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A Flexible Flowshop Scheduling Problem with
Machine Eligibility Constraint and Two Criteria
Objective Function
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Abstract—This research deals with a flexible flowshop Because of this waiting time, the sooner preparegilm

scheduling problem with arrival and delivery of §olm groups and
processing them individually. Due to the speciarabteristics of
each job, only a subset of machines in each stageligible to
process that job. The objective function deals waitimimization of
sum of the completion time of groups on one hardlramimization
of sum of the differences between completion tinfejobs and
delivery time of the group containing that job (t@j period) on the
other hand. The problem can be statedrgs/ rj, M; / irreg which
has many applications in production and serviceustries. A
mathematical model is proposed, the problem is gdaw be NP-
complete, and an effective heuristic method is garesd to schedule
the jobs efficiently. This algorithm can then bedisvithin the body
of any metaheuristic algorithm for solving the gesh.

Keywords—flexible flowshop scheduling, group processing,e

machine eligibility constraint, mathematical modgli

|. INTRODUCTION

HE idea of this research was raised when the asithad
a dinner in a restaurant. Guests enter the restaima
different groups at different moments. Each grobposes a

items get cold and the quality of service decreaBesrefore,
the objective of this system would be minimizatafhsum of
the delivery time for all groups in one hand andimization
of sum of the waiting times for all cooked meahiteon the
other hand.

This problem can be stated as the followings:

« The processing system contains several stages with
parallel machines in some stages (at least onee stag

contains more than one machine in parallel). Atlkga

should pass through all stages in the same order.

Therefore, the problem can be considered as abftexi
flowshop scheduling (FFS) problem.
The Jobs enter the system in groups in differem¢si ¢;).
* Each job should be processed by specific resounces
few stages including parallel resourch)(
e The arrival and delivery of jobs in each group dticoe
with each other.
Moreover, it is assumed that all processors inldbestage
are eligible to process all jobs. This assumpttonalid due to

table and all orders of the group members are takéime fact that processors in the last stage (waiesat

simultaneously. The process of preparing mealdsstiter
taking the order. This process contains a speaifimber of
stages: preparing raw materials, cooking, and sgrvEvery
meal passes through all the stages. However, sogaéitams
should be processed by a specific resource in oneare
stages. For instance, in cooking stage French fize® to be
prepared on a fryer while soups have to be boitedrmoven.
The process time in each stage as well as théokdigesource
to process the meal is fixed for a specific kind roéal,
regardless of the group it belongs to. After accdishment of
processes, all meal items ordered by a group areede
simultaneously.

The quality of service and the satisfaction rateuwdtomers
can be raised if a meal item is served as soonisgaady. In
a restaurant, a group of meal items ordered bytgus@ting on
a table should be delivered together. Thus, th&exaneal
items belonging to a specific group have to waitiluhe last
item of that group would be cooked and be readyetserved.
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restaurant who deliver meals or packers in a fgytare the

same in most of the application areas of the preg@soblem.
The objective function can be stated as the weibbten of

the two following objectives:

e Minimization of sum of the completion times of gpsu

 Minimization of sum of the differences between the

completion time of each job and the completion tiofie
the group that the job belongs to
Using the common notations to suggested by Pintgup,
research problem can be notatedF&s/ r;, M;/ irreg [1].
Since the objective function proposed in this resdfeaoes not
belong to regular objective functions known in literature of
scheduling, the last section of the notation (thgedive
function part) is mentioned as irregular. Moreowmcause of
its newness, no notation exists for the assumpioarrival
and delivery of jobs in groups. Therefore, thisuaggtion is
not included in the notation offered for the praoblé similar
problem has been addressed while investigatingrbeuction
process in a ceramic tile manufacturing company T2ieir
proposed problem can be notatedF&s / Sk, M;/ Crax. The
major difference between their research problem taedone
proposed in this research is that they define miization of
makespan as the objective function of the problgloreover,
they assume the arrival and delivery of jobs ardopmed
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individually.The proposed research problem has many A. Setsand Parameters

applications in industrial companies, especially fod,
ceramic tile, and textile production industries. general, M
every industry which receives orders in groups fawas the
limitation of delivering them in the same group ldeaith the
problem proposed in this research. To the best wf o,
knowledge, the first research related to FFS ip@sed by la
Salvador in 1973 who models the production systenthe Ja
synthetic fibers industry as a no-wait FFS [3]tHe literature,
there are two extensive review and classificatiapgps which
provide comprehensive review about the researgh
accomplished on FFS problems based on exact digmit
metaheuristics, and also heuristic algorithms [8], These
works clearly reveal open areas for more reseanclhis
field.Exact algorithms used to solve FFS problemesraostly
based on branch and bound (B&B) method. Since 8 Fyx
problems are shown to be NP-hard, the exact methoels \/,;,
incapable of solving real world problems. Thuss ihecessary

to find non-exact algorithms to deal with such peots. The

most popular metaheuristics used to solve FFS enablare Lai
genetic algorithm, simulated annealing, and tabarcée
Tseng and Liao perform the only research to sol8S Fr,
problem by applying Particle Swarm Optimization (S
algorithm [6]. They addressed a FFS problem with €
multiprocessor tasks, which means each job has @0 b
processed on several machines in each stage. Hveyop a
regular PSO algorithm to solve the problem withimimation
of makespan as the criterion.Machine eligibilitynstraint is
one of the assumptions considered in this resed@iare exist

R

A very large number

number of groups

set of group indices@ = {1,2,...,0} )
number of jobs in groua(aldG)
set of job indices in groua
(J,={12,...,j,}, adG)
number of stages

set of stage indiced§ = {1,2,...,C} )

set of group and job indices necessary to
define decision variables

(R={a,p.b,al(a< p)U((a=p)Nb<a)
number of machines in staggk ] C)

subset of eligible machines to processhob

in groupain stagek (al0G, b0OJ,, kOC)
processing time of job in groupa in stagek
(adG, bOJ,, kOC)

arrival time for group a&d 1 G)

weighting coefficients of the two parts of
objective function €[1{1,2})

The setR is defined to omit unnecessary decision variables
and constraints in mathematical model expressiohe T
importance and necessity of defining this set $ewulsed after
the definition of decision variables in this sentio

only two research applying this assumption in FIr&biems. B. Decision variables

In the first one, a genetic algorithm is proposedolve the

FFS problem considering this assumption [2]. In seeond Xoi
research, a mathematical model and a heuristicriiigo is
suggested for the same problem [7].The objectiveetian of
this research has not been addressed before. tinnfiast of
the research has applied regular scheduling obsgefiinctions
in dealing with FFS problems. For instance minirtiara of
makespan §,,,,,) [8], average flow time criterion F{ [9],
and maximum latenesd.,f,,,) [10] are the most common Yy,
objective functions in the literature.Papers relate the
scheduling areas have been appeared in scientitimals

since 1954. But there is a noticeable gap betweerttteory

and the application of existing methods. This iskae been
pointed out and several research directions taratofidging Wi
this gap has been proposed [11]. Reisman et abrtrepat

from a total of 184 reviewed papers, only five bém (less

than a 3%) have dealt with realistic productiortisgs [12].
Recently, the researchers are encouraged to apprealistic
problems. The proposed research problem has thentatye

of real world application since the idea is inigidtin real Uabpk
world with several applications.

CT.

Il. MATHEMATICAL MODEL

completion time of jolb in groupa in stage
k (a0G, bOJ,, kOC)

completion time of the last job in groap
(adG)

1:if job b in groupa in stagek is processed
on machines
O:otherwisea G, b J,, kOC, sOV,, )
(1:if job b in groupa in stagek is processed
before jobg in groupp
O:otherwise @, p0G, b0 J,, q0J,, kOC,

L&, p,b,q0R)

A

1:if job b in groupa and jobq in groupp are
processed on the same machine in skage

{ O:otherwise@, p0G, b J,, q00J ,, kOC,
La p,b,gOR)

A mixed integer linear programming (MILP) model is If the decision variables are defined regardingaéltheir
developed for the research problem. The sets, maessy indices, the number of variables will increase tohuge
decision variables, and the model are as follows: number and the efficiency of model will decreasastcally.
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Thus, the unnecessary decision variables are amlite

defining setR. For instance, iV, is equal to one, the value in the range of [0,1] which are defined based oe th

of Wiqgank is zero and vice versa. Therefore, by having tilaes
of one of the two couple variables, the other oae be
calculated. Thus, one of them would be enough fmel¢he
constraints in mathematical model. By limiting tinelices of

Wippak @NdUqpeqx @s Well as the indices of related constraints QJ

the mathematical model to the members ofsite number of
decision variables and constraints are decreased.

To reduce the size of the problem, in addition edirdtion
of setR we apply another condition oWy and Ugappee
Wappge @nd Ugpog @re included in the model Wy and Vpg
have at least one member in common. In other wafrjtsy b
in groupa and jobq in groupp in stagek are processed on
different machines, there is no need to add a cainstto
prevent interference between the processing opesatof
these two jobs.

C.The Model
g9 9 Ja
Z=a,).CT, +a,>. > (CT, - Xu.) 1)
a=1 a=1 b=1
Subject to:
quk - Xabk +M (1_Wabqu) 2 tqu’ 2
kOC, ap0G,b0J,,q0J,, a,p,b,gUR
Xak = Xpge ¥ M L=U e ¥ Wopp) = Lo 3)
kOC, apOG,b0J,,q0J,, a,p,b,qOR
Xak = Xapeny 2y, @a0G, bOJ,, kOC 4)
CT,=2X,., aldG,bOJ, (5)
D Ya =1, a0G, b0OJ,, kOC (6)
ZD\/abk
U apoak = Yanks Vg —1, KOC, a,p0G 7
Xao =Ty, aG, b0OJ, (8)
CT,, X, 20, aldG,b0OJ,, kOC
Yavks s Wappgi r U appax {01}, kOC, a,pdG,

bOJ,, q0J,, a,p,b,q0R, sOV,,

The objective function, as presented in (1), is eigived
sum of two statements. The first statement caleslétte sum
of the completion times for all groups and the secone is
incorporated to calculate the sum of the waitimgetiof jobs
belonging to each group. Waiting time is defined the
difference between the completion time of each ol the
completion time of the group it belongs to in thstl stage

(stagec). The weighting coefficientsa(, a,) are two numbers

importance of each part of the objective functinrpractical
situations and have to obtain the condition stat€@).

a ta,=1 9)
Constraint sets (2) and (3) preclude the interfegen
etween the processing operations of any two jobsao
machine. At most one of these two constraint setctive for
each couple of jobs. If job of groupa is processed before job
g of groupp on the same machine in stdgeonstraint set (2)
is activated to prevent interference between thecessing
operations of these two jobs and constraint sets(3jatisfied
for all values ofa, b, p, andqg which have the stated condition.
In the opposite situation, constraint set (3) utadess this
duty. Constraint set (4) ensures that the procgssperations
of a job in two consecutive stages do not interf@enstraint
set (5) is incorporated to the model to find thenptetion time
of each group in the last stage. Constraint set i)
incorporated to the model to support this fact tiegry job
has to be processed in each stage on exactly dgiblel
machine. Constraint set (7) determines the jobschvldre
processed on the same machine in stagéonstraint (8) is
incorporated to assure that the process of eactstgis no
sooner than its arrival time,J.

FFS problem by considering minimization of makespan

criterion FFc| | Crax) is an NP-complete problem [4]. The
problem proposed in this research can be easilycextito a
regular flexible flowshop problem by assuming eagbup
contains only one job which is available at theibeigpg of
the planning horizon, and by considering all maehigligible
to process every job in each stage. Moreover, tijective
function proposed in this research is more complean
minimization of makespan. Based on these insights,easy
to see that the proposed research problem is easilicible to
the one already proven NP-complete. Thus, the tfzat the
proposed research problem is NP-complete
immediately. Therefore, several metaheuristic aflgors are
proposed to solve industry size problems in a realsie time.

Ill.  HEURISTIC ALGORITHM TO CALCULATE THE OBJECTIVE
FUNCTION

To solve the problem either optimally or approxietgat we
need to calculate the objective function value. Maofsthe
procedures for solving the proposed problem searehspace
of vectors presenting the sequence of jobs antbtfind the
best possible sequence regarding the objectiveiumealue
of that sequence. However, given a specific sequefngobs,
calculating the objective function value proposed this
research is not easy. In other words, to calculseobjective
function value for a sequence of jobs, each job toake
assigned to a machine in each stage and the sehedul
processing jobs on each machine should be detedmirtee
efficiency of this procedure has a significant effen the
quality of the objective function value. Therefoam, efficient
heuristic method with four levels is proposed hersechedule
the processing of jobs on machines at each stabes T

follows
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procedure can then be used within the body of eract
approximate search methods for solving the problem.

The leves of the proposed algorithm are as follows:
A Level 1

At this level, the initial schedule of processimgpg on
machines in all stages is determined based on ithples
procedure of assigning the first job in the segeencthe first
available eligible machine. This is done based on
algorithm, called algorithm 1. This algorithm isrformed for
all stages (the stage number is notedk inside the algorithm)
starting from the first stage to the last one, eetipely.

Algorithm 1
Step 1: Assume that is the initial sequence vector of jobs.
Step 2: Set the value of parametey 1.
Step 3: Consider th& job within the sequence vector Find
all the candidate machines to process this jolénfollowing
stage K) and puts equal to the number of these machines.
machine can be considered as a candidate machpr®dess
thei™ job in stagek if it meets two following conditions:

1. Be eligible to process thjob.

2517-9950
No:2, 2012

C.Level 3

For all groups starting from the last group (theugr with
the largest value o) continuing to the next group in
descending order of the@,, values, delay the process of all
jobs in that group up to the latest possible timighout
changing the value o€.,. Then, if possible (due to the
schedule of jobs in previous stages) sort the semuef
processing jobs on each machine in descending ofdéeir
grocessing time (due to the second part of the ctibge
function, it is better to process jobs with smalheocessing
time after the ones with longer processing time).

D.Level 4

Starting from the schedule determined by the filste
levels, in this level we try to revise the lastgetaschedule to
improve the value of the objective function. In erdo do
that, we use algorithm 2 for all groups one by onthe same
order described in level 3 (descending order ofr ti.x
Xalues). In this algorithm, variablehange enumerates the
possible beneficial changes in the schedule amdinetes the
algorithm when no other useful change is possiblerder to
clarify the algorithm, note that the idle time f&ch machine

2. Be available when th& job is ready to be processed inis defined as the time interval between the sthgrocessing

stagek.
Step 4:

the first job in the current group assigned to thachine and
the end of processing the last job in the previgusup

« If s=0, assign thé" job to the first available machine assigned to that machine.

which is eligible to process this job.
« If s=1, assign thé" job to the candidate machine.
» If s> 1, assign the job to the candidate machine whish

Algorithm 2
Step 1: Set the value of varialaleange to zero.

the minimum number of candidate jobs eligible to b&tep 2: Select the machine that processes the mmmim

assigned to that machine in the current stage.

Step 5: If there are unscheduled jobsrtinincrease the value
of i by one and return to step 3. Otherwise, updateby
sorting the jobs regarding the value of their catiph time in
the current processing stage ascending and temnithed
algorithm.

Then, in the next three levels, the schedule otgssing
jobs on machines in the last stage is revised farame the
value of the objective function.

B.Level 2

After executing algorithm 1 for all stages, caltaléhe last
job’s completion time in each group in the lastgstdCryy).
Then, determine the new sequence of jobs regatiimghree
criteria stated below:

1- The jobs belonging to each group should be s
without any preemption by other jobs of other gmup

2- The sequence of processing groups is deterntinedo the
value of theilC,, in ascending order.

3- The sequence of jobs in each group is definsgdan the
sequence vector of jobg),

Revise the sequence vector of jolr3 based on the above

criteria. Then, execute algorithm 1 for the lastqmssing stage

once again using the new sequence veatyrapd calculate
the updated values @, for all groups.

number of jobs in the current group in the lasgstdf there is

more than one machine with this condition, seleetrhachine

with the least scheduled processing time of jobhéncurrent
group. Consider all jobs in this group that aregmesd to the
other machines in the last stage and determinedhdidate

jobs to be transferred to the selected machine grtieem. A

job has to meet the following two conditions todeandidate

for this purpose:

1- The process time for the job should be less taqual to

the idle time period of the selected machine.

2- Transferring the process of this job to the itiiee period

of the selected machine has to improve the secartdop the

objective function. In other words, the complettone for this
job should be delayed by this transfer. Put aldidete jobs in
setQ.

Step 3: Suppose the number of members iQ3stequal tan.

e If m= 1, then transfer the process of this job toithe
time period of the selected machine and set theevaf
changeto zero.

e If m > 1, then transfer the process of the job with
minimum processing time within the s@tto the idle time
period of the selected machine and set the valehaviye
to zero.

« If m = 0, omit the current machine from the list of
machines for selecting in step 2 of the algorithnd a
increase the value ahange by one.
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Step 4: If the value othange is equal to the number of

machines in the last stage, terminate the algorititherwise,
return to step 2.

After assigning all jobs to the machines in allgsts, the
completion time for each group and for the jobshiat group
is determined and the value of the objective fuomctis
calculated using (1).

E. Example

To clarify the performance of this heuristic alglom, an
example is provided as follows:

Suppose that there are three groups of jobs tadmegsed

The problem is solved by CPLEX 10.1.1 by applyihg t
proposed mathematical model. The optimal sequeacwof
jobs for this problem is = (21,22,14,33,32,31,11,12,13)
in which entryij of vectorn refers to th¢" job of thei™ group.
Using this vector, the algorithm is performed totadb an
efficient sequence. Figures 1 to 4 in appendixieedliustrate
the four levels of implementing the algorithm fohist
example.

IV. CONCLUSIONS AND FUTURE RESEARCH
In this research, a real world problem in servieeter

and these groups include four, two, and three job§estaurant business) is investigated. The probienthen

respectively. Assume that there are four processiages.

justified as a flexible flowshop scheduling problewith

The number of machines in the first stage is two tere are SPecial characteristics that can be presenteléFag rj, M; /

four machines in each of the other three stages. déta for
this problem is shown in Table I.

TABLE |
DATA FOR EXAMPLE PROBLEM

ra tank

Group (minutes) Job  Stage (minutes) Vatk
1 27 1,2
1 2 24 1,2,4
3 23 1,4
4 1¢ 1,2,3,¢
1 11 1,2
2 2 2€ 1
3 7 2,3
4 26 1,2,3,4
L 22 1 7 1,2
3 2 8 1,4
3 17 2,3
4 30 1,2,3,4
1 2 1
2 3 2,3
4 3 1€ 1,2
4 13 1,2,3,4
1 3 2
1 2 8 1,2
3 27 2,4
4 7 1,2,3,4
2 9 1 5 1,2
2 2 4 1,2
3 28 1,2
4 3 1,2,3,4
1 2 2
1 2 2 4
3 11 1,2,3,4
4 28 1,2,3,4
1 12 1,2
2 13
3 29 2 3 29 5
4 26 1,2,3,4
1 17 1
3 2 26 1
3 21 1,4
4 12 1,2,3,4

irreg based on known scheduling notations. A mathematical
model to solve the problems optimally is proposétie
problem is proved to be NP-complete and an efftamethod

to obtain the objective function given the sequeotc@bs is
presented.

The proposed research problem has many applications
real world and can be applied in companies andcepectors
in order to reduce their costs.

Since the problem has been proposed for the first in
this research there are rooms for further resedsehristic
and meta-heuristic methods which deal with the erge of
jobs can be used to solve the problem approximaislyg the
procedure explained in this research to obtainsttreedule of
jobs and the objective function value. Applying moecent
meta-heuristic algorithms such as PSO (Particle r@wa
Optimization) is suggested for solving this problem

Moreover, finding an efficient lower bounding menfsn
is an interesting problem that can help to prowadealuable
tool to evaluate the performance of approximateritigms.
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