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problems that considers set up times as separgenhia

Abstract mid-1960s. Until now only hypothetical analysis Heeen
The flow shop scheduling problem (FSSP) with seqaen done because of the complexity of SDST problems and

dependent setup times (SDST) is one of the mosppntlass of  there exists neither a universally acknowledgechogthor

scheduling problems. Efficient supervision of semeedependent  an analytical algorithm for solving such problersckett
setup times (SDSTs) is one of the significant feztuio enhance  5nd Muhlemann (1972) proposed a branch and bound

the performance of manufacturing system. In thesgare work, - . . -

two F()iifferent SAs named SA (NEgH) );md SA (NEHEHI'EDD)\/b a!gorlthm for.the sche(.jullln.g of the jobs with SDSOTs a
been proposed for bi-criteria SDST flow shop scliadu single machine to_ minimize the _total _number of tool
problem. The performance among both heuristicschaeulated ~ changes. Scheduling  problems involving SDSTs  are

annealing approaches have been compared with tipe dfiea strongly NP-hard (Baker, 1974). In an another easiork
defined performance index known as Average Relatereentage ~ Rinnooy Kan et. Al. (1975) presented a branch amaht
deviation (ARPD) up to 200 jobs and 20 machinescherark algorithm for sequencing jobs on a single procedsor
problems of Talliard (1993). The objective functiconsiders the minimize the weighted sum of tardiness of the jdrikar,
minimizing makespan and number of tardy jobs. Frém® B N. and Ghosh, S. (1986) proposed a mix integrate
comparison, it has been found that performancergfgsed SAs linear programme (MILP) to minimize an n jobs and m
vary with the size of job and machines as SANEHDEDPIO 5 hines flow shop with SDSTs. Their formulation
100 jobs for 5 and 10 machine problems and furtherease in . . " .

required a less number of integer binary variatitean

job size and machine size, SA(NEH) shows bettertes ) :
Keywords: Flow shop scheduling, Sequence dependent set upOther formulations. Parthasarathy S. and Rajendtan

time, Hybrid Simulated Annealing, makespan, nundfetardy (1997) proposed a heuristic algorithm to minimizeam
jobs. weighted tardiness in a flow shop with sequenceeddent

set up times. Tan K. and Narasimhan R. (1997) megan
. algorithms based on subsets of those problems bged
1. Introduction Ragatz & Rubin (1995) and Ragatz (1993). The algori
is invaluable for ‘on-line’ production schedulingdh‘last-
minute’ changes to production schedule. Some earlie
research papers have reviewed research assocasetup
times e.g. (Allahverdi et al. 1999; Yang and Lia899 and
Zhu X. et al., 2006). Allahverdi et al. (1999) agiou X. et.
al. (2006) particularly mentioned nearly 200 and0 10

intermediate machines, and at last to a final mechefore ~ 'eferences that deal with setup issues. Cheng E. €t al.

completion. The flow of work is always unidirectiirin a ~ (2000) reviewed research on flow shop scheduling
flow shop. If flow shop problem is with jobs having problems with setup times. They presented a coritplex

sequence dependent setup times on machines thewlid _hierarchy and class!fied research into four caliegotfnat
definitely be a more alluring and realistic vadati(Rios-  "volved sequence independence and dependenceveelat
mercado et. al., 1999: Cheng T.C.E. et. al., 260@z R. 0 both job and family setup times. Zhao C. et.(2010)
et. al., 2005; Allahverdi A. et. al., 2008). Settipes are ~ Proposed polynomial time algorithms to solve single
defined to be the work to arrange the resource fiinay, ~ Machine scheduling problems with setup times and

process, or tasks (products). Sequence-dependémp se deteriorating jobs. L
times are typically found in the conditions whetee t One of the most complications related to flow shop

facility is a flexible machine. Setup times involve scheduli_ng environment is considering Seq“enc‘?m
operations that have to be performed on machinggtat ~ S€t UP times (SDSTs) separately than processing. tn
are not part of the processing times. This includeaning, ~ 'arge amount of the work in flow shop schedulingipems
fixing or releasing parts to machines, adjustmetis considered SDST mc]uded in the processing timd. fBu
machines, setting the required jigs and fixturend a advance manufacturing system performance, a separat
inspecting material etc. The awareness in scheglulin Managing of SDST has to be considered. Also, veryeld
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Scheduling is concerned with allocating limitedoeses
over tasks to optimize certain objective functions.
scheduling, the nature and quantity of each resosinould
be well-known so that accomplishment of differemsks
can be possibly determined. In flow shop productiegP)
system, jobs flow from an initial machine, throusgwveral
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study on flow shop scheduling under SDST environtmen
for due date related performance measure have dees
so far. Hence both these situations have attrantrdased
concentration from the managers and researchers.

The scheduling literature reveals that researchi-amiteria

is also focused by many researchers. Chakravarthgni
Rajendran C. (1999) developed a heuristic for saliveglin

a flow shop with the objective of minimizing the keapan
and maximum tardiness of a job. Eren T. (2010) kbpes

an integer programming model for the problem which
belongs to NP-hard class and the objective funabibthe
problem is minimization of the weighted sum of tota
completion time and makespan. Results of compurtatio
tests show that the proposed model is effectiveoirwing
problems with up to 18 jobs and 6 machines. Gholdmet

al. (2009) describes how we can incorporate sinmrianhto
genetic algorithm approach to the scheduling ofD&B
hybrid flow shop with machines that suffer stocltast
breakdown. Mansouri S. A. (2006) proposed a multi-
objective simulated annealing (MOSA) solution agmio

to a bi-criteria sequencing problem to coordinaguired
set-ups between two successive stages of a supaly

a flow shop pattern. The two objectives consideaed
minimizing total set-ups and minimizing the maximum
number of set-ups between the two stages thatadheNP-
hard problems. Safari E. and Sadjadi S. J. (20idpgsed

a hybrid method for flowshops scheduling with caoioi-
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decisive feature towards fulfilling consumer plea&sis on-
time delivery. Also a special attention in theenecyears is
acknowledged by the problems with due date related
objectives due to the introduction of new techng
inventory management such as just-in-time (JIT)cepts.
Jobs are to be completed neither too early norldt®in
JIT systems which leads to the scheduling probleritis
both earliness and tardiness costs. Hence in pahcti
circumstances of today’s world, current work desilh bi-
criteria flow shop scheduling under SDST with
minimization of makespan and number of tardy jobs
simultaneously. Equal weight age is provided tohbibite
objectives in the said work and different combioas of
machines & jobs are taken to analyze the results best
level. In the past a number of heuristics have lpreposed
and various researchers have modified the orightaH
(1983) to solve the NP hard problems and to get the
optimum results. Low C. et. al. (2004), Chakravaith &
Rajendran C. (1999), Nearchou A. C. (2004) and L2ha
& Chakraborty U. K. (2008) have modified the origiin
NEH (1983) and have got better results. Thus, i@ th
present work, two modified heuristics have beerppsed
for initial feasible sequence. Sequence obtaineth fthe
modified heuristics is combined with initial seeztjgence

of simulated annealing and called as Hybrid Sinadat
Annealing (HSA). Hence two different SAs named SA
(NEH) and SA (NEH_EDD) have been proposed for bi-

based maintenance constraint and machines breakdowrcriteria SDST flow shop scheduling problem. The

The proposed algorithm is designed for non-resuenabl
flowshop state where the processing of jobs after
preventive maintenance is restarted from the béginn
Naderi B. et. al. (2008) introduced a novel simedat
annealing (SA) with a new concept, called “Migratio
mechanism”, and a new operator, called “Giant leap”
strengthen the competitive performance of SA thhoug
striking a compromise between the lengths of neighdod
search structures. Fakhrzad M.B. and Heydari MO&20
presented an efficient solution approach for hylfhiav-
shop scheduling problem with identical parallel hines at
each stage (machine center) for minimizing the sdirthe
earliness and tardiness costs. Riezebos J. ef(1295)
proposed some heuristic procedures for a specqe of
flow shop which consider time lags between multiple
operations of a job. Alcaide D. (2002) proposedeaegal
procedure that tries to solve the minimum expected

makespan flow shop problem subjected to breakdowns.

Random variables have been considered, which measur
the length of availability periods and repair times study
availability intervals of machines. Partial feasilschedules
have been proposed in these intervals and combara to
offer a final global solution to optimize the expet
makespan.

The makespan criteria is very fundamental as wasll
crucial in flow shop scheduling in order to strévegt the
productivity and maximum deployment of assets. Apot

56

performance among both heuristics based simulated
annealing approaches have been compared with theohe

a defined performance index up to 200 jobs and 20
machines benchmark problems of Talliard (1993).

2. Problem Formulation

n x m SDST flow shop scheduling problems have been
considered in the present study. The various assonsp
parameters and fitness function have been desdibledy.

2.1 Assumptions

All jobs are available for processing at time zero.
Each job must be completed if it is started.

Each and every processing time of each job on
every machine must be known in advance;
whatever may be the sequence of the jobs to be
processed.

Processing times are independent of the schedule.
Machines may be idle or at rest.

If the next machine on the sequence needed by a
job is not available, the job can wait and joins
the queue at that machine i.e. in-process inventory
is allowed.

Setup times are known and they are not included
in processing times.

Machines never breakdown and are available
throughout the scheduling period.
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« No machine can process more than one operationGet the bi-criteria SDST flow shop function for {&nd

at the same time. initialize the initial temperature.
Step 2: Modify the scheduleThe annealing function will
2.2 Parameters now modify this schedule and return to a new scleethat
Table 1: Parameters for proposed SAs has been changed by an amount proportional to the
Parameter Value temperature. ) . .
Initial Temperature n Step 3: Access the solutionThe algorithm determines
Annealing Functio Randomly swappir whether the new schedule{S'} is superior or infetioan
Temperature Function Exponentially the current{S}. If {S'} is superior than the {S} becomes
Acceptance Functic Boltzmann probabilit the next schedule{S=S'}. If the {S'} is inferiorah the {S},
Re-anneal interval nx8 the algorithm may still make it the next schedudsdal on
Stopping Criteria n xmx0.5 an acceptance probability.
(time in seconds) Step 4: Adjust temperature:The algorithm lowers the
temperature proportional to cooling rate and stheebest
2.3 Fitness function point found so far.

Bi-criteria fitness function considered the minimig the ~ Step 5: Re-annealing:Re-annealing is carried out after a
has been described below: annealing raises the temperature and the searesusned
First performance measures for scheduling is makesp With the new temperature values.

resources to enhance productivity and acknowledged €xceeds1 x m x 0.5 seconds

maximum completion time of last job to way out frdhe

system. 3.2 Proposed Heuristics
Cmax = Max (G... C)) In the present work, a modified NEH has been pregder
The second criterion for scheduling is the minimigithe  initial seed sequence in simulated annealing for

number of tardy jobs. Associated with each jdb a due ~ comparative analysis with original NEH (Nawaz et, a
date ¢> 0. Let | = 1 if due date for job j is smaller than 1983). A NEH based heuristic of Nawaz et. al. ()98
the completion time @f job j, otherwise Y= 0. The total makespan minimization has been modified for biecidt

number of tardy jobs (Nis defined as : fithess function of minimizing makespan and numbér
n tardy jobs for SDST flow shop scheduling. The digsion
Nt=z Uj of proposed modified NEH is as follows:
=1 Step 1:Generate the initial sequence.

Therefore, bi-criteria fitness function is obtaindy ~ Step 2:Fix k = 2. Select the earliest two jobs from the
combining both objectives into single scalar fuativhich ~ rearranged jobs list and schedule them in order to

has been framed as: minimizing weighted sum of makespan and number of
Min [o Crax + B (NY)] tardy jobs as if there are only two jobs. Set tbtds one as
Whereo and p are the weight values for the considered the current solution.
objective functions having constraints: Step 3:Increase k by 1. Create k candidate sequences by
a>0 andp=>0 putting the first job in the left over job list meach slot of
a+p=1 the current solution. Among these candidates, sdhex

Only one set of equal weighted values have beenbest one with the least partial minimization of gleed
considered to give relative significance to bothe th sum of makespan and number of tardy jobs. Update th
objective functions. All experiment tests are cartdd on  selected partial solution as the new current smfuti
benchmarks problems of Taillard (1993) with stogpiime ~ Step 4:1f k = n, a schedule (the current solution) hasnbee
of the algorithm has been fixed to computationaketiimit ~ found and stops. If not, move to step 3.

based criteria for fair comparison upto 200 jobsl @0  Initial sequence in step 1 of proposed heuristibéng
machines. generated by the following rules as described below
1. Schedule the jobs initially in descending order of

. . m
3. Simulated Anngall_ng , Z F?j as in original NEH (Nawaz et. al., 1983).
3.1 Proposed Hybrid Simulated Annealing (SA) -y
Proposed SA in this study has been explained ksl 2. Organize the jobs according to the earliest due
Step 1: Initialization: The algorithm begins with initial date of jobs i.e. EDD (Kim, 1993).

seed sequence obtained from table 2 and describbed i
section 3.1 and allots the seed sequence to {S}lssd.
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Thus the final sequence has been obtained by cenirsid
the initial sequence as above in step 1 of propbsedstic
and designated as NEH_EDD.Thus a modified heusistic
has been developed and final sequence from thesstie
has been taken as initial sequence in the SA puveed
resulting into two modified heuristics based Sineda
Annealing (SA).

Table 2: Different heuristics for comparative as#yof proposed SAs

S. No. Heuristic Description
1 NEH Initial sequence is developed as
proposed by Nawaz et al.
(1983).
2 NEH_EDD Initially jobs are ordered

according to least value of due
date of jobs, then final
sequence is obtained by NEH
procedure as in section 3.2

4. Results and Discussion

In the present work, all the experimental testsehbgen
conducted on a personal computer having core 2 duo
processor with 2 GB RAM. Stopping limit of both SAas
been fixed to computational time limit of x mx 0.5
seonds The relative percentage deviatidRRD) (Naderi

et. al., 2009) has been used to compare all theridgs
which have been calculated as:-

(Meansol— Besgol)
Besgol

Where Meay, is the solution obtained by Algorithm and
Best, is the best (least) solution obtained among bo¢h th
SAs for particular problemBest, can be found between
the results obtained by running particular algonitfive
times for a particular problem and mean solutiotiésfinal
average solution given by the algorithm for all tine
runs. RPD nearer to zero gives the best resultsmtal of
110 benchmark problems proposed by Taillard (19@3e
been solved for analyzing the results, which inekid
different combinations of 20, 50, 100 and 200 jbleéng
processed on 5, 10 and 20 machines. Each combinatio
different machines and jobs has 10 different sgroblems

i.e. a particular combination suppose 20 jobs and 5
machines has 10 different set of such problemserAft
finding the RPD for 10 different set of problems af
particular combination their mean is also calculatalled
average relative percentage deviation (ARPD). le th
present work both the performance measures i.eespaik
and numbers of tardy jobs have been given equal
importance in the proposed fitness function.

Re lative Percentage Deviation (RPD
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—— SA(NEH)
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Fig. 1 ARPD for both SAs for 5 machine problems

~
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Fig. 2 ARPD for both SAs for 10 machine problems

(]
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20 50 100200
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Fig.3 ARPD for both SAs for 20 machine problems

X

5 10 20

—— SA(NEH)
—=— SA(NEH_EDD)
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Fig. 4 ARPD for both SAs for 20 job problems
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3 Machines Jobs SA (NEH) SA (NEH_EDD)
= 25
R 2 'kp_< 5 20 3.81 3.02
2 15
51( 1 ——SA(NEH) 50 2.43 2.15
05 —=— SA(NEH_EDD)
0 100 2.94 2.79
5 10 20
o 10 20 4.23 3.04
Machine Size
50 1.87 1.72
Fig. 5 ARPD for both SAs for 50 job problems
100 1.85 1.84
4
. 200 0.70 0.72
3
S o \ 20 20 2.28 2.38
511: 1 —— SA(NEH)
0 —s— SA(NEH_EDD) 50 1.66 1.98
Machine Size 200 0.95 0.98
Fig. 6 ARPD for both SAs for 100 job problems o
Hence from the analysis it has been concluded that
12 performance of proposed SAs vary with the size of
1 — machines and jobs as SA(NEH_EDD) for 5 machines
X os shows better performance with 20 and 50 job problem
9 06 - e SA(NEH) over SA(NEH) and also for 10 machines with jopesbf
o 04 SA(NEH_EDD) 20, 50 and 100. Whether SA(NEH) shows better
< 92 - performance over SA(NEH_EDD) for 20 machines with
0 20, 50 and 200 job problems.
10 20 Fig. 4 to Fig. 7 shows ARPD for 20, 50, 100 and Rl

Machine Size

Fig. 7 ARPD for both SAs for 200 job problems

Fig. 1 to Fig. 3 shows ARPD for 5, 10 and 20 maehin
problems. The results have also been compiledbuolaa
form as shown in table 3 & 4. It can be seen fraid 3

problems. It can be seen from table 4 that for @05
SA(NEH_EDD) presents better results for 5 and 10
machine problems with ARPD of 3.02% and 3.04%
respectively. For 20 machine problem SA (NEH) pnese
improved results with ARPD of 2.28%.Also for 50 $b
SA (NEH_EDD) presents better results with ARPD of
2.15% and 1.72% for 5 and 10 machine problems
respectively. Whether for 10 machines SA (NEH) show

that for 5 machines, SA (NEH_EDD) presents improved improved results with ARPD of 1.66%. And for 10($o

results for 20, 50 and 100 job problems over SA HINE
with ARPD of 3.02%, 2.15% and 2.79% respectively.

For 10 machines, SA (NEH_EDD) with ARPD of 3.04%,
1.72% and 1.84% shows better results over SA (NfieH)
20, 50 and 100 job problems respectively. For 2010 |
problem, SA (NEH) with ARPD of 0.70% shows improved

also, SA (NEH_EDD) shows improved results over SA
(NEH) with ARPD of 2.79%, 1.84% and 1.27% for 5, 10
and 20 machine problems respectively. Also for R,
SA (NEH) with ARPD of 0.70% and 0.95% for 10 and 20
machine problems respectively presents improvedltses
over SA (NEH_EDD) for any machine size.

performance. Also for 20 machines, SA(NEH) presents

better results over SA(NEH_EDD) for 20, 50 and Q0
problems with ARPD of 2.28%, 1.66%
respectively. SA (NEH_EDD) with ARPD of 1.27% shows
improved results.

Table 3 ARPD for different SAs for different macaiproblems

and 0.95%
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Table 4 ARPD for different SAs for different jobgtmems

minimize total completion time and total tardinesE&Xpert

Systems with Application, Vol. 36, No. 6, 2009, 9625-
9633.

[8] B. Naderi, M. Zandieh, and V. Roshanaei, “Schedulin
hybrid flow shops with sequence dependent setuptito
minimize makespan and maximum tardiness”, Inteonai
Journal of Advance Manufacturing Technology, Vol, 4

No.11-12, 2008, pp. 1186-1198.

[9] C. Low, Y. J. Yeh, and K. I. Huang, “A robust siratdd
annealing heuristic for flow shop scheduling protdg,
International Journal of Advance Manufacturing Tremlogy,
Vol. 23, No. 9-10, 2004, pp. 762—767.

[10] C. Zhao, and H. Tang, “Single machine schedulirty wast-

sequence-dependent setup times and deterioratibg’, jo
Computers & Industrial Engineering, Vol. 59, Ng.2010,
pp. 663—666.

[11] D. Alcaide, A. G. Rodriguez, and J. Sicilia, “Anpapach to
solve the minimum expected makespan flow-shop probl

Jobs Machines SA (NEH) SA (NEH_EDD)
20 5 3.81 3.02
10 4.23 3.04
20 2.28 2.38
50 5 2.43 2.15
10 1.87 1.72
20 1.66 1.98
100 5 2.94 2.79
10 1.85 1.84
20 1.33 1.27
200 10 0.70 0.72
20 0.95 0.98

subject to breakdowns”, European Journal of Opamati
Research, Vol. 140, No. 2, 2002, pp. 384-398.

[12] D. Laha, U. K. Chakraborty, “An efficient hybrid tméstic
for makespan minimization in permutation flow shop

5. Conclusions

Bi-criteria fitness function proposed for schedglthe jobs

in SDST flow shop proves to be an efficient andablro
today’'s competitive and fast growing
environment. From comparative analysis among SAwss

measure, in

been concluded that their performance varies with of
job and machines. SA (NEH_EDD) upto 100 jobs f@n8

10 machine problems and SA (NEH) for 200 jobs a@d

machine problems shows better performance.
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