 1 if facilty i is assigned to location | (4)
)gl —10 otherwise

The equation (1) is a quadratic objective functiepresenting the total MHC. In this equatiof),

symbolises the materials flow between faciliiesdj. The distance from locatiogo locationq is
indicated byd,, . The equation (2) confirms that each facilitydtion has the capability of containing

just one facility. The equation (3) states a spedifiacility can be allocated to precisely one facil
location. Equation (4) displays the decision vadealy, as the solution to the problem indicating the
place of each facility.

Theinput parameters of the model are as follows: sequehg®ohines, batch volume, the present
cost of part handling per batch, machine locatiistance matrix, cell locations distance matrixd an
the expectation and variance of part demands ditiad to the covariance of each pairs of part
demands in each period. The total cost of the emterintra-cell layouts is considered as dbgutof

the novel model. This cost should be minimised rideo to optimial design of machine and cell
layouts.

C C
It is assumed thal] machines are located @ cells such thaUcz M and ﬂc =[] and Cellc
c=1 c=1
containsM. machines in accordance with equations (5) ande@)ation (7) displays the formulation
for computindy, where, the equatidrNki— Ny | = 1 denotes two consecutive operations, which are
performed on park using machines andj. The formulation for computin§j is shown in equation
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(8), which is modified as equation (9) by combinmith equation (7). In fact, consistent with
equation (8), considering a particular parthe arithmetic average of parts flow in eachpefjp is
regarded as the part flow during the total timenpiag horizon. The total materials flow between
machines andj created by all parts;§ is computed using equation (10), that can betewii the
form of equation (11) by combining with equation).(Qastly, the equation (11) is reordered as

equation (12), wher®, is an uncertain variable having normal distributigith expectatiorg( D, )

and variance&/ar( D, ). Consequentlyf; is also an uncertain variable with normal distribnbaving

the expectation and variance as shown in equafib®s and (14), respectively. Considering the
interest rate, the handling cost for paith time periodt is computed by applying the equation (15).
Equation (16) shows the total cost of part handliog a known robust machine layout, by
considering equation (1). According to equation)(16incef; is an uncertain variable with normal
distribution, TC(L,) is also a an uncertain variable with normal @stion having the expectation
and variance as shown in equations (17) and (5perively.

5
ihc =M,; ¢=12,..C (5)
b, ={5 " moche, L, o et o et (6)
ke, )
Ky if INg—Ng=L
ftijk =9 5
0 otherwise
> (8)
Zfﬂjk
fijk ==
T
1 C ©)
Fix :?;Ethk
> (10)
flj =z fijk
k=1
K T C (11)
f = 'tk Dt
i ;;TBk k
_vv G (12)
flJ _;kZ:IT.BKDtk
_vv G (13)
E(f.J)—;kZ:lT.BKE(DK)
i (14)
T K C
var(f)=3| > 4 ] Var(,)+2) ¥ S Qk %o, Q)
= | k= T.B kel K=ke1 |
Ctk = Ck(1+ Ir)t (15)
M M M M (16)
i=1 j=11=1q9=1
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17)

iE( DHNEE:

j=1 I=1q=1

Var(TC( er Var( Tj)(ZZ d X%

—j I=1g=1

Mz

E(TC( L)) =

!
iy

J (18)

For a known robust machine layduf,, UTC (L, p) is considered as the highest value of the
TC(Lm) with percentile valug. Doing solJ(L,, p) represented in equation (19) can be minimised
rather than minimising C(L,) (Kulturel-Konak et al., 2004; Moslemipour & Le2012; Norman &
Smith, 2006; Tavakkoli-Moghaddam et al., 2007). &opn (20) is written by utilising equations from
(13) to (19). To design the optimum robust macHm@ut inside cellc, the cost functionly, is
formulated as equation (21) in accordance with eoug20). Considerin@ cells in the SDFLP, the
total intra-cell layouts cost is computed as equfR2). As a result, the mathematical formulation
order to the intra-cell layouts design can be nlededs equation (22) subject to equations (2), (3),
and (4).

UTC( Ly, )= E(Tq L))+ Z Vaf T¢ 1)) (19)

Minimisation of

M M K T Ckl Irt M M
ZZZZ%E(DW);;M. h

1/2

K 20
' [ZZ%MJ

i=1 j=1| t=1 2|(Z,l‘kzk‘jrlc -Ii(;(]ﬁa[) c V(Dk, Dk) 1=1 g=1

ZZ[M] (D, )b %, +

N

Tcr = K C (1+| ) )
M, M| T Z( T.B JV r(Dtk) (MC M, j (21)

K C.C. B
B2 e A

C
Minimise)_ T, 22)
Subject toéquations(Z), (3),and(4).

2-2-Robust inter-cell layout design model

In this part, anovel model is developed for geisig an inter-cell layout. The totalmaterials flow
between cell andw is computed by utilising equation (23). In thisuation, f; is anuncertain
variable and therelfy, is also an uncertain variable with the expectatiod variance as shown in
equations (24) and (25), respectively. In equati@43$ and (25), the parametﬁ(sfij ), Var( fij)and

b are represented in equations (13), (14), and€6pectively. In the inter-cell layout design prsse
the cells are regarded as facilities. By doingssmjlar to equations (17) and (18), the expectddeva
and variance of the total MHC of the robust cefblatl... (i.e. TC(L.c) )are calculated using equations
(26) and (27), respectively. Therefore, using thaagions (2), (3), (4), (13), (14), (15), (19), (24
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(25), (26), and (27), the mathematical model fog thter-cell layout design can be written as
equations from (28) to (31).

M M (23)
fcw Zfljhc w
i=1 j=1
MM (24)
E(f,) =22 E(f)hY,
i=1 j=1
Var( fC) iivar( fij)DCZQWZ (25)
- J_cl C C C (26)
E(re(1) =S E( LT doo,
c (27)
Var(TC( 1)) =3, 3 va tw)(zz s
l\_/Iinimisation of
C M MK T Chc ]
ZZ kZ:Z 3( E(Dtk)duv)%uxwv-'-
c=1l w=1 i=1 j=1k=1t=1
“(C @+ §
C(:MM2 kZ{ (TBK)er(Dtk)+ c ¢ 2 (28)
APR WL LAD ) 33 dn]
c=1 w=1 i=1 j=1 2 Z C Ck(l |) OV(D q) u=l v=1
I S TOBLB, K |
Subject to
Sx,=1iOu 9
c=1
Yx,=1  i0c )
;1(;1 :{%) if Ce”otrfer ?Se assigned to location 1 (31)

2-3- Robust inter and intra-cell layouts design model
Finally, the new mathematical model for concotrdesign of inter-cell and intra-cell layouts in
multi-period uncertain environments of the manufeng system can be written as follows:

Minimise OFV={Intra-cell cost(equation(22)+Hnter-cell cost(equation(28)}(32)
Subject to
Equations2), (3), (4), (5), (6), (29), (30and (31).

3- Computation resultsand analysis

In this section, in addition to evaluating the pemiance of the SA algorithm, the proposed model
is verified. To this end, first of all,four smallzed test problemsare solved by using dynamic
programming (DP) and SA approaches in Sub-sectibnThen, in Sub-sections 3-2 and 3-3 a large-
sized test problem and a real world problemareiegpb the proposed model and solved by using the
SA algorithm. Finally, In Sub-section 3-4, the d#@wisy analysis is perfomed using design of
experiment and analysis of variance (ANOVA) techeisjin addition, the effect of considering
dependent product demands and varying interesbratie total cost function of the proposed model
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is investigated in Sub-section 3-5.A personal caepwith Intel 2.10 GHZ CPU and 3 GB RAM is
used to run the SA and the DP algorithms programméghtlab.

3-1- Solving small-sized test problems

In this section, to evaluate the performancehefSA, four small-sized test problems are solwed b
using both of the DP exact method and the SA alyorilf we represent the quantity of machihks
and the quantity of time periodsas the ordered paid( T), then the Problems 1, 2, 3, and 4 will be
correspond to the ordered pairs (3, 4), (3, 5),44,and (4, 5) respectively.In the problems, the
number of cells is assumed to be one (C=1).Rectangonfiguration of layouts with recti-linear
distance between the locations of facilities issidered.The results are displayed in Tables 2 and
3.0n comparison, the SA algorithm has a performascgood as the DP algorithm from solution
quality point of view. In addition,SA algorithm Isetter than the DPalgorithm from computational
time standpoint. Therefore, it can be considered psomising tool for obtaining the best solution t
the large-sized dynamic layout problems in reaslenedimputation time.

Table2.The Results of DP and SA fBiroblemsl and 2
Problem No. 1 2

DP SA DA

Algorithm SA

Confidence Level

0.75 7058400 | 7061400 9763100 9766100
0.85 7168000 | 7171000 9914300 9917300
0.95 7352300 | 7355300 101690D0@0172000
Computational Time (Sec.) 1.527 0.096 2.75p 0.229
Table3.The Results of DP and SA fBroblems3 and 4
Problem No. 3 4
Algorithm DP SA DP SA
Confidence Level
0.75 19796000 1979600p 265570p0 26557000
0.85 20200000 20200000 271136p0 27113600
0.95 20879191 20879191 28111316 28111316
Computational Time (Sec.) 3.1483 0.0298 3.300Q7 4503

3-2- Solving a large-sized test problem

To validate the proposed model, alarge-sizednanygl generated test problem as a numerical
example is solved. The test problem includes tatspawelve machines grouped into three cells,
and ten time periods. The three groups of machinelyding (1,2,3,4), (5,6,7,8), and (9,10,11,12)
constitute the cells 1, 2, and 3 respectively.$gh\a number of different-sized problems, which are
applied to the proposed model, indicates that tRealgorithm cannot solve the SDFLP including
five periods and more than ten facilities. Therefdhe above-mentioned problem is solved by using
the SA algorithm programmed in Matlab. The ini8alution for the SA algorithm is given in Table
4. This solution consists of the initial machingdat within each cell (intra-cell layout) and the
initial layout of cells on the shop floor (interfckyout). Here, the solution to the robust ingerd
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intra-cell layout problem is given as a row matsiltere each column represents a location, and each
element represents a machine/cell number. Thréerelit confidence levels (percentdeincluding
0.75, 0.85, and 0.95 taken from Tavakkoli-Moghaddaral. (2007) are also considered.

For each of the three above-mentioned confidenaeldethe best solutions to the robust inter
and intra-cell layout problem obtained by solvihg test problem using SA algorithm are displayed
in Tables 5 to 7. In fact, using these solutiohs,tbtal MHC of inter and intra-cell layoutSV,.)
defined by Eq. (32) is minimised. These resultduithe the best layout of machines within each cell
(intra-cell layout) and the best layout of cellsttve shop floor (inter-cell layout) along with thei
corresponding cost function value, the total cédshta and inter-cell layout@FV,;), and elapsed
computation time. The objective function valuesagi¢d by running the SA algorithm ten times are
evaluated statistically. Consideriqg= 0.75, the results obtained from the statisteadluation,
including the worst, mean, best, and standard tewi&Std. Dev.) of the objective function values
(OFVsg are given in Table 8. The statistical evaluastows that the objective function values are
pretty close to each other. As a result, the SAréitlyn is a robust method and a promising tool to
solve the proposed model.Here, the term “robud@rseto the fact that the solutionse( OFV$3
obtained by running the SA algorithm ten timesdolving the aforesaid problem are close to each
other.

Tabled. Initial solution (Robust layout)
Intra-cell layout Inter-cell layou

Celll | Cell 2 Cell 3
Location| 1234{1234/1234 123
Facility | 1234/5678/ 9101112 123

—

Tableb.The best solution (Robust layopt= 0.75)
Intra-cell layout Inter-cell layout

Celll | Cell2 Cell 3
Location| 1234|1234 1234 123
Facility | 2341 7856|1210119 213
478460| 767850 544300 | Inter-cell cost = 21910580
Cost Intra-cell cost = 1790610

~—

OFV,. =23701190 Elapsed time = 1.258761 (seconds

Table6.The best solution (Robust layopt;= 0.85)
Intra-cell layout Inter-cell layout

Celll | Cell2 Cell 3
Location| 1234 1234| 1234 123
Facility | 1432 8765|1210119 213
479950| 770240| 545850 | Inter-cell cost =21972120

Cost Intra-cell cost = 1796040
OFV,. = 23768160 Elapsed time = 1.092169 (seconds
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Table7.The best solution (Robust layopt= 0.95)
Intra-cell layout Inter-cell layout

Celll | Cell2 Cell 3
Location| 1234|1234 1234 123
Facility | 2341| 7856|9111012 213
482450| 774270 548480 | Inter-cell cost = 22075800
Cost Intra-cell cost = 1805200

OFV,. = 23881000 Elapsed time = 1.055283 (seconds)

Table8.Statistical evaluatiomp(= 0.75)
Objective Function ValueQFV,.) - (10 trials)

Worst Mean Best ey,
2399154023959537 2370119027543

3-3- A real world problem( Raytheon Aircraft Company)

In this section, the Raytheon Aircraft Compatuydsged by Krishnan, Cheraghi and Nayak (2006) is
used to validate and to show the functionality apglication of the proposed model.Inthis company
as a real world case, six parts are processedibyg 2% equal-sized machines (35' X 35", which are
grouped into one cell. Part movement cost and machéarrangement cost are presumed to be
$3.75/foot and zero respectively. The time planringzon includes 5 time periods (years). An aisle
space of 10 feet is considered around each madrideEuclidean distance between centres of
machines is considered in the case study. Theateyaarly part demands and Machine sequence has
been given by Krishnan, Cheraghi and Nayak (2088)mentioned, the proposed model deals with
the SDFLP where the expectation, variance and @nee of part demands are known in each period.
Thus, to apply the proposed model to the detertiinggorementioned real case, the data on yearly
part demands are considered as the expectatitre @ltrt demands. Since there is no data on variance
and covariance of part demands, a fifty percentgeile p equivalent ofz, = 0 is regarded. Doing
so,the second term of the proposed model givemin(®) is ignored. The data of the problem are
applied to the proposed model and it is solveddiggithe SA algorithm.Table 9 shows the results of
the proposed method and that of the previous orladimg the cost associated with each period and
the total cost over the whole time planning horizés shown in Table 9, the obtained robust machine
layout leads to 7.35% improvement with respecthio previous one proposed by (Krishnan et al.,

2006).
Table9.The Results of Real Case Study

Approach | Krishnan et al. Proposed model | Percentage
Yea (2006) &S5A algorithm Savings
2002 $194,638.76 $165,816 14.80 %
2003 $211,428.07 $200,324 5.25 %
2004 $347,675.62 $343,410 1.22 %
2005 $464,675.32 $480,124 3.20 %
2006 $560,878.42 $458,821 18.20 %

Total Cost $1,779,296.19 $1,648,495 7.35%
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3-4- Sensitivity analysis

In this section, to investigate more about thkedviour of the proposed model, sensitivity analisi
carried out.Besides,using the sensitivity analyisis,inputs of the model are ranked in terms of the
degree of their impact on the output of the modbjgctive function). Sensitivity of the output diet
proposed robust layout design model with respec¢héoinput parameters including expectation of
materials flow, variance of materials flow, and tidence level is investigated by using one-way
analysis of variance (ANOVA) technique.Using tlashnique, the null and alternative hypotheses are
usually tested by using the F-test. The null hypsith states that the means amongst two or more
groups are equal and the alternative one indichtgsat least two means are different. In ANOVA, it
is assumed that the mean of the model outputsaftit group is normally distributed random variable
with approximately the same variance. Considerimg &ssumptions, the F-value is statistically
important at P-value < 0.05 and the null hypothesigjected (Sharma, 1996). In ANOVA, an input
and an output of a model are named as a “factod” @n“response variable” respectively (Neter,
Kutner, & Nachtsheim, 1996).The factors are rankecbrding to the F-values (Carlucci, Napolitano,
Girolami, & Monteleone, 1999). Inputs with highew&lues are more sensitive factors, which have
more effects on the output of a model.The aim @-aay ANOVA is to realise whether data from
several groups have the same mean.

To perform the sensitivity analysis, 100 randprgenerated test problems are applied to the
proposed model in three different cases, namelg Eafase V, and Case P, which are corresponding
to investigate sensitivity of the objective functi@of the model with respect to expectation of
materials flow (matrixE), variance of materials flow (matriX) and confidence (percentile) level) (
respectively. The input data are as follows: Fahdast problem, the expectation and variance «f pa
demandsE andV) are randomly generated with uniform distributemthat [1(1000,10000 and

V [1(1000, 3000. Besides, the number of cells, the number of nmeshand the number of periods

are one, six and three respectiveg={, M = 6 , T=3). For simplicity and without losing the
generality, independent part demands is considdteid. necessary to mention that the effect of
assuming dependent part demands and time valueonéyn(interest rate) on the total cost of the
proposed model is investigated in sub-section 3-5.

In the case E, matrik is changed bf' = E+r* E , whereas mathxand confidence levab
remain unchanged. Considering nine different vaafes[]A ={0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9} leads to generate nine different matricesudtigE;, E,, ...,Eq. Each of the 100 test problems is
solved by considering the nine different matrices$hat the optimal value of the objective functain
the proposed model corresponds to each matrix twirad. Similarly, in the Case V, matri is
changed by' =V + r*V ,whereas matifixand confidence levgl remain unchanged. Considering
the nine aforementioned valuesrdkads to generate nine different matrices inclgdipn Vs, ..., Vs..
Each of the 100 test problems is solved by conisigehe nine different matrices so that the optimal
value of the objective function corresponds to eadtrix is obtained. Finally, in the case P, the
confidence levep is set to each element Awhile matricesE andV remain unchanged. Likewise the
two former cases, each test problem is solved émheof the nine differenp values so that the
optimal value of the objective function correspotmgachp is obtained. In fact, each case includes
nine groups (populations) and each group container@red samples of objective function values.
Each case, group, and sample is denotdd fys respectively, whereK=E, V,P),@=1, 2, ..., 9),

and (s=1, 2, ..., 100). Mean of samples within gragipn casek is represented btylg‘ . As

mentioned, the condition of having normal distribatfor the mean of each group is necessary for the
ANOVA technique. To meet the condition, 100 randpgnerated test problems is considered. This
is due to the central limit theorem (CLT), whiclatss that the average of sufficiently large number
(say, bigger than 30) of independent random vaggafdllows normal distribution (Hogg & Ledolter,
1992).

In fact, the aim of this section is to test thypothesis given in table 10.To this end, usinglatat
software, the ANOVA technique is applied to theutssof the randomly generated test problems for
testing the aforementioned hypothesis. The resflithe ANOVA technique is given in table 11.
According to the results including-values anB-values, the null hypothesidy is rejected. In other
words, as expected, different values of input patans containing expectation of product demands,
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variance of product demands, and confidence levetl Ito design of different facility layouts.
Therefore, the prposed model is valid. As mentiotled input with higheF-value is more sensitive
parameter. According tB-values in table 11, the expectation of product alesnand the variance of
product demand are the most sensitive and the deasitive parameters respectively. This is because

of (F. =8.70)2(F, = 2.99=(F, = 0.35,whereF¢, Fy, andF; areF- values in the cases E, V,

and P respectively. Experimentally, we concluded thanges in the parameters including number of
machines, number of periods, confidence level ramge in which the expectation and variance of

product demands are randomly generated, can chhageensitivity ranking of the inputs studied in
this section.

Tablel0. Hypotheses needed for sensitivity analysis usiNgOXA

Case| Case Description Hypothesis
e | T E He i = Uf == g
p=0.75 H, :Atleast two means are different
E'=E HY (i) = =...= 1)
Vi viEvery |, 0
p=0.75 1 -Atleast two means are different
5 5’,f5 Ho tpty = pt =...= g
p=r H, : Atleast two means are different

Tablell. Results of ANOVA

Case| Source Sums off Degrees Mean = | Prob>F
Squares of Squares | SS/ (P -
(SS) Freedom (MS) df Value)
(df)
Columns| 1.232e+017, 8 1.54e+016

E Error 1.574e+018 891 1.77e+015 8.70 | 2.013e-10
Total 1.697e+018 899
Columns| 2.904e+015 8 3.63e+014
\Y Error | 9.344e+017 891 10.48e+014 0.35 | 0.9305
Total 12.24e+017 899
Columns| 1.506e+01§ 8 1.88e+015
P Error | 5.598e+017 891 6.28e+014 2.99 | 0.0034
Total 5.749e+017 899

3-5-The effect of demands correlation and interest rate on total cost

In this section, the effect of assuming depenhgant demands and time value of money (interest
rate) on the total cost of the proposed model vestigated. To this end, a numerical example with
input data given in table 12 is applied to the nhoBer the known solution [123], the values of the
objective function of the proposed model is cal®daby considering different percentile levels in
the three following cases: (i) independent demanitls no interest rate, (ii) dependent demands with
no interest rate, (iii) independent demands witim-rero interest rate. Regarding other data,this
problem includes two periods and three equal-siradhines placed in a line with a unit distance
between each two consecutive ones. For each garsfer batch size and movement cost are assumed
to be fifty and five respectively. The results ah®wn in table 13.
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Tablel2. Example for analsing demands correlation and interest

Part Variance Covariance Matrix Expectation of part| Machine
Number demand sequence
1 2 3 Period 1 Period 2
1 10,000| 640 4000 1000 1500 | 1-2—-3
2 100 4000 10,000 15,000 2—3
3 2500 5,000 7500 1-2
Machine relocating cost = 10 Interest rate = 10

Tablel3. Total cost for three cases
P 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

[ 3763.6| 3857.1| 3926.9| 3983.8| 4009 | 4094.3 4151.3| 422t | 43144
i |3649.6| 3782.9| 3879.9| 3961.8| 4037.5| 4116.3| 4198.1| 4295.7 | 4428.4
i |4344.7| 4471 | 4564 | 4640.3 4712.5| 4787.4| 4865.1| 4957.¢ | 5085.3

Using the results, the curve of the total cost wébpect to confidence level is plottedfigurel.
The figure indicates that a n@ero interest rate leads to increasthe total cost over the range
uncertainty. As shown in the figurconsidering 50% percentile leved € 0.5),the cost function has
the same value in bottases cindependent and dependent demands, becauspercentile level,
which is equivalent of, = 0, leads to ignoring the second term of the dbjecfunction of the
proposed model given in eatior (32). According to the equation, the second term ef dbjective
functions is variance of MHC, which function of demands correlation indicated by comace.
Therefore, by ignoring this term, demands correfatioes not affect the total cost. In other woifc
the user defined percentile level equal t00.5, independency or dependency of demands not
affect the total cost. It is necessary to staté, imaequation (32 in the case of independent ¢
dependent demands, the term of covariance is refo@-zero respectively. Besides, the total co:
decreased fqo< 0.5 (equivalent az,< 0) and it is increased fpe 0.5 (equivalent az,> 0) percentile
levels by considering dependent deme

6000

—

4000 | amt=l

3000 A =—4=—Independent Demand

Total cost

Dependent Demand
2000
== Time value of money

1000 +

010203040506070.808

Confidence Level

Figurel.Demands correlation and time value of money
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4- Conclusion

This paper proposed a new nonlinear QAP-basetthemetical model for concurrent design of
robust inter and intra-cell layouts in uncertaimayic (multi-period) environments of manufacturing
systems. In the proposed model, in addition to idensg time value of money, the product demands
have been presumed to be dependent normally disgdlrandom variables with known expectation,
variance, and covariance that change from perigaetad at random. This model has beenverified
and validated by solving a humber of different-dizest problems and doing sensitivity analysis by
using the ANOVA technique.Since the proposed maslehn NP-Complete COP, SA intelligent
approach has been used for solving the problem&valate the performance of the SA algorithm,
four small-sized test problems have been solvedgubioth of the DP and SA algorithms.The
validation process has been ended by investigagngffect of assuming dependent part demands and
time value of money (interest rate) on total cdst.Tobtained conclusions can be summarised as
follows: (i) the SA algorithm has a performancegasd as the DP algorithm from solution quality
point of view; (ii) SA algorithm is better than thBP algorithm from computational time
standpoint;(iii) according to the statistical eatlan, the objective function values are prettysel®o
each other and thereforethe SA is a robust algoritiv) sensitivity analysis indicated that diffate
values of input parameters containing expectatiogoraeduct demands, variance of product demands,
and confidence level lead to design of differewility layouts;(v)the expectation and the variaote
product demands are the most sensitive and thé $easitive parameters respectively. However,
changes in the parameters including the numberawhines, the number of periods, the confidence
level, the range in which the expectation and vexeaof product demands are randomly generated,
can change the sensitivity level of the inputs) ¢ansidering nonzero interest rate leads to irseréa
the total cost over the range of uncertainty; (th@g total cost is decreased fsr 0.5 (equivalent of
z,< 0) and it is increased f@> 0.5 (equivalent o> 0) percentile levels by considering dependent
demands;(viii) Regarding the application of the pm®ed model,it can be used in both of the
stochastic and deterministic environments. The waald problemstudiedin Sub-section 3-3 is an
example of a deterministic case and the problerhgedadn other sub-sections are samples of the
stochastic case;(ix) In addition, since the prodos®wdel has been developed based on the QAP
formulation, it can be applied to any manufacturgygtems, particularly the modern ones such as
cellular and flexible manufacturing systems haviegual-sized facilities.The Raytheon Aircraft
Company discussed in Sub-section 3-3 and the Vogiuspace Company in Dallas, Texas are two
real world examples of such systems (Groover, 2008glly, the following works can be taken into
consideration in the future researches:(i) conatirdesign of a dynamic inter and intra-cell laysat
that the best layout of each period is found; @iigidering some constraints such as unequal-sized
machines/cells, adding and removing machines iferdifit periods, closeness ratio, aisles, routing
flexibility, and budget constraint for the totalsto
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