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Abstract

Al impoltalt clesign ploblem elcotnteLecl in the irnplemeutation of the cell sys-

tem of plocluction is ceI1 folmation. Cell foll.n¿tion consists of iclentifl'ing palt farnilies

and machine gloups. The basic cell forrnation ploceclure collsists of rearlangilg tltc

part urachiue matlix in a blocli clia.gonal folm so that the part fan.rilic:; ancl machiue

groltps call be easily identified. A pelfect clecorlposition of the palt m¿rchine matlix

to folm exclnsive cells (no intel cell novenrent) is lot possible in rnost tnanufacturiug

sitnations. Holever, by colsicleling altern¿te pl..ocess plans ancl aclclitional uuits of

same nrachines a.s available, the groupability can be enhancecl. A motivating factol

for intloclucing a cell systern is recluction in material ltanclling. As the nntnl¡el of cells

increases the rvithin cell ol intla cell matelial handling clecreases but the intel cell

material hanclling incleases. By balancilg the intla an<l intel cell rnaterial hanclling

costs, it is possibìe to cletelmine the optimal lumber of cells and cell sizes. Nloteover,

the material handling depelcls on procluction c¡ualtity, secluence of opelations of palts

ancl rnultiple visits to the sane machine. In plocess inclustties involvecl in lepetitive

manufactuling, the parts are processecl by the same set of machines ancl in the satne

olcler'. Cell folrnation in this case is a;ffectecl by the investment anrl oper-ational costs.

In this thesis, mathematical moclels for cell formation ale developecl ploglessively

consicleling the issues cliscussecl above. The moclels simnltaneously iclentify part fam-

ilies ancl machine gloups ancl clo lot recluile any manual intelvention. By valying the

iveights in the noclel the clesignel can forrn lalge loose ceìls or small tiglit cells. Fol



the efficient solution of lalge problerns itelative ancl siurulatecl annealing basecl solrr

tiol ploceclnles ¿ue clevelopecl. The lesults obtailed flom these proceclules conìpale

favoulabll, rvith the cxisting ¡locecluLes. The itelative solntion ¡rr"ocedule is vei'y sirn-

ple alcl less computer intensive; ancl lalgc ploì:lems of400 palts ancl 240 macliiles ale

solvecl in less thal a rninute on a Sul Spalc 2 statiol. Sirmrlatecl aunealing ploceclnte

gives noLe cousistent lesults but r-ecpile consiclelably higher: compntation tilne. It is

r..ecotr rlenclecl that sinulatecl annealing pÌocechue be nsecl fol' solving smalleÌ l¡r'ol¡-

lcrns. Fol largel plobleurs, thc iterative ploce<lule shoukl be nsecl a fes. times s'ith

diffelent iuitial machine assignurents. The integel ploglarnr.ning uroclels cleveloped in

the thesis ca.n be solvecl r.tsing commercial softrvales.
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Chapter L

Introduction

A traclitional rnarmfactnling system cmploys a process layout in u4rich each de-

pa,L-tment consists of a gr:otp of functionally sir.nilar nachines such as lathe. dlill,

etc. (Figule l.l (a)). Pa.lts lr. nst l¡e movecl from clepartmeut to clep:utment in or'-

clel to perfoln the lec¡rilecl opelations. This system provicles flexibility to process a

lzrrge variety ofpalts. Horvever', schecluling, sec¡.tencing, material hanclling aucl ovelall

malageriaì contlol of snch a systern becone clifficnlt ì¡ecause of tlie size ancl conplex-

ity irl,oh'ecl. ñIoreover', althoLrgh arr ilclir.iclual part rrray nse only a srnall subset of

machines, it spencls a lalge amoult of tine for conipletion of its processing clue to

cxcessive matelial handling ancl rvaiting (FiguLe 1.1 (c)).

1.1 The Cell System of Production

The cell systern of ploclnction or cellulal rnalufactlrr-'ing (ClvI) is a system s'here

efficiencies in ¡r'orlnction are attainecl by suitably decornposing a lalger systetn into

srnallel subsystems ol cells by exploiting similalities among the pa.r'ts (Shafel ancl

Roger, 1991). In adclition to the simplification of rnanagement through the creatiou

of srnallel subsysterns, Ci\,I also leacls to leclucecl material hanclling, reclucecl setup

time, reclucecl rvorh-in-process, -,-eclucecl throughput time ancl implovecl seclueucing

ancl scheclr.rlilg or the shop floor (Askin et al., 1991).



1.2 Design of the Cell System of Production

Designiug a cell systern is a courplex uncleltaliing rvith l¡load ir.nplications fol the

olganization. The nunbel of decisions in â s)¡sieln des gr plocess ale numelous. They

are lel¿¡ted to s)'stern stmctule ancl o1;elations. Dccisions lelatecl to systelìì stluc-

iulc inclnde palt types to be plocessecl in the cell, the t¡,pe ald thc mrmbel of m¿r-

chines on rvhich these palts ale plocessecì, the type alcl rmnll¡er of rrrateli¿rl handling

eclnipurent, the loutings, the system la)'ou¡, toot", alrl fixtules. Decisiolis lelatecl to

opelatiolal pr-oceclur-'es ilclucle job clesigl, supelvisolv and snppolt pelsonnel, ald

procluctiou planning ancl coltlol, (lVeml.rellov ancl Hyer', 1986). Stmcture lelatecl

clccisious often plecede the operational clccisions. Ccll folnation (CF), a stluctule-

related clecision process, tahes on a special significance silce most sr.rbsec¡.rent clecisions

ale influencerl by tìris choice (Wemrnellov alcl Hyer', 1986). The focus of this thesis

rvill l¡e on issnes lelated to cell folmation (CF).

1.2,L Cell Formation

Cell folmation (CF) consists of ideltifying palt families (PFs) ancl machine glonps

(NIGs) ol cells, such that the palt families are processecl rvith minirnnm inter-action

'rvith othel cells. If the problern is reorganizing the existing facilities, infolr.n¿tion

on machine lec¡:ilements fot each palt type cal be ol¡t¿inecl fi'om the r-onting calcls.

This infolmatiol is often summalizecl in the fonn of a binary palt rnachine rnatr-ix.

In the palt rnachine matlix a, a.n cìernent r¿p¡r, is 1 if palt ¡r lecluiles machine nz fol

processing, othe::rvise it is 0 (ol blank). Figure 1.1(b) shorvs a palt machine rnatrix

for the 6 parts ancl 5 rnachine ty¡res system shorvn in FiguLe 1.1(a). In Figure 1.1(b),

all units of the sarne type of machine ale lnmpecl iuto one, ancl the secluence of visits



is ignolecl. Let us consiclel the ccll folmation fol this given situation. If rve rvish to

foLm ts'o cells n'e can clo it in a nur.nbel of rvays. Fol instance, assnne that the fir'st

thlee palts ancl thlcc lrlaclìir.rcs ale assiglìe(l to the fir'st cell alcl the lernaining to the

seconrl cell. The cleconposecl system autl the colles¡rolding par:t machine rtt¿ttLix ¿r'e

shorvn in Figule 1.2. In Figulc 1.2(b) each cliagonal blocli lepr-eselts a cell. The cells

thns founcd inclicate that except fol palt 1 the othel parts âr'e lccluilecl to visit l¡oth

the cells. This interaction is shorvn by an ently 1, outsicle the cliagolal bloclçs ancl the

corlespoldilp; opclations ¿rre callecl exceptioual elemelts. Also, not all the lnachines

in a cell alc usecl ìry all the palts assiglecl to the ccll. This occullcncc is shol'u by a

0 eltly insicle the diagolal bloclçs leferrecl to as voicls (0s outsiilc ditrgonal blocks ¿rle

not i'oids). In arr nnpaltitioned matrix shorvn in FigLrle 1.1(l:), all palts ancl m¿chines

beloug to one cell (block). The munber of voicls is 15 t'ith no exceptiona,l elements.

Thus, rve obselve that as tlie mauufacturing system is cleconposecl the luml¡e:: of

exce¡rtionaÌ elements rvill inclease rvith a cleclease in voicls. R¿thel than clecompos-

ing the system arbitralily as clesclibecl above, r'ea,L-r'angilg the rol's ancl columns of

the part machine rn¿trix to obtairr ¿ block diagonal foll leacls to irlentification of

bettel palt farnilies ancl nachine groups. Figule 1.3 shorvs a clecompositiol of the

salìle system Lrsing this apploach. In this learrangecl matlix, palts: 1, 4 ancl 5, ancl

machines: sarv, grinclilg machine, arcl lathe ale in cell 1; aucl patts: 2, 3, and 6

ancl ruachines: milling ancl dlill ale in cell 2. The numl¡el'of voicls ancl exceptional

elemelts ale 2 each, rvhich is less as conpan-ecl to 7 each in Figule 1.2. Thelefore, a

nurnbel of heuristic pLoceclures have been proposecl to obtain a block cliagonal folm

of the rn¿tlix ancl by uramral irtelvertion icleutification of palt families ancl ¡nachiue

groups such that the number of exceptional elements is minirmun.



1.2.2 AlternateRoutings

ìVlost n¿rurfactuling situatious at'e such that a pelfcct clecornposition of palt ma-

chine lnatrix g'itli no voicls ancl exccptional elemelts is not possible. Tu'o possible

a¡rploaclies to improve the grou¡rabiìity of the cl¿rta lcpr-esente<l b1' the palt lnachile

matrix ale by colsiderilg altelnate plocess plals for par-ts and colsiclering aclditional

units of machilcs as ¿vailal;le (l(usiak anrl Cho, 1992). Altelnate process plals are

fiec¡rently ¿vailable fol the palts (I(Lrsialt, 1987), anit iu many ilstances, acklitiolal

nlits of the sane machine type zr,r'e also availal¡le (I(ing anrt Naliorlchai, 1982), To

illustl'ate tìre irnplovemeut, colsider Figule 1.3. Iffol palt 2, tlie opelation pelfonnecl

on the lathe can l¡e le-schecluled on the milling rnachine, one exceptional elemert rvill

be leclncecl. Il the same example tivo nnits of ch'ills ale available. If one unit of

chilling machine to each cell is assigleil, it rvill recluce one exceptional elemelt, Thns,

consiclelatio¡rs of a.lternate loutirgs (altellate plocess plarrs for'¡ralts ¿nd acklitional

nlits of macllines as available) at the tille of paititionilg the palt machine matlix

leacl to a better glouping (Figure 1.4).

L.2.3 Material Handling

At the fir'st level it is important to consider the tlacleoff betrveel voicls ancl excep-

tional elements in the cell foi-m¿tion. The anticipatecl inplovernent of control rvithin

a depaltment, inclicatecl by leduction in voicls shoulcl not be offset by the increase

in cell clepelclency ilclicatecl by an ir.tclease in exceptional elements. A rnotivating

factor for cell formation is the reductiol in matelial hancllilg. Smallel cells lecluce

the physical clistance travelecl by the palts. Thus, intla cell matelial hanclling effolt

ol cost per operatiol for a palt is expectecl to clecrease in a ccll shop. In aclclitiou,



rÌlaterial haldling equiprnent can be usecl mole effectively clue to leclucecl scheduling

problens, clutteling ancl tlaffic. The unit cost of iltr'¿ cell matelial haldliug to a

gleat extelt depends u¡ron the ccll size (N,lcAuley, 1972; Sankar-.al ancl I(asilingam,

1993). On thc otliel haucl, the cells have fcs'er lnachines ancl thelefole, parts vis-

it othel cclls nole oftel, thus increasilg the ilter cell matelial hancllilg cost. 81,

balanciug thc intra cell and intel cell matclial haudling costs one shoulcl l¡e ¿ble to

cleter-lnile the optimal rmmbel of cells alcl cell sizes.

It shoukl be uoted that the uratel'ial hanclling cost also depelds ol ploclnction

c¡rantity ¿n<l other factols. For-' exaurple, some palts may rcc¡tile special hanclling

er¡ripment bec¿use of theil size, shape ancl fiagility. The presence of al exccptioual

elernent leplesents one or trvo intel cell moveurent(s) of a palt clepending rqrol the

seqr.rerìce of opelations. The part has to lnalte one intelcell move if the opelation is

the fir'st ol the last ancl trvo intel cell noves if the opelation is an iltermecliate one.

Fol example, in FigLrle i.5, palt 5 mahes t¡vo mor.es fol an intelmecliate opelation

(dlill) ivhile palt 2 nahes orÌe rnove fol its last operatiol (lathe). Horvever, the palt

lnachine matrix shorvs one exceptional elemeut for l¡oth. Fulthelmore, thele ale sitlr

ations rvhen the s¿rne machile is visitecl mole than once ì:y palts for lon-consecutive

operations rvhich a.ffect the rnatelial hanclling cost. For exarnple, in Figule 1.4, palt

2 visits the ch'illing rnachine tivice. Thus, cell size, part type ancl c¡rantity, opelation

sequence, ancl mr.rltiple visits to a machine have significant implicatiols for ln¿telial

halclling.

The inter cell moves c¿n be fulther- reclucecl by consicleling the follorving: tlalsfer

an extra lurit of machine fi'orn another- cell to the palent cell of the palt; ot re-allocate

those opelations rvliich resultecl in exceptional element to a cliffelent type of machile



(capable of plocessing the operatiol) in the palt's ¡;alclt cell.

L,2.4 fnvestment and Operational Costs

The najolitl' of the cell folmation methorls consiclel glouping of palts ancl rna.-

chines by decomposing the palt machine matrix. Horvever', in sorne ploccss inclustlics

involvecl in repctitive uranlrfactulilg, all patts lerluile the sanre set of machines. Tlie

bloch cliagonalization ¡rlocedulc is not applicable in these cascs since all tlic. elemcnts

of the palt m¿chine matrix ale 1. The cell folrnatiol decision in this casc involvcs,

cleciditg ou nnrnbeL of cells to be folrnecl, capacity at cach plocessing stage in a cel-

l, ancl cletelmining allocation alcl optimal sequence of palt procluction in the cells.

N¡Ioleover', the CF decisiol is a.ffectecl b1,investment alcl opelation costs such as se-

rluettce cle¡>enclelce setnp, machile iclle tinre , par-t inrentor'1'. palt early ¿ncl late filish

compalecl to clne clate.

1.3 Organization of the Thesis

The lemailclel of the thesis is olganizecl as folloivs. Chaptei' 2 provicles a levierv

of existing litelatule ol cell folrnation. In aclclition, the chapter clesclibes the mo-

tivation for the culrent lesearch atd the research objectives. In Chapters 3 and 4,

the basic cell formation proì:lern (i.e., to obtain a block cliagonal fot'rn of the palt

machinc matlix) is aclch'essecl. Cell formation consicleling alternate lontings is pre-

sentecl in Chapter' 5. The matelial hanclling aspects of cell folmation ale consiclerecl

in Chapter' 6. The influence of investment ancl oper:ational costs on the cell folma-

tion clecision is consiclelecl for the repetitive mamrfacturilg envilonrnent in Chaptel

7. The contribrrtions of the resealch alcl clilections fol futule lesealch are given in

Chapter 8.



P4

P3

P6

Parts

S: Saw; M: Milling machine; G: Grind¡ng machine;
D: Dr¡lling machine; L: Lathe

(a)
(b)

Time on
machine Moving and Waiting

Opelation Positioning, loading, gaging, idle etc.

( Reprnduced from Ham et al., 1985)

(c)

Figule 1.1 : Traclitional mamrfactuling system.
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P4

P3

P6

Part FaÌnily 1: {Pl, P2, P3i

PaIt Fanrily 2: iP4, P5, P6)

S: Saw; M: l\ililling machine; G: Gr¡nding machine;
D: Drilling machÌne; L: Lathe.

(a)

Machine

block 1..-.-

Parts

I

;

1

4

5
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rÁ\r
A'ô
iÀ,/ô

00

EE
tro

EoE
008
oEo

/s\ r

l1

r/|
I Opelation performed in other cell (exceptional element)

A Machine not used by the allocated pät (void)

(b)

Figule 1.2: Albitraly clecomposition into 2 cells.



Part fam¡ly 1 : {P1, P4, P5}

Part family 2: {P2, P3, P6}

S: Saw; M: Milling machine; G: Grinding machine;
D: Drill¡ng mach¡ne; L: Lathe

(a)

Machine

block I

Parts
:
2

3

1 la
111

Ir 1

00

00
0 lil

0 oE
0 00
0 00

11
11
11

- hìock 2

I Operation performed in other cell (exceplional element)

A N/actrine not used by allocated part (void)

(b)

Figule 1.3: Decompositiou aftel' block cliagolalizing the palt nrachine matlix



P2'

v2'

Part family 1: {P1 , P4, P5}

Part family 2: {P2', P3, P6}

S: Saw; M: M¡lljng machine; G: Grindìng machine;
D: Drilling machine; L: Lathe

(a)

Machine

block I

Parts

S G L D,M D

I

'ä

5

3

1 1lÀ10
1114.
Àr 1i

00
00
00

0 0 00
0 0 00
6 0 00

11

11
11

' block 2

I Operation performed in other cell (exceptional element)

I wacnine not used by allocated parr (void)

(b)

Figure 1.4: Decomposition into 2 cells consiclering altemate routings
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Part family 1 : {P1 , Pa, P5}

Part family 2: {P2, P3, P6}

S: Saw; M: Milling machine; G: Grinding machine;
D: Drilling machine; L: Lathe.

Machine

G Lr M

block I

I
¡t
4

:
2

3

1 2ß
12 3

\r 3

00
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0 [ãl

00 E

0 00
0 00

21
12
12

Parts

n Operation performed in other ceil (except¡onal element)

A Uacn¡ne not used by allocated part (void)

(b)

Figule 1.5: Deconpositiol into 2 cells consicleling sequerìce of opelations.



Chapter 2

titerature Review

Design of the cell system of plocluction has gailerl colsicler'¿ble atteltiou froll

the plactitionels as ri'ell ¿r,s acaclcr¡icials. The resoalch effolts in this field havc

l;eeu numeloLrs. Solving tlie cell foun¿tion (CF) ploì:len is the first step torvalcls

implementatiol of the cell systern of prodtction. The complexit¡, of cell folmation

plocedule valies u'ith tlie cornplexity of the cell formatiol ploì.rlem. ln this chaptel a

revieiv of the litelature uncler each category of the cell folmatiol ploblem iltlocluced

in Cliapter 1 is providecl. Filst, the litelatur-e ol the basic cell folnatiol ploblcnr, i.e.,

the pattitioning of par:t machiue tnattix is leviesed in section 2.1. Next, ploceclules

cousiclering the effects of alteltrate loutings are reviervecl in section 2.2, follorvecl by

litelatule on matelial hanclling in sectiol 2.3. Finally, cell folmation proceclnles

applicable to the repetitive rnanufacturing envilonrnent are leviervecl in section 2.4.

Section 2.5 provicles the rnotivation fol the ploposecl t-eseal'ch ancl section 2.6 st¿tes

the objectives of the lesearch.

2.L Cell Formation

À rr mber of approaches have been lepoltecl for cell folm¿tion. Extensive le-

view of the techniclnes ale available in the literature (Shafel ancl lvleledith, 1990,

Wer.nrnellov and Hyer, i986). A mathernatical programrning statement of a seem-

ingly sniall CF ploblern becomes large, cornbinatorial, ancl NP-cornplete and helce,

12



most of the proce(h.rles ale heuristic in latule. Tlie populal ones are plocluction florv

alal¡'sls, PFA (Bulbirtge, 1989), r'ank olclel clustering, ROC (l{ing, 1980), modified

ranlç olclel clustcling, il,IODROC (Chanch asekhalan ald Rajngopalan, 1986), silgle

linliage clusteling, SLC (À,IcAuley, 1972), avelage linlçage clusteliug, ALC (Seifodrlini

ancl Wolfe, 1986), bond elelg)¡ algoritlìm, BEA (N,lcColmick et al., 1972), ZODIAC

(Chaudrasekhalan ancl Rajagopalal, 1987) alcl GRAFICS (Slinivasan ancl Nar-el-

dran, 1991). Complehensive levieiv of the methocls ale ploviclecl in: Helagu, 1994;

C)helg, 1992; À,IiltenbLrlg ald Zhang, 1991 and !\/emurellov anrl Hyer', 1986.

SLC alcl ALC lec¡rile a lalge arnount of clata stolage alcl corlputation of simi-

lality ura,trices ¿nd clo lot foun palt fanilies (PFs) and machine gloups (NIGs) si-

rnultaneously. SLC ¿r.lso snffels fi or.r-r the chaining ploblenr. Algorithms such as ROC,

IvIODROC, PFA, ancl BÐA, clustel the rot's ancl columns of the palt machine rl¿tlix

follou'ecl by a malnal inten'ention to icleltify the ltdGs ald PFs. This becomes very

clifficLrlt fol large ploblems that ale lot perfectly gloupable. ZODIÃC ancl GRAFICS

icleltify PFs ancl ùIGs simultaneor.rsly rvithout any manual irtelvertion.

A ferv rn¿tliel.natical l.noclels have been proposecl for clusteling (Boctor', 1991;

I(asilingam, 1989; and l(usiak, i987). These moclels use inclirect measures such as

sirnilarity/cornpatibility inclices fol iclentifying part ancl/ol machine glouping. Boctol

(1991) ancl I(asilingam (i989) clevelopecl integel plogrâmming rìroclels fol simult¿ne-

ous glou¡:ing of palts ancl machines. They horvever consiclerecl constlaints on numl¡er

of parts ancl/ol nacliines assigned to a cell, that rnay not unco\¡eL natural groupings

existing irr the clata. The impoltance of iclentifying ratural gloupirgs existing in the

clata is explainecl in Chapter 5 of this thesis.
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Ribeilo ancl Pradil (1993) plo¡rosecl a trvo phase urethoclologS' 1vl1i¿|l minirnizes the

numbe-,- of exceptiolal elemelts given the numl¡el of cells ancl by imposing colstlaints

ol munl¡er of palts and machines. To oì¡ta.in a good paltitiolilg, the ploccclure re-

cluir-es a Ìurnbel of tÌials iù olcler to sclect appÌopÌiate values of thlee palarretels

rer¡rirecl in cor.nprrting the distalce rnatr:ix. Àlso, a heuiel selection mle neccls to l¡e

specifiecl (Ribeilo alcl Placlin, 1993).

None of the above plocedules have thc flexibility to cleate lalge loose cells ol sm¿rll

tight cclls to plovicle the clcsignel ivith altetnate solutions in a contlollccl m¿luneL. Ilr

acldition, the pelfor-rlauce fol lalger problens is most oftel lot lepolted.

2.2 Alternate Routings

Plocerlules lepoltecl fol paltitioning the part l.nachine rnatlix, consiclering alter-

nate ¡>locess plans alcl aclclitional units of sane machines, ltave been very ferv (I(Lrsiak

ancl Cho, 1992). Assigning aclclitional units of machines as available is oftel tleatecl

snbsequent to the cell folmation p-,-oceclule (I{ing ancl Nakolnchai, 1982).

I(usiah (1987) proposecl a p-meclian folnnlation for glouping palts and illustlated

the irnportance of consiclering alte::nate p.,-ocess plans il imploving the glorqrability.

He considerecl the objective as maximizing the sirnilarity. The moclel leclnires the

numl¡er of meclialis (p) ol cells to be specifiecl. In this ploceclule, one has to exper-

iment on the value of p befole a clesilecl grouping is cliscovelecl. À,Ioreover, the best

objective value neecl lot corresponcl to the objective value fol the best glouping of the

clata. Subsec¡rently, I(usiak ancl Cho (1992) developecl a Lrranching algolithm. This
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algolithm lec¡riles r-eplcsentations of plocess plan similalities on a tlansition glaplr

an(l then p¿ìrtitioning this glaph to obtain palt fanrilies. The ¿Ì¡ove sirlilality based

rnethocls iclerrtify onll,the par:t (p'-ocess) f¿rnilies. Oucc part families (PFs) ¿te itleu-

tifled by the algolithnr (ol nroclel) the nachine glotps (ÌVIGs) ale folrnccl. I(asilinganr

and Lashh¿ui (1991) formulatecl ¿ llonlilrcai 0-1 integel proglamming nodel for- sirnrl-

taueons gloupilg of palts and machines in thc ¡>tesence of alteutate pt'ocess plans.

The objcctii,c consi(leled in the moclel is to maxinize compatibility inclices betrveeu

ln¿rchines arrd per.r'ts, based ot tooling ler¡rilemelts ancl plocessing time. They also

cousidel the zn'aila.bility of mole thal one unit of a urachine . Horvevet', this nocl-

cl assurnes th¿t the uppel linrits on rmr.nbel of machines ancl parts in each ccll ale

knoivn. TIlis uroclel is applopliate to use in ¿ flexil¡le nanufactnliug systen, rvhcle

tooling sinilality is important alcl ::estrictions on cell size can be imposecl by plo-

cluctiort constlaints. Imlrosing lestlictions on numbel of machines ancl/or palts in a

cell as a.ssnrnecl by I(asilingarn ancl Lashhali (1991) ol specifying the nnrnbel of cells

as in p-rnedian model rvill lot allorv the identification of a cliagonal block stmctui-e

cxisting in the data. lvloleover, indirect measures such as maximization of similar'-

ity/compatibility do not necessalilS' yielcl the l¡est l¡lock cliagonal foln of the palt

rrrachirìe matr:ix (explainecl in Chapter 5).

2.3 Material Handling

A motii'ating factol fol intloclncirg the cell system of procluction is the recluction

in material hanclling. The follorving 1>apers consicler matelial hanclling in the cell for'-

rnation plocess. Ballakul ancl Steuclel (1987) plesentecl a rvithin cell utilization basecl

algorithrr rvhich cousiclers the rninimization of the nunber of exceptional elements

that rvere assumecl to be a nreasule of the total inter cell movement. Solg and Hitomi
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(1992) developecl ¿ noulineal integel ploglarnmilg nodcl fol folming rrachile glorqrs

rvith the objectivc of uraximizing the numl¡el of parts cornplctely proccsscd ilsicle

the cell in an attempt to minimize the iltel cell uroves inclilectly. Logenchan (1990)

plo¡rosecl a heulistic that colsiders lninimizatiol of a l'eighecl su¡r of irrtr'¿r. cell ancl

ilrtel cell ruol.es. He ignores the sequerlce of oPclations, artcl assurres that a palt

malces r - 1 intel cell moves if it visits r¿ cliffelent cells. Sinilarly, the ¡ralt makes

rn - 1 intra ccll rnovcs in a cell lvhele rr¿ of its operzrtions are pclformecl. Latel Lo-

gendlan (1991) incolpolated the effects of scclneuce of opelatiols on iltel cell moves

for a given layout of machiles ¿ud moclificcl his tot¿rl move ecluation to compute the

ex¿rct rnnbel of intel and iltra cell moves. Hol,ever', l:asecl ol his expression the

lninirlization is sinply ec¡rivalent to the r.niuir.nization of ilter cell rnoves orl¡' (as

ex¡rlainecl later in Chapte;: 6). Ahmecl et al. (i991) addlessed cell fonlation consid-

ering the costs of intla cell a (l irÌtel cell rroves ancl thc cost of voicìs (i.c., sliippilg

cost). The procluction quantity is also consiclerecl. Horvever', they do not corìsider

the secluelce of opelations, hence, the mrnbel of intla and intel cell trroves aLe u.ot

exact. The major problem rvith all of the above ploceclules except fol Logendran

(1991) is that they clo not consicler the plocessirg sequerìce a.ncl assurle eithel the

tumber of exceptional elernents ol the numbel of cell visits is equal to the total intel

cell moræments. This ploblem is ovelcome by the heulistics developecl by Okogbaa et

al. (1992) ancl H¿r'h¿lal<is et al. (1990) rvhich attempt to minimize the total intel cell

moventents consicleling the sequence of opelatiors ancl procluction c¡rantity. Horvever',

they assurnecl that the munbel of cells ancl/ol celL size is hnorvn.

The irnpoltance of considering the tlacleoff betrveen intr¿ cell ancl ilter cell han-

clling costs is ofterr statecl in the liter'¿ture (NlcAuley, 1972, Logenclran, 1990 & 199i).

Horvever, the effect of cell size pel intra cell lnove cost is not consideÌecl lly aìry

L6



of the al¡ove papels. A notervolth¡, attempt in this clilectiol is macle by Sankalal

aucl l(asililgarn (1993). Tlie intla cell rnove cost is assumed to be a stepivise lincar-

fulction of cell size. They havc tahen into consider'âtiol the sec¡relce of opelations,

aclclitional nnits of salne machiues and the possibility of pclfolming an operation on

altellate rnachine types. They developecl a lonlineal iltegel plograrntning r.noclel

rvith an objective of minimizing the snm of the costs clue to machine anor-tization,

space use, pr-ocessirg, iltra cell handling ancl intel cell hanclling. The assurnptiol of a

stel:ri'ise linea.r' function fol intla cell cost, allon's them to linealize the nroclcl. Ou'irìg

to llte integer ploglarnnilg n¿tnle of the linealizecl moclel, only ver')¡ snìàll size plob-

lem can be solved optimally. They have also presentecl a henlistic to solve the rnoclel.

Horvever', the heulistic assumes that machine amoltization ancl plocessing costs ¿rre

consiclelaìrly higher than the sum of intla anrl inter cell hancllilg costs. This is not

alrvays the case in situ¿r,tions such as the le-olgalizatiol of the existing shops ri'herc

macÌrines ale ah'eady availal¡le ancl the cost of amortizatiou need lot l¡e consiclelecl.

The follorving papels consiclel the elilnination of exceptional elemcnts to lecluce

intel cell n¿terial hanclling. I(ern ancl \\¡ei (1991) considel machine cluplication ancl

subcontracting as possible ¿lternatives to eliminate exceptional elernents, ancl t'aulç

the exceptional elements basecl on the tracleoff betleen costs of machine cluplicatiol,

the cost of snl¡contracting, ancl the recluction in intel cell tlansfel cost. Shafel' et

al. (1992) clevelopecl al integel proglamming noclel for the same objective. These

plocecluLes horyever clo not consiclel allocating an opelatiol to altelnate machiues.
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2.4 fnvestment and Operational Costs

A numbcl of apploaches have been le1>olterl fol cell folm¿tion. Hol'ever', the lit-

er:atnle sirlply isn't al¡le to detelmile rvhethel it is the gloup technology (C.lT) ri'hich

blings the l¡enefits ol if an irn¡>r'ovecl tlaclition¿rl shop gives the sarrre per"folnance.

Some lesealchels (Flyll ancl Jacobs, 1986; À4orris ancl Telsine, 1990) studiccl the per-

folruance of GT cells formed by palt rnachine rnatlix consiclelation, and courpalecl

it rvith tr'¿rrlitiolal shops using sinulatiol techuic¡res. Their lepolts inclic¿rte th¿t

CìT cells ale inferiol il pelfolmance to the tladitional shops rr'ith lespect to sonle

nìeasures, such as WIP inventory, avelage palt tvaiting tines ancl palt florv tilues.

Horvcver, GT cells cxhibited snpeliol pelfolnarce iu telms of avelage move times

a.ucl setrqr times. This cluestions the use of cell folmation methocls rvliich only consicl-

el pa.rt and t.nachiue sinilalities. Wemmellov ancl Hyer' (1987) have also ildicatecl in

their study th¿rt thele is a need to clevelop ploceclnres in rvllich stluctulal ol invest-

rlent lelatecl valiables such as munber of macliines, al'e balancecl against opet'ational

'yariables, such as machine utilization, throughput time, etc., cluling the clesign of

CÌVL All this suggests that thele is ¿ neecl to clevelop a mathematical fi'amervolh to

consiclet as nìàny factols as possible, lathel than just considelilg geonetlical ol plo-

cessing sirnilalities of par-ts.

Rajamani et al. (1992) clevelopecl a mathenatical moclel for cell forrration in

repetitive manr:factnlilg. They consiclelecl the tracleoff betrveen cost of liue (cell) and

seqnellce clepetrclence cost to decide the number of cells ¿r,lcl the numbe| of machines at

each stage in these cells. Horvevet, they have rot consicleÌecl the schecluling aspects

such as, the costs of WIP inventory, machine idle tirne, a.ud part eatly and late

finish. Guptar ancl Dudek (1971) studied the effects of these costs, viz., operation, jolr
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waitingr rìrachine iclle, ancl penalty cost ofjob latc finisli, ol a florv shop. Thcy usecl

a sinulation techniclue ancl con4rlete emr.neratiol fol snall problems, to allivc at al

optir.nal solution. They fouucl that consiclcliug all the costs is ncccssaly if one neecls

to fild an economic schcrhrle.

2.5 Motivation for Proposed Research

The cell follnation (CF) problen has attlactecl a gleat cleal of t-esealch effolt ald

rtrmeloLls a¡rploaches have bccn ploposccl fol pattitionilg tlte m¿¡tlix. Thc ploceclnles

¿r'e ev¿luated il telms of trvo objectives: to maximize the usage of rnachines rvithil

the cell (i.e., miniurize the voicls) ancl ninimize the intelactions l¡etrveen tlie cells

(i.e., ninilrize ihe exceptiolal elernerrts), after ol;taining a bloch diagonal foln of

¡ralt machine matrix. The follorving are the comnor charactelistics of rnost of the

CF nlgolithnrs r-epoltecl.

- The¡, arlopt a seclneltial approach to CF, i.e, machiue glolqrs alcl part farnilies

ale fot-rnecl sec¡.reltially.

- Rearrangement of the part machile matrix is often sotght by naximizing indi-

Lect rneasules such as the sirnilality inclex.

- They do not have the flexibility to cle¿te lalge loose cells or strall tiglit cells to

plovicle the clesigner rvith alternate solutions in a contlollecl lnarìner'.

- They rec¡rile rnanual/subjective intervention to iclentify part far.r.rilies ancl ma-

chile groups. Fol lalge natlices this is vely clifficult.

- Pelfolmalce of these algolithms ale oftel repoi'tecl for only srnall structurecl

¡rrobleurs. Computation ol large matrices is often not leportecl.
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- Rcstrictious ou nulnbet of palts and/ol rnachines in ¿ cell is imposecl, ri'hich

cloes not allorv icleltification of natnral gr"onps in the clata.

Irr maly cases, zr goocl decornposition can tìot l)e obtainecl. The glorq:ability of the

cl¿t¿ c¿ln l¡e elhancecl by colsiclcring altel'n¿rte plocess ¡rlans for'1>arts ard arìclitional

units of same machiles as availal)le. The sulvey of litelatnle leveals the follos'ing

facts.

- i\'loclels alcl plocetlules cousideling altertrate Process plaus have been \¡eÌy ferv.

- Assigumcnt of acklitional tnits of samc rnachines to the cell is oftel souglrt aftcr

the paltitiol is <lone.

- Available ploceclules cally rnost of the ch'alvbacl<s of the cell fomration algo-

lithms desclil¡ed above, incltdiug follorving a sec¡reltial approach, lot uncor-

elilg natulal glouping, using inclirect measLlÌes aucl requirilg subjectii.e juclg-

ìnerìt.

Cellularization generally leclnces tl.re intla cell matelial haldlilg cost but incr-eases

the ilter cell matelial halclling cost. Ploclnction cluantity, seqLrence of opelations,

cell size, options of assigning an opelation to alternate machitÌe types ancl aclclitioual

macliine nnits, have significant effects or.r the material hancllilg cost. The literatule

sulve)' indicates the follorving.

- Thele does lìot exist aclequate literatule to consicler the effect of cell size on

intla cell matelial hanclling cost.

The tracleoff l¡etrveen intra cell and inteÌ cell material handling cost is not

iltelpletecl conectly ancl consicle-,-ecl.
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Cell formatiol il tlie repetitive rnarmfactuliug envilonrnent rer¡rires consiclclation

of invcsttneut ancl opelatiorral valial¡les such as sec¡rencc clepcldeuce set up costs.

iuventoly arì(l maclìirìe utiliz¿tion costs, pa.lt cally and late finish costs etc. to allitc

at a good cell design. The litelatule review gives the follos'ing pictule il this alea.

- The tradeoff betrveen illvestmcnt aù(l opclational costs ale not consiileled.

- Although palt ilventoly, eally ancl late finish anrl rnachine utiliz¿rtiol ale in.r-

portant they have not l;ecl colsidclc.d il the litcr'¿r,tule.

2.6 Objectives of the Research

The follorving ale the objectives of tlie ploposccl lesealch.

r Develop mathernatical rnoclels and solntior proceclules to plovicle the simult¿-

ueons glonpilg of palts ¿r.ncl machiles consideling tlie follorving featnles:

- considel voicls ancl exceptiolal elenents as explicit measures insteacl of

inclirect rneasures;

- clevelop a methocl rvhich cloes not lecluile any rnamral intelvention ol sub-

jective juclgment fol iclentifying palt fâlnilies and machine gloups;

- plovicle thc clesigler t'ith the flexibility fol forming large loose cells or

small tight cells;

- clevelop a robust ploceclur-e to plovicle goocl solutiols fol rvell-stmctulecl

as rvell as ill-stluctulecl matl ices;

- clevelop a plocechrle capablc of solving large problems (a00x2a0).

r Consiclel alternate loutings to allorv fol a better gronp folnation consicleling

the above meutionecl points.
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Considet the tracleoff betleen intLa cell ancl intel cell matelial haldìilg. Il the

material hanclling cost calculation corrsidel the effects of plocluctiol c¡rantity,

sequercc of o¡relatiols, cell sizc, options of assigning an oper-ation to altelnatc

rìrâchine types ancl aclditional lnacliile uuits.

Develop a rnathern¿ticaì rno(lel for ccll folnration in a lepetitive rnarmfactuling

envilonurent colsiclering ilvestment, sequelce clepeuclence costs, ltachile nti-

ìization costs, palt inventory costs, ancl patt eatly aucl palt l¿te fiuish costs.

Also, identifl' tvhich variables signiflca¡tl¡' a;ffcct the solrttiol time of thc moclel.



Chapter 3

Cell Formation - Part 1

Il this chaptet', a lollineal mathematical plogr-arnming moclel is cleveloped fol

cell folrnation (CF) rvhich iclentifies part farnilies (PFs) uxl machine gloups(À,IGs)

sitnultatieonsly. The oJrjective of tlie rnoclel is to nrinilnize the rveightecl sum of r.oicls

autl exceptional elerneuts. Fol the solutiol of lalge size ploblems, ¿ln iter'¿tive procc-

clure callecl the Àssignment Allocation Algo::ithm (AAA) is ploposecl. PerfoLrlance

of the AAA has beel evalnatecl against man¡, ivell knorvl procednles fol ploÌtlems

selectecl fror.n publishecl liter¿ltru'e. Largc ¡>r'oblems rvith 400 ¡rar..ts a.ld 240 nrachines

ale solvecl.

3.1 Problem Background

The plocessing lequirements of the palts aLe cornmonly replesentecl b¡, o ,."o

rlirnensional binary matlix lcnorvn as palt-rnachile rnatlix, n: {ø,,,,,}. The typical

eÌenent of matlix rz, r¿¡",, is 1 or 0 depencling on rvhethel part p, r'ecluiles plocessing

ou nacliiue m ol not. Table 3.1(a), shorvs a palt rnachitre matlix n1, for a system

rvhich has 6 parts ancl 6 machines. Rorv ancl colnmn permntation of matlix r¿1, yields

a block diagonal rnatlix ø/, shorvn il Table 3.i(b). Il rnatlix c.'1, one can iclentify trvo

cliagonal blocks (submatrices) rvhich collesponcl to trvo subsystems ol cells. The na-

chine gloups are ñIG1:{1,3,5} anct lr,lG2:{2,4,6}; the corresponcling part families

ale PFl:{1,4,5} ancl PF2-{2,3,6}.



In the ¿bove clecorlposition thel'e a.re no 1" outsiclc the diagolal blocks rvhich irl-

plies that thc tq'o celìs atc it1(lepetì(lent, i.e., each palt family is conrpletely proccssecl

lvithill â machiuc gloup. Also, thele a.r'e no 0' insicle the cliagonal blocks rvhich indi-

cates each palt in a par:t famiìy is plocessecl by evcly rrachire in the corlesponclilg

tnacltinc gloup. This exanple illustrates a case when a perfect clecom¡rositiol of a

systenr into trvo suìrsyster.ns (cells) is obtainecl. HorveveL, in ¡lost of the situations a

pelfect clecornposition is ha::dlj' olrt¿iined. This coukl be eithel chre to the ploPertics

of the data ol lhe inaclecluacies il the algolithm ol both (Chalch asekhar'¿ur alcl R¿-

jagopalal, 1989). Au exanple is shorvn il Table 3.2, rvhere clepenclency l¡etrveen cells

carurot l¡e ¿u'oided (az is the initial matlix aucl ¿i, is the pelmntecl matlix). Il the

cullelt paltition, palts 2 and 5 require ptocessing by both the machine gloups. Also,

not all the rnachines ale lecluirecl for'plocessing by erely ltalt assignecl to cell 1. In

this situatiol, one rvotlcl like to obtaiu a near pelfect clecompositiol consideling the

follorving objectives while paltitioning the matr-ix.

1. to have rninirnum nurnber of0 entlies ilside the cliagonal block (knorvn as voids);

anrl

2. to have tninimum nurnber of 1 entries outsicle the cliagonal bloch (knorvn as

exceptional elernents).

A voirl inclicates that a machine assignecl to a cell is not r-ec1ui::ecl for the plocessilg of

a pa.rt in the cell. When a palt passes a rnachine rvithout being processecl on the r¡ra-

chile, it contlibutes to an aclclition¿l intra cell hanclling cost. This leacls to ineficient

large cells. An exceptional element is cleatecl rvhen a palt reqnires pl'ocessiltg on a

machile not available in the allocatecl cell. \4ihen a 1>alt neecls to visit a diffelent cell
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fol its ptocessing the inter: cell handlilg cost incleases. This also lecluilcs mote co-

olclinatilg effolt l¡etrvcen cells. Tlns, voids ancl exceptional elenrents are unclesit¿ble.

In a marrrfacturing sittation, fol clifferent palt/rnâclìine combilations the associatccl

costs of \.oi(ls arxl exceptiorÌal elemerts may valy antl in generâl they ale not thc same.

For exzr.mple, if thcle is aly special rnachine tltel ¿rll the palts rer¡riliug ploccssiug on

this machine shoukl be placecl in the same cell (Bull;iclge, 1993). This cal be achievecl

by giving a high value of iveight to the exceptional elelnents colrespoldilg to this

nlachine fol all the palts. Sirnilall¡', if thele is aul' special palt that shoukl complete

all its opclations in a single cell then a high value of rveight shoulcl be givel to thc

exceptiolal elements collespoucliug to this palt. Thrrs, thele is a reecl to consiclel the

impoltalce of voids anrl exce¡rtional elernents explicitly. The voicls ancl exceptionzrl

elements cleatecl ale depenclent on the nunber of cliagoual l¡lochs and the size ofeach

cliagoual l¡loch. In genelal, as the numbeL of l¡locks clecleases the sizc of the ltloclç

incleases. This lesults iu rnore voicls ancl ferver exceptional elemelts. If all palts alcl

maclti es are glorqrecl as one cliagonal block (i.e., the cell is lalge alcl loose) rve have

ntaximum voicls alcl no exceptiolal elenents. For example, in Table 3.3, if all parts

ancl machines ale tle¿ted as one cliagonal l¡loch rve have 40 voicls and no exceptional

elements. Fol 2, 3 ancl 4 blocks the conesponcling paltitions ale shorvn in Taì¡les

3.3(b), 3.3(a) ancl 3.3(c) r'espectively. The mrmbel of voids ancl exceptional elements

in these cases aLe (8,0), (0,0) alcl (0,8) r'espectively. Thus, a6 the nrml)el of voicls ¿r'e

I'educe(l, the number of exceptional elements ircleases ancl vice veLsa. In this chapter:

rve consiclel the minimization of the rveighted surn of tlìe voicls ancl the exceptional

eleme¡rts explicitly. Thus, combitring the cell folrr- atioli ancl evaluation ploceclnres in

one step. The ploposecl moclel also ideutifies palts/rnachines rvhich if not assignecl to

â cell (externâl palts/machines) can enhance the l¡lock cliagonalization. These palts

can be consicleted to h¿ùve the potential for subcontracting ancl the machines woulcl



seLve as a corìlnlon lcsonlce to the cells. In adclition, ì:y plovicling diffelent values of

lveight rve can gerìelate altelnatc solutiorìs. This s¡'sternatic generation is ilnpoltant

for furthel refinilg thc cell stluctru'es by incolpolating othcl rlanufacttliug aspects

such as: palt sec¡rence, plocessiug tirnes ancl rn¿rchine capacities (Sule, 1991, Iiern

and \\/ci, 1991, Logendlau, 1992, Shafel et al., 1992). It is rvorth rneltioning that

the objective corìsideled in this chapter is not the ultir¡ate objective of the ccll for-

mation. Nevelthcless, this generates a fir'st cut solntiol alcl the exception¿rl elernents

¿ncl each gloup can be incliviclually colsiclcled fol a moLe rletailecl analysis integlatirg

other manuf¿rctuliug aspects. The importance of ilteglating these zrspects is holevcl

acl<norvlerlgecl (Choobineli, 1988; Okogbaa et al., 1992; Rajamani, 1990).

The lern¿rindel of tlie chapter: is organizecl a.s follorvs. Iu section 3.2, a noulineal

mathernatical urotlel is clevelope<l ancl snbseclueltly, in section 3.3 the Assignrnent

Allocation Algorithm (AAA) to solve the model is plesented. In section 3.4, rve

illustlate the ploceclnle rvith nurnelical exarnples. Section 3.5 ploi'icles a conpalison

of the pelformance of AAA rvith existing methocls from the publishecl litelatule. The

pelfoLrlance of AAA fol large size (400 palts ancl 240 machines) ploblems in rvhicli

the rìata lange fi"om l'ell stluctulecl (gloupable) to ill-stmctuled (ungrorqtable) ale

also inclucled in this section. Discussions ancl summary are presented in sections 3.6

ancl 3.7 respectively.

3.2 Mathematical Model

In this section a lonlineal integer prograrnrning moclel is clevelopecl fol iclentifica-

tion of PFs ancl \4Gs sirrultaneously. The ploposecl moclel is basecl on the objective

of rninimizing the iveighted suur of voicls ancl exceptional elements. The moclel can
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l¡c foulnl¿tecl as.

ÀIin, z ,=

stìrject to

MODEL - Ml

! ! a,,,,,r,-,,"(1 - y,,") + (1 * ru) - d/,r, )a¿r,"Yrr" (3,1)DIDII¿,r.t
P

Ð'u": t

Ð,-":'
:tpc, !|ntc € {0,1}

Yp

Vnz

Y p,nt,c

(3.2)

(3 3)

(3.4)

In the objective functiol given by eclnatiol (3.1), the fir'st telm ca,ptules the col-

tlil¡ution of the exceptional elemeuts ancl the second telrn lepresents the contribution

of voicls. Il Tal¡1e 3.4, these tellns have l¡een evalnatecl fol a gir'el part-machine-cell

coml¡ilatiol (2nzc) fol all possible i,alues of the paralÌletels an<l valiables. Constlaints

(3.2) erstle that each palt is allocatecl to oue cell. Constlailts (3.3) gualantee that

each nachine is assignecl to a cell. Binaly lestlictions olr the c alcl y var-iables ale

inposecl by constlaints (3.4).

C, the maximum value of cell inclex c is given as art over--estimate on numl¡el of

cells. The moclel rvill select the appropriate nnrnl¡el of cells. Since no upper limit

constraints on mrnbeL of palts or rnachines assigned in a cell a.r e irnposecl, the moclel

rvill iclentify natulal gloupings *'hich exist in the cl¿ta fol a given rveight.

3.3 An lterative Algorithm (AAA)

In this section, rve develop a solution algorithm for the moclel clevelopecl il the

previous section. Irr moclel 1t41, trvo sets of valiables y,,," and :u,," rvere clefined in s'hich
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the fir'st set lelates to tlie machines ancì other to tìre palts. Solutiol of model À,f 1 is

etluivaleut to 'block cliagonaliztrtion of the palt rnachine m¿tlix urinimizing the value

of thc objective fiurctiou consi(lcled.

A ìrlock, c (c = 1, 2,...C) r'cplescnts ¿r ccll. y,,," ri'ill talie ¿ r,ahre of 1 or' 0 depenclilg

orr rvliethel rnachine nt, is assignecl to cell c ol not. Sir.nilatly, :ùp" will tahe a valuc of

1 or'0 dcperrding on rvhethel palt p is allocatecl to cell c ol'not. The objective func-

tion captulc.s the coltlibution of voids a.nd exceptional elelncnts givel the niachine

assignment ard pzrr-t allocation.

The nor.rlinealit5' of the mocle l ¿ìr'iscs (lue to the procluct tellns of these trvo v¿rial;le

sets. The r.noclel becornes lineal if one of the valiable sets has knorvn v¿lnes. The

solution algolithm ploposccl in tltis chapter is ba.sed on an itelative scherne. Filst,

one set of valial:les (say, y.") is fixecl alcl valnes of the othel set of valiables (c,,")

al'e obtaiuecl. Then usilg the valnes of (1,,") so obtained, the algolitltm solves fol y,,,"

ancl so on, till a convelgence is leachecl. The step rvhich involves the cletelrnination of

vahres of y,,," valiables is referlecl to as assignment of machines to the cells ancl the ole

rvhich involves deteln.rination of values of a-,," is lefenecl to as allocation of palts to the

cell. The algorithm is thus namecl Assignrnent Allocation Algolithrn (AAA). SLili-

vasan ancl Nalenchan (1991) clevelopecl a similal approach fol palt machine grorrping

to ninimize the sum of the voicls ancl exceptional elements. Holever, they ploviclecl

no mather.natical moclel for the ploblem. I(asilingam ancl Lashkali (1991) have plo-

posecl a sirnilar pLoceclule for palt alcl machine gloupings in the presence of altelnate

plocess plans naximizing compatibility ilclices l¡etrveen part alcl rnachines.

In moclel Ml, if y"," valiables ale fixecl at value {"" fol all nzc, then lve get tìre
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follorvilg subnoclel.

SUBN,IODEL - N,I1.1 (Allocatior subnorlel)

ÌvIin z1:fffBr,"rr" (3.b)
pùtc

n'lrele , 8,,,,," : ¿0.r¿r,)¡(1 - l.;,,") + (1 - ru).(l - ar^)Y^"

subject to

!r;,," = 1 Vp

:1;r,,, € {0, 1}

(3 6)

(3.7)

This snl¡lnoclel is sepalaìrle by palts. This meaus the valial¡le cpc¡ ciuì l¡e solved for

eaclr part p (p: I,2,.., P) indepelcleltll'. The lesulting ploblen fol each part 1;, cal

be solvecl by inspection in the follorviug way. Set cu¿* : 1 such that,

rVir¿ )ì 8.....-
uPc+ - c tit,

The lenailing x,," (c f c*), shoulcl be set eqnal to 0.

The above can be interpretecl as follolvs. Assurne that rnachine assignment to

the cells is given. Let the number of machines thus assignecì in cell c be clenotecl

by ¡lrV1". To fincl an o¡rtinal ¡rlacernent of a pâr-t (rorv) p, one shoukl calculate the

objective value coltlibution fol that patt (rorv). The contribution (clue to voicls ancl

exceptional elernents) il the oltjective function of the part (or lotv) p clepelcls upol

rvhich cell c the part is ¿llocatecl to. If palt p is allocatecl to cell c the coltlibution

is 8,,". The voicls ancl exceptional elements resulting fiom an allocation can be com-

puted ilsing the infolmation of tow ? of the palt machine matrix. The total mrmbet'

of ones in the lorv is OP,,. This represents the mnber of machines r:equilecl by palt

(r'orv) p. The number of ones in the intersection of lorv p with all r.lachine colnmns
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assigned to ccll c is UP,,". This gives thc nurr. bel of rnachiles in cell c, rvhicli can

l¡e utilizcd b¡' palt p if allocatecl to that cell. This allocation rvill give munllel of

voi<ls u2¡," : ÀIl4 - UP,," and uumbel of exceptioual element e7:* : OP, - UPt,.

Weiglrirrg voicls ancl exccptional elentelts tvill give Br" : tu ept)c + (I - ru) tr2,,,". The

optimal allocation of the palt is to a cell c* fol ri'liich the contlibution 8,," is r.r.riuirlr.rrlt.

Il ¿r sinilal rvay rve get al a.ssigltl- elt sul¡nroclel. It c¿rl l¡e shot'n that

ru. ! ! ! rç,,i¿rr,"( 1 - y,,,") : r. D I I nr,,,u,,"( 1 - r,r,")

Iti orclet to ol¡taiu al expressiou similal to (3.5) rve substitnte this lelationship for

tlte exce¡rtiolal elemeut in the ol:jectir.e function of rnoclel \'I1. Then fixilg r"-,," ec¡ral

to d" fol all pc rvill give the follorving sul¡rnoclel.

SUBIvIODEL - Ì\,11.2 (Assignment snbmoclel)

tulirt z2-DDDnr"oy^" (3.8)
p 111 c

rvhele, Dp,," = ¿u.r¿r,n, (1 -,Y,") + (1 - tu).(l - at,,,)XN

stbject to

Dy*.:7 Y nt, (3 9)

u,," e {0,1} (3.10)

This submodel cal l¡e solvecl fol each y,,," valial:le a.s follorvs. Set y,,,". : 1 such th¿t,

^ lvlin I D,,,,,"Un,.': 
c p

Tlre lernaining U^" k # c*), ale set eclual to 0. The assiglment ploceclure cal also

be calriecl out in a sirnilar"rvay as clesclibecl fol the allocation.

The assigntncnt ancl allocation snbmoclels are solvecl itelatively rutil a convelgence

is acliievecl- The cletailecl algorithm steps are clesclibecl next.
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Assignment A.llocation Algorithm (AAA)

Step 1: Input

Reacl input data tu, P, N,l, C, and {a,,- } matlix.

Step 2: Initialization

iteratiou count, ti -+ Q

OBJ\,10 (previous objective value fol machile assignmeut step) -r -f

OB.IPO (plevious objective v¿lue fol palt allocation stcp) --+ -f

rvhele , B is a lalge positive mrnbel.

Step 3: Initial Assignment

[3.1 ]As a stalting solutior.t, we assurne that each machine is assignecl to an

inclepenclert cell. Cell C (C : ù,I * 1) is left erìrpt)¡ to allos' fol pzrrts to be

extelnal to cell. Assigliug machire 1 to cell 1 in itelatiol, ¿l = 0, rneans,

set )'rl - 1, ancl )'ro. (Vc I t) = g

[3.2 ] Update i -- t

go to step 4.

Step 4: Allocation

[4.1 ] Usirg the vahres o1 yi;.t : {j;1 (fi'orn the plevious itelatiou), solr.e for

cj" i.e., fincl Xj", in the follorving rvay.

FoIP:1¡sP

(a) Count the numbel' of ones i¡r rorv p (sa¡' OP,,), of pa.rt machine matlix.

(b) foL c- 1 to C
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(i) Count the mrmber of machines assigned to cell c (say NìvI").

(ii) Iu palt machine rnatlix, coult the uurnl¡el of oles il the inter'-

section of lorv p, rvitlt all the coliunns(ur) fol ivhich Y1,,. : i ot

coluurns collesponding to the m¿rchines rvhich ale a.ssignecl to cell

c (sa5, Upr,.).

(iii) Set epn" ,= OP,, - UPt,", ùp1,": Nìt4" - UP,,", ancl 8,," = tu epr" *
(7'tu) apr"

(c) Assigu part p to cell c (sa¡., c*), fol ivhich B,," is minirnum, i.e., sr.t

,Y;"" : 1 ¿ncl thc lemaining values of X cor-r'esponclilg to pai't p as 0.

[+.2 ] Sct oìrjectivc valrrc, OB.I¡ : Dt, Bt.-.

[4.3 ] lf the objective vahre in the last trvo iteratiols fol step 4 ancl step 5

temain the same (i.e., OBJPi-1 : OBJi ancl OBJìVIi-2 = OBJN,Ii-I) go to

step 6,

clse, uprlatc thc objcctivc valuc OBJPi -, OBJi arul go lo stcp 5.

Step 5: Assignment

[5.1 ]Using the cnr..rent r'¿hres of .;" : X;", solve for y;,," i e , find ]1i,. in the

follorving rvay.

Folm=ltolVI

(a) Coult the mrml¡el of ones il column rn (say ONI,,,), of part rnachine

matrix.

(b) foLc= ltoC

(i) Coult the nunber of parts assignecl to cell c (say NP").

(ii) In palt machine matlix, count the uumber of ones in the intel-

section of column m, rvith all the rorvs(p) fol ivhich Xj," : 1 or'
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cohlmrs colresponding to the ¡ralts l'hich ale a.ssiglecl to cell c

(say UN,I,,,").

(iii) Set erll.,,¡c : OIVI,,, - UX,I,,,., ùrr¿,,Ì¿ = NPi," - U'I,,,", âli{l D,,,. = ¿¿

eìtrt))c + (1-ru) unr.,,,.

(c) Assign machine m to cell c(say, c*), for ivhich D,,," is rninimum, i.e.,

set )ji,"- = 1 ¿ucì rest of the )/ valiable fot palt ur as 0.

[5.2 ] Set objectivc valuc. OBJi = D,,, D,,,"..

[5.3 ] If the objective valuc in the last tu'o itclations for step 4 ancl step 5

remail the same (i.e., OBJPi-1 = OBJPi and OBJN4j-1 = OBJ') go to

step 6,

clse, ir¡rdatc thc objecl,ivc valuc OBJlli -- OBJianrl itclatiolr corurt i'-
r, * 1 ancl go to step 4.

Step 6: Termination

Plilt the lesnlts ancl stop.

Numerical examples ale proviclecl in the next sectiou to illustr'¿rte thc algorithm.

3,4 Illustrative Examples

In this section, an example problem is solvecl to illustlate the algolithm steps.

Subsec¡rently it is shorvn hoiv changes in relative rveights to exceptional elements ancl

voicls affect the part arcl machine glouping solution. Tlie solution algolithn clesclibecl

in the pr-evious section rvas coclecl in Foltlan-77 anrì run on a Sun Spalc 2 station.

3.4,L Example-1

An exarnple lvitlì 6 parts alld 5 machirìes is consiclerecl.



Step 1- Input is shorvn ir Table 3.5.

Step 2- The follot'ing iliti¿r.lizations rvele r.nacle in this step. t : 0, OBJil,I0:

-1000000.0, and OBJPo= -100000.0.

Step 3- hritially (at I : 0), cach maclìile is assigled to a sepa.r'ate cell, macliine 1

in ccll 1, urachine 2 in cell 2, rlachine 3 in cell 3, nr¿rchine 4 in cell 4, machine 5 in ccll

5. Cell 6 is left empty. This collespolcls to the assignrrent, )'r!,1'rg,l;%,l1|r, ]tos : 1

and ¿ll other')/ r'arial;les tir:e 0. Update the iteratioti mrtnl;er'¿l :1.

Step 4- Il this step, s'e allocate palts to cclls using initi¿l nachine assignrnent

obtainecl fi our stel: 3. Colsitlel pzrlt 1 fir'st. The objective function cortlibution of

palt 1 rvill be calcnlatecl fol allocatiol to all possible cells. To clo this fol cell 1, rve

consirìer lorv 1 (this corresponcls to pzrrt 1) antl colnmn 1 (since in cell 1 thc only

m¿rchine assigned is r.nachine 1 lvhich colr:esponcls to colunn 1) of the palìt lnaclìilte

matlix.

machine (columl) --
palt (r'orv) J

--+ 1

2

4

5

t)

From rorv 1, the numbcr of nachines lecluilecl by palt 1 is OP1 : 3 (rvhich is

the snm of ones in the lorv). Tìre numbel of machines assignecl to cell 1 is NN,I1 :

1. In the intelsection of rorv I ¿ncl column 1 rr'e have ûo olìes. hence the nunbel of

machires that can i¡e utilizecl by part 1 rvhen assignecl to cell 1 is UPt, : 6. If part 1

01011
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is allocatecl to cell 1, tve ltave the follorving. There rvill l¡e three exceptionzrl elernents,

since nole ofthe three nachilc.s le<luirerl b¡, palt 1 is assigled to cell 1. Also, thele

rvill be onc voicl as rr- achiue 1 assignecl in cell 1 is lot ler¡rilecl by par.t 1. \\¡e can

calculate the nunlì¡el of exceptiolal eletnents atì(l voids also âs:

ePt:OPt-UPr:3-0=3

ù2rr=Nrì/r-UPr:1-0=1

Tlms, the objective fulctiol contlibntion rvill ìre, Br1:0.5x3 + (1-0.5)x 1= 2. Siniilar.

calculations fol allocating part 1 to othel cells ale:

c:2, ON,lz:1, UPlr:1, eltp:3-I:), uprz:1-1--0, Brz: 1,

c=3, ONI¡=i, UPIB-0, ep13:3-Q:1, ùpr3: 1-0:i, Br¡: 2,

c-4, OìVIa:1, UP1.,:1, ept4:3-I:2) upra: 1-1-0, Br¡: 1,

c=5, Où,is:1, UPlr:1, ep!r)=3-7:2r ùpr5= 1-1:0, Brs:1,

c=6, Olvle :0, UP16-0, ep16:3-[:9, u¿r16: Q-Q=Q, Bra: 1.5.

Tlrus, a.ssignilg palt 1 to cell 2, 4 or-' 5 rvill give the minimum value of 1 as the

objective firnction contribntion. We break ties arbitlarily by picking the last, i.e.,

part 1 ivill be assigned to cell 5 or c*:5 rvhich gives Bl¡ : 1.

TIre ¿bove calculations for other palt allocations (p : Z, l,4, 5 ancl 6) ale sun-

marizecl in the Table 3.6.

Palts 2, 5 ¿nil 6 ale ¿llocatecl to cell 4 ancl palts 1, 3 ancl 4 ale allocated to cell 5

atitelationd:1.

Step 5- For the palt alloc¿tion obtailecl in step 4, tve rvill filcl machine as-

signnelts to the cells. To illustrate this proceclule let us consiclel machine 1. The

objective value contributiou fol'this machine assignmert in clifferent cells neecls to be

calculated. Since parts ate assigned to cells 4 ancl 5 the other cells trle empty at this
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step. \\¡e illustlate calculations for the fir'st rol empty cell, i.e., cell 4.

Cell 4 lias palts 2, 5, and 6 allocated, hencc l'c have to considel lorvs, 2, 5 and 6.

The colnnrn colles¡roncling to urachine 1 is 1.

The uuurbet of parts tecßtiring machiue 1 is O\,11 : 3 (rvhich is sum of ones il
colurnn 1). Total mrmber of palts assignecl to cell 4 is NPa : 3. The uuurbel of

¿llocatecl parts ir.r cell 4 rvhich reqnile processing on rlachine 1 is the sum of ones in

the intersection of column 1, rvith lorvs 2, 5 and 6. This rvill give UNIIa : 3. Thts

nur.trbet of cxceptional elemetÌts arc eprt = Oì\4r - UN,II4 : 3-3 = 0, aucl the mtmber

of voicls are upt4 : NP¿ - UìvI14 : 3-3 : 0. The oþjective f¡nction conti"ibutio' D1a,

for this assignment rvill thus l¡e 0.5x0 + (1-0.5)x0 : 0. Remaining calcuìations for'

tliis machile ancl othel nachines ¿r-'e tal¡nlatecl il Table 3.7.

Assignment ancl allocation steps wele c¿r-'r'iecl out itelativelS' till convergence in

the objective fulction value is obtainecl after 3 itet'ations. In Table 3.8, the fir'st line

(corresponcling to i:0) shoivs the steps 2 ¿ncl 3. Ther, in the same table steps 4 ancl

5 for each iteration ale shorvrr.

rn¿rchine (colurnn) --t

part (r'orv) J

72345

0

1

0

0

7

1

Jt)



Table 3.9 shorvs the final output. Thc solution iclentifies 2 cells as l¡elorv.

I,rc1 : {1, 4}, PFl : {2, 5, 6}

l,rc+2: {2,3,5}, PF2 = {1,3,4}

For the al¡ove paltitiol the nuurbel of voicls aucl exceptional elements ale 1 aucl

2 rcspcctivcly.

3.4.2 Example-2

In this section rve cousidel a 22-palt, 1l-rnachiue ploìrlem given in Cheng (1992),

to illustr¿te the effect of chalgilg rveights. Cheng (1992) soìvecl lhe above ploblem

usilg a nnmbe l of algolithms. The best gloupilg obtailecl fol this ploblen fi'om

these algolithrns ç'as flom ZODIAC rvhich gave 3 cells rvith 15 r'oicls arrd 10 excep-

tional eler.nelts.

Tlie algorithm clevelopecl il this chaptel contl'ols the type of cells, (a lalge nulnl¡el

of tight cells ol a snaller munbel of loose cells) to ìre folmecl, by chalging the rveighl

tu. Table 3.10 shoivs the solutiorr fol cliffelent s'eights. The types ancl munber of

cells ale a.lterecl as u is changecl. \\¡hel the least rveight is given to tìre exceptional

element, i.e., tu : 0.0, no part is assignecl to the cell ancl all the parts ale iclentifiecl

as extelnal palts. At the othel extreme, rvhen the exceptioral elements ale given the

r.uaximnr.n rveight, i.e., to : 1 ancl a zero rveight is given to the voicls, theu one cell

is folmecl to ivhicli all the palts ale allocatecl. Fol rveights l¡etleel 0 ancl 1, rvith an

ilcrease in v¿hre of tu the number of exceptional elements clecLeases ancl the nnnbel

of voicls increases. The best sohttion fiom the existing proceclules clue to ZODI.A,C

is the same as the solution frorn the plesent algolithm rvith rveight fol exceptional

elements as 0.7 (see Table 3.10). This solution has a glouping measnLe (clefinecl in

the A¡rpelclix ancl discussecl in sectiol 3.5) of 0.691. AAA gives ¿ ì:etter partitioling



at the rveighl of 0.6 rvith a glouping rneâ.sLne of 0.696. This solution is given il Tablc

3.1i.

3.5 Computational Experience

Lr this section, the pelfolrnance of AAA is evalu¿terl agailst a mmbel of exist-

ilg proceclules fo:: a valiety of ploJrlems. Computational expelielce rvith lalge size

ploblen.rs is also lcpolted.

3.5.1 Comparison of AAA with existing algorithms

Il sectiou 3.5.1.1, rvell linoryn CF plol;lenrs fron the open litelatule ale solved.

The perfolnance of AAA is compalecl with sever'¿ìl rvell knoivn algolithms. All lec-

essar'¡,clata for these p.,-oblems ancl lesults fol existing rnethods ale aclopted from

tr,Iiltenbulg ancl Zhang (1991) ancl Ribeiro ¿ncl PLadin (1993).

In section 3.5.1.2, rve stucly the effect of clata types, ranging betil'een rvell-stmctnle cl

ancl ill-stluctruecl, on the perfolt.nance of AAA. Fol this purpose, rve consirlelecl clata

sets available in (Chanclrasekhalan ancl Rajagopalar, 1989). Also, this allows us to

corrrpare AAA ivith trvo mole algolithrns, namely, ZODIAC ard GRAFICS. Results

obtainecl Lrsing ZODIAC and GRAFICS for these ploblems ale talçen from Sliuivasar

arcl Narenchan (1991).

3,5.1.1 Data from open litelature

Nine rvell-knolvn algorithms, refelrecl to as A1 - -A.9, fol identifying part families

ancl u¿chine glonps ale evaluatecl ancl comparecl by Nliltenbur:g and Zhang (1991)

for eight well l<nown ploblerns, refelrecl to as P1 - P8. fiorn the litei'atule. The cle-

tails of the problems ancl algorithrns rnay be obtainecl fronl Nliltenl¡ulg ancl Zhang
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(i991). Thc evalnatiol clitelion to jtclge the gooclless of the solutions cousidelecl

is the "gloLrping llteasuLe" (statecl as a pr-.iural¡' measule bJ' ñliltenbrrrg ar(l Zhangr

1991) ancl is given il the Appeuclix. The gloupilg measule is high if usc of maclÌires

is gleater- (ferver voicls) and if feiv palts rer¡rile plocessing orr rnachilcs fionr nrole

than one cell (ferr'el exceptional elerlents). The lesults ol:tainecl usilg AAA il con-

parisolì with the niue algolithns ar-e givel in Tal¡le 3.i2. AAA compares favour'¿bly

ri'ith the nile algolithns.

\\¡c a.lso consicler' 7 of the 12 ploblens givel il Ribeiro alcl Pladir (1993). The

lemaililg 5 ploìrlems use multiplc copies of ulachirles aud al'e cxcludecl. Table 3.i3

plovicles the lesults obt¿inecl iu cornpalisol ivith Ribeilo anrl Pracliu (1993). FoL

5 of the 7 p::oblerns (except probleurs HN90 a.nil I(V87) the lesults aLe the same in

telms of rnrnl¡el of cells, total munbel' of voids ancl exceptiolal elements ancl grou¡ring

lneasLrre. It is rvolth meltioning that in the ploceclule by Ribeilo alct Placlil (1993)

the number of cells is an irìput paraûreter, rvhile it is cletelninecl by AAA. Also, they

emphasize ol minimizing the exceptional elemerìts only. trlinimizinB onlSr e¡¿"tr¡;ottnt

elements may not yielcl a gootl paltition. This is eviclent fior¡ the lesults obtainecl for'

ploblens HN90 and I(V87. Although the nurnl¡el of exceptiolal elements ale ferver,

this is achievecl at the expense of substaltial inclease in nnmbel of voicls leading to a

lorv vahre of glouping neasuLe. AAA provirles a betteÌ paltition rvith a higher value

of the glouping rneasure.

3.5.1.2 Well-structuled and ill-stluctured data

Seven clata sets flom Chan ch asekhara.n ancl Rajagopalan (1989) ai'e taken s'hich

lange from rvell-stluctulecl to ill-stluctuled. All the clata matlices consicler' 40 palts

and 24 machines. They var)¡ only in the clegree of groupabilit¡'. The clata sets (Dl
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- D7) ale allargerl il tlcclea.sing or'de-,- of gloupability. The first data set (D 1) is

pelfectly glor.qrzr.ble and tlie l¿rst clat¿ set (D7) is the least gi'oupable. Trvo effectivc-

ncss measures, glouping efficicrrcS, ancl glorqring efficacy, rvele nsecl to evaluate the

perfolnalce of ZODIAC ( Charrch aselihalan ancl Rajagopalan, i987) ancl GRAFICS

(Slinivasan and Nalelchan, 1991). Tìrese alc clefinecl il Appelclix. In oldel to l¡e

colsistelt, rve cornpnte these measules for the solution ol¡tained by AAA on the cla-

ta sets (Dl - D7). Wc solved thc seven clat¿ scts usilg AAA rvith a. rveight of 0.7.

A comparisol of thc pel-folmarlce nreasures is plovidecl in Table 3.14. Data given in

Chanrh ¿rselchat-au aucl Rajagopalan (1989) fol D3 ancl D4 rvele found the sautc ancl so,

rve treat them as one ploblern. lt cal l¡e obscn'ecl frorn the tal¡le that AAA compales

favonrably ivith the trvo algolithrns on both the rne¿rsules fol all the ploblerns.

3.5.2 Computational experience with large problems

In olcler to stucly the perfolmance of AAA on largel plobleurs rve leplicatecl rorvs

ancl colnmls of the seven problems (Dl - D7) ten times to obta.in ploblems (L1 - L7)

of size 400x240. All these ploblens rvele solvecl rvith the AAA fol a rveight of 0.7 ard

the results ale snmnralizecl in Table 3.15. The t¿l¡le shorvs the cornputational time,

nur.nber of iteratiolis rec¡rilecl for the proceclure to converge, grouping rr. easnle(s),

numbel of groups, numbel- of voicls ancl exceptional elements il the final solution.

As expectecl the objective function value was 100 times that of the sr.nallel problems

solvecl in sectiol 3.5.1.2. The tine leclnir-ecl to solve these proìrlems on tlie Sun Sparc 2

station is less than 1 minute in each case. Thns, ive can see that the plesent algorithm

is vely effective in solving lalge size ploblerns.
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3.6 Discussion

If the palt machile rratrix is sl.rall, the moclel developcd in this chaptel cal be

solvcd optimally b;' linealizing the nollileal telms il the objective functiou using

olie of the plocecltles given in Stecke (1981). Fol the solution of lalgel ploblems u'e

ìrave ploposecl AAA in this chapter'. It is obselvecl in the plececling section that AAA

provicles a goocl solntion to the palt nachine glouping ptoblem, AAA offels manl'

othel advanta,ges: no rlanLral intelventiou is lecluilecl fol iclentif¡'ilg part fanrilic's

¿rucl machine groups] soh.rtion fol lalge size ploblens can ìrc ol¡tained ili l'easonable

arnonnt of computer.' time ancl alte::native solutiols can to l¡e genelatecl iu a s¡'sfs1D-

atic rvay. Horvever, a plocedule like AAA rnay ìre sensitive to the initial solttion. We

cousiclelerì large proì:lerns (L1 - L7) to stucly the effect of clifferelt initial solutions ol

the final solution. We randol.nly genelated the initial solrrtior fol each of the proìrler.ns

and solvecl them using AAA. The numbel of itelations it took to converge) atì(l thc

glouping nìeasures ol¡tailecì fol the solution are givel in Table 3.16. The algolithtn

convelgecl rvithin 6 itelations. Although it is sensitive to the initial solutiol it yielcled

goocl solntions (compalecl to the glorqring measLlÌes obtained fol these ploìrlerns in

section 3.5.2 ancl shorvn in Table 3.15) in all cases.

The parameter' ?¿, go\¡enÌs the types of cells to l¡e folmecl ancl the valne of tu is

t'equilecl as input in AAA. Oul expelimentation inclicatecl th¿t a valne of u :0.7

gives a goocl value of glouping measuLe consiclerecl. Horvever, clue to the natule of

inpr.rt clata rve rna)¡ obtaiu slqterior reslrlts in the range 0.5 - 0.7 fol a fet' selected

plolllems. Fol example in p::oblem P8, the gloupitig neasllLe s'as 0.681 for value

of tu in the range 0.5 - 0.65 ancl is snpelior to that obt¿inecl rvhen the weight was

0.7. It should be notecl that it is lìot necessaly to have all the voicls (or exceptioual
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elements) to have the saure rvciglrts. It is possible to gii'e dillerert $'eights to different

part/lrachile conbilation to leflcct thc sccnalio s'hen oppoltrurity costs on machines

aucl tlauspoltation costs of 1;alts ale not the sane.

3.7 Summary

In this chapter', a nonlineaL mathematical ¡rloglamuing rnoclel, rvas devclopecl to

irlentify palt families ancl urachine glonps simultaneously. The objective of the rnoclcl

is miniurization of the u'eightcd sum of voicls ancl exceptioual elements. Subsecßrently,

an algolitltn callecl the Assignment Allocatiol Algoritlun (AAA) rvas proposecl to

solve the nroclel. The algolithrn allorvs the rveighing of voids ancl exceptional elements

diffelently ancl tlms gives the clesigner the flexibilit¡' to folrn lalge loose ol small tight

cells. The algorithrr. identifies natnlal groupirìgs preserìt in the clata ancl cloes not

lequile any mannal inter-r,ention or subjective juclgrnelt. The lesults obtainecl rrsing

AAA compales favolably ivith 12l'ell knorvn algoritluns. AAA is very sinple ancl less

computel intensive. The solutiol to ploblens of size 400x240 using this algorithm in

less than a mimte shorvs the effectiveness of the algolithrn in handling lalge ptoblems.
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Possil¡le values ValLre of ol;jective terns
QÌù Tpc Unc Filst telm

(exceptional)
Seco c[ ter'ìr

(voicl)
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0

0

0

0
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T¿rl¡le 3.4: Contlil¡utiols of voicls âr(l exceptior¿r.l elements.
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Tabh 3.6: Courputation of objective function contlibution fol palt allocatiol

l'al't 2 ---)
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Table 3.7: Compntatiol of objectii,e function contlibntion fol nachine assignme lt

Nlaclllrle /t¿ --+
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Tal¡le 3.8: Steps 2, 3, 4 alcl 5 - inte lne cliate lesults.
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va,lr r e

¿ 3 4 5 6 rrevtolts
oBJPi/
OB,lN,Ii

Llurrent
oB.li
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Tal¡le 3.9: Stcp 6 - final lesults.

Objcctive function r'¿lue : 1.5
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Table 3.10: Effect of s'eights ou cell folnation.

I all palts rvele iclentifiecl as extelnal parts.
2 palt 10 rvas iclentiflecl as an extelnal palt.
3 palts 7 ancl 13 rvele iclentifiecl as extei:nal palts
'1 part 13 rvas iclentifiecl as an exter-nal palt.

Table 3.11: AAA solution to example-2 (Cheng, 1992) for rveiglrt : 0.6.

Uell number Nlachines assiqnecl Parts ¿llocatecl

2,3,6 5,8,12,19
2 1,4,5,1U 1,2,3,7,11,15,1.6,20,21,22

3 7,8,9,11 4,6,9,10,14,17,18
13 Iextelnal nart)

!velght
TIJ

L\ulnl)er

of
qtollDS

l\rllnDel ol
exceptional

elemelts

.L\ ur.nDeI ol
voicls

LiIoLlpnÌg
lneasLtfe

0.0 0 1.000

0.1 it 0 0.628

u.z 29 {J 0.628

0.3 5 zt) 0 (, 
- 
()t) /

0.4 6t 24 2 U. b irb

0.5 4' 11 0.688

0.6 11 t3 0.696
0.7 ,l 10 L5 0.691

0.8 ô 44 0.495

0.9 2 6 58 0.478

1.0 1 0 164 0.322
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T¿l¡lc 3.12: Compalison of AAA rvith existilg algolithrns fol rvell lurorvn proìrlerns.

Prol¡
-lel.n

n,, 1i'ol.n cliflelent aleolithn.rs
Existins ¿leoritlìûr

AAAA1 A2 A4 A5 Ab A7 A8 A9
P1

P2

na

P4

P5

P6

P7

P8

0.24

0.53

0.18

0.66

0.57

0.92

0.81

0.68

0.40

0.76

0.22

0.85

0.57

0.92

0.81

(r. Ð /

0.35

0.76

0.18

0.85

0.57

0.92+

0.81

0.63

0.35

0.76

0.18

0.85

0.57

0.92+

0.81

0.59

0.85

0.57

0.92+

0.81

0.57

0.37

0.76

0.18

0.82

0.57

0.92+

0.81

0.59

0.11

0.73

0.24

0.85

0.57

0.92+

0.81

0.68

0.39

0.76

0.20

0.85

0.57

0.92+

0.81

0.58

0.45

0.76

0.25

0.85

0.57

0.92+

0.81

0.64

0.18
(0 7)'
0.76
(0 7)

0.85
(0.7)
0.57
(0 7)
0.92
(0 7)
0.81

(0.7)
0.68
(0.5)

- results not availal¡le in Nliltenburg ancl Zhang (1991)
*numbel within l¡r'acket leplesents rveight (tr.,) at rvhich the
solution rvas obtailecl
++moclifiecl clata fol'this ploblem coukl not be rnatchecl rvith À4iltenbur..g ancl Zhalg
(1ee1)
+ rvas reportecl as 0.926 in Nliltenburg ancl Zlìang (1991), but acknowleclgecl as typo-
glaphical error.
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Table 3.13: Compalisol of AAA with Ribeilo ancl Praclin (1993)

Kcept pectl

Table 3.14: Compalisol of AAA rvith
to i1l stluctulecl problems

ZODIAC ancl GRAFICS fol ivell stmcturecl
(Srinivasan ancl Naren(lran, 1991).

Ploblen.r Size

Ribeiro & Pladin 993 AAA solLrtion fol tu : 0.7
NumÌ¡cr'
of cells

e \ll L\ tllì.ì DCT

of cells
e Iln

HN9O

SN9O

I(\/87

CN,l81(P8)
I(U87
BS87

\,VS84

20x20

10x20
41x30

10x15

5x4
7x5
7x5

5

4

4

3

2

3

2

2

2

74

11

0

6

3

0

0

2

2

15

40
0

313

526
4

1

3

0.635
0.490
1.000

0.234
0.169
0.920
0.900
0.716
0.699

6

4

13

3

2

2

2

16

0

34

0

0

2

2

10

0

4

1

3

3

0.660

1,000

0.538

0.920
0.900
0.716
0.699

alt(L ù afe tlLllIì ona ìerìts àn(l \¡or([s Ìes

l'toll
-lem

C.houping efficiency, 4 Glouping efficacy, r fi'orn
AAA

ZODIAC C+]ìAI.-ICS AAA ZODIAC GRAFICS AAA et)
D1
D2
D3/D4
D5
D6
D7

1.000 1.000 1.000
0.952 0.952 0.552
0.911 0.911 0.918
0.773 0.788 0.875
0.724 0.791 0.860
0.693 0.791 0.908

1.000 1.000 1.000
0.85i 0.851 0.85i
0.378 0.735 0.729
0.204 0.432 0.506
0.182 0.445 0.445
0.176 0,416 0.437

00
10 1i

56 17

65 17
707

e ancl ?/ âle numbel of exceptional elements and voicls I'espectively



Table 3.15: Results fol lalge size plol;lems.

c ancl o ale numbel of exceptional elements ancl voids lespectively

Table 3.16: Results fol the lanclomly genelatecl startilg solution.

Plol¡
-lem

cpu tirne

(sec)

No.
of

iter'-
atiols

No.
of

cells

e U ñfeasrrles

\ Í \lj

_tr I
L2
L3lLA
L5
L6
L7

JU..L

.)ù. ¿

54. i
33.0

J
ù

3

5

J

7

8

l1
12

I4

U

1000

2300
5600
6500
7000

U

t100
r700
r700
.700

700

1.000
0.952
0.918
0.875
0.860

0.908

{J00

0.851
0.729
0.507
0.446
0.438

1.UUU

0.839
0.688
0.388
0.299
0.357

Prolr
-lem

Numl¡el of iterations
fol cliffelent mn

4, fol diffetent luus

'¿ :1 4 3 4 5

L1
L2
L3lL4
L5
L6
L7

r) r) !) r) t)

ó444ó
45 5 5 4

5555 4

4555 4

4654 3

1.000 1.000 1.000 1.000 1.000

0.839 0.839 0.839 0.839 0.839
0.695 0.695 0.695 0.694 0.690
0.424 0.393 0.412 0.412 0.397
0.407 0.412 0.407 0.356 0.390
0.388 0.343 0.379 0.315 0.321



Chapter 4

Cell Formation - Paú 2

A nonlineal rnoclel to iclentify nachine assignmelt a.ncl palt allocation sirnulta-

rueously rvzrs clevelopccl in Chapter' 3. The objective rvas the minirnizatiol of thc

rveightecl sum of r.oicls ancl exceptional elements. Al iter'¿tive ploceclnlc c¿ìlc.cl the

Assignment Allocatiou Algor:ithn (AÀA) rva.s ploposecl to soh'e the moclcl. Although

it has been obseived that the ploceclnle provicles a goocl solutiol, it cal be selsitive

to the ilitial solution, the numbel' of cells speciflerl and the gloupability of the inptt

palt nrachine matlix. A molc lobust simnlatecl arurealing approach is presentecl in

this chapter'. Il section 4.1, rve clevelop a Simulatecl Annealing Algolithm (SAA).

Section 4.2 cornpar:es the pelformalce of the Sirnulatecl Annealing Algoritlìn (SAA)

rvith the Assignrnent Allocation Algolithm (AAA). Section 4.3 plesents a case stncly.

Finally, a sunìmaly is pr-esented in section 4.4.

4.1 Simulated Annealing Algorithm (SAA)

Simulatecl annealing is one of the ploceclnles ivhich has beer successfully appliecl

by resealchers il solvilg lalge combiuatolial problerns such as the palallel rnachine

scheduling ploblem, the vehicle routing problem etc. Boctor (1991) appliecl sirnulatecl

annealing fol solving palt-machine groupilg problerns rvith the objective of minit.t.tiz-

iug the nuurber of exceptional elenrents assnming that the rqrper lirrit on the nrunber'



of machiucs in a cell is lcuorvll. Unlike the itelative ploceclnre, the solution obtainecl

by simLrlated aulealiug does not clepencl orr the ilitial confignlatiorr ¿rld has an ob-

jective function valte closel to the global optintuul (Laalhoven ancl Aalts, 1987).

Horvever', the late of conveLgence is slorvel in sinnlated annealing iu compalison to

the itelative procedure (AAA). A linit on the numl¡e¡: of itelations is oftel iurposecl

rvhen clevelopiug the Sirnulatecl Annealing Algolithm (SAA). This may r:esti"ict SAA

fol getting an optimal solntiol. Tlms, the implcrnentation of SAA is a tlacleoff be-

tivecn sohrtion c¡ralitv ald computational timc.

The follorvilg cliscnssion al¡stlactecl fioln Laalhovel aud Aalts (1987) iutlocluces

the analogy l¡etrvcen the simul¿tion of the anlealing of solids ancl the ploblern of

solving lalge cornl¡il¿tolial optirnization problems. "In conclensed mattel physics,

auuealing clenotes a physical process in rvhich ¿ solid in a heat bath is lieatecl up

by incleasing the tenpelatule of the heat bath to a maxirnLrn.r valrre at rvhich all

particles of tlie solirl randornly ar.'r'ange thernselves in the lic¡rid phase, follorvecl lt1,

cooling throtgh slos'ly lorveling the ternpelatnle of the lieat l¡atli. In this ivay, all

particles arr-alge thenselves in the lorv enelgy grotncl state of a corresponcling lattice,

plovirlecl the maximnm ternper..ature is sufficiently high and tlie cooling late is calliecl

out sr.rfficiently slorvly. At each ternperature value T, the solicl is allorvecl to le¿ch

thernal ec¡rilibliLrm, chalacterizecl by a plobability function given by the Boltzmann

clistlibution. As the tempet'ature clecreases, the Boltzmaun clistribution concentr'¿tes

orì the states rvith lorvest elergy ancl finally, rvher the temperatnle approaches zelo,

olly the lninirl-r.rm energy states have a non-zeLo pÌobability of occullence. Horv-

ever, if the cooling is too rapicl rvithout allowing the solicl to leach ec¡,riliblium fol

each ternper'âture, clefects can be fi'ozen into the solicl a.nd a rnetastable arnolphous

stlucture is reachecl. Fulthelrlore, similal to quenching il lvhich the temperature of
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heat bath is los'eled instantly the same lesult is ol¡tainerl. To sirmrlate the evolutiol

to the thelmal eqLrilibliLmr of a solid fol a fixe<l valne of tempcratule T, trlctlopolis

et aì. (À'Ietlopolis et al., 1953) pLoposecl a ,loltc Callo mcthod, rvhich geuelates

secluences of states of the solicl in the follorvilg 11,zry. Givcn the cnllent st¿te of sol-

icl a srrall rarxlolnl)¡ genelated perttrbation is applied by a small clis¡>laccrnent to a

lanclornly chosel palticle. If the diffel'ence in enelgy ì¡etrveen the cullelt state ancl

the pelttr-becl states is negative, thcl the plocess is contimrecl rvith the neu' statc.

If the diffelence is positive, tliel the plocess is accePtecl by ¿L probabilitJ¡ tdrich is

¿ frurctior of teurpelatr.rle ancl clifl'elence in enelgy. This accc¡rtancc mle is lefelred

to as ,Ietlopolis clitelion. Follorving this cliteliol, the system evoh'es irto thelrnal

ec¡riliìrriun.r after a lalge rmml¡el of peltnrbations. The Nletlopolis algorithrn can

¿lso be nsecl to gelelate secluetrces of conflgurations of a coml:iratorial optirnization

ploblern. In this case, the configuratiorìs assunle tlie role of states of solicl rvhile the

cost fiulction (oì:jective functiol) tahes a lole of energy. Tem¡re::ature is a contlol

palarneter'. The Sinulatecl Arrnealing Algolithrn can nolv l¡e viervecl as a sec¡rence of

triletropolis algolithrns ev¿luatecl at a sequence of clecleasing valnes of the tempera-

tnre." (Laar'ìroven ancl Aalts, i 987)

In this section an imple r.nentation of the SAA to obtail gÌouping of palts ancl

machines is ploposecl. The main steps in this algolithm ale as follorvs. The maxi-

murn nunbeL of cells to be folmecl, C is specified. An initi¿l machine assignment is

generatecl. Assiglment of rnacliines to the cells is cìone nsing a preclefiuecl rule. Fol

example, il Chapter' 3, it rvas suggested that the value of C be fixerl at one rlole than

the total number of machires alcl initially each rnachine is assignecl to a sepalate ccll

leaving ole ccll ernpty. Anothel ivay is to assigl machines to cells rancloml)'. It this
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chapter, one of the al)ove two rules will be usecl to ol:tain an ilitial machile assigl-

ment. Fol this machile assiglmelt, an initial palt allocation is obtailecl b)'solving

the allocation sul¡moclel (see Chapter 3). Thus, an initial solution (part families ald

machine gloLrps) and the objective function value ale obtained. At each subsec¡rent

itclation, ole n¿chiue is movecl frorn the culrent cell to anothel cell in or'(ler to get

a neg' machile assignmclt. The machine to i¡e movecl ancl the cell fol this machile

ale sclectecl lalclomly (Boctor', i991). Palt allocation is made for this nerv machiue

assignlìlerìt ancl the objective valne is corn¡:uted. The genelatcd solution (neri' pzrlt

families ancl machiue gloups) is acceptecl if the objcctive function value inrplovcs. If

the objectivc fuuction valne iloes not iurplove the solution is acceptecl rvitli a prol;a-

bility clependilg rqrou a cooling temperatule, rvhich is set to allol' the acceptance of

a lalge plopoltion of genelatecl solntions at tlie beginr.rilg. Then, the cooling ternper'-

atnle is morlifiecì to lecluce the plobability of acceptalcc. This enables the algorithn

to escape fi'om a local optirnum at al eally stage. At each cooling terìlpelature lnany

ùlo1¡es ¿ìre attemptecl a cl the algoÌithm stops rvhen pÌeclefinecl conclitions ale rnet.

The cletailed stcps of the ploposecl irnplementation of SAA ale plesentecl belorv.

Simulated Annealing Algorithm (SAA)

[0 ] Initialize

0.1 Define the annealiug par'ânleteÌs: initial ternperatru e T0, DlininÌurn accept-

ecl transition at each temperatur-e 4T,,,¡,,, clecrementing factor cr, rlaxirnLrnt

numbel of itelatiols i,,,o", ancl final acceptalce latio R¡.

0.2 hritiaìize itclation courìLer': i = 0

0.3 Genelate initial rnachine assiglrnent ancl allocate palts by soli'ing the al-

location sul¡moclel (get SOLo, OBJ0).
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[1 ] Ðxecutc outel loop, i.c., stcps (1.1 - 1.7) Lrntil conditions in step 1.7 àr'e rnet

1.1 Initialize inner loop conntel I : 0, anrl accepted uuml¡el of tr-ansitiols AT

:0

1.2 Tnit jalizc solrrtior fol inrcl loop. SOLi : SOL'. OBJô = OßJ'

1.3 Execute iunel loop, i.e., steps (1.3.1 - 1.3.5) rurtil conclitiols in step 1.3.5

a.r'e met

1.3.1 Update: l=l+1

1.3.2 Gelerate a neighboling solntion bJ' peltulbirìg lnachine assigrulent

and obtaililg palt allocatiol fol' uel' machite assignrnent (get SOL|,

oBri.)

1.3.3á:OBJi -OBJi-,

1.3.4 If ó(0orranclon(O,t) <e * then

r SOL| arrtl OBJj ale accelrl,etl

r Upclate AT : AT + 1

else

¡ solutiou is rcjeclerl, SOL| : SOLi-r ,OBJi : 63.¡¡-,

1.3.5 If one of the follorving conclitions holcls tlue: AT > .AT,,,r,, ol I ) NI2

(t\,1 : numbel of machiles), thel assign .L¡ (length of r\lalkov cliain)

: l, ternrinate the innel loop ancl go to 1.4, else continue the inler'

loop ancl go to 1.3.1.

1.4 Upclate: i:it1

1.5 Upclate: SOL' : SOLL,],, OBJi : OBJ;],

1.6 Recluce the cooling tenl>elatule: T¡ = o . 4-i
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1.7 Ifone of the follorvilg colrclitions holcls tlue: i 2 i,,u"i ot tlie acceptance

latio (clefinecl as AT/Z¡) ( R¡l ol the objective function value for- the last

10 itelations lemains the same, then te::ninate the outer- loop and go to 2,

else contimre the outcl loop ancl go to 1.1.

[2 ] Plilt the l¡est solutiou obtained an(l tetntinatc the 1>roceclnre.

4.L.L Selection of Simulated Annealing Parameters

The im¡rlernent¿tion of the Simtlatecl Anuealilg Algolithrn in tlie plevious sec-

tio¡r resolts to gelelating å sequerÌce of homogeneous Nlalhov chains of finite length

(to eustle the thelmal equiliblium is reachecl) at rìecreasilg vahres of cooling tem-

pelatule. The follorving palameter-s shoulcl be speciflecl (see Laalhovcn and Aalts,

1e87):

¡ initial ralue of tenperatrl-e, T0;

r length of Nlalhov chain, L¡ (at iteration, r);

o a tule fol changing tlie cur'::ent valne of ternpelatule to the next one;

r critelia to telminate the algoritìun.

-4. choice for these palameteLs is referlecl to as a cooling scheclule. In this thesis

rve clefine the coolilg scheclule in the follorving ivay.

The initial vahre of tempelature, T6, is tahen in such a rvay that i'iltually all

transitions ale accepte(I. An acceptance Ìâtio, R, is clefinecl as the numbel of accept-

ed transitions diviclect by the numbel of ploposecl tlansitions. T¡ is set in such a

rvay that the initial acceptance ratio, R¡ is close to 1. Usually, the valrre of T6 is in

the orrlel of the expectecl objective futction value. The l,alue of Ts is increasecl or
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clecleasecl to blilg the accepta,nce latio fol the fir'st 10 itelations l¡etrveen 0.95 ancl 1.0.

Length of the Nlalkov chails L;, ale contlolled in slrch a rvay that for e¿rch value

of ternperarture, Tr, a minirDiun mrrnbel of tlansitions shoulcl be acceptecl, i,e., L¡ is

detelninccl such that the mmbel of accepte cl tlansitions is at least, 4T,,,¡,,. Hos'e ver',

as Ti âpproaches 0, tlansitions ale acceptecl rvith clecleasilg probability atÌ(l thr.ls otìe

et'entnally obtains L¡ -- co fot'T¡ J 0. Consec¡rentl5,, L¡ is l¡orurclecl by some constant

L (usually cltosen polynornial in the ploìrlenr size) to avoid cxtlcmcly long À,Ialkov

ch¿rins fol lori, value of cooling tempeLatnle. \\/e definc L = r¿ . N,I2; ivhele N,l is the

total nnrnl¡el of machiles ancl r¿ is a constant. The value of 4T,,,i,, shoulcl be high

enongh to ensule that al er¡rilibriun is leachecl at each tempelatule. Higliel the

value choosen fol 4T,,,¡,,, the l¡ettel the expected c¡rality of solutiot is.

To eltsuLe slorv cooling, the clecrement fol teurl>elatnle shoukl be glaclual. We

aclopt a fiec¡rently usecl clecrement rule given b¡' (Laalhoven and Aar:ts, 1987)

T¡ : a.T¡-t

rvhele cr is a constant smaller than but close to 1. Also, if a fastel'cooling is clesired,

r\T,,,¡,, is givel a higli value ancl cr is given a lorvel valne. Thus if fast cooling is clone

the t\lalkov chains at each tempelatrle rvonlcl be longer'.

The stopping criterion nost oftel usecl in silnulatecl annealing is by the value of

the final teurperature. In this irnplernentationr the final temperature is not chosen a

priori. Lrstead, the annealing is allorvecl to continue until the systen is fi'ozel by one

of the follori,ing cf iteria:

¡ The maxirnnm number of iteratiols (tempet'ature), in,n..,;
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o If the objective fiurctiou valne of the la.st acceptecl tlansition fol the ternpela.tulc

is irleltical for' ¿ nnmber of itelatiols (liept as 10 iterations); or'

e The acceptzrlcc r-atio is suallel thal a given value, R/ at a teuìpetatute.

Thc value of simulated alnealiug par¿rììeteLs usccl in this chaptcl ale as follorvs:

7o = 10; 4T,,,;,, = l$; a:0.90; i,"..:100; ancl R¡:0.01. The rn¿rxirnurn

nnml¡e-,-' of itelations i,,,.,". rvas set at a high valte so that the algolithm is tel'miliated

by other ctitelion. For most probletns, 76 is in the orclel of the objective ftlction

value erpectcd. 4T,,,;,, is takcn il the olclel'of nnurl¡er of nrachines. Initialll', cr tas

talien a.s 0.99. The vahrc rvas lerlncecl to 0.9 since solution quality clicl not cleteriolate.

This recluces the cornpntational tirr e. R¡ lvas set to a los'\'ahlc of 0.01. As the value

of a clecleases, 2,,,.," czrn also cleclease.

4.2 Computational Experience

Filst rve considelecl the 8 rvell knos'n problems (Taìrle 3.12) and problems fiorn

Ribeilo ancl Praclin, 1993 (Table 3.13) from Chapter'3. The initial nachine assign-

ment for SAA to solve these ploblems rvele ol¡tainecl by assigning each nachine to a

separate cell a.s suggested in Cliapter 3. The compalison of SAA ancl AAA is shoivn

in Tables 4.1 ancl 4.2. The objective function value obtainecl by SAA is the same or'

bettel than AAA. However', the 'grouping rneasnLe' obtainecl fiom SAA fol the ts'o

problems, HN90 alcl I(V87, wele woÌse. This can be attlibutecl to the fact that this

measure has lot been clilectly consiclelecl in the objective function of the moclel.

To illustlate the lobustness of the SAA in compalison rvith the AAA rve stucly

the effects of illitia.l machine assignment. \\/e cousiclelecl a pelfectly gloupable rnatlix

(ploblem D1 fi'on Chapter' 3) that can foun 7 perfect clusters. The maximum liuml¡er'
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of cells C, is var-ied fiom T to 25. The initial nachine assiglmelt is genelated ìt5'

larclomly assigning n¿Ìchines to the cells. AAA ancl SAA a.r'e nur for' 19 (C = 7,

8,.....25) cliffelcnt initial machilc assigrunents. It l'as forurcl that AAA gave tlon-

optimal solutions fol the follorving 13 ca.ses (tlie taìrle shorvs glouping uìeasLlle, r/.,

ancl objective functiou value, O.V):

c'-+ 78910i1 72 13 14 15772022
\u 0.64 0.77 0.64 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79

o.v. 22.5 r2.0 22.5 10.5 10.5 10.5 10.5 10.5 10.5 10.5 10.5 10.5

Fol the rernaining 6 cases AAA gave the optitnzrl solution rvith a'glonping rnca-

sule' of 1 and the objective function value of 0.0. SAA is not sensitive to the initi¿¡l

solution ald gale the optirnal solution for all the cases.

lVe corsirlered ploblems D2 to D7 fi'orn Chapter' 3. \Ã/e genelatecl 10 initial ma.-

cliine a.ssignments fol e¿ch ptoblem. C rvas valiecl to take the values 15, 18, 20, 23

ancl 25. Fol each value of C, tivo r-aldom lumber seecls weLe usecl for obtaining the

initial machine assigument. Tliese problems lvet'e soh'ecl Lrsing AAA ancl SAA on a

Sun Spatc 2 station. The time taken by AAA ivas less than 1 seconcl for each plol:-

ler.n rvhile the avelage time taken by SAA rvas 54.7 seconcls. The I'esults fiom AAA

and SAA aLe summalizecl in Tables 4.3 - 4.5. The rleviations (o,, 1) of the objective

fulction value ancl grouping neasule are rnor:e in the AAA than the SAA. Horvevet,

as tlte gloupability of clata recluces, the solution fiom AAA beconres less sensitive to

the initial machine assignrnelt) i.e., cleviation in the objective futction value I'ecluces.

Overall, the SAA gives better' (lorver value of the mean objective function I'alne ¿ncl

highel value of the mean grouping measlrre) ancl rnole consistent solntions (objective
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fuuction values ancl glou¡rilg measules close to the mean objective function valrre ¿urcl

tlrc r rrca n gtorrpilìg nrcasrllc).

4.3 A Case Study

In this section the AAA ancl SAA ale nsecl on the d¿t¿ collectecl fiorn ¿r local

manufactnr-ing cornpalì)¡. The input in the folll of a ¡ralt machine matrix is shorvn in

T¿rble 4.6. We solvcd this 1:r'oblern r.rsilg thc AAA alcl SAA for'¿u : 0.7. The initial

rnachirrc sohrtion rvas obt¿iuecl by setting the rnaxirr um rrt. rnber of cells, C, to 27 ancl

assigning each machile to a scpalate cell leaving cell 27 enpty. The lear-lalgecl pat't

lnachile matlix fror.r'r the AAA ancl SAA are shorvn in T¿lbles 4.7 ancl 4.8 r'espectively.

The AAA gave a solution u'ith tlie objective function value of 45.8 ancl gt'onping mea-

sule of 0.44. It took 0.17 seconcls. The SAA gave a bettel solution rvith the objective

functiol value of 41.8 ancl g::ouping lreasule of 0.52. The cornpntation time in this

case was 137.5 seconcls. \\/e ran lhe AAA for'3 ralclomly generated initial rnachiue

assignments. The glouping measures (objective function values) obtainecl ¿re: 0.52

(42.3), 0.50 (42.6) ancl 0.44 (45.8) r'espectively. Cornputational time for each case was

less than 0.2 seconcls. Tlius a goocl solution can be obtainecl b1' r'unning the AAA a

feiv times rvith different initial machine grouping.

4.4 Summary

A Simulated Alnealing Algo::ithrn is proposecl to solve cell formation ptobletn. In

genelal, the Sirnulatecl Annealilg Algolithli gives bettel ancl lnore consistent lesults

than the Assignrnent Allocation Algorithm. Horver.er', the computation time requilecl
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is significattly higher'. In our opinion, fol srn¿llel ploblerns, the Simulatecl Annealilg

Algolithm is Lecommenclecl. Fol lalge ploblems, it is plcfelable to solve tìre Assign-

lÌlent Allocation Algolitlun a ferv titles ri'ith cliffelellt initial machine assiglureuts.
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Tairle 4.1: Cornpalisol of SAA rvith AAA fol rvcll knorvn problens (see Chaptcr'3),

#xx Inpr.rt clata fol P3 is uot availablc (see Chapter'3)

Table 4.2: Comparison of SAA ivith AAA for problems fiom Ribeilo and Placlin
(see Chapter' 3).

['r'oblem lìom AAA Florn SAA
Lirouplrìg
me aslu'e

uDJectrve
function value

Lirouplìr.g
lìleasuLe

uDJectrve
function vahre

HT\YU

SN9O

I(V87
CN,IB1

I(U87
BSBT

\,VS84

0.66
1.00

0.54

0.92
0.90
0.72
0.70

14.2
0.0

30.7
r.2
0.3

0.65
1.00
0.53
0.92
0.90

0.72
0.70

14.0

0.0
30.4
7.2

0.3

z,;)

Prol;lem lion AAA Frorn SAA
LiÌollpllrg
Ìr1ea611te

Objective
fuuction value

Ciroupiug
tneasute

Oìrjective
function valte

P1
P2
P3
P4
P5
P6
P7
P8

0.48
0.76

0.85
0.57
0.92
0.81

0.68

31.4
13.0

D.J

20.7
r.2

l-r.5

0.48
(J. /D

0.85
0.57
0.92
0.81

0.68

13.0

D.J

20.7
7.2

¿.i)
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Tal¡le 4.3: AAA results fol rvell stluctnlecl to ill str-uctulecl ploblcrns

t rnaxirnrun mrmber of cells

{ seecl 1 fol initial machile assignment
* gÌoupitrg trreasure
+ objective function va.hre

Plol¡
-lem

Grortping nleasule and Object: ve firnction valne
23 --r- 25

¿ t i 2 2 I 2

u1 1.00"

0.0*
0.79
10.5

1.00

0.0
1.00

0.0
1.00

0.0
0.79
10.5

r.00
0.0

1.00

0.0
1.00

0.0

1.00

0.0
D2 0.84

10.3

0.84
10.3

0.84
10.3

0.84
10.3

0.84
10.3

0.68
18.9 I0.3

u.84
10.3

u.ð4
10.3

u. ð4 u.ö4
10.3

D3l
D4

0.69
27.2 22.1)

0.69 u.bv
21 .2

U.DY u.by U.DÐ

28.5
u.0v
22.5

u.09 u.b9
21.2

0.69
21.2

D5 U.Jö

42.8

U.J9

43.1

0.37

44.6

470

45.2

.400

42.0

0.43
45.9

0.44
44.9

0.46
44.5

0.39
45.1

0.44

D6 350

48.3
340

47.8
u.ó /
49.6

0.35
48.7

0.39
48.2

0.28 0.35
51.4

0.38
48.2

0.40
50.2

0.35
47.5

D7 0.34

49.1

0.30
50.7

0.27
51.1

0.28
50.4

0.31 0.31

57.2

0.28
50.8

0.37
51.9

0.38
50.5

0.29
51.8
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Table 4.4: SAA lesults fol' rvell stluctnled to ill stnrctulecl p::o1tlens.

t rnaximum numbel of cells

] seecl 1 fol initial machine assignmeut
* grouping rneasule
* objective functiol ralne

Plol¡
-lerr-r

Glorqring tneasllte j cct rìc t
Ur=15 20

2 l 2 2 I ¿ L 2

ui L0u*
0.0-

00
0.0

1.00
0.0

1 00

0.0

I .00

0.0

1.00

0.0

1.00

0.0
1.00

0.0
1.00

0.0

1.00
0.0

D2 0.84
10.3

0.84
10.3

0.84
10.3

0.84
10.3

0.84
10.3

0.84
10.3

0.84
10.3

0.84
10.3

0.84
10.3

0.84
10.3

D3
D4

0.69
20.0

0.69
20.0

0.69
20.0

0,69
2r.2

0.69
20.0

0.69
20.0

0.69
20.0

0.69
20.0

u.ov
20.0

U.OU

20.0
D5 0.40

4t.r
0.40
41.1

0.41
41 .3

0.40
41 .1

0.41

41.ó
0.39
41.J

tl 42

42.7

0. 4 3

42.0
0 .42

42.7
0.38
42.5

D6 0. 39

46.3
U.J4

46.5
U.JY

4b.J
u.óö
46.6

U.J9

46.7

U.J9

4b. /
U.J9

4 t). //

U,4U

46.8
0.39
46.3

0.39
46.7

D7 u.óz
48.5

U.JJ

48.2

0.31

48.4
0.35
48.4

0.33
48.2

0.35
48.4

0.33
48.2

0.31

48.4
0.31
48.4

0.35
48.4
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Table 4.5: Cornpalison fol ü'ell stnrctulecl to ill stmctuled ¡rloblems

* groupmg ÌleasuÌe
* objective fulctiot valne

Prolr
-lern

Glou nìeasure (Olliective fulctiorr value
F IOI]I l\A,q t l'om SAA

l\41 . MâX. tr4e¿rr o,,_ lvllì1. L\4 ¿ì'X. ñleàìr o_
IJI u. /9"

(0.0)-
UU.L

(10.5)
u.v0
(2.1)

U.UY

(4.4)
001

(0.0)
1.00
(0.0)

{J01

(0.0)
UUU

(0.0)
D2 u.0ö

(10.3)
u.õ4

(18.e)
u.óz

(11.2)
U. Ulr

(2.7)
0.84

(10.3)
840

(10.3)
u.õ4

(10.3)
U.UU

(0.0)
DJI
D4

0.55
(21.2)

0.69
(28.5

0.68
(22.5)

0.04
(2.2)

0.69
(20.0)

0.69
(21.2)

0.69
( 20.1)

0.00
(0.4)

D5 0.37
(42.0\

0.46
(45.s)

0.42
144.3)

0.04
11.3)

0.38
141.1)

0.43
(42.7\

0.41
(41.7\

0.01
10.7)

D6 0.28
(47."t\

0.40
151 .4)

0.36
(4e.1)

0.03
11.41

0.34
(46.3'

0.40
(46.8)

0.39
(46.6)

0.02
(0.2)

D7 U,Z I
(4s.1)

U.Jð
(52.7)

I
o)

0.3
(51

U.U4

(i 0)
U.J I.

(48.2)
U

(48.5)
óÐ U.Jó

(48.4)
U,UZ

(0.1)
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1

I 11

l1
l1

1 11
1 1l

1

1

1

1

1

1

1

1

i
1

1

1

1

1
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Chapter 5

Cell Formation Considering Alternate
Routíngs

lvlany cell fbr-tnation (CF) procedures use the palt machiue matlix as al input.

A ¡relfect clizrgonalizatiol of the palt machine matlix to folru exclusive palt fanilies

and urachine gtoups is lot possiìrle irt nany instalces. Consicle::ing altetnate loutilgs

(i.e., altelnate plals fol the palts ancl additional nnits of sarne machines) irnploves

this diagonalization. In this chapter', a nonlileal integel ptoglamnring rnodel is clevel-

opecl fol cell fol'uratiol consideling altel'nate r-outings. The moclel is illustlatecl s,ith

nurnelical examples. The optimal sohrtions for tl.rese examples ale olttaiuecl by solv-

ing the linealizecì versiou of the moclel. Fol the efÊcient solntiol of lalgel problems a

Sil¡ulatecl Anlealilg Algolithm is implementecl.

5.1 Prot¡lem Background

In rnost mannfactuling sittations, a perfect decornposition of palt rnachine matrix

to form mutually exclusive cells is not possible clue to the propelty ofthe clata ancl/or

the inatlecluacies in the algorithn (Chanch'ase khalan ancl Rajagopalan, 1989). Tl'o

possible apploacìres to implove gloupability ale by consiclering altellate plocess plans

for parts and aclclitiolal uuits of same r.nachines as available (l(Lrsiak ancl Cho, 1992).

Il tliis chapter, rve cotrsirler altelnate routir.rgs (alternate plocess plans ancl aclclitional

uuits of same macltiues) cluring cell folmation. The objective of cell folmation is to
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ideltif¡'a ueat l:ìoch rliagonal stluctule existing in the clata. 81, imposing restlictions

on numl¡el of machines antl/or palts in a cell (as assumecl by l(asilingarn alcl Lashkali,

1991) ol specifying the numbcl of cells (as in p-rneclian noclel, I(usiak, 1987) l'ill lot

allori'to obtain blocli cliagonal fonn existing in the clata. Fol exanple, let us consitlel'

Table 5.1, Tabìe 5.1(a) sho\1's a paltition ilto the optimal nunrber of cells (C'- :

3). This foi'ms tltt'ee fully dense cliagoual l¡locks rvith uo exce¡rtional elernents. If rve

specif¡' ¡hs uumbel of cells as2 ( C < C-) this rvill lesult il an incLcasc in the numl¡er'

of i,oids. Fol exatnplc, Tablc 5.1(b) slto¡r's a possiìrle paltition ilto tt'o cells lestlting

il 8 voicls ancl no exceptiolal elemelts. Similar:\', Table 5.1(c) illusttates ¿ situ¿rtion

rvhen the numbel of cells is specifiecl as 4 (C > C-). This rvill lesult in al iucrease

in thc uumbel of exception:r.l clements to B ivith no voids. \\/e can also oltselve flour

these partitions that lestricting the ma,>lirnn¡n urmbet' of parts in a cell to 2 tvill yiekt

a par:tition as shorvn in Table 5,1(c) ivhich is not the best gr:ouping fol this clata.

In atldition, inclir-ect measules snch as maximization of similality/courpatibility clo

uot necessalily yield tìre best cliagonalizalion of palt machine ltatrix. This rvill be

illustlated by moclifying the numelical exarnple in l(Lrsiak (1987). The original natlix

is shoryn il Tal¡le 5.2. On soh,irìg the p-r:. eclian nocleì for p : 2, the follorving par.t

(process) farnilies are identifiecl.

PF1 : {1(2),3(2)} and pF2: {2(2),4(2),5(2)}.

The unblaclietecl number shorvs the palt nnrnbel and l¡r'achetecl nuubel shorvs the

process plan nur.nbeÌ.

Usilg the above palt gt'ouping ancl assigning rnachines to these parts, the final

matrix obtainecl is shorvn in T¿ble 5.3 (SOLUTION 1). This solution gives one voicl

and ro exceptional elements.

In the al¡ove exam¡rle (PROBLEN,I 1), let Lrs assLutìe an acklitioual plocess plan for

part 5, say 5(3) is available. The resulting input matlix for PROBLÐNI 2, is shov'l
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ill Table 5.4. If this proì:len is soh'ecl r.rsing the 1:-rleclian model, the pzrlt (plocess)

fatrilies ale mo(lifled a.s follorvs.

PF1 : {1(2),3(2)} ancl pF2: {2(2),4(2),5(3)}.

Assigning rnachines to palts gives a solntion (SOLUTION 2) as shos'l in T¿ble

5.5. This solttion gives one exceptional clement anrl no voicls.

Both solutions h¿r'e the sarne objective functiou value (similality inclex). The

olly diffelcuce in these solntions is in the plal selcctiou fol palt 5. SOLUTION 1,

givc's 1r'oid and 0 exccptional eleruelts; a.nd SOLUTION 2 gives 0 r,oirls ancl 1 ex-

ce¡rtiolal eleurelt. The c¡restion ¿ìrises as to rvhich solutiol of the trvo is bettcr'. Thc

ausrvel depertrìs upon rvhetlter one gives mole impor"tauce to voicls ot to exceì)tioltâ.l

elernerts. Thc similality basecl methods ca.nlot distinguish betrveen the trvo sohrtion-

s. Tlierefole, rve colsiclel the minimization of the ivcightecl sum of the voicls ancl the

exceptional elemerrts explicitly in the objective.

The r..etnaincler of the chapter is orgalizecl a.s follou's. In section 5.2, a nonlin-

eal integel ploglammilg moilel is developecl. .4. linear velsion of the moclel is also

pteseuted in this section. hr section 5.3, rve present al iter'¿tive solntion ploceclnre

alcl clevelop a Simulaterl Alnealing Algorithm fol solving lalge ploblems. In section

5.4, rve illustlate the moclel by colrsicleting nuûrelical exanr¡rles. The effect of forming

loose cells and tight cells is illustratecl by solving the moclel for'diffelent rveights.

Cornputational experience t'itli itelative plocedule ¿ncl Simulatecl Arurealing Algo-

rithtn is plesentecl in section 5.5. The lesults obtainecl aLe comparecl rvith the optirnal

solutions. A sunnaly is plesentecl in section 5.6.



5.2 Mathematical Models

In this section ¿r noulineal integel plogr-arnming urodel is clevelopecl fol siruulta-

ucous glor.qrilg of palts and nrachines. A linear moclel obtained by linealizing the

objective function telms is also preseutecl in this section.

5.2.L Nonlinear model

The ploposed nonlineal model (NLIvI) consiclels the oìrjective of minimizilg the

n'eiglrtecl sum of the voicls aucl thc cxcc.ptioral elements. The NLì\4 is as follorvs:

MODEL - NLM (M2)

ùIin z : | 1u,,,,, a,,,,,, r],. (t _ V_") +
Ptltct

stbject to:

\-"," - 1

/J - l1c

t),'". 
^r,

lt:pu untc € {0, 1}

! (t - tu,,,,,) (t - a],,,,) zj," u,," (5.1)

Yp

Vn¿

V p,nr,, c

(5 2)

(5.3)

(5.4)

hr the objective function given by ec¡ration (5.1), the first terrn captures the con-

tl'ibution of the exceptional elements ancl the seconcl teun lepresents the contlil¡ution

ofthe voicls. Constlaints (5.2) gualantee that each palt is allocatecl to orre ofthe cells

alcl only one process plan is selected fol the part. Consttaints (5.3) ensur:e that the

total units of ¿ machine type assignetl to diffelent cells clo not exceecl the avail¿ble

units fot that machine type. Binaly lestlictions ol ¿ ancl y I'ariables are imposed by

constraints (5.4).



C, tlte uraxitnnnt r'¿rlue of cell inclex c is given as ¿n uppel limit ou the nnrr. lter of

cells. The ruoclel selects the apploplizr"te nurnl)er-' of cells.

5.2.2 Linear model

Tlte NLÌVI has uonliueal teuls iu the objectir,e functiou and liueal coustl'aints.

The moclel can l¡e liuealizecl by intloclucing acklitional ratial¡les aucl coustla.iuts. The

follorving aclclitiona.l r'¿rri¿bles al e defi led.

I t if palt 2 is allocated to cell c, uses process plal r anrl lec¡riles an inter
I

ói,,,., = { cell urovelneut for lnachine ???, (i.e., an exce¡rtional elernent),I
[ 0 othelrvisc

I t if 1,o.t 7r is a.llocatecl to ccll c, uscs l)r'occss plan l arxl rlocs uot lcqrrilc
Iò;,. = { plocessilg on a machine r¡¿ rvhich is assignecl to cell c (i.e., a voicl)
I

[ 0 othei-ivise

The linear noclel (Llvl) is as follorvs:

ìvlin

sul¡ject to:

MODEL - LM (M2L)

z : I tu,,n, ¿ri"", + I (1 -'¿¿,¡-) ór;,""
Pìltct Pt1lct

constraints (5.2), (5.3), (5.4) and the follorving

6j,"",. ) ti" - !1,,," (Y p,nz, c,r & ai,,, : l)

6r^,.2ai"1 lln"-r (V p,m,c,r' & a1,,,, :o)

ó¡L,",, ór;,,", > o v p,nt.,c,r

(5 5)

(5.6)

(5.7)

(5.8)

It shoulcl be notecl that although áfi,,",. ancl óru"" n." rlefilecl as contiuuous lon-

negative valial:les, these I'aliables rvill talte onll' ltinaly values clue to the stlucture of

the constraints (5.6) ancl (5.7).
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5.3 SolutionProcedures

Fol small probleurs au optirnal solution c¿n be obtainecl by solvilg the LñI. Horv-

ever, lalge plobler.ns lec¡rire a prohibitive arnonnt of computet time . Heuce, there is

¿'r neecl to clevelop an efficielt heur-istic ploceclule rvhich can plovide a goocl solution

il al acceptable arìlonnt of tirne. In section 5.3.1, u'e extend the itelative pLoceclnle

(AAA) rvhich plovicles goorl resr.rlts rvher alter-nate lontings ale not consiclelecl. Il the

pleselce of the a.ltelliate plans, this itclative ¡rloceclule has a teridency to corìverge to

a locarl optirmun (Adil et al., 1993 and see scction 5.5.1). Thelcfole, il sectiol 5.3.2,

ri'e clevelop a Sin-rul¿rtecl Anlealing Algolithm tltat gir.es al objective value closel'to

tlte global optimlul.

5.3.1 An lterative Algorithm (AAA)

. One possible apploach coulcl l¡e similal to AAA presented in Chapter' 3. I(asililgam

ancl Lashlçali (1991) also rrsecl a similal apploach in the pr-eselce of altellate plocess

plans. Iu the NLìvI, tn'o sets of valiables y,,," ancl zl," rvele defilecl. The fir'st set

lelates to the machines alcl othel to the par:ts. The nonlineality of the rnoclel arises

ì¡eca,use of the plocluct telns of these trvo valiable sets in tlie objective functiou. The

lnoclel becor.nes lineal if one of the valiable sets has knou'n values. Fol instalce, if

y,,," are fixecl. This rvill give the folloiving sul¡moclel:

SUBNIODEL - tuI2.1 (Allocatiol submodel)

NIitt, z¡:lAr,.",t:i,
ptllct

wheLe, B¡,,,,",. : tu,,,.,,.ai,.,(7 - 7',,,.) + (1 - tor,,,,).(l - 4)Y^"
subject to:

\- "., -¿r '" pc

(5 e)

1 vp (5.10)



¿';;" € {0,11 (5.11)

This snl>moclel is sepalable ìry palts. This l.neans the variable rj,., can l¡e solved for'

each 2: I,2,..,P, independently. The resultilg moclel fol each palt p, câ.n l)e soh¡ed

optirrìallj' by inspection il the follorvilg rvay. Set Ì'r',. = I such that,

D¡,".,' = 
AIin 187"""'
cr ?t¿

Tlre rernaining Ì,," (c * c*, r f r*), should Ì¡e set ec¡ral to 0.

Sirnilarly, if the values of cf" ale fixecl, y,,," cal be ol¡tained by solviug the follorvilg

snl¡tnocleI:

SUB\,IODEL - ÌvI2.2 (Assigrunent snbmoclel)

lulin z2: ! tou- tl,,,,X)"+ D Dp*..y,,,"
Pr?¡cf l)ù1ct

rvlreLe, D¡,,.. : -wn,,,.ai,,"Xi" + (1 - tu).(1 - a't:,,,,)X;"

sr.rbject to:

I u-" : rtl, Y nt (5.12)

!r*" e {0,1} (5.13)

This submoclel can be solvecl optirnally for each y,,," variable as follo¡vs. Set

!J*¿:1such that,

D,,,", : ltur,, (Ii,,,,X;;" + Ì'Ii¡t Ð Dr"*,
pt cl' P

The aclclitional units of each machine type can be assignecl by alranging the nol-

positive Du.," (c # c*) in ascencling olclel ancl selecting them in that olcler.

The assignrnent ancl allocation slrbmoclels can l¡e solvecl iteratively nntil a conver'-

gence is achievecl. Adil et al. (1993) irnplernentecl this proceclure fol cell fomratiol
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consi(lerilìg altelnate plocess plàlìs. Horvevet', rvhel altelnate ploccss plaus wele colt-

siclerecl (rvith lio ¿cklitional units of samc machiucs, i.e., {,,:1) it rvas oltselvecl that

the initial input matlix gleatly affects thc c¡ralit¡' of the solution. This rvallantecl

a fitlthel impt'overr elt il the solrttion ploccclure. In the next section tve develolt a

Simul¿ted Annealing Algolithrn. The part allocation plocedule ploposed above ri'ill

be use cl rvith the Sirmlated Arrne aling Algolitlim as ri'ell.

5.3.2 Sirnulated Annealing Algorithm (SAA)

Thc SirnLrlated Allealing Algorithm cleveloped in Chapter 4 is extcnclccl to cousid-

cr- alteruate ptocess plaus and aclclitional units of sanc rnachiles. The initial nrachine

gloupilg in this case is generated as follorvs. The uunbel of cells, C is set ¿t 1,11 + 1,

rvhele M1 is the numbel of nachines conside-,-ing the aclclition¿l units of the same

machine sepalately. Ilitially cach machiue is assiglecl to a sep:uate cell ancl the l¿rst

cell is left enpty to allolv f'or the par-ts to l¡e extelnal. For this nachile assignrnent

an initial palt allocation is ol:tainecl by solving the allocation sul¡moclel. Thus, an

initial solution (PFs ancl N,lGs) ancl the objective fnnction value are obtainecl. At

each snbsequetit iteration one machine is movecl fioru the culrent cell to alothel cell

in otcler to get a nel rnachine assignment. The machine to be movecl ald the cell

for this machine are selectecl ùandomly. This is done in such a rvay that the nerv cell

rloes not alreacly have a tnit of the same lnachine type. Part allocation is macle fol

this uerv machine assignment ancl tlie objective value is cornputecl.

The cletailecl steps of the ploposecl irnplementatiol of SAA considering alternate

loul,irrgs alc presentecl bclorv:
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Simulated Annealing Algorithm (SAA)

[0 ] Initialize

0.1 Defirre the aruealing palametels: initial temperatut'c T0r ìrirìinlulìl accept-

ed tr..ansition at each tempe lature 4T,,,¡,,, clecleneuting factor- a, rnaximum

uumbel of iter-ations i,,,n", a.r'rcl filal acceptance latio R¡.

0.2 Iuitialize itelation counter': i = 0

0.3 Geleratc ilitial urachine assigruncnt ¿ncl ¿'Llloca.te par:ts ìt1' solr.ing thc al-

location sul;model (get SOL0, OBJo).

[1 ] Execute outel loop, i.e., steps (1.1 - 1.7) rurtil colrlitions in step 1.7 ale met

1.1 Initialize innel loop conntel I : 0, ancl acceptecl numl¡er of tlansitious AT

=0

1.2 Tnitialize sohltiorr fol irurcl loop, SOLi : SOL', OBJô : OBJt

1.3 Execute innel loop, i.e., steps (i.3.1 - 1.3.5) rurtil conclitions in step 1.3.5

âte lìtct

1.3.1 Update: l:l+1

1.3.2 Genelate a rìeighborirg solutiol by pelturbing machine assignrnent

arì(l obtailirg par-t allocatiot fol nerv machile assignneut (get SOL|,

oBJi.)

1.3.3 ó:oBJi -oBJj-,

1.3.4 If ó ! 0 ol lanclom(O,t) < e-å then

o SOLi anrl OBJj alc acccpted

o Update AT = ¡1'1 1

else
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o solution is rejectecl, SOL| : SOL| 1 ,OBJi : OBJi-r

1.3.5 If one of the follorving conclitious holcls tme: AT ) ,{T,,,¡,, ol l )
N41xNI1 (il,I1 - nulnbel of machiues), then a.ssigl .L¡ (lelgtli of N,lalliov

chain) = l, telninate the innel looP ancl go to 1.4, else coutinue the

inler loop ald go to 1.3.1.

1.JUprlatr': i:i+I

1.5 Upclate: SOLt : SOLL,],, OBJt : OBJ;.j,

1.6 Rer.luce the cooling ternpcratule: T; : a ?¡-r

1.7 If one of the folloiving conclitions holcls tlue: i ) i,,,.,,.; ol the acccptauce

latio (clefinecl as AT/I;) ( R¡i ol the objective functiorr value for the last

20 itelations re¡rails the same, then telminate the ontel loop ancl go to 2,

else continue the outel loop ancl go to 1.1.

[2 ] PLint the best solutiol ¿nd telminate the ploceclnr-e.

5.4 Numerical Examples

Iu this section we consiclel foul ploblems to illustlate the application of the nroclel

tleveloped. The rveights fol exceptional elements for all pa.r't rnachine combinatious

ale assnnrecl to l¡e the sarne il these ploblems, i.e., ?¿rpD, : u V ptn. The first plob-

lem is fi'ot.r I(usiak (1987). The seconcl ploblern shorvs horv this model consiclets tlìe

tracleoff betrveen exceptional elernents ancl voicls. Plol¡lern 3 illustrates the ability of

the noclel to form loose ol tight cells by changing the vahre of iveights for exceptiolal

elernents ancl voicls. In the above ploblems it is assnmed that only one uuit of each

machine is avail¿ble. The last ptoblem shows that the gloupability can be inplovecl

by consideling the aclclitional units of same machines as available. All these ploltlerns
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rvele fol'rìlulaterl as lineal nodels (Lìvl) a.ncl solvecl optimally using Hl,ltellilclo on

PC486l33Hz.

PROBLEM 1: The fir'st ploìrlern is givel in Table õ.2. This ploblcrn l'as solved for'

lveiglìt tu : 0.5. Thus, au eqnal u'eight is givcn to the exceptional eleruelts ancl the

voicls. The follorvilg solution ri'as ol¡t¿inecl.

PF1 = {1(2),3(2)}, pF2 : {2(2),4(2),5(2)}.

Objective fulctiou valte = 0.5.

Numbel of voids : 1, Numbcr- of exceptional elcnents : 0.

This is the san.rc solution as ol¡tainecl by i(usiak (1987).

PROBLEM 2: To illLrstlate the tladeoff betrveen voids ancl exceptional elenents,

tlie plol;ler.n shorvl in Table 5.4 is solvecl for iveiglrts, tu : 0.5 (case 1), 0.3 (casc 2),

ancl 0.7 (case 3). In case 1 both ale giverr eclual lveights, ilt case 2 the exceptional

elelnents are given less rveiglrts than the voicls, ancl in case 3 the exceptional elernelts

àre given tlole s'eights than the voicls. The solntions obtained for the thlee cases aLe

as follows.

Case-L

pF1 : {1(2), 3(2)}, pF2 : {2(2),4(2),5(2)}.

l,IG1 = {2, 4}, Ìvrc2 : {1, 3i

Objectii'e furlction value : 0.5.

Nnmber of voicls : 1, Nnml¡er of exceptional elements : 0.

Case-2

pp1 : {1(2),3(2)}, pF2 - {2(2),4(2),5(3)}.
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l,rcll = {2, 4}, N'rG2 = {1, 3}.

Obje ctive function value : 0.3.

Nnnlbel of voids = 0, Number of exceptional elenents =

Case-3

pF1: {1(2),3(2)}, pF2 : {2(2),4(2),5(2)}.

l,rcl : {2, 4}, À,rC+2 : {1, 3}.

Objective fiurction value : 0.3.

Numbel'of voids = 1, Nnmbcl of exce¡rtional elemeuts : 0.

Cases 1 ancl 3, give 1 r'oid ¿rncl no exceptional elenelts, n'hile c¿rse 2 givcs I ex-

ceptional element ancl no voicls. This can be explailecl as follorvs. In case 1, al eclual

rveight is given to the voicls an(l tlÌe exceptiolal elemelts; so, arìy onc of the above

result ivill gir.e the same objective fnlction valne of 0.5. The moclel selects tlie fir'st

60lution. In case 2, the exceptiolal elements ale given less irn¡roltance (rveight of 0.3)

than the voicls. Helce, the model fincls a solution rvhich gii'es lo voicl. Iu case 3, the

situation is levelsed.

PROBLEM 3: This problem (see Table 5.6) is consiclelecl to illustrate horv chalging

tveights allorv tlie fotr.natiou of loose ol tiglrt cells. The problem ivas solvecl fol trvo

lveights, 0.3 ancl 0.7. For rveight ec¡nal to 0.3, i.e., rvhen exceptional elements have

less rveight lelative to voicls, the soh.rtion obtainecl is shorvn il Table 5.7. Thlee cells

ale folned. The process plans fol palts rvere such that tnachilìe 6 lvas not selectecl.

No voicls ancl 4 exception¿l elemerts resnltecl. Thus the cells here ale tiglrt. If rve

loolr at the solution colresponclilg to the rveight, u = 0.7 (shoivl in Table 5.8), rve

have 3 r'oids, olly 1 exceptional element and all the machines ale assigned to one of



the cells. Here thc cells ale loose corn¡tarecl to the for..urer case.

PROBLEM 4: Finall1,, we sho\\¡ the iurpi'ovenent in decourposition by colsiclcling

additional utiits of rnachines as available. To illustrate this rve rnoclificcl the follori'iug

plan irr PROBLEN,I 3:

part plocess plan machines leqniled

2 1,5,9, 10

The 1>loblem n'as solved fol l'e ight : 0.3 anrl rvith only 1 uuit of each machinc'type

being available. The lesult is sliorvn il Table 5.9. The paltition ]'ielcls 4 exceptiolal

elements aucl no r.oicls. If trvo units of machine type 1 ale a;r'ailal¡le the lesulting

paltition fol the same rveiglrt, i.e., ¿ : 0.3, is shorvn in Taltìe 5.10. In this case the

numbel of exceptiolal elements lias decleasecl from 4 to 3.

5,5 Computational Experience

In this section ive rvill cliscuss the computatiolìal expeÌietìce tvith AAA ancl SAA.

Filst rve compare the qtality of the AAA solutio¡rs ivith the optirnal solntiols in

sectior 5.5.1. Then rve compate the quality of the SA.A. sohrtions rvith the optilnal

solutions fol an example problem in section 5.5.2. Finall¡ conputatioual experience

rvith SAA fol lalgel pi'oblems is plesentecl in sectiol 5.5.3. The follorving valnes rvele

selected fol the pal.'ameters in the SAA.

To=5, ATu,r,:3¡, i*.":300, R¡=0.01 ancl a :0.98

6.5.L Comparison of AAA with optimal model

We consiclelecl PROBLEIVI 3 (trvo cases) ancl PROBLEÀ,I 4 (case 1 rvhich consiclers

1 Lrnit of machine) to comp¿r'e the perfolmance of AAA ivith optimal solutions. TlÌe
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follorvilg tal¡le shorvs the comparison.

PR,OBLEN,I AAA Optimal fi'on LNI

Voicls Exceptional Objectii,e

elements functiolr

value

Voids Exceptioual Objective

elcmelts functiou

valnc

3 (casc 1)

3 (case 2)

4 (case 1)

5 2.9

1 1.6

< trì

¿

3

2

0

3

0

4

1

4

r.2

1.6

7.2

The AAA itlentifiecl thc optimal sohrtion for'1 plol;lenr and noloptimal solution

for 2 ptoìrleurs. Iu onl experierccr e\¡erì fol small pr-oblems, this itelative pr-oceclule

rvas obsen'ecl to converge to a loc¿l minimum foÌ most initial sol[tiolts ploviclecl.

5.5.2 Comparison of SAA with optimal model and iterative
procedure

All the eight problems: PROBLEN{ 1, PROBLEX4 2 (three cases), PROBLÐÌ\,I 3

(trvo cases) anrl PROBLENI 4 (trvo cases) rvele solvecl using SAA. The SAA ga\¡e an

optimal or al altelnate optirr.ral solution for all these ploblerls. Next t'e considete(l

a 15 palt, 10 machine plobleur solved by l(asilingam ancl Lashkali (1991). Flom the

infot'mation gir.en about tools lec¡rirerl by palts ard tools avail¿l¡le on the machines,

the cl¿ta ale tr-anslatecl into a palt machire uratlix as shorvn in Table 5.11. The

lear-r'angecl palt machine matlix fr-om theil solution is shorvn in Tal¡le 5.12. This

sohttion l,iekls 24 voicls and 6 exceptional elements. We solvecl this ploblem using

SAA for' ¿ value of tu eclual to 0.8. SAA iclentifiecl a paltition with fe rvel voicls ancl

exceptional elements (20 r'oicls ancl 5 exceptional elements). The solution is shorvn in

Tal¡le 5.13.
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5.5.3 Performance of SAA for larger problems

In this section, SAA is applied to lalge ploìrleurs. Fi¡'e lalge ploblcrns ate gelet-

atetl frorn PROBLEN,I 3 (Table 5.6) l;y leplicating loq's ancl colurnls of thc matlix.

For examplc, a 100 part, 50 rnachine ploblem cau be genelaterl fiom PROBLÐìVI 3

(10 parts ancl 10 rn¿rchiles) by leplicating cach rorv 10 tincs arcl each colnmn 5 tirucs.

We can compute the optimurn objective functiolr value fol the gcnelatecl ploblerls

using the sohrtion of PROBLENI 3. This can l¡e clone as follorvs. Table 5.8 shorvs the

optimal pzrltition for a value of tu:O.7. The objective fulction valne fol this solution

is 0.7x1*0.3x3:1.6. The optirnurr oì:jective value of a genclated ploblem l'ltich is

obtainecl by copS'ilg each torv ri tirnes ancl each column ò tines rvill be 1.6xr¿xô. Plol¡-

lerns up to 300 palts (ri'ith 720 ¡rrocess plans) ancl 50 machiles rvele solvecl on a Sun

Spalc 2 station. A sumrlaly of the conputational lesnlts is plovirled in T¿l¡le 5.14.

SAA iclentified the olitinal solutiols for all the problems.

5.6 Summary

In this chapter', a nollinear integer plograrnming urodel tvas cler.eloped fol cell

form¿tìon. The morlel accounts fbr the possibility of havilg altelnate pr-ocess plans

for the palts ancl adclitional tnits of same machines. This imploves the possibility of

ol;tairing a good bloch cliagonal natlix. The objective of the moclel is to minimize

tlie rveighterl surn of voicls ancl exceptional elernents. Small ploblems c¿n be solvecl

using the linear- moclel ¡rlesentecl. For solving lalge problerns a Sirmrlatecl Anneal-

ing Algolithm is developetl. The solutions obtainecl using the Sinulatecl Alnealing

Algorithn were founcl to be optimal fol all the ploblems tested.
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Tal¡le 5.1: Effects of folrning diffelent numbel of cells.

Machines Machines Machines

I23156 78 L234 567a 123456 7A

(a)C=C* (b)C<C* (c)C>C*

Talrle 5.2: Oligirral ¡ralt urachiue rnatlix flonr l(usiak (1987)

lvl¿chiles --+

Part (plocess plal)

1 (1)
(2)
(3)

2 (1)
(2)

3 (1)
(2)

4 (1)
(2)

5 (1)

PROBLEM 1

1

2
3

Parts ¿

5

6

7

8

1

1

11
11

11
1

1

1

11
1

1

1

1

1

1

1

B6



Talrlc 5.3: Rt'arlarrgcrl rrra.tlir (SOLUTION 1)

Part (plocess plal)

5(2

Table 5.4: N4oclifled 'part machine matlix.

\,Iachines --->

Palt (plocess plan)

PROBLEM 2

3 (2)
2 (2)
4 (2)

11
11

11
11

11
1i

11
11
11

i1
1

111

1 (1)
(2)
(3)

2 (1)
(2)

3 (1)
(2)

4 (1)
(2)

5 (1)
(2)

B7



Table 5.5: Reallalgecl matlix (SOLUTION 2)

Palt (plocess plan)

24 I
r \2)
3 (2)
2 (2)
4 (2)
5 (3)

I1
11

1

I
1

1



12 3 4 5 6 7 8I

1

11 1

11
11
i

1

11
11

111
1111

111
1 11

111
111

11 1

1 11
1i111
111

1 11 1

111
1i1

1 1i

11 1

11
11

11
1

11
L1

I t]

Table 5.6: A 10 palts aud 10 machines plol;lem

Palt (plocess plal)

PROBLEM 3



Tal¡le 5.7: Reallangecl rn¿rtrix fol l'eight : 0.3

Nlachines

Palt
(plocess plal)

Palt
(process plan)

Table 5.8: Reallangecl matrix fol rveiglit : 0.7

N,Iachines

t24 5910 6

1 (1
7(2

111
111

2 (2)
5 (2)
8li)

111
lrl l

3 (1)

4 (2)
6 (2)
e (1)

io (2)
1

15910 246
2 (2)
5 (1)
8 (2)

11i1
11 1

1 11
r(2
7(r 111
3 (1)
4 (2)
6 (2)
e (1)

i0 l2)
1

11
11
11
11



Tal¡le 5.9: Realraugcd ur¿rtlix fol rveiglit : 0.3 and 1 unit of each m¿rchine

Palt
(plocess plal)

N,Iachines

124 5910 378 6

1 (i)
7 (2)

11
11

2 (2)
5 (2)
8 (1)

111
111
111 1

3 (1)
4 (2)
6 (2)
e (1)

10 (2)
1

Table 5.10: Reallalged matlix fol weight : 0.3 ancl 2 units of machine type 1.

Part
(plocess plan)

IVIachines

t 2 1tr I 10t3 7 8t5 6

3(1
4 (2)
6 (2)
e (1)



211111112 2

111
111 1

tll 1

111
11

11 1

111
111

11 11
11 I 1

11 1 1

11 1

1 11
11

11
1 1 11
11 11

111
1 111

11
11

1111
1111
1 11

Table 5.11: Iuput uratlix fion l(asilingam ald Lashliali (1991)

ìVlachile type --+

Total units --+

Palt
(process plan)

2 (r)
(2)
(3)

3 (1)
(2)

4 (1)
(2)
(3)

5 (1)
6 (1)

(2)
7 (1)
B (1)

(2)

(2

15(
(2

3

I
10

1i

PROBLEM 5

Cì'



Table 5.12: Solutiol fi'orn I(asilingarn and La.shl<ar:i (1991).

N,Iachilles

Pai't
(plocess plan)

13410 L2 6 8 9 57 910
1 (1)
5 (1)
7 (1)
8 (2)

10 (1)

111
11

11
i1

l
1

11
6 (2)
e (1)

i3 (1)
14 (1)
11 (2)

1

1

111 1

11
i1

111
11 1

2 (r)
3 (2)
4 (3)

L2 (2)
r5 (2)

1 11
11
1 11
11 i
1111



Table 5.13: SAA solution fol rveight : 0.80

N,lacliines

P¿r't
(plocess pla.n)

Table 5.14: Compr.rtational experience rvith lalge problems.

62 81i0 3 9 4r 10 I 5 7

e (1)
11 (1)
14 (1)

111
11 1

11 1

1

1

1 (l)
5 (1)
7 (1)
8 (1)

10 (1)
13 (i)

1

1

11
111
111
1 11
11 1

i1

1

1

2 \r)
3 (2)
4 (3)

t2 (2)
15 l2l

11

11
1

11

1

1

1

i-lol)
No.

Nurnl¡er of Oblective value Computation
tirne

(in milutes)
Palts

lurocess olans
LVI¿rclìIìes SAA uptrmunr

1

2

4

5

50 (120)
100 (240)
100 (240)
200 (480)
300 (720)

óU

20

30
40

50

z4

48
128

240

24

48
i2B
240

15.03

15.81
ÐJ. / t)

83.26
244.97



Chapter 6

Cell Formation Considering lVlaterial
Handling

Cellular maunfactnriug aims to achieve the clecomposition of ¿ marmfactuling

systent iuto surallet snbsysteurs ot cells. One motivating factol fol intloclucing a cell

systetn is retluction in matelial ltandlilg. In this chapter rve arlch'ess the cell for.m¿l,tion

ptobletn fol an existilg shop. The objective considerecl is to minimize the m¿telial

handlirg costs. Sec¡rence of opelatious, cell size, o¡ttious of assigling an opetatiol to

altclnate urachines, ancl aclclitional units of sanre rnachine ale consiclelecl. The ttlob-

leur l¡ecotnes iltlactable rvlten the above factols ale consicleled simultaneousll,. So

rve clevelop a trvo stage pLoceclule. In stage 1, rnachiues ale partitionecl into machi¡e

gtonps uriuitnizing the total matelial halclling cost. In the calculatiol.l of ¡ratetial

hanclling costs: procluction <lualtity, effect of cell size on intl'a cell hanclling cost,

effect of sec¡rence of operations ancl multiple visits to the sarne machine by par.ts, are

considcrecl. All the sirnilal machines ale lurlped into 1 machine type. Although there

may be othet machiues rvhich car pelform the sane opelation, in stage 1 rve consicler.

only one principal nacìrine fol each opelation. Gener.ating options to perform each

operation on alteurate machiles ¿r'e ueithel easy noL lecluirecl. In stage 2, rve consiclel

generating other o1>tions fol only those opelations iclentifiecl as exceptional elements

in stage 1 solution. Also, aclclitionaì nnits of nachines availaì¡le frorn stage 1 solttion

a.re colsiclelecl fol reassignurcnt. Thus, in stage 2, by re-allocating opelations that



resulte(l in exceptioual eleurelits ancl leassigning all the extl a nnits of m¿rchines avail-

able in the cells, the solutiol is fultliel inprovecl.

The lenaildel of the chaptel is orgalized as follorvs. Scctiou 6.l, prescnts the

stage 1 proceclute. The nathe matical r.nodel and Simulatecl Aune aling Algolithm al'e

dcvelopecl in this section. The tlacleoff betrveen intta ancl iltel cell rrratctial hatì-

clling cost ttacle is also illustlatecl followed by a compalisorr ri,ith pleviousl¡' publishecl

lesults. ln section 6.2, rve clevelop al integel proglamrniug ruodel fol' stage 2. \\/c

illustlate the trvo staLge ploceclule developecl in this chapter by consi<leling al cx-

atnple ¡rt'obleur iu section 6.3. Sections 6.4 and 6.5 pr-ovicìe cliscussiou alcl sunmzrL5'

lespectivell'.

6.1 Stage 1: Initial Grouping

At stage 1, initial machine ancl palt gloupings ale obtained. \\/e make the follotvilg

assnmptious:

1. All the silnilar nachines ale lumpecl into 1 rnachine type.

2. A palticulal opelation of a part can be pelfonnecl lty only one type of machine.

3. The unit intt'a cell move cost is a function of the numl¡el of machines assiguecl

to tlie cell. We assume the follotving forln of v¿r'iation of the intla cell cost pet

move pel unit of material (HCW'):

HCwr,(lV") = À6 + ÀT.rV",

whele, lV" is the numl¡el of machines assigned

constants. If thele is only one machine in the cell

0 arrcl the function is clefined ouly fol more than

fol N")2 (6.1)

to the cell; ancl À¡j & Àti are

the intla cell halclling cost is

I rnachine iu ¿ cell. Sanlçaral
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¿txl liasilitìgatn (1993) made a similal a.ssurnption about the iltla ccll matelial

lianclling cost aurl leplesentccl it by a stepu,ise lineal function. It sho¡lcl ì¡e

ttoted tlÌàt thc simul¿rtetl annealing algolithm plescltcd in this chaptel to solvc

lnodel tr13.1 is not lcstlicted to a lileal folnr.

If assignment of rnachines to cells is linorvl, then fiom assurnptions (i) ancl (2),

palt touting is nniclne ancl tnaterial handlilg costs can ì¡e calcnl¿terl rvithout actually

zrssociating tlte 1>ar:ts to any cell. This rneans that the t.natelial harrdliug cost for ¿r

giveu tnachine zrssigntneut ri,ill l¡e the salre legalclless of the palt allocation. ìvloclel

NI3.1 iclentifies machiue gt'oups. Aftel nlachile groups ¿ìr.e icleltiflecl, each ¡talt is

alloc¿ted to a cell ri'hich lesults in a rninirnun nnrnbel of exceptional elenents. This

allocation is necessaly only to 1>r'oceecl to stage 2.

6.1.1 Mathematicalmodel

In tltis section a nonlinear integer- proglamnring noclel is clevelopecl fol iclentifica-

tion of rnachine grou¡rs to rnininize total mater.ial handlilg costs. The model is as

folloti's:

MODEL - M3.1

NIin z : ttttt HCWn(lN^y,,,") c1,,,,,,,,u*.a*," ep +
c I ttl 11rl

Ð t,,, HCB,, c1,,,,,, !),," (r _ u*,) ep
cPlttn1to

subject to:

Ðr^"= 
1 V n¿

y*. € {0, 1} v nz,c
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The objective function given by equation (6.2) has trvo nonlineal tellns. The fir'st

term captures thc contlil¡ttion of the intra cell hancllilg costs arrd the seconcl telm ,

thc intel cell hanclling costs. Constlailts (6.3) gualrantee that each ulaclìine type is

allocated to a cell. Binaly testlictions on y valiaìtles ale imltoserl by constlaints (6.4).

C, the upper limit ou the nuurbcl of cells is givel âs one tìÌot'e thal the total

nurnber of urachines ¿ur(l tlÌe nro(lel rvill cletelmine the optirnal numl¡el of cells to lte

folned. \Ve use a silmrlatecl annealing ptocerlute to solve the moclel.

6.L.2 Simulated Annealing Algorithm (SAA)

Il this section arl irìU)lenìertàtion of the SAA to ol¡tain the machile glouping is

presentecl. This ir.nplerneltation is similarto that iu Chaptels 4 and 5. For genelating

a stalting solution, the nurrbel of cells is set ec¡ral to tì,1f 1, l'hele ì,1 is the nurnber'

of nachine types. Ðach l.nachine ty¡re is assignecl to a sepalate cell. The last cell, i.e.,

tl,I*i, is left empty to allorv fol the palts to be exteural. For this machine assignmelt,

an initial objective function value is calcul¿tecl from equation (6.2). Thus, an initial

solution (ì\,IGs) ancl the objective functiou value aLe ol¡tainecl. At each subsecluent

iter¿tiol one machine is movecl fiom the cuuent cell to anothel cell in olcler to get

¿ nerv tnachine assigument. The machine to be movecl and the cell fol this machilte

ale selectecl ranclonly. The objective value is theu computecl fol this netv machine

assignnìent.

The detailed steps of the ploposecl implemeltation of SAA al'e plesentecl belorv.

Simulated Annealing Algorithm (SAA)

[0 ] Initialize
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0.1 Define the anlealing pararleter-s: initial tenpelatute T0, tninimunt âccept-

ecl tlansition at each tempelatnle 4T,,,;,,, declernenting factol o', nraximnru

mrrnl¡el of itelatiols i,,,.,., and final acceptance latio R¡.

0.2 Initializc itelation counter': i = 0

0.3 Gener¿rte iuitial urachite :rssigument arrcl compute the objectir.c \'âllte (ge t

solo, oBJo).

[1 jÐxecute outel loop, i.e., steps (1.1 - 1.7) until corclitions in step 1.7 are utet

1.i lrrìtialize innel loop countel I = 0, ancl acceptecl nunbel of tlansitiolts AT

:0

1.2 Initialize solutiol for inuel loop, SOLi : SOL', OBJð : OBJi

1.3 Execute inner loop, i.e., steps (1.3.1 - 1.3.5) until concìitions in step 1.3.5

a.r e rr. et

1,3.1 Update : l: I + 1

1.3.2 Genelate a leighboring solution by peltutbing lnachile assiglment

ancl corr¡lute the objective valne fol nerv luachine assignntent (get

sol,i, oBJi.)

1.3.3 ð:OBJI -OBJi_r

i.3.4 If ó ( 0 or lanclom(O,t) < e-4 then

o SOLi a.rrrì OBJi alc acccpfcrl

o U¡rtlate AT : AT + 1

else

r solntion is lejectecl, SOLi : SOLi_' ,OBJi : OBJi_r

1.3.5 If one of the folloiving conclitions holcls tlue: AT > A.T,,,i,, or' 1 ) 5 ,12

(N4 -- nLunbel of machile types), then assign length of i\larlcov chail,
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tr¡ = l, tenninate the inlc:: loop and go to 1.4, else coutimre the iulel

lool> anrl go to 1.3.1.

1.4 Upclate: i: i + 1

1.5 Update: SOLr : SOL¿,],, OBJi = OßJ;],

1.6 Recluce the cooling ter.npe Latule : T¡ : a ?,-r

1.7 If one of the follorving conditiolts holcls tlue: i ) i,,,.,.; ol the acceptance

latio (clefile<l as AT/.L¡) ( R¡; ol the ol:jectii,e functiorr value for.the la.st

20 itelations lerlains thc sarne, thcll tellninate the outel loop and go to 2,

elsc continue tlie outel loop ancl go to 1.1.

[2 ] PLilt the best solution obtainecl ancl temrin¿te the ploceclule.

In this chapter, the ralne of sirnul¿tetl annealilg palametels l'ele sclcctecl as

folloivs: The initial value of cooling tcm¡;eratnle ?6 is selectecl in such a rvay that

tlte acceptance latio (r'atio of nnmbel of acceptecl solntions to nnml¡el of genelatecl

solttions) is close to unity. lVe usecl [ : 5 rvhen rlemancl for palts rvas 1 aucl ?} :
100xP ( rvhele, P : nuurbel of palts) rvhel part dernancl rvas of the olclel' 100. The

follorving values rvere selectecl fol the othel pararnetels:

AT,,'¡,, : 169 o : 0.99; i,,.," : 300; and Rf = 0.01.

6.L.3 Illustration of inter and intra cell tradeoffs

The tr'¿rcleoff l¡etrveen intla cell ancl intel cell hanclling costs is illustrated in this

section. A six palt, five machine prol;lem is consiclerecl arxl tlìe pat't machine matl'ix

is shorvn in Table 6.1. Costs of iltla cell rnaterial halcllilg val5, as gi\¡er by ec¡ration

6.1. The follorving values ¿r'e assurnecl for the constauts:

,\¡ri = o'5; Àl = o's Yp.
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We considclecl thr-ee cases. All the ploblems rvele solvecl Lrsilg SAÀ. Il case 1,

intel'cell hantlling cost is talçen a.s $10 per operation fol each patt. This solution gives

1 cell rvith thc objective r.alue of $27 (Table 6.1). The higli cost of ilter. cell hancllilg

folces it to avoicl any iutei cell movement. It case 2, the cost of intel cell haldling

is reclucecl to $5. This folms 2 cells rvith the objectivc valuc of $23 ($13 fol iltra cell

and $10 fol trvo intel cell noves). The resr.rlting paltitiou is shorvr.r in Tal¡le 6.2. ilt

case 3, the cost of intel cell harrclling is kept as $2. The solution gir.es thi"ce cclls as

sliou'tt in Tal¡le 6.3. The objectir.e ftlction valne fol the solution is $16 itÌ this c¿rse

($8 for intla cell ancl $8 fol iltel cell moves). Also, in this casc lnachine 5 ri,hich is

reclnilecl by palts fiom trvo cells, is assignecl to the lemainclel cell, cell 3. As the iutcl

ccll moye cost retluccs, luole cells ale folmecl.

6.L.4 Comparison of results

Iu this section rve ptovicle a cornpar-ison of SAA lvith publishecl results. The iltel
cell florv teclnction heuristic clue to Oliogbaa et al. (1992) a.rtrl the heulistic ploceclule

by Halhalakis et al. (1990) consicler the sequence of opelations ofparts in calculating

the intel cell lnoves and they captule the rn¿terial hanclling r.noves exactly. Hori'ever',

they have not cousicletecl the intr'¿ cell uove. Fol a pledefinecl rnaxinum lìumller of

machiues il a given cell, these pLoceclnles obtain a glouping rvhich minirnize the total

iltel cell material hanclling. To malce the compalisol rvith the al¡ove trvo pLocedules

consistent rvith the ploceclure clevelopecl in this chapter, tve clefine intla cell move

cost as follows. When the numbel of machines in a cell is less than ol eclual to the

maxirnurn specified number of lìtachilÌes in ¿ cell the intla cell cost is taken as 0

othelwise a very high cost is given to the intra cell rnove cost. This cloes not allorv

folmatiott of a cell tvhich has mole r.nachiues than the lirnit specifiecl. The intel cell

hanclling cost pel move is taken as $1 per part peÌ move, because the trvo heur.istics
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rììeutioue(l above consirìet minimizing the total floiv of parts.

Ohogbaa et al. (1992) consicleled thlee 1:r'oblens witlì pâì't m¿rchiue l.uatlices of

size: (i) 1ax7; (ii) 7x5; and (iii) 43x16. Each of the plol;lenis ri'as solvecl fol trvo

ca6es. Fol plobleut (i) and (ii), tri,o clcr¡rancl pattells s'ere use<[. Fol proltlem (iii)

trvo cliffelertt ccll size restrictions rvele consicleLed. The dat¿ ancl solutions obtainecl

by SAA fot'cach ofthe ptobleurs are shorvn il Tables 6.4 to 6.9. The solution olttai¡ecl

by SAA for tliese problens rvere the same as il Oliogbaa et al. (1992). Harh¿laliis

et al. (1900) consiclelecl a 20 palt, 20 machine ploblem sltorvn in Table 6.10. Tlo
cases \vere coltsitleted. The tlemalcl for palts ale liept uuiform in both cases rvhile

the rnaximurr- mrrnl¡el of nachines in ¿ cell ale 5 ancl 7 fol casc 1 ancl 2 respectivcly.

SAA solution fot'case 1 is shot'n in Table 6.11. Harhalahis et al. (1990) ol¡tainecl the

same solution with the nnrnber of intel cell ltìo\¡es as 17. The case 2 solutions flom

Halhalakis et al. (1900) ancl SAA ale shorvn in Tables 6.12 ¿nd 6.13 r'espectivell'.

SAA gave ¿ l¡ettel solution tliat lesultecl in 13 intel cell moves as cornpalecl to 14

from Harhalakis et al. (1990). We can also ol¡selve in these solutions that although

the numbel of exceptional ele¡nents in a solntion by SAA is mole than that obtainecl

by Halhalakis et al. (1990) the total intel cell moves is less. This illustrates the

impoltance of consicleling the secluerce of opelations. SAA thus compaLes favolably

rvith the existing ploceclules. In acklition, SAA can consirlel the effect of cell size on

intla cell n¿terial hanclling. An illustlative example consicleling the efect of cell sizc

is plovicletl in section 6.4.
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6.2 Stage 2: Improvement in Grouping

Stage 1 gives the itlitial patt tnachiue gloups. This solution may contail a lnr.nlter'

of exceptioual eleneuts. The exceptiolal elemelts can be elir.nilated if the follori.

ilg options ate avail¿¡ble: if an extr¿ Lulit of the nrachine that is lecluilecl to process

the excelttional clelìclt c¿rn be ntoverl to the cell rvhel'e the palt is allocatecl; oi" the

opelation can l¡e le-scheclulecl on a cliffelent rnachine type that is available in the

pzrrt's palent cell. If the fir'st option is chosen, the intel' cell ruote of the patt is

clinilatecl but at the sarnc tinc, siuce, other' ltar:ts in a cell clo not ncecl processing

ol this tuachiue the intla cell tnove costs fol these palts rvill ilclease. If the secoucl

option is sclecte(l, tlie pt'ocessing cost for th¿t opelation rvill inclease in acklition to

¿rn ilcrea.se in intr'¿ cell rnove cost corlespolclilg to that opelation. In this section, rve

consiclet' these tivo o¡ttious to improve the glouping if this lecluces uraterial hanclling

fultlier'. Othel olttions, snch a.s fulthel clivicling these oper,ations iltto two or ¡tot'e

sub-operations coulcl also be consiclerecl at this stage.

Before, l'e stalt stage 2 rve modify the stage 1 solution as follorvs. All the excep-

tional clements are retnovecl. Loads clue to the relnaining operations on each t;pe

of machine is calculatecl. Basecl on this loacl the lecluilecl munber of nnits of eaclr

machiue type is cletelminecl. Extra units of rnachires are removecl a¡cl consiclerecl

for rea.ssiglment. The nerv objective futction value aftel removing the exceptional

elements ancl the extra units of machines is calcul¿tecl.

Stage 2 colsiclels leclucing the exceptional elements by assigning a unit of the

t¡acliine to the cell ot' by le-allocating the operation to ¿lternate machile types with-

in cells. Cell size incLe¿ses clue to the reassignment of thc extr.a units of machines.
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Because of the cell sizc irctease, cost ltet intr'¿ cell nove also incleases. We cont-

putc this increase iu cost fol all the operzr,tior assigrrììerÌt rvhich ri,el e macle in the

ltatt's patent cell il stage 1. Horvever', for the o¡relations tliat lesultecl in exce¡ttion-

al elements in stage 1, this incleasc is small ancl can be ignolerl. If al exce¡rtional

elenÌent is le-allocatetl to the palent cell the intra cell haldling cost itrcleases; trncl

if it allocated to a tliffelent cell intel cell hancllilg cost incleases. We assnme that if

the opetatiou is the fir'st ol the Iast operation, it contributes to one intla/intel cell

hartdling arlcl if it is an iuteunedi¿rtc opelatiol it contlibutes to two intla/iltel cell

haldlilg rqron le-allocation. The sequcnce of opelations of palts is exactlS' czrlttur-'ecl

rvhelt tlie exceptional eleureuts do uot colrespond to ts.o consecutive opelations in

one cell.

6.2.'1, Mathematical model

We develop al integel pr..oglamrniug rltoclel fol stage 2. The nrodel is as follorvs:

MODEL - M3.2

Ìvlin z -- ÐttIC'f,,,t:i,,""Q.+
cntPe

I I!aaar,' IIyi" + IIII.i HCvv;
\" r, , I c t, t

+ tDttaiHCB; t:i^"Qp
cPenl

r;,,,"Q,,1

subject to:

(6 5)

(6.6)

(6.7)

TÐ';-":'
ÐvI":t

Y p,e

Y nt,,, f
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DÐa,J;,,,r;,,," < ð1,," +Dt.,,, y!,," v nt,c (6 8)

(6 e),t:i,,,", ul," € {0, 1} Y e,p,.f ,nz,c

The objective function reltlesented b¡' 
".t,,o,'ou 

(6.5) has 4 tel.ms. The fir.st tcr.n.r

captut'es the iucleIlenta.l pt'occssing cost. This is incur.'r'ed rvheu an opelation is ¡ot

assignecl to the prirtcipnl urachine. The second telm captules the increase in intra cell

hanclling of assiglecl palts clue to assignnrent of extr'¿ units of machines itr the cells.

The thild telm sltos's the contlil¡ution of iltr¿r cell hanilling of all the exceptional elc,

rnents. The foruth terur captuLes the total intel cell harrclliug costs. Constr.aints (6.6)

state that all the exccptional elernents shoulcl be le-aìlocaterl to ¿r cell. Constlaints

(6.7) ensule that each aclclitional tnit of ¿ machine is assiguerl to sotne ccll. N,Iachine

capacity availabilitl,is leplesentecl by constlaiuts (6.8). Finally, binar¡' r'estr.ictions on

r. ancl y valiables ale imposecl by constraints (6.9). If the splitting of part clemancls

to cliffelent machiues is allol'ed then valiable z leplesents the fi'action of clemancl

ploclnced ancl tlms can be specifiecl as a coltinuous var.i¿ble.

6.3 An Example Problem

In this sectiorr u'e illustlate the trvo stage ploceclule rvith an exar.nple ploblem.

We consicler the palt machine rn¿trix ftom Hal'halahis et at. (1990) shorvn in Table

6.10. lVe genelate othel leclnilecl cl¿ta fol this problern as shorvn in Tal¡le 6.14.

Plocessing tirnes of operations ale geleratecl lanclornly betrveen 2 and 5. It is assumecl

that nachines have clifferent capacities to take into accolrnt the valiability in clorvn

time, munbel of shifts the machine can be opetated, availability of special tools ol

operator etc. Capacities of cliffelelt rnachine types ale selectecl betrveen 1,000 ¿ncl

3,000 time units. Dem¿ncls for palts ale generatecl betrveen i00 ancl 250. Basecl on
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this iufbrmation, the load ou e ach t5pe of nachine is calculated. The lec¡rilccl mlnber'

of uìrits ¿,ì,, of nachine type ar is the latio of total loacl olt this r.uachile type to its

capacitl' l:,,,. L,,, is Ionnded to thc ncxt integer, sa1' .L,". fne rmrul¡el of units of each

typc of machine ¿u'ailal>le À/,,, s'as assumed to be ec¡ral to Ç for. this cxantple.

The follotving palaureter values s'ele nsed in erluation (6.1) to calculate intla cell

nove cost pel rurit of matclial moved HC\V¡,(N").

Àd = 0.s, ÀT : 0.r vp

The cost of inter cell nìo\¡e pet nlit pel move HCB,,, lvas assumecl to be $5 for all

¡ralt.

Stage 1: We lrsetl clat¿ ft'om Table 6.14 on intla cell ancl iltel cell hanclling costs,

palt clctttaud, untrlbet of units of e¿rch macliine ty¡re ancl opelatiou scquetìce of pa¡ts

to solve moclel lvl3.1 to obtain the machiue glorqrs. Although t'c use thc munl¡er-

of nnits of saure urachine type in cell size calculation, rve assign all the Lrnits to the

same cell. Parts ale assiguecl to the cell rvhele it lesults in a rninirnurn uurnlte¡ of

exceptioual elements. The palt machine gloupilgs thus ol¡tairled is shorvn in Table

6.15. Thele are 15 exceptional eleuents in this solution. The total halilling cost

fol tlre solution is $25,270 (872,2701 + $13,000'z). It is alsolvorth pointing out that

urachine 5 is assigneil to cell 4 ancl it plocesses 3 palts (¡ralts 6, 7 ancl 19) fron cell 2

ancl only one part (paLt 12) fior¡ cell 4. It appeals that for rnachine 5, cell 2 woulcl

l¡e the better cell assignrnent than cell 4. Horvever., in cloing so it rvill ilcrease the

net hanclling cost. The opelations of palts 6, 7 ancl 19 on rn¿chine 5 are eithel. the

first ol the last opelatiorr rvhile the opetatioÌ of part 12 conesponcls to ¿n intelme-

cliate operation. In the pt'esent assignment a total of 350 units ar.e hancllecl once,

rvhile if nachine 5 is assignecl to cell 2, 250 units of patt 12 rvill liave to be mor.ecl

twice ancl the ilter cell hanclling cost rvill iucLease by $250. Althougli the intra cell
riutra cell handling cost; 2irter cell handliug cost
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handling cost rvill l'etluce by $139 tlìelc rvill l¡e ¿ net inclease of $111 iu hancllilg cost,

Stage 2: We noiv irnplovc the stage 1 solutiol. We do not charrge the allocation

of any palt opelation which is c¿r'riecl out in the part's par.elt cell. Thns, olly excep-

tioual eleureuts r:esulting fiom the stage 1 solution alc consiclelecl fol re-alloc¿tion.

Similarly, tve leassigr onlJ¡ additiotì.ìl rurits of tnachines a '¿rilable in the cells rvhich

ale lot lequirecl fol conpletilg the allocatecl part opelations. In T¿ble 6.16, tnits of

lu¿rchinc rvhich cal be lea.ssignecl ale cletetminccl il the follori'ing rva¡'. The load ol

cach type of luachine due to all the allocatecl o¡relations il thc 1>ar.clt cclì, i.e., all

oPelatiotts excludiug the exceptional elenents, is ca.lculatecl. The sum z,., is lou¡clecl

to the next integer 2,,. After assignilg zn units of nachines to the parelt cell, any

aclclitional machitte Lurits ai'ailable al'e consicler-ecl fol tlic leassignment. This ensnr.es

that the caltacity leclnilement is met fol all the allocated palt opclations i¡ the pär-

ent cell. Frorn the table ive obselve that machine types, 17, 20, 10 and 4 have 1

extl'a nnit each. After lernoving the extr.a units from the cell tve conpnte the re-

urairing tirne available ó,0,,", on each machine type. The total mrlnbel of nachines

lemaining in each cell, N!, ancl the cost of iltla cell per move HCWr(N!) for the

corresponcling cell are giveu in Table 6.17. The ol;jective fulction value afteL r.emov-

ing extra units of machines ancl the exception¿l elernents is lecornputecl to be $11,170.

Table 6.i7 shorvs the calcul¿tiol of change in the intl'¿ cell tnove cost of each part

allocatecl i¡r a cell LHCI4/;, that rvoulcl r.esult if an aclclitional machine is assignecl

to the cell. To le-allocate exceptioual elements rve consiclel' alternate machines rvhele

these can be ptocessecl. Table 6.18 plovicles infolmation about the altelnate machine

ancl cell combination, 1t::ocessilg time ancl an incremental processillg cost to perfolrn

each exceptional eleurelt. If the plincipal rnachine is chosen then the incle¡rental

107



plocessing cost is 0. Table 6.18 also shorvs the value of rii. ÌVlodel l\43.2 tvas for'-

mul¿tecl using the iufolm¿tiol on Tal¡les 6.16 to 6.18 ancl soh,ecl using Hyper.lindo

softrvate. Trvo sohttious ivere ol¡t¿¡inecl. In the fir-st case s¡rlittilg of palt clemaud ilto

urachincs was lot allorvecl by lestlictilg thc r¿ r'alial¡les to talie ¿ binar')' r'¿1¡s. T'h.

soltttion is sltorr'u in T¿'r,l¡le 6.19. The nnml¡el of exceptional elerlents is I'educed fiom

15 il stage 1 solution to 9. The objective fulction value is $12,650. r\,Ioclel À,I3.2 gave

the cost of lc-allocating exceptioual elcments ancl extla units of machines. We have

the cost of lnatclial hanclling flonr stage 1 aftel lenoving exceptiolzil elemcnts ¿rncì

cxtrâ urits of nachilcs a.s $11,170. Addilg these trvo costs gives the total cost as

$23,820 ($i1,170 + $12,650). The cost thus computecl may cliffel fiom thc actu¿l cost

rlilectly obtainecl fi'om the final palt nachine gloupilgs shorvu in Table 6.19. This

is bec¿ttse iu the folntulation of r.nodel NI3.2 ive ignole the effect of ilclease i¡r cell

size on intra cell move cost of exceptiola.l elemelts. Also, if tri'o colsecutive oper-

¿tiors aLe pelforme(l in the sane cell it lesults in ovelestimatilg the nurnbel of moves.

The actual cost car be computecl from thc solutio (palt machine gloupings)

shorvn in Table 6.19 as follorvs. Fol each palt, the numìtel of ilter cell moves

alcl iltra cell moves in clifferent cells can l¡e foulcl. Depencling rqron the number

of machines assignecl to a cell, the cost of unit intra cell rnove can be computecl.

Tlte unit ilter cell rìtove cost is talçen as $5. The product of the number of in-

tla/intel cell noves, cost pel iltla/iltel cell move ancl the palt de¡nancl ivill give

the total handling cost fol the palt. The processing cost is calcnlatecl by mult!

plying the inclemental cost with palt clernalcl for those opetations rvhich are per'-

folmecl on the machine othel than the principal machine as inclicatecl in Table 6.19.
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The actnal cost tlÌrs obtainecl is $23,190 ($13,190I + $90002 + $6003). The trvo costs

cliffer orrly by 2.72%.

In the seconcl case splitting of Palt dcmancl l,as allori'ed b), clefinilg the r; r'aliablc's

as contiuuous valiables) the solutiotr rvas olttained a.s shorvl il Tal:le 6.20. In this

solutiou 6 exceptional elements aLe coutpletely eliurilatecl ancl 7 eleruelts ale paltially

tlarsfellecl to theil palent cclls. The actnal cost fol this solution is $22,650 ($15,089t

+ $48572 + $27043) anrl that obtainccl fiom the motlels is $22,663 ($11,170 + $11,493).

Allorving splitting of clemalcls thus gives a lorvel' total harxlliug plus ploccssilg cost.

6,4 Discussion

The iurpottauce of cousicleling the tlacleoff betl'een iltla cell and intel cell han-

cllilg costs is often statecl in the literatule (\,IcAuley, 1972, Logenchan, 1990 & 1991).

As the system is tlecomposecl ilto r.uole cells the total intel cell hancllilg cost in-

cteases tvhile the total intla cell hanclling cost clecleases. With an inct'ease in nunl¡er

of cells forrrecl it is likely that the cells are locatecl fal apalt ancl physical tlavel of

part betrveen cells incleases. AIso, the palt visits mole cells ivhich lec¡rires aclclitional

cooldin¿ting effort. Tlie nunbet of intel cell r.noves ancl the cost pel intel cell rnot'e

thns increase. Thelefole, the total intel cell handlilg cost increases. ln cottrast,

as the nurnber of cells increases the cell size in genelal clecleases rvhich lesults in a

clecrease in the cost pei- intla cell rnove ancl the trt ml¡er of intl'a cell moves. Hence

the total intla cell hanclling cost decleases. The rnatelial handling cost (\,IHC) can

be expressecl in the follorving form:

\,IHC - 0y(.) n1 t 02(.) n2

liuila cell hzrldling cost; zinter cell haudling cost;
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rvhele, dr(.) is a rveight leflecting cost pel iltel cell rlove;

á2(.) is a rveiglrt leflcctirrg cost pel iutra cell mo¡'e;

n1 is thc mrmbel of intel cell ruovc's; ancl

n2 is the nurnl¡el of intra ce ll moves.

In the above ec¡ratiou d1(.) is a function of numbel of cells/cell layoLrt; ancl 92(.)

is a fuuction of size of a cell (nunbel of nachines or palts) /cell coufigLuation. In

the litelatule, the lnaterial halcllilg tlaileoff is often explessed by a.ssigning consta.nt

Yalues of rveiglrts: 0r(.) = 0, ancl d2(.) : áz in such a rvay that 0t ) 02. The 1>ulposc

of considering thc tr¿rcleoff ì¡ctrveel iuteL cell ancl intla cell hancllilg costs is clef'eaterl

iu this case and the oìrjective simply leacls to the l.ninirnizatiol of numl:er of intel

cell moves (ol maximization of numl¡er- of intla cell rnoves). This can be explaiuecl as

folloivs. Let a part rec¡rire rz opelations. The sun of the nuuber of intla ancl inter

cell nroves is alq'ays one less thal the nnr.nl;er of opclations, i.e., rr,1 f tr2 : n - 7.

The objective function is in this case is lninit¡izatiou of:

0!11 * 02112 = (0t - 02)ry -l 02(n. - I) (by substitrrting n2= n-I- tlj)

Irr tlre above explession 0t ) 02, a;r;rl all the other palameters except nl aLe constant,

the objective fiurction then becomes rninimization of rz1 or the numbel of intel cell

moves.

Logench'an (1991) consicle::s the valiation of rveight á¡(.) assurring that the layout

is knorvn. HoweveL, the values of the rveiglrts axe such tliat fol a given palt 91(.) is

ahvays greater tlian á2. Unless d1(.) becomes less th¿t á2 fol some configuration this

is equivalent to the minimization of the nurnl¡el of inter cell moves only. The tlacleoff

l¡etrveen intta ¿ucl inter cell mo\¡c can not be exploitecl ancl rvill leacl to the folmation

of one cell ulìless other lestlictions such as mi ilìlr.lrn number of cells to ]¡e for¡lecl or'
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naxilnurn number of machines in a cell, ale inposed.

N'lcAuley (1972) computes rnatelial handling cost for'diffelelt cell configuration

by consiclering the u'eight d2(.) as a linear fiurction of rluurl;er of machincs. lVeight

á¡(.) takes a corìstaut value. Dependilg uporì the typc of layoLrt tlrlec cliffelelit line¿rl

ecluations ¿r'e clefinecl fol d2(.).

a,f.l = ]ti + 
^r) 

A

l
ár( ) : ;(R + 11) Á fol a lectangular' 1a¡,6¡¡ s'itli R lori's

:J

o,r.\ - êv t
3

fol a stlaight line layout

fol sqnare layout

rvhele, ;l is a constant; ancì M is the number of machilies in a cell. This alloivs

ex¡rloitation of the tr'¿cleof betleen the iutel and iltra cell haldling costs l¡ecause as

the lnunbel of cells clecreases the vahre of d2(.) incloases anrl beyoncl sonre poiut it

becomes greater than á1.

Tlie al¡ove expressions (fol assumecl layout) ivei'e usecl by ÌVlcAulel' (1972) to

eva.luate cliffelent solutions ancl it rvas uot a part of the cell foulatiou procechue. Il
this chapter', the proposecl moclel iclentifies the part-machine g::ouping consiclering the

intla cell cost á2(.) as a linear function ofthe lumbel of machines. The lineal'function

can leplesent any of the situations consicle¡:ecl by \4cAuley (1972). The moclel ancl

solution ploceclure rlevelopecl in this chapter can be suitably modiflecl to incorporate

d1(.) as a function of number of cells and layout.
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6.5 Summary

One majot aclvautage of the cell system of ploclnction is the Iecluctiou in r¡atelial

hanclling. ln tltis chapter', rve proposecl a t\\,o stage ploceclure fol cell formation. ln

stage 1, rve clevelopecl a uonliueal rnathenatical nodel to niliniize the total intr'¿ cell

atlcl intel cell n¿teli¿rl hanclling costs. Lr the c¿lculatiol of matelial hauclling costs:

¡rlodnction c¡rtr,ltity, effect of cell size on intr'¿ cell hanclling, ancl effect of seqnence of

opelations h¿r,e l¡eclt cortsiclelecl. A solution procedule based on simulatecl annealilg

\l'as presented. Thc l'r:sults collpale s'ell s'ith existing procedules. Il stage 2, an

iuteger- irtogtaurtniug moclel rva.s cleveloped rvhich consiclels allocatilg an opetation

to altetuate machines an(l extra units of rnachines available to furthel impt'ovc the

solution obt¿rined in stage 1. The trvo stage ploceclule rvas illustlatecl by solving al

example problern.
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Table 6.1: An un-clecor.npose(l systent

ñIachiles

Ir 2 s 4 bl

+ sequence of operation
of palt

Table 6.2: Decorlposition into 2

,Iachiues

P
a
I
t
S

+ se<luettce of operation
of part

P1
a2

r4
s5

6

3 12
I2

23
27 3

I2

13 245
1

4

l2+
L2 lf

3

5

6

i

231
t2
2

12



Table 6.3: Decon¡rositiol irto 3 cells.

Nlachines

+ sec¡reuce of operation
of ¡ralt

Table 6.4: 14x7 matrix fi or.u Ohogl:aa et al. (1992).

N4achines

lr 2 J 4 5 6 Tl

1

13
a

1

1

2

I

z

2

1

2

2

21.

23
¿

2

P
¿

I
t
s

1

2

3

4

P5
a6
tT
t8
co

10

11

t2

T4

J' 5

1

4

5

72
2

3

3

2

,)

6

21
27
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Table 6.5: SAA solution for' 14x7 matlix in Table 6.4.

Case 1: (a) Data: (i) Nlaxirnnm cell size : 3 machines
(ii)Unifoln palt denalcl

(b) Solution: ltlachine groups

7,2,6
5,1

4,3

Case 2: (a)Data: (i) ItdaxirnLrm cell size : 3 machines
(ii)Palt clenaucl

1

¿

3

P¿r't
Delnancl

67
100 150

12345
100 250 200 400 300

Part
Dernand

8910
600 300 200

11 12 13 74

250 300 500 300

(b)Solution: Nlacliine gloups

@
1 

'72 1,5,6
3 3,4
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Table 6.6: 7x5 matlix fiom Ohogbaa et al. (1992).

Table 6.7: SAA solLrtiol for' 7x5 rnatlix in Table 6.6.

(a)Data: (i) maximum cell size : 3 rnachines
(ii)Distributiol of palt clemalcl

a

L

t
S

Pal t
Demancl

34
100 100 100 100 100

(b)Solutiol: Ivlachine groupings

2

i00

7234567
500 150 100 100 300 200 150

ì\,Iacltines
t2 3 4

stributiou
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T¿ble 6.8: 43x16 matrix flom Okogbaa et al. (i992),

I tlachiucs

l0 0 0 0 0 0 0 0 0 1 r ì I 1

lr 2 315 6 7 8 I0 1 2 3 l
1

¿

3

4

5

6

7

8

9

10

P11
¿t. 72

I lJ
t14
s 15

16

T7

18

19

20

2I
22

24
¿í)

zt)

27

28
9tì

30

2

1

43
12

2

1

2

z
2

1

L2

1

T2
72

1

I

1

13

21

1.2

l2

1

1

321

72

t2

T2
1

21

(continued in the next page.....)



(Tablc 6.8: continuccl.....)

T¡'pographical elrol iclelttifiecl in the paper rvas suitably corlectecl.

T¿rble 6.9: SAA solutiol for' 43x16 matlix in Table 6.8.

Cell 4achine assignments

Uase I Clase 2
(cell size = 6) (cell size - 4)

1 4,5,11-13,15 4,5,15
2 1,2,3,9,14,16 1,2,9,16

Ì\,Iachines
000000000111111 1

72 34567890123 45 6

P
a
l'
t
S

31

32

34

36

ót
3B
aô

40
4I
42
43

3 7,10
4

5

7,r0
1i-13
3,14

72 3

23
1

I2
1

27 3

32

I

1

4

1

2

4
1

Palt clemancls rvere unifo-,..m in l¡oth cases.



Tal¡le 6.10: A 20x20 rnatlix fi'or.¡r Halhalalcis et al. (1990)

N,[achines

1 1 1 1 1 r ì r 2l
r 3 + 5 6 7 8 e 0l

lo o o o o o o o o r I

l1 2 3 4 5 6 7 8 I 0 I

1

2

3

4

5

6

7

P8
a9
r' 10

t 11

s72
13

14

15

16

17
18
1ô

20

231 45
32 1

1 32
31 42

1 34 2

5 1 2 34
r 23

53421
4 2 35 1

3 12
312

53142
12 3 4

34 7 2

12 34
32 1 4

213
r 4 23

21 4 3

324r
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Table 6.11: SAA 5-cell solntion of 20x20 matrix iu Tablc 6.10.

(i) 'laximrul cell size = 5 machiues
(ii)Unifolnr palt clemantl of 1

,lachint¡s

Total numbet' of inter cell move : 17

00111
19028

0011
23r4

00011
4DIóD

0i1
567

012
890

l
o

72

14

17

20

¿ò
42
51

2l

I4
51
42

2

3

2 4 r

3

4 1

4

11

19

4

321
312

312
4

8
1a

16

4
134 2

5 3 21
72 3

32 1

4

4

7

15 2 I

534
123

10

18 4

132

r23



Tal:le 6.12: Harhalaliis et al.'s (1990) 4-cell solutiol of 20x20 rnatlir il Table 6.10

(i)lVlaximum cell size : 7 machines
(ii)Ulifolm palt demarxl of 1

\'lachines

Total number of intet cell move : 14

P
¿
I
t

00111
19028

0001111
2351467

00011
40(óÐ

012
890

9

72

74

17

20

¿J

42
51

21
3

14
51
42

2

3

241

3

J
4

5

1

¿

4

6

7

11

15
1Ô

4 2

51234
1t9

72
234

2143

J
31

,l

5

13

1tl

4

4

134 2

dd¿L

I¿r]

.raL 4

10

18 4

132
312

121
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Tal¡le 6.13: SAA 4-cell solution of 20x20 ln¿rtlix iu Table 6.10.

(i)ÌVlaxinurr cell size : 7 nachines
(ii)Unifolrr part (lenand of 1

N4a cir ines

Total numbel of ilter cell move : 13

101110
279804

0011110
3214675

210 0101
0 9 67 5 8 3

ô

12

74
17

20

I¿ó+
5427
4572

at

321
43 l2

J

.f

4 I

2

4
()

7

1i
15
1(l

4

12345
231

3 12
1a,t

r23 4

32

I

5

B

10

13

16

1B

1

45

4

4

,)

z

!)+¿

!)1

2I
723

432r

122



Table 6.14: Data fol example ploblem.

ñlachilc
type, n¿ ---.)

0000000001111111i112
72345678907234567890

Palt
clema.ncl

Q,l'rocesslllg trllle of p¿ìrt J,

on rn¿chine tl.De nl., t,,,,,
aÌt, jl

J 2

4

5

6

7

B
o

0

11

12

13

14

15

16

I7
18

19

20

óÐ
,1 4

,1 l) JJ
3 35 3

2 3 5 34
4 45

3 2 5 4 2

¿ t)¿

3 23

zit 34
24

24 52
ó

43

43
5

oô

43 5 2

22

¿tI)
100

200
200

100

100

t50
200

250
100

150

250

200

100

1l-¡0

200

200
250
100

150

units. À¡-1 31211211222211112122

nt --)
öi, -
tr|. -'

1

1500
2.83

2

2000
0.80

1200

1.79

4

1000

0.90

5

2500
0.92

6

1000

1.50

7

3000
0.83

8

2000
0.93

I
2500
1.82

10

1000
1.95

't)7 --+

ör, -
1," --

11

1800
1.72

12

2000
1.90

1J

1500

0.73

14

2000
0.72

i5
2000
0.95

16

2000
0.83

17

1500
1.50

18

3000
0.90

19

1000
1.90

20

1500

1.60

I
f

jV,,, is obtainecl by rouncling L,,, to the next ilteger
å,,, is capacity of each machine of type nz

L,,,:ÐpQptpu.,, units of llachine type rrz rec¡rilecl

b,,,
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Table 6.15: Palt machine grouping solutioll iol stage 1.

À,Iachines

+ sequence of operation of palt

fiopelation 1 results in an exceptional elernent

1001
ì) / u.1

010111
2 r3467

02 71
80I0

01010 0

12985 4

5

8

16

2+
12t

34

E
trl

l1ltrE
2

4

6

7

11

15

19
tr

.7 tz

r 234
23

132
234

2 37

tr
E
tr

El

10

t4
l8

E

I¿ ó

1.2
73 2 4

tr
i
9

12

17

20

t¡l

EI

_Þ.i 2r34
4527
54123
231.

I



Tal¡le 6.16: Load on machines for stage 1 solution

C:

e

I
I

(:

Nfachiue
type, ??¡

assigne<l

I,iaction ol rnacllûres
used by the allocatecl

palt(s), p

Nnmbel oï trachinc.s ) nuse(

tÌllIer.
¿'9,,.

'equ

-ed

1/ 
''

ìssr8l
-erl

ui

â,vat

-abL

U¡

extr'¿t

U¡ - 1/¡,

p --)
rnl

5 8 i3 16

15

7

6

13

0.15 0.20 0.30 0.30
0.17 0.13 0.33 0.20
0.30 - 0.40 0.80
- 0.53

u.vÐ

0.83
1.50

0.53

1

2

1

1

2

1

(J

0

0

0

iUU

510
500
705

2 p --+

rnl
2 4 6 711 15 19

2

11

3

14

i6
t7

0.15 0.30 0.20
0.28 0.33 0.17 - 0.42 - 0.i1
0.330.83 - - 0.38 - 0.25

0.25 - 0.22 0.30
0.l5 0.30 - 0.38 -

0.27 0.50 - 0.20

U.OD

1.31
17(l

0.77
0.83
0.97

2

2

I
1

1

2

2

1

1

2

U

0

0

0

0

l+

IUU

7242
252
460
340
45

ó 'p --)

n¿l
310 14 18

8

20

19

10

u.óu u.l Ð u.tu u.óð
0.40 0.20 , 0.33
0.80 0.20 - 0.50

0.40 0.50

U,YJ

0.93
1.50

0.90

I
i
2

1

I
2

2

2

U

l+
0

l+

l4 0

105

500
100

4 p-,
¡rz l

l I72r72tJ

12

I
l8
5

4

U.ÐJ U.õó U.ôU U.4U U.JU

0.30 0.62 0.25 0.50 0.22
0.32 0.20 0.50 0.40
0.20 0.17 0.33 - 0.20

0.40 -

2.50

1.89

t.42
0.90
0.40
0.00

2

2

1

1

0

J
2

2

U

0

0

0

0

1+

660
220
1450

300
1500

0

* 4. is roulclecl to next integel to get 2.,

{these machines tvill be I'eassigned in the stage-2

lb!,,": b,,,(u,, - u,')

125



T¿rble 6.17: Assigned olrelatiols of palts.

cell
c

nurnl¡el of
ruachines

assigned,N!

pàr't
p

Iloc¿rter

lernarì(

Qn

intla cell
rlove cost

HCw:(À¡"0)

nrunbeL

of intl ¿r

nìoves, l¿,1

total
intla cell
nove cost

AHCIV;
=,\!.tp.Qt

1

total

5

5

8

13

16

100

200

200

200

1

2

2

2

260
520

520
520

20

40

40
40

1820 140

z

total

8

2

4

6

7

11

15

19

t00
¿00

r00

r50

r50

t50
.00

1.6

2

2

J

1

2

2

2

320
640
480
240
480
480
320

20
40
30

15

30

30
20

2960 185

totaÌ

5

10

L4

18

200
100

100

250

1.3

2

2

1

.t

520
260
130

975

40
20
10

75

1885 145

4

total

I
1

I
12

17

20

200
250
250
200
150

t.7

2

4

2

I

1020

850
1700
680
zi))

60
50
100

40
15

4505 265

5

total
0 0.0 0.0 U.U

0.() U.U

t26



Tal;le 6.18: Altelnate plals fol plocessiug exceptional elemelts.

o assiglecl cell of the palt
> palt
o exceptioual element
< o¡relation

t machile
{ cell whele the machine is available/ or may be reassigned

Q inclucles the culrent assigllmeut which can also be selectecl

* rvithin l:l¿chet ale shorvn plocessing time(tpn,) atìcl inctemental
plocessing cost Cf,,,

x cell 5 is an option given to allorv to folm a lernainclel cell
+ machire 9 cloes lot have an extla unit so it is ¿vailable only in cell 4

* rnachine 4 has an extr¿ nnit so it calì be assignecl to any
of the cells, 1, 2, 3, 4 or' 5

co p' eo 04

Cullent
assignment

O¡rtìons ava il¡ blc for'¡rloccssing ai
2 3

ìt1,t c 1T, I cr 117 | c+ ltl I (1+

Ð

8

13

16

1

1

2

1

1

4

5

4

44
OJ
44
772
193

4(3,0)r 1,2,3,4,5
e.(5,0) 4

4.(3,0) 1,2,3,4,5
17(4,0) 1,2,3,4,5
1e(2,0) 3

6(4,4)
6(8,4)
15(5,3)
6(7,4)
6(4,5 )

13(6,5)
i(e,3)
13(6,4)

13(5,4)

1

2

1

1

1

2 4

6

7

i5
19

1

1

1

1

1

4

5

1

1

4

103
54
54
13 1

54

10(3,0) 1,2,3,4,5
5(2,0) 4

5(4,0) 4

13(2,0) i
5(5,0) 4

14(7,3) 2
2(4,4) 2

r4(7,4) 2

3(5,4) 2

14(7,3) 2

3(5,3)

2(5,3)

2

2

1

1

1

1

1

3 l4 1

2

4

3

22
14

2(3,0) 2

1(4,0) 4

1e(5,3) 3

ie(6,4) 3

1

2

4 1

I
20

1

1

1

5

3

2

203
11 2

103

20(5,0) 1,2,3,4,5
11(3,0) 2
10(3,0) 1,2,3,4,5

5(8,4) 4

5(5,3) 4

e(3,4) 4 5(s,3) 4

2

2



Table 6.19: Palt machine glouping solution fol stagc 2: job splitting uot allo*'ecl

ì\,Iachines

+ sequence of o¡reratiol of palt

floperatiol 1 r'esults in an exceptional element

! operatiorr 2 is assigrrecl on the sar.ue machine type
3 opelation 3 is assignecl on a cliffelent machine tvpe

P

å

I
t
S

10 0101
5 7 6 3 47

010111i
2r34670

0217
80 90

010i02
129850

ts
112111 I221It1 II2I 3221. 11

5

B

13

16

321 4

41
zÐ

t¡t

tr

¿

4

6

7

11

15

19
tr

3 21 4
7 234

t.l

732
234

tr
tr

E
10

14

18
t4

23
321
72
13 24

E
I
o

1t
17

20

tr
2134 õ
4521
,_)41

3 42 r

L2B
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Table 6.20: Palt machine glouping solntion fol stage 2: job splitting allorve<l.
tr l¿rchines

elenent; ! opelation 2 is assignecl on the same machine type;
3 operation 3 is assignecl on a clifferent rnachine type.

Fraction of demand (ci,,,") assigned to diffelent
machine(m) and cell(c) combinations

l'ar t
p

UI,
e

uperatrorl
o

t¡î (rn,c)
2

8

16

6

l5
L9

L4

9

1

1

1

1

1

2

1

4

4
5

1

4

3

0.28(7,i)
0.4e(13,1)
o.s0(2,2)
0.73(13,1)
0.66(i4,2)
0.51(1,4)
0.42(11,2)

0.31(6,1)
0.51(19,3)
0.50(3,2)
0.27(2,2)
0.34(5,4)
0.4e(1e,3)
0.58(5,4)

0.41(9,4)

P

a

L

t
s

10 0101
5 7 6 3 47

0101i11
2r34670

0271
8090

0i0102
129850

u ts--+ '¿ 2',2 ll l2l 2 I

16

¿' ó 4 r
13,44 2 Þ
32 r 4
L 2 34 tit

tr

4

6

7

11

15

19
tr

31
3 21 4
;rËôñ,ô tÐ zJ+

1.1

732
1 zB4
2 314

2

E

t¡t

10

I4
18

tr

723
321
I s2
1324

tr

o

1.2

17

20

E
2r34 Þ
4521.3
54723
zò I
3 421

sequenc€ of opelatio of PaÌt; l operation 1 lesnlts in al exceptiolal



Chapter 7

Cell Formation Considering Investment
and Operational Costs

1'he majolity of the cell folmation ¡roclels consider.. glouping of palts zrncl rnachiles,

l¡asecl ol clustelilg technic¡res. The pelfolr.nance of cells thns folmecl inilicates th¿t

the cellulal systems pelfonn mor-e poolly in telrls of rvor-h-il-pr-ocess inventoly, aver-

age job waiting time ancl joì: florv tirne thal the implovecl job shops. Horvever, they

Itave srqreliol pelfolrna,nce in telms of ¿r'er'¿rge nrove times ancl setrqr times. The rn¿il

reasol fol such a pool pelfolnance is that the curlent cell clesign ploceclules clo not

consiclel tlie opelational aspects duling the cell folrnation. Thelefole, thc objective of

this chaptel is to consicler the investment ancl opelational costs simultaneously clr.rling

the clesign of a cellul¿u nanufactulilg systeur. Fol this pnlpose rve clevelop a lnixecl

irtegel proglarnming model ancl illustrate the tl¿cleofr r'elatiolships bett'een the in-

vestrnelt ancl opelational variables, such as secluence clepenclence setr.q>, r.nachine iclle

titne, ¡rart inventoly, part eally ancl late finish (cornpalecl rvith clue clate), by consicl-

eriug examples. Computational ex¡relience is p::ovicled fol lantlonly genelatecl test

ploblems.

7.L Problem Background

Iu this chapter we consicler cell folmation in florv line nanufactuling sitnations

similar to those in repetitive manufactuling. The parts proclucecl usnally require the
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salne set of rnachines in the sarne olcler, i.e., the¡' go through the sarne plocessing

stages. This situ¿tion alises iu mar¡' chemical ancl plocessing inclnstries. Typical

exanples include rnanufactnre of (lctelgents, paintsr etc. The setrqrs ilcnllecl dur'-

ing changeovels are usrtally sequence clepelclent. Fol exarnple, in the manufactulc

of ¡rzrints the ec¡ripment lmrst l¡e cleanecl rvhell there is a changc from one colol to

¿rtothct. The tholoLrghuess of the cleaning is he¿i,ily depenclent on the colol being

t-ernovecl ancl the colol fol'which the machine is being pÌepared.

Irt a sec¡rcncc dcpettclelt manufactulilg errviloltr errt, rvhere the clem¿ulcl fol ¡rarts

is repctitir.e il natur-e alcl the ploclnction lec¡rircmeuts ale similar', one can select

the sec¡rcnce in rvhich to plocluce the palts, such that the total cost ancl tirne spent

ol setup is ninirnized. The sec¡rence thus clctelrnineil may give a schedule il rvhich

palts finish ea.r'ly ol late as cornpalecl to theit due clates. In adclition one rnay ha;r'e

¡ralt rvaiting betiveen nachines, or.. machine iclle time. Altellately, one coulcl have a

sepârate line fol producing each part ancl ¿r,oid cost ancl tin-re lost clue to secluence cle-

penclelce. Also the inveltoly can be leclncecl by synchlonizing the procluction late of

cells rvith the clemancl lates. Horvever', in tliis case the investment cost is high. Clear-

ly, investrnent options betrveen these trvo exttenles ale also ¿vailal¡le. Fol exanple,

the late flnishing of palts cal be ¿r,oiclecl by increasing capacity of bottleneck stages

or by re-sequ€r.cing tltern after aclcling a nerv cell. The sequence of pat'ts also affects

tlte WIP ancl utilization of machines. Achievilg milimum inveltory an(l minirrlum

machine idle time ale trvo conflicting objectives as ùecluction in one often leacls to ¿n

inclease in other'. Depencling upon tlÌe scenalio, the appropriate patanetels shoulcl

l¡e consicle-,-ecl ancl rveightecl accorclingly.

Analyzing a ferv of the interactiolìs sta.tecl above may be stlaightforrvard. Howevel ,
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rvhen cousicler-ecl simult¿i,ueously, tìrese interactions can be c¡rite conr¡rlex. As a lesnlt

machine investnent anrl opelating (scheclLrlilg) stlategies ale lalely oll'ious ¿ncl l¡e

countel iltuitive. Cell follnation ulclel re¡retitive manufactuling as <lescliìrccl in this

chat)tel, thus, considers the follorving:

1. Cell desigl aspect- horv rnau¡' cells shoulcl be folmecl ancl ivhat shoulcl be the

ca¡racity of each processing st¿ge in a cell?

2. Alloc¿rtion ancl secluencing aspect- horv the 1>alts alc to l¡e allocatecl, sec¡relcecl

allcl schedulerl in these cclls?

The main contlibution of this rvolli is in ploviding ¿ mathelnatical fi amervol'lr

rvhich sirnultaneousl¡' consiclels the tlacleofs l;etrveen investrnelt and oper..atioual

costs (schecluling arcl seqnencing) to ackh'ess cell design in mamrfactnliug envirol-

rnents rvith seqncrìce clepenclence. Thc tlacleofs cliscussecl iu tìris chapter ¿r'e illnstrat-

ecl by colsicleling exam¡rles. Corlplexity of the moclel is studiecl by first consicleling a

moclel rvhich has the least numl¡er of valiables, ancl then sec¡rentially aclcling iariables

to it. Cornputatiolal time fol these moclels is snrnrnarized.

The r.'ernaincler of this chapter is olganizecl as follows. In sectiol 7.2, a mathe-

lnatical model corìsidelirìg tlacleoffs l¡etrveen irvestmeut and operational variables is

formulatecl. The tradeoffs ale discr.rssecl by solving examples in section 7.3. Com-

putational expelience for the moclel is ploviclecl in section 7.4. Final\', sumtnaly is

preseltecl in section 7.5.

7,2 Mathematical Model

An mixecl integel ploglarnming (À{IP) rnoclel is folrnulated rvhich folrns cells b5,

glouping the machines ancl parts simnltaneously while consiclering the seqnencing



aìl(l sche(lulirìg of the palts. The follorvilg assunrptiols ale made for formulatilg the

urorlel;

1. Each cell lias the same pLocessiug stagcs, but thc capacity of a stage 1lìay \¡år'y

fionl cell to cell. We assurne th¿rt the caPacit¡' cal be incLcasecl contimously

(r'tither than in steps), in the plesclibecl lalge (explained later).

2. Each palt lerluiles plocessiug ¿ìt ¿ìll st¿ìges.

3. Pzrrt pr-ocessing (thlougìrput) tinrc clepends upotì the cell capacrity at each stage.

4. Setup times ¿ncl costs ale sequerìce depetclelt.

5. Tliangular: inecluality of setnp costs ancl times is assurne d. This means that

setup tir.ne (cost) of aly part i, fr-orn part j, is alrvays less than or: eclnal to setr.rp

tinre (cost) reclnirecl for part i, rvhen fir'st palt j is ploclnced and then palt h is

pt'oclucctl bcfolc palt i.

6. Olly one part type can ì:e plocessecl at each stage at any given time.

7. An opelation once staltecl on a machiìle carlot be intelluptecl befole coruple-

tiou.

8. Onl5, pelnutation sche(luliltg is allorvccl.

9. No intel cell movement of parts is allorved.

10. Hoklilg costs ale clilectly ploportional to the inventory levels.

It is assurnecl (assurnption 1) that each cell has the same number of processilg

stages. Tlte clifferelt stages ale clistinguishecl by theil capacity. The mrmber of copies

of e¿rch nachiue type in different cells can \¡à.ry. Thus, by increasing or clecreasing the
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nunlber of lìlâcIìines of an5' type the ploductiolr capacit)' can lte increased or clccl eased.

Capacity can also l¡e ilcle¿rscd by inclea.sing the ploccssor speed ltl' eurltloyilg some

zurxilialy dcvices, modifyilg.jigs and fixtnles, etc. \\¡c assumc that the capacitl, ca¡

be iucleasccl continrously rvith a lile¿rl cost incLeasc. The illclease in capacitt' r'esults

in a lorvel processiug time for a palt. We use the follorving type of relationshil; to

mo(lel this:

?: ¿¿ - ulv (7 r)

t'hete P is ¡rtocessiug titr. e, u zrucl v a.re colst¿nts, and N is an irrdex shoivilg c¿ìPâcit]¡

level of ¡rlocessor. N t¿lies olr the valne 0 at ruinimurn capacity a.nd ecluals 1 at

tr axirnuur capacity.

Model - M4

Objective function: ÌViinimize the sur.n of the costs clte to secluence clepeuclence

cha.ngeover', rvor-h in plocess irlveltor')', eally finish, late frlish, machine icllc tinre alcl

iuvestmeut on cells. It is assnmecl that if a cell is folmecl, thele is a rlinimnm fixed

capacity in each stage; thelefole, a fixed cost is associatecl rvith each cell folnecl. The

cost of additional ca.pacity, if neeclecl, ill diffetent stâges is captnr-ecl separatelJ, by the

last telm.

À n n n À-1
tvli¡z z = t t t C';j,XÍ + DDhIW; * !a;À,1 +D pj\; +

s=1j=1j¡=1 j=l s=t j=t j=l

Èn,ìnÀn

t t t ^t" rfu +Dc'xo" + D I u"¿:
s=1j=1ì¡=r c=1 s=l c=l

(7.2)

Constraints

1. Assignment constraint: Each part shoulcl l¡e ploclucecl once, i.e., it rvill have
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oìre follo$¡er ard otlc l)tedecessot':

i x¡¡=r .for j : r,2,.....,n

i:0
i+i
(a+l)

t X¡¡=7 for' .:i : 7,2,.....,n

l=I
i+t

(7.3.a)

(7.3,ò)

These trvo constraiuts ale assiglrnelt constlaints. Solution to these may lesult

in rnaly sul¡tours. Palt 0 ancl (n*1) zrle durlmy pa.r'ts. By provirling a clutnmt,

at the beginnilg ancl encl rve iclentify each snbtout (cell) by a unic¡re uurnber'.

This numl¡er- clepencls on the fitst 1>alt ivhich follorvs a dumrny 0 il each cell.

Fol exar.nple, if rve h¿n'e 5 part types (i.e., n : 5) alcl the solntion to these

constlaints lesults ilt the follorving trvo snl¡tours: 0-3-4-1-6 urcl 0-2-5-6, then

rve have tl'o cells ulicltely numl¡elecl as 3 arrrl 2. The palts 0 and 6 at the

begirrling and encl of each subtoul ale clurlrny palts. The nniclne nnml:eling

of cells ¿is 3 ancl 2 allorvs us il the latet stages to assign machines ancl palts to

these cells.

2. First stage completion time constraint: Cornpletion time of an5' par-t at

the fiist stage shoulcl be at least eclnal to its ¿r'l'ival tirne plus plocessing time:

rj > a¡ + tN .f or j : 1,2,.....,r2 (7 4)

3. Stage link constraint: For any par:t, the cornpletion tirne at stage (s + i) is

the sum of completion tiure at stage s, the ¡rlocessing tirle at stage (s * 1) ancl

the rvaiting tiure aftel plocessing at stage s ancl befole stalting at stage (s * 1):

Tïrt=Tì +nj+l +I4ri for j :7,2,.....,tt;s:1,2,.....,À-1 (7.5)
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4. Sequencing constlaint: At aly stage s in a cell, the completiou tin're of ltalt

j s'hich succeccls palt j' in the same cell is the sun of the completiol tirue of

part j/, the setrqr time of the machine for: palt j fronr.l/, the iclle tirne of the

nrachine at stage s in thai cell after ploccssing palt j/ zutcl ltefole staltitg on

par:t j, ancl the plocessing time of palt j:

T; > r;,+ s;,j + Iì,¡ + tt + B(x j, j - I) (7.6.a)

T;<T;, +,eij+ Iì¡+ti- B(xj,j-t) (7.6.ð)

fot (j' I i); i,.i' : I,2,...,tt; s= 1,2,..., li, ancl B is a lalge positive lunbel.

These coustlaints rvolli in pails. If a sc<¡rence j/-j exists, thel the trvo constlaints

rvill cletermine the seclnencilg of the job or ¿rll the stages. Iu this case,

r; :r; + s;,j + rì,¡ + tt

Horvever', for any pail j-h fol rvhich a sec¡relce cloes not exist, the tri,o constraints

rvill be relaxecl, allowing [ > 0.

5. Capacity change constlaint: The plocessing tirne of a palt at any stage in

a cell is a function of the capacity level of the plocessot:

pj:"j-rj¡! for j :1,2,3,....,tt; s : 1,2,3,....,k (7.7)

Hele, rr.j aucl u,,{ ¿¡s constauts, tvhich are cletetlniuecl f¡orn ecluation (7.1).

6. Part machine link constraint: If trvo palts ale assignecl to the sarue cell,

then the capacit¡' of the processor available to these patts at each stage is the

sal.ne:

N,e I Nr", + B(1 - Xjj,) (7.8.a)

tót)



^r: 
> lY:, -.811 - X,,,)

ror (j' I j); j, j' :1, ¡; s: 1, li

(7.8.¿,)

7. Machine cell link constraint: The level of ca,pacit¡' at stage s il a celì c

(rvhele cell is ur.unl¡elecl as c if seqnencc 0-c exist) is giveu by

¿: >rvj - B(1-Xo") .for c : 1,2,3...,n; s : 1,2,3...,Å. (7 e)

The level of capacitl' at aly stage is attache{ to the pa¡t type. If rve use ra¡ial¡lc

À¡"" iu tlte objective furctiol to c¿ìpture thc cost of ailditioual ctrpacity, thel

thele rvill be a rnultiplicative effect, s'hich cìepencls ol the rtnnrbel of ¡ralts itr a

cell. To avoicl this ovetestitn¿te il the oltjectii'e rve clefiue a v¿rlial¡le tri rvhich

is ¿rttachecl to a cell. This in csscncc captnles the actual adclition¿rl capacit5' 6f

each cell.

Modeling constlaint: The maximum vahre of capacity level shoulcl be speci

fiecl as 1:

rV;f1 for s :1,2,3,...,4; i : 7,2,3,...,n. (7.10)

t\¡j has the r,alue 0 at r'¡rinimum capacit)' ancl the valne 1 at maxinum caPacity.

9. Due date constraint: Ear'ly completion or late conpletion of a part as com,

parecl to its clue clate is given by

,\+ ,\_ -t q-Iar, -Aj =tt.¡ -J¡' for j= 1.2,3,...,n (7.11)

Iri tliis morlel, ther-e ar-e n2 * n binaly integer valiables, rz2fr + 4n,k + ¡z continuous

valial¡les ancl 4n2k *3n constlaints, rvhere n is the lurnì¡el of part types alcl k is

the ruml¡el of plocessing stages. In the next section, rve solve a ferv examples using

the moclel developecl ancl illustrate the impoltance of consicleling the investrnent and

operational aspects simultaleously.

I37



7,3 Examples

Il this section, tlacleoffs betrveen r.alions costs ale illustlatccl ltj' consiclel'ing a feri'

exan¡rles. Fir,e palt types rvhich Ic<¡rilc plocessing in thlee stages ale consiclcrecl.

Plocessilg times lecluired fol these palts clecr-ease rvith increase il cell capacity. Slope

(zj) ancl intercept (lj) of lines lcplesentiug these lelationships þ.rj : uj -'rrjÀrj) aLe

shorvn in Table 7.1. Plocessing times calculatecl flom thcse explessions ale il houls.

Secluence dependence setnp costs (X" C;¡ ¿mcl tirncs (,9i;) ale shorvn iu Table 7.2.

Tlte setup tiure matlix is taltert to l¡c the same at each plocessilìg stâgc. Infolniation

regalclittg pat't iuveutoly costs, eatl¡'alil late penalty, investr.uent cost to acc¡rile acl-

clitional cell capacity, alcl cost of m¿rchile icllc tine are shou'u in Tal¡le 7.3. Ì\,lachile

iclle time cost in leality shoulcl clepelcl r.rpon the numbel of iclle machines. Hot'ever',

in the pleselt alalysis ¿ const¿nt valne is tahen. Part allival time rvas taken as 0

fol all palt types. Data givel in T¿bles 7.1-7.3 is the same il all the exarlples. The

parameter's s'hich rve var-y to ilh.rstrate the tlacleoffs ale clne clates, cost of cell ¿ncl

ur¿chiue iclle time. The valnes taken for clifelent cases ¿re slioivn in Table 7.4. The

problems rvere follnulatecl ancl solved on a, pelsonal con-rputeL 486 (33 ìvIHz) using

the Hyperlinclo softn'are package. The lesults are sun.rmarizecl in Tal¡les 7.5-7.10. We

will cliscuss the resnlts next.

Case 1: Low cell investment cost- In this case the cell cost is cousiclelecl to

be lorver than the sequelìce clepenclence cost. The cost of a cell $'as taken as $2,

*'hich gives 5 as the optirmun mrmbel of cells with an objective function value of $10

(10+0+0+0+0+0+0).1 Each pai't is assignecl a. separate cell (Table 7.5). This

lbleak up of costs iuto liue (cell) + setup + WIP iuventory + lrìachi¡re idle ti¡ue * part early
finish f part late fiuish * additional capacity acquisition costs. The costs obtaiuecl fol each of thc
example problems alc shorvu iu Table 7.10.
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lesnlt carì be cxplailed as follorvs. Nlinimnrr. seqnence clepenclcnce setnp cost fol aly

pair of ì)arts is $2 (Taì:le 7.3). Also, the cost of nerv liue (cell) is tÌre sa.rne. If pa.L-'t

5 or' 1 is plorlncecì in the sa.me cell as tvith palt 2, then ¿r tot¿rl of 4 cclls insteacl of

5 l'ill l¡e recluilecl \1'llich $'ill s¿ve ol cell cost by $2, but this rvill incle¿i,se the cost

clue to scquelce depenclelce by the samc aurount. Frour this it ma¡' ¿1¡1¡1.^a that both

solutious rvill give tlto same cost. This is il fact the solttion the moclel cleveloped l;y

Rajauraui et al. (1992) t'oulcl givc. Ho¡vever', plo<lucilg t\i'o pa.rts in one cell rnay

lesult in eithcl machile iclle tilne betrveen thc ¡;alts or-' palt rvait time l¡etri'ceu the

stages, hcuce rvill rcsult in all iucreasecl over'¿rll cost lelative to having a seltalate cell

for each palt.

Case 2: High cell investment cost- If the cost of the cell is vcr)' high as cont-

palecl to the sum of the costs cluc to secltelcc clepcnclence sctrqr, machine iclle time

ancl palt rvaiting time, eally and late finish, then it is expectecl that the nuurbel of

cells rvill l;e leclucecl. Fol instalce talce the cost of line as $20 keepiug all other cl¿ta

same as iu case 1. This lesults in folming one cell (Table 7.6). The objective functior.r

value is $59.8 (20+31+2.8+5.6+0.4+0+0) arxl palt sequerìce is 1-2-5-4-3. Ol¡r'iousl]',

if rve have mole than one ¡ralt farnily ol smallel links of palt, the scheclnling cost

(clefinecl as surn of sec¡1ence clepenclence cost, machine iclle time cost or patt tvait

tine cost, patt eal'l)¡ artd late finish costs) may be leclncecl. But the cost of formiug

an acklitional cell adds $20 to the total cost, rvhich in this case is uole than the saving

in schecluling costs that rvoulcl h¿ve resultecl in making tlvo or moLe palt fanilies.

Case 3: Intelmediate cell investment cost- Nolv rve rvill explole a few sce-

narios rvhich exist for marurfactr.rling companics in rvhich the investment optiols lie

bett'een the trvo extrernes. Fol example, the cost of the cell is taken as $5 keepilg
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all othel cl¿ta the saule às in ca.se 1. This results in 4 cells, by ploducilg palt 2 zurcl

¡rzrlt 5 in one cell aucl the renaining pâtts in sepalate cells (Tablc 7.7). The objective

frrrctiorr valne il this case is $23.11 (20+2+0.1+0.7+0+0+0.31). Thc abovc three

exaurples shorv tlacleoffs llainl), betri,een cost of line alcl secluence de¡telclence setrq>

costs. Iutelactious of othcl costs in these examples coulcl lot be avoidecl completely

ìrut they hacl rninol ilfluences.

Thc follol'ing exanples ri'ill shorv the intelactious of othel talialtles.

Case 4: Due date interaction- To illustr'¿rtc the tladcoff betrveen clue clate ancl

othcr valial;les, rve tooli the i¡asic clat¿r, fiom Ca.se 2 ancl changccl the due dates (Table

7.4). The solutiol obt¿rinecl is shorvn in Table 7.8. The total cost il this casc is $52.61

(20+24+0.87+7.71+0+0+0.03) a,ncl palt seqrrence is 2-3-4-5-i. If rve comPale this

rvith the lesult ofcase 2, rve obsel'ved that a nerv sequerìce is obt¿rinecl to recluce thc

high cost of late finishirg. Also, in this ca.se aclclitioual cell capacity is lec¡rirecl.

Case 5: WIP and machine idle time interactions- Case 5 shorvs the tlacleof

betrveen WIP inveltoly ancl machine iclle time. All the clat¿ fi or¡r Case 3 l,el'e taken

except machire iclle time cost. À{achine irlle time cost rvas ilcleasecl frollr $ 0.02 to

$ 0.1 per' hour... The lesults ar-'e shorvn in Table 7.9. The total cost in this case is $

24.16 (20+2+L85+0+0+0+0.31). This gives no machine idle time, but 40 houls of

waiting time fol palt 2 alcl 35 houls for part 5. In Case 3 thele rvas no par:t tvaiting

tirne, insteacl thele rvas a machine iclle time of 40 houls. Thus, the increase in rveight

for-' niachine iclle has l'esultecl in an ilcr-ease ir \\¡IP and a recluctior in machine icìle

time.

Tlms, rve see that cliffele¡rt rnanufacturing situations clepencling on the costs alcl
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iutetaction of costs consicleled by iuvestrneut an<l opet'ational (schecluliug) r'arial;les

at clesign stage can leacl to grouping of palts ancl urachines, ivhich arc qr.rite rliffercnt.

This suggests that groupilg of parts ancl machiues shoukl sinrultaueousl¡' consicler

the interactions ex¡rloled in tìris chaptel for a goocl ccll dcsign.

7.4 Computational Expelience

The compttational difflculty iu solr.ing the genelalizecl moclel ilevelopecl il sectiorr

7.2, clepcncls orì tlÌc tÌlunber of intetactions consiclelccl il thc objcctive functiou, thc

tlata set an(l the size of the ploìrlem. To study thc impact of inter-actions ri'e develop

tltt'ee snb tnotlels, l4rich ale ol¡tainecl by cleleting the vatial¡les ancl constraiuts not

peltiuettt in the genelalizecl moclel. Subnoclel 1 consiclels only the investnent aud

sequelìce clepeucleuce costs. Submoclel 2 is ol¡tainccl by ilcltding clue date ancl lelatecl

valiables aucl coustlaints to snb moclel 1. Similalll,, sul¡moclel 3 is obtainecl b¡' rr.1,t u*

WIP, nachine iclle time ancl corlespolcling valiables ancl constlaiuts to submoclel 1.

The tlilee submoclels ¿re l¡lieflv stated next.

Submodel 1: This cortsiclers the investt.nent cost on cell ancl sec¡relce clepenclence

cost.

Objective function:

Àn
À,Iilz z1= tI DCjÅ¡t +LC"xo.

s=li-l it:l c=l

Constlaints: Constrailt sets, (7.3), (7.4), (7.7)

the folloiving:

+tIu"¿: (7.r2)

- (7.10) (refeL to section 7.2), ancl

(7.13)

(7.14)

:I;+r >T; +ú+t .f or j : I, rz tnt tl s : 1, ft - 1

Ti > T:, + s"',, + r-l +.Bl-\r,; - l)
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fot (j' I Ð, i, i' = 1, u, s= 1, k ald B is a lai-ge positive utml¡er'.

Sut¡model 2: This cousitlels ittvestllelt cost of the cell, sec¡relce clepenclelce

cost aucl eally and l¿rte finish of the palts as compaled to thcil due clates.

Objectivc furctiol:

À,Iitt z2:zr+IajÀrt+lpil¡ (7.15)
j=l j=I

Constlaints: Constlaint sets, (7.3), (7.4), (7.7) - (7.11) (iefeL to section 7.2), and

thc follorving:

Tj+t ¿Tj + pj+t for j:7,n. a,nrl s:1,À;-1 (7.16)

T; >.ry,+,sij +?rj + B(xj, j - 1)

lot (j' I i), i, i' : 1, u, s= 1, h and B is a lalge positir,e uuurbet'

(7.17)

Submodel 3: This model consiclels investrr- eut cost on cell, sequelce clepenclence

cost, WIP ancl machine iclle time.

Obje ctive function:

À,rin zs: 
", n i Ï túvv; +É i i tr;, (2.18)

j=l s=1 s=L j=r j,=1

Constlaints: Constr'¿int sets, (7.3) - (7.10) (refel to sectiol 7.2).

The uumbel of r'¿r'iables ancl constraints fol these submoclels ancl the genelalizecl

¡noclel are given in Table 7.11.

In ot'tlet' to sttrdl' the iÌrPact of intelactions of the valial¡les consicleÌecl iu the

objective functio¡r ancl the effect of the cl¿ta set rve solvecl the thlee submoclels ancl
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tlie genelzrlize<l rnodel fol the 5 examples cliscnssecl in sectiou 7.3. The computational

tilnes fol tltese models aLe summalizerl in Tablc 7.11, Thc results ilclicate that the

modcls can be lalked in tclllrs of computational comPlexit¡, as submoclel 1, sul;r.noclel

2, srtburocìel 3 antl the gcnelalizctl l.noclel. Consicleling \\lIP ancl m¿rchine iclle tilne

explicitl¡. il the moclel incLea.ses the cornputational bulden to a glcat cxtelt. Also, tve

see th¿rt the coml>ntational tiure is depenclent on the data set. All the plobleurs ale

five-palt alcl thlee-stage ploblerns, l¡ut thele is a la.r'gc valiation in the cor.nputation

timc.

in acklition, tve also solve lalgel ploblems of up to 10 palts. Fot this putpose 1\'e

lalclor.nly gclelatecl seqllelìce clepelclence times alcl costs betrveeu 3 to 33, atrd 2 to

20, r'espectively. Dne dates l'ele lanclomly selectecl bettveen 600 to 1000. Plocess-

ing tiutc clata uj rvere generaterl ral<lourl}' fi'om 30 to 180. rrl t'ele kept as 50% of

the uj. The follorving iufol'matiorr rvas assurnecl the sane for all problerns: h : 3,

/r,j : $9.91, ?' : $0.01, U' : $2, a; : $0.0t. É; : $O.OS, C' :64. In ranclonll,

geuetatiug the secluence clependence times ancl costs rve have ignolecl the tliangulat'

inec¡rality. This exists usually in a practical ploblern ancl hence an assumptiol in the

ploblem statement. It cloes uot holeveL, limit the a¡r¡rlicability of the moclel clevel-

opecl. Table 7.12 contaius a sumtnary of the lesults. The table shoivs the numl¡el

of valiables ancl constraints, nnntbel of noctes solvecl in bt'anch ancl bouncl, the node

at rvhich optirnurl solution was obtainecl atrcl the cornputation tirne, for.each pr-oblem.

It is ivolth r.nentiorring th¿t in most cases the numbet of palts ploclucecl in lepet-

itive tnannfactuling is not lalge. Hotvevet, the ¡rloblem size becomes lar.ge l'ith an

inclease in patt t¡pes. In such cases the proposecl noclel can be effectively usecl lty

agglegating the palt types having sirnila.r' setrqrs into fervel fanilies. Also, in r.eal iife
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â tìutìlllet' of sec¡rences ate rìot fcasil)le clne to pt'occss ancì prodnct limitations. Tìtis

fulthel clecr-eases the computational ltulden (Rajarna.ni et al., 1992).

7.5 Summary

Thc niajolity of the ccll foluratiou nlodels consiclet glonpilg of pa.r'ts an<l nrachines

basecl ol diagonalization of palt machine rnattix. This apploach is lot applicable it.r

flos'shops, ivhele all the palts recluile the same set of machiues. Also, cellulal systems

dcsignecl rvitltout consideriug the opelatiorral vali¿rl¡les can leacl to pool pclfolmance.

A lnixed iuteger plogtaurrning rnoclel ivas clevelopecl rvhich considels investmcnt cost

(cost of cell antl rnachiles) attcl opelatiolal cost (seqnence depclclencc setup, urachiue

iclle tirne, palt \,VIP iuveutor'¡', palt ealll' ¿ncl late finish) simultaneously to folm cells.

The mocle l deter-miles the ecouolnic rrrmbel of cells, capacities of plocessing stages in

each cell folnrecl, palt allocation, sec¡.rencing and schedLrling ilt these cells. Examples

rvele consiclelerl rvhich illustrate the moclel ancl cost tlacleofs consiclel'ecl in the moclel.

Computational expcLielce ot up to 10 palts was r-epoltecl. It rvas oltselvecl that the

consiclelation of \\¡IP and machile iclle tilne considelably inclcasecl the comltutation

tirnes.
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Table 7.1: Coustalts of plocessing time relatiouships (ecluatiol 7.7)

Palt, j

t

Pt ocessing st¿ge, s --+

1 2 3

uj uj ,r3 ul ,rj uj

1

2

J

,L

5

100

40

70

210

100

20

8

14

42

20

80

60

90

90

40

16

72

i8

1B

8

70

80

60

30

160

14

16

I2

6

32



T¿ble 7.2: Sec¡re'ce rlcpe'cle'ce sctup costs, t,6'; ($) a'cl tirnes, ,gi (hour.s) for.

ltarts.

Florn I 2 4 5

1

2

3

4

5

2 (20)

5 (17)

6 (34)

4 (21)

18* (16+)

18 (20)

17 (26)

12 (17)

L0 (17)

4 (22)

7 (30)

5 (20)

10 (4)

3 (3)

8 (3)

4 (3)

10 (24)

2 (24)

10 (22)

8 (32)

,t unblaclçetecl numl¡els ate setup costs
* blaclietecl nurnbels ate setup tirues (sarr e for each stage, s)



Tablc 7.3: hlfounation on costs I'el¿terl to ilveltoly, early ancl late finisli, iuvest-
rnent cost on aclclitiollal processot' capacity.

Name of valia.l¡lc Costs

Part Inveltory* (sarne for: all paLt (j) )
Aftcr' fir'st stage (ñr1)

After. secold stag-e (/¿j)
Palt eally filish a¡(same for all par.t(j))

Palt l¿te finish d; (sane fol a.ll par.t (j))

Cost to inclease (same fol a.ll stage, s)
capacity to
rnaxirlurn, U"

$0.02 /hour
$0.03/hour
$0.04/houl

$ 0.8 /houl

$t

* As palt goes thr-ough stages its valuc becornes more ancl
the irn'entor-y cost incleases. Hence, incLea.secl value of

inventoly holdilg cost is tahen for, snccessive stage.

Tal¡le 7.4: Data fol example problems.

Part, j -+

Case J

Dne clate fol parts, d; Cost of cell
c" ($)

Cost of
machine
iclle time,

f ($/houL)

¿ó4D

i

2

4

5

250 366 763 613 540

250 366 763 613 540

250 366 763 613 540

766 180 282 475 675

250 366 763 613 540

2

20

5

20

5

0.02

0.02

0.02

0.02

0.10
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Pr-ocessiug
stages

Valiable Value

Uell. c 2 3 4

f P¿r't, i-j' 2 3 4

Stage 1

Pj
,n1tj
tltj

'þ,

100

100

0

0

40

226
0

0

70

613

0

0

2r0
493

0

0

100

340

0

0

0
Stage 2

Pl
r¡
I,V]
Il,'
r2L.

80
180

0

0

60

286

0

0

90
703

0

0

90

583

0

0

40
380

0

0

0
Stage 3

p1

ri
T\/?

I?;,
L1

70
250

0

0

80

366
0

0

60

/DJ

0

0

30

613

0

0

160

540

0

0

0
Completion

^i
^'

0

0

0

0

0

0

0

0

0

0

Tal¡lc 7.5: Result of Case 1.

Note: Zl = 0, inclicates that lo inclease (florn minirmrm)
in capacity is lecluilerl.
*j-j/ r'eptesents the secluencing of par.ts rvithin the
allocatecl cell. Here one palt is allocatecl to each cell.



Plocessing
stages

\/¿r'i¿ble \¡ahre

Uetl, c
f Part, j-j/ 2 5 4 3

Stage 1

p+

TI
t'it
4rl
lJ^

i00
100

0

0

40
I)tr
60

0

100

280

60

0

270
493

0

0

70

593

20

0

0
Stage 2

p:
.112rj
tu:
r2
t ilr2

80
180

0

20

60

276
0

40.

40

380

0

110

90

583

0

0

90
703

0

0

0
Stage 3

2l.ìttj
t,v?
,3Jt ii'
L1

70

250
0

10

80
JDb

0

0

160

540

0

40

30

613

0

60

60

/ D.J

0

0

0
(-iompletion

^iA,
0

0

10

0

0

0

0

0

0

0

T¿il¡le 7.6: Result of Case 2

* I!, : 46, indicates that machine iclle tirne l¡etrveen
palts 2 and 5 is 40 houls

*j-j/ repr:eselts the sec¡reucilg of par.ts rvithin the
allocatecl cell. Hele it is 1-2-5-4-3 in cell 1.



Processing
stages

\/aliable Va.lue

Ucll, c 2 ó 4

il'aÌt,.¡-.1' 1 5 3 4

St:rge 1

pj
rj
ü/j
'rl

L\

100

100

0

0

0

40

226
5

0

100

350

0

0

70

613

0

0

0

210
493

0

0

00
Stage 2

P?
J;

vn]
Ì2
'ii'
l,:

80

180

0

0

0

60

297
0

35

40
390

0

0

90

703
0

0

0

90

583

0

0

0(l

Stage 3

p1

rl
\u:
4,'
L2

70

250
0

0

0

366

0

0

150

540

0

0

60
/Dó

0

0

0

30

613

0

0

0t¿.372

Completion
a¡* 0

0

0

0

0

0

0

0

0

0

ti-j'represents lts rvithir.r the
allocatecl cell. For example, sequellce 2-5 exists il cell 2

Tal¡le 7.7: Rc'sult of Case 3.

sequencrng o1 pa



Table 7.8: Result of Case 4

sequenclllg ol pa1

allocatecl cell. Hele it is 2-3-4-5-i in cell 2

Plocessing
stages

Vali¿ble Value

t,ell C, 2

+Pat't, j-.i' 2 3 4 5 I

Stagc 1

PI,,ít
w;
r1t ii'
L!

39.8

40

0

0

69.6
131.6

0.4
0

208.9

J+J.O

9.5
0

99.5

475
0

0

99.5

595.5
0

0

0.025
Stage 2

'ì,
14/?
¡l't ii'
L?

60

100

0

10

90
222

0

128

90

443
2

0

40

515
0

59.5

80

675.5
20.5

0

0
Stage 3

PI
,;3
J;

W:
Il,'
Lg.

80

180

0

20

60

282
0

160

30

475
0

8

160

675
0

0

70

I to
0

0

0

Completion

^l
^;

0

0

0

0

0

0

0

0

0

0

*i-i'replesents ts
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Plocessing
stngcs

\/alial¡le Value

-e ll, c 1 2 J 4

lPalt, j L 2 3

Stagc 1

p:
rj
l,l/ il
rl,,
r1

100

100

0

0

0

40

191

40

0

100

315
0

0

70

613

0

0

0

210
493

0

0

00

Stage 2

p?

tj
ill?
r2tjj,
J':

80

180

0

0

0

60
291

0

0

40

355
óil

0

90

703
0

0

0

90

ilòJ
0

0

00
Stzige 3

p1

ri
W?

4i
T3

70

250
0

0

0

75

366

0

0

150

540

0

0

60

/ t)ó

0

0

0

30

u1J

0

0

00.31.2

uo u)letrolì
Àj*

^,

0

0

0

0

0

0

0

0

0

0

li-j' rerlesents the ts ri'

T¿i¡le 7.9: R.csult of Case 5.

fj-j' r'eplesents the sec¡:encing of palts ri'ithiu the
allocated cell. Fol'exanple, sequerÌce 2-5 exists in cell 2
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Table 7.10: Cornpalison of lesults

Case Diffelert costs ($) Total
cost
($)Llell Sctup VVIP ÌVI/c Eall¡' Late Adcl.

iclle finish finish machine

1

2

3

4

5

10000000

20 31 2.8 5.6 0.4 0 0

2020.1 0.7000.31

20 24 0.87 7.71 0 0 0.03

20 2 1.85 0 0 0 0.31

10

59.8

23.11

52.61

24.76
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Table 7.11: Cornputzrtioual conrltlexitv of modcls.

\,Ioclel -+ Subnrodel 1 Stbn.roclel 2 Sul¡lnoclel 3 Clenelalizccl
N4oclel

Nlodel Stze'

Numbel of
valiables

(i) contiuuous
(ii) bilaly

Nnnbel of
cortstlaints

4n lç

lt2+Ì

3n2l<+nk+2ll

4nk + 2n
n2 1rt

3n2li+nk+3n

n2li+4nk-tÌ
12+lt

4n2li+2n

n2k -l 4nk +
tt2+l

4n2li+3n

ì'ì

Compr.ttatiola,l----@
Case 1

Case 2

Case 3

Case 4

Case 5

00:03

01:13

00:07

01:13

00:07

00:04

04:55

00:08

03:13

00:07

00:06

06:59

00:32

07:00

00:50

00:06

08:51

00:32

07:45

00:56

r l-nnmbeL of palts ancl lç is nnml¡el of plocessing stages
2 compntational time (in minute:seconcl) fol problem size r : b, k - S
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Table 7.12: Compntational lesults for 6, 7, 8, I and 10 prilt pr.oblems,

Lunl¡lacketecl numbeL is fol continuous vatiables
ancl bracketerl is for binaly valiables.

Nurnlter
of
palts

Nulnl¡el of
i,alial¡lcsl

Numbel of
constr'¿rints

Total
nocles

(pivot)
solved

Optimurn
foulcl at
nocle (¡rii'ot)

Time
(uriu:sec)

tl 186(42) 450 8(431) 6(230) 00:32

7 238(56) 609 20(1237) L7(1061) 02:02

8 2s6(72) 7^.) 5e(6341) 34(3508) 03:00

I 360(e0 )
ooo 54(s204) 31(2780) 25:16

10 430(110) 1230 e0(13713) 3s(3687) 40:00



Chapter I

Conclusions

Irr this chapter', conttil¡rttions of the lcsealch to cell folrnation ale prescntecl irr

section 8.1. Also, dilections for futulc r-esealcll zrle Jrliefll' discussecl il section 8.2.

8.1 Contributions of the Research

The objective of the cell systern of plocluction ol cellulal marmfactuliug (CNI) is to

acltieve efficiencies in pr:ocluctiol by suitably clecomposilg a lalgel systeru into smaller'

snbsysteu.rs. Al irnpoltant issue in clesigning Ci\,f system is cell for.rnatiot (CF). CF

consists of iclentifying part far.nilies (PFs) and machine groups (À,IGs) such that the

palt families a,r.'e plocessed il'ithir a rn¿chine group u'ith r.ninimuru intelaction ri'ith

other cells. The objectives of tliis partition ale two folds (r\,Iiltelbulg arrd Zhang,

1ee1):

1. l\¡ithin a part machine gtorq) ot cell, each machine is visitecl by many parts,

that is, thele is a high nsage of the machines by parts; aucl

2. Ferv palts rec¡rire plocessing on machines il othel cells.

The ¿bove objectives can be interpletecl as rninimization of voicls and exceptional

elenents il a part nachine matrix rvhich t'eplesents the plocessing lequirements of

palts. The CF ploblern has attracterl a gleat cleal of lesealch effolt ancl nurnerons ap-

pr-oaches have been ptoposecl fol paltitioning the matlix. The cor.nmo¡r chalacteristics

of llost of the algolithms are the follorvilg.
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- They clo not plovide a sirnultalteous appronch to CF.

- Rearratrgetttent of uratlix is often souglrt by rnaxirlizing ilidilect measules such

as similarity inclex ol heulistic pLoceclnle.s.

- They tlo lot h¿r'e tlie flexibilit¡' to cleate la.r'ge loose cclls ol small tight cells to

plovicle the clesiguer rvith altern¿te sohrtions in a stl'uctur.ed man[eI..

- They requile manual/stbjective iutervention to iclentify palt fzrmilies arrd r.¡a-

chine glonl;s. Fol lalge uratlices this l¡ccornes i'clv difficult.

- Pelfoltualce of these algolithms are often lepoltecl for only small stmcturecl

problerls. Cornputation on lalge m¿'¡tLices is usually not repoltetl.

- Considct'atiol of the plesence of altelnate plocess plans alrl aclclitional rurits of

same machines ale lot aclecluately addlessecl.

- Tlie5, ¡16 not colsiclel the effect of cell size on material hanclling dLrring cell

folmation, (except Sankalan and l(asilirgarn, 1993).

- No ploceclule is avail¿ble to consiclel' operational variables such as \,VIP inve¡-

tolies, machine utilizatiol, palt eally ancl late filish, ancl seclLtelìce clepenclence;

atcl consiclet'ing investrnent in solving CF ploblem in a lepetitive rnanufactnliug

environntelt.

In this resealch rve provicle cell folm¿tiot (CF) ptoceclules rvhich ovelcorne the

above dlarvbacks. In Chapter' 3, a nonliueal matherlatical proglanming lnoclel is

clevelopecl for CF rvhich iclentifies palt farnilies (PFs) ald nachine groups (N,IGs)

simnltaueously. The model consiclels minimization of a rveighted snm of voicls ancl

exceptional eletnents as the objective. Then, an itelative ploceclule callecl assigrtrnent

allocation algoi'ithm (AAA) is ploposecl to solve the moclel. Li AAA changing rveights
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for voicls aud exce¡rtional elements gives the clesiguer' âltcr-natives to folnr lalge loose

cclls ol strlall tight cells. ÀAA cloes uot tequile any mamal intelr,eltiou fol iclentify-

ing PFs ald N¡lGs. Pelfolmalcc of A.AA h¿rs l¡een conrpale<l n'ith ma.n)' rvell hnori'n

1:r'oceclules fol thc ploblenls selectecl fiom litelatule. The problents testecl consist

of tvell stluctulecl as rvell as ill structnlecl matlices. AAA h¿s lteeu fould to be as

goocl ol l¡ettet'on this cotnpztlisol. AAA is vely siltple alcl less col.nputer intensir.c.

Lalge plobler.rls \f itlì 400 ¡ralts antl 240 n¿ichines rvere solvcrl usilg this algolithrn in

less than a nriuute on Sun Slralc 2 statiol. ln Chapter' 4, a. mole lol¡ust Sirnulatcd

Anncaìilg Algolithn (SAA) is clevclopecl to soh'e thc nonliueal rnorlel clcvelopecl in

Cliapter 3. This ploce<lure gives rììole consistent lcsnlts than the itcl'ative l¡r'oce-

tlule, AAA. Horvcver', SAA takes significaltl5' highel cotnputatiol tinre. Fol lzr.r'gel

ptoblems it has l¡eeu foulcl plefelable to nse AAA a feu' tirncs l'ith diffelent initial

solution la,thel thal using SAA.

In Chapter'5, the nonlineal moclel clevelopecl is fLuthel extencled to consiclel al-

ternate process plans fol palts ard aclclitional rurits of same machines. The solution

obtainecl usiug AAA on the extentlecl moclel inclicates that il the ptesence of altelnate

ptocess plans the algolithrn has a gleatet tenclency to converge to a local minir.mrm.

To oveLcorne this, sirnulatecl annealing (SAÀ) is again usecl to solve the noclel. SAA

solutions rver-e founcl to be optinal fol all the ploblens tested np to a size of 300

p¿ìrts rvith 720 process platrs, and 50 rnachines.

A goocl clecornposition of the patt machilte u¿tlix corrlcl be arrived at by consicl-

ering the tracleoff bets'een intla cell matelial hancllilg intel cell matelial handling. Iu

Chapter 6, rve clevelopecl ¿ù two stage ploceclule to lianclle this situation. Il stage 1, a

nonlineal moclel ¿ud Sirnulatecl Annealing Algorithnr are (leveloped to minimize the
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total intla cell arrcl intet cell rnatelial harrdlilg costs. In the calcnlation of thc mate-

rial handlilg costs, ptoclnction r¡rantity, efect of cell size on unit iltla cell haudling

costs, effect of scclttcuce of opelatious alcl mr.rlti¡rle norr-consecutive visits to the same

machine al'e cousidelecì. In stage 2, an integer: pr-oglantrning urodel is develol¡ecl to

fitt'thel itnprovc the solution obt¿rinecl in stage 1. The uroclel collsiclels the options to

r-e-assigu the opelations ivhich lesultecl in excel>tional elements in stage 1, aud extr-a

units of machines as arailable.

Il Chaptel i', rve have aclchessecl cell folrn¿ltion il a lepetitive marmlàctuling s¡,s-

tctl rvhele the palts ploduced usnally lc<¡.rile the sane set of rnachines ancl il the

saure order. A t.nixecl iuteget ¡rrograrnming rnoclel rvas clevelopecl ivith the objectit'e

of rlinirnizing the in'r'estrnent ancl opelatiolal costs. The opelatiolal var.iaìtles cou-

siclerecl are sequetìce clepclclelce setup, machine idle tirne, palt inventoly, pzlrt early

ancl late finish cor.nparecl to clue clate. Corlputational expelience of thc moclel for

ptobleurs that consicler up to 10 parts, rvhich is r.rsually tlie case in lepetitir.e marrrr-

facturing envi::onnrent, is ltlovidecl.

8.2 Directions for Future Research

Tìre follorving ale proposecl as (litectiolts fol further leseaLch:

o Develop a 'hyblid' proceclr.rle rvhich uses SAA ¿t the beginnilg ancl srvitchilg

over to AAA aftel a ferv itelation to provicle AAA tvitli a goocl initial solution.

This shoulcl plovicle a good solution rvith less cornputational time.

r A mole cletailecl analysis is ueeclecl on developing simulatecl annealing scheclnles

for cliferent pÌoblem sizes alcl ranges of values of input data. This ivill p::ovirle
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a guicleline fol setting values of pa::anetets fol a palticnlar. problern. Also,

fol' SAA rliffclent stlategies fol gcner:ating a lcighl;olhoocl solutiol may ìte

expeliurcltecl with, instead of thc use of landon sivitching of machilic stla,tegy

as adoptecl in this thesis.

Tlte plesence of sonrc palts (r'ol's) ancl ntachines (colLrmns) in the palt rl¿rchine

uratlix, aclversely affects the the l¡lock diagonalizatiou of the m¿trix. It rvoulcl

be usefitl to clevelop procedules/guiclelines fol elimilating palts alcl nachiues

ldrich affect the gloupabilitS' of the rnatlix.

At plesent, the objectii'es consiclered fol obtaining a ltlock cliagolal ruatlix is

the rveighted surn of the voicls ancl exceptiolal elerneuts. A ploceclnr.e $'hich car

clilectly consiclel the 'glouping mcasLrLe' as thc objective shoulcl be clet elopecl.

All the moclels clevelopecl in this thesis assnme that tlie clat¿r. available ar.e clis¡r.

But in actual practice this may not I;e tme. Procedules cousiclelilg 'fuzziness

irr dala'shoulrl ìre clevelopc<[.
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Appendix

Let,

l-41 : rmrnber of elements in set A

¿ = inclex of cell

d = rmmber of '1's in the cliagonal blocks

e : ntml;eL of exceptional elenents il the sohrtion

trI : nurlrber of machines

lvl" = ss¡ of machines assigled to cell c

n¿ : ilxìex of rnachine

O : urulrbel of '1 s iI nratÌix rru,u

P : lurr. bel of palts

P" = set of palts allocated to cell c

2 = inclex of palt

z : nunl¡el of voicls in the sohrtion

Then,

O =llap*
l) Ìrr

,Xtt(tr,t,ld:
c pePc m € d,I.

u:DlM"llP.l- d
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Glouping measute (4n)

4s=rl¡-t¡,,,

whele,

Glouping efficiency (4)

,:(L-u,) o-t ,,,, Ã[P-o-u
'O - c I u Ã[.P - O + a - r

A value of 0.5 is lecornnendecl in ZODIAC (Chalch asekharan ancl Rajagopalan, 1987)

for tu.

Grouping efficacy (r)

O-e' o+¿,

tl
d+ u

¿,t/',:7-=
(,)


