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Abstrad 

This thesls deals with the developrnent, analysis and application of a tH'\\' md.hod 

to optimize the allocation of jobs on machine tools. The hcncfHs of this lI1d.hod 

are derived through time-decomposition of the schcduling horizon. 

The decompC'sition scheme is based on the scheduled now of jobs l.C., t h(' 

input of jobs to the shop Roor and their departure after pl'ocessing. The par­

titioning procedure divides the planning horizon into 'stages', or t.ime p{'l'iods, 

at which the job-mix remains constant. The optimization of job allocat.ioll i~ 

carried out within each partition and successive stages are trcated sequentially. 

The dynarnic nature of the problem is such that the solution at a stage arrect~ 

the boundary conditions of the subseqllent stage. The Constant Job-l\1ix St.<\)!;(' 

(CMS) algorithrn developed to solve the job allocation problem, élccounLs for 1.1)(' 

setup times and enables one to obtain integer solutions while rcducing slack 011 

machines and enforcing due date on jobs. 

The application of the algorithm is demonstratcd for threc differenL Cil,:,f'S. 

The firsL two cases Cocus on singlc operation jobs and rcprcscnt two difrcl'('nt 

approaches to scheduling. The former is concerned with sch<:'duling jobs frolll 

starting times illustrating 'push' system while the latter is due date drivcn, rcp­

resenting a 'pull' system which corresponds to the just-in-Lime (JIT) philosopby. 

The third case deals with the assignmcnt of multiple operation jobs to machine 

tools which dre grouped according to processes. The rcsults indicatc that th(' 

optirnization based on the constant job-mix stages, lcads to incrcased utilizatiotl 

of machine tooIs, higher production rate, with shorter makespan of individllal 

jobs and reduced comput2.tional time. 

The possibility of interfacing the CMS algorithm with the othcr cornpotlcnb 

of manufacturing systems is also discussed. The opportunities for the Cnhéltlce­

ment of integrated intelligent systems, through open and fcedback loops arc 

pointed out. 



l Résumé 

Cette the!:", ! raite du développement, de l'analyse, et de l'a.pplication d'une nou­

vell!' méthode pour optimiser la répartItion de tâches sur des machines-outils. 

Lc's avantages de cette méthode proviennent de la décomposition temporElle du 

calendrier de planification. 

Lp plan de décomposition est basé sur le flux planifié des tâches, c'est-à-dire 

~llr l'aniv('(' de tâches dans l'atelier et leur départ une fois ac':omplies. Le pro­

('C'f->SlIS de fractionlle!1l('nt divise le calendrier en étapes ou i11lervals de temps 

!wlldélIlt ksquclles le job-mix reste constant. L'optimisation de la rèpartitioll 

de.., tâches s'pffeclue au sein de chaque fraction ct les étapes succc~.sives sont 

trélit<:·cs de façon séquentielle. La nature dynamique du problème est 'telle que la 

solution :td'îptée ft une étape affecte les conditions aux limites de l'étape suiv­

ant.e. L'algorithme Cl\1S ( Constant Job-Mix Stage) développé pour résoudre le 

problème de répartition de tâches tient compte des temps d'installation ct permet 

d'obtenir des solutions entières tout en réduisant les temps-morts des machines 

ct. PI1 assurant l'accomplissement des tâches avant leur date d'échéancp. 

L'algorithme peut s'appliquer dans trois cas diffcrents. Les deux Plemiers 

cas ne conC<'rnent que les tâches ne comportant qu'une opération et représentent 

deux approche~ différentes de planificatio!1. Le premier conceme la planification 

des tâdH's ft partir des temps de départ, illustrant le système "push ", alors que 

le second est basé sur la date d'échéance, représentant un système "pull" qui 

correspond au prinCipe du Juste-à-Temps. Le troisième cas traite de l'affectation 

de différ<,ntcs tâches sur des machines-outils regroupées par procédé. Les résultats 

montrent. que l'optimisatIon basée sur les étapes à job-mix constant conduit à un 

taux de production plus élevé avec un temps total d'accomplissement de chaque 

Utehe' pl us court ct. un temps de calcul moins imr mtallt. 

La question de la communication entre l'algorithme CMS et d'autres com­

posantes du systi'mc de production est traitée aussi. Les possibilités de renforcer 

les systèmes intelligents intégrés grâce à des boucles ouvertes et des boucles 

fermées sont également discutées. 
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1 Statement of Originality and Contribution to Knowlt'dgl' 

Th(' allthor of this tllf'si~ daims originality for t !II' dl'\'('lopl\lt'lIt uf t ht' fllllll\\'IIlP­

ronn'pts' 

- Thr de\'(~J()pJl1ellt of il TH'\\' mf't bol! to IMI t it ion t II(' ~(lll'dlllll\p- !tUII/U1l TIl!' 

schell1e is hased 011 nI(' ~rhedlllcd no\\' of jnb~, t Il('il illput and ollt pllt 1'10111 

the ~hop f1oor, suclt tbat tl](' partition" ha\'(' roll~t.lllt jol'-lIIi:--. 

- The dynamic optimizatioll prillcipk The optillliltltioll )lron'dlllt' 1110\1'" 

fl'om olle st il,!!': LJ the Ilext pro\'id ing il 1 i Il k 1 H't \\'t'I'II tlll' :-,1 'Ip,t'~, t', PO"IIIp' 

the dynamir nat ml' of the problem. 

The constant job-mix stage' (Cl\IS) algolithm d,'wlop('d 011 tllC' h.t~i ... 01 tlll' 

abo\''.:' two conccpts, i~ constllH'd clS an original contl'ibl1tioll to tll/' lil'id of JlIO 

c\uction systems. This algorit.hm cnahlcs olle to ohfédn int"gel' ~ollltloll~, Il,dllu'., 

slack 011 machincs and cnforccs dllc dates 011 job~. Ail ('qllation i.., d!'ri,,!'" tu (11111-

pute the computational timc savings \\'11('11 Cl\IS algOl it hm i.., applil'c1 fUI "11Ip,11' 

and multiple operation jobs, ill comparisoll with aggl'<'gat.C'd ,IPPIO,t( h. 
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Chapter 1 

Introduction 

1.1 General Remarks 

.Job allocat.ion dccisiotl is a \'cry important activity in the production planning 

flllldiOIl of a mallufacturing cnvironmcnt. ft has particular implications to the 

m(\chill(' tool utilizat.ioll, factory efTiciency , product quality and ahility to meet 

dlle dates. 

Bec(tusc of thcir scnsitivity to various performance measures, joh allocation 

(h'fisions are quite complex. Several methods and procedures arc b13ing developed 

to lIl<'et. this challenging problem. As a result, there are a variety of solutions 

sl\ggc:,tcd, célch analysing the problem from different perspectives and with dif-

[l'l'ml dcgl'cl's of compl('xit.y. These procedures involve substantial amount of 

Ilwt.h('l11atical calculations and the use of computers help to a large extent in 

t.he dl'\'l'lopnH'nt and application of solutions. Yct job allocation Îs one major 
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.. 

function which has not taken fuH advalltage of computcrization in a mallufac­

turing system. The current rcsearch in this arca inc1udcs Ilot onl)' optilllizing 

the job allocation function, but aiso integrating the other compon('llts of tlH' 

manufacturing system with this function. 

Job distribution on machine toois is a short, rang(' (apacity d('cision assigning 

jobs, activities or tasks to availahle resources (machine tooIs). The rc::mlt of this 

process is a timetable which descrihes exactly wherc and how much of each task 

should be performed. In addition, the schedule details regarding the C0I11111('IIC('­

ment of each task and its dur .. ttion, serve to obtain a better knowledge of the 

How of jobs on the shop Hoor. The proccss of job allocation hclps to provid<' pro­

duction control hy determining the load on machine loois and hcnce to idf'lltify 

the bottlenecks on the shop Hoor. 

In the production planning function, job allocation should bc clcarly diffcr­

entiated from job sequencing as the term 'scheduling' is orten uscd to f(ï)feM~llt 

both these activities. The purpose of job allocation is to distrilmtc jobs on ma­

chine tools such that the available capacity (of the machine tools) is cfficient.ly 

and effectively uscd. The purpose of sequencing is to detcrmÎne the order in 

which the jobs or tasks have to be perforrncd ou a machine tool in orcier to besl 

sat,isfy sorne criteria like minimum makespan of jobs, minimum taroiness, etc. 

The job distribution function being an allocation decision, uses the information 

made available by the aggregate planning and facilities planning. This involvcs 

ming for aH production line over approximatcly one year ahead. Thus, job-

2 



1 
rcsourcc allocatioll is the most constrained decision in the hierarchy of capacity 

plann ing dec:isions. 

Conflicting objectives arc often thc charactcristics of job allocation decisions: 

high cfficicllcy, low invcntory and complction of aIl the tasks or jobs wi·.hin 

the duc dates to cnsurc prompt customcr service. Efficicncy is achieved by a 

job allocation schedule which maintains high utilization of labour, equipment 

(machine tools) and space. Of course the schedulc should scek to mainlain 10w 

inventories, which may lead to low efficicncy due to lack of available matcrial 

for proccssing, or high setup times. Thus a trade-off deci~ion in job allocation 

fllHclion betwccn high efficiency and low inventory level is required. Thf' primary 

aim of job-rcwurce allocation decision is, therefore, to make a balance belween 

conflicting objectives so as to arrive at a satisfactory performance of the ove raIl 

manufact.uring system. 

Job allocation is not only influcnced by several factors, but also highly depen-

dant liron the dedsions made elsewhere in the plant. Apart from these decisions, 

various factors constrain it by adding complexity. As a result, existing job al-

location problem solution procedures are sub-optimal. This is because (1) the 

factors which influence the decision proccss are simplified in order to reduce the 

complexity (e.g., setup times being considered as a part of proccssing times) and 

(2) the dimensions of the problern arc reduced so that a computational solution 

is fcasible. These approximations often produce unrealistic, unsatisfactory solu-

tions. Thcrefore the importance of dcveloping a simple, computable but realistic 

3 



ge!1('ral solution procedure must 1Jl' (,l11pha"iz('d. 

Sillcc' the joh alIocatioIJ funct.ioll also 11Iflul'IH'cS M'ver,li ut ht'I (tll\lpllllt'lIt ~ of 

the manufacturillg syst<'lll, il, is imperal.i\"t, I.hal. it 1)JIl\'idt'~ th('IlI(l~t f,l \'PI Il <lllh· 

conditions for the ot}H'r activit.il's. 111 tlti~ cOllt('XI.. ail optimlllll ~olllti()11 fOI juil 

allocation is desired for a ::.pccifIc j)erformél.I}("(, cril<'ricl. III ('xi~t ill.!!. Jllu("('dltrt·~ 

the searrh for optimum job allocation is th(' main Cilll~(' of liiflit"tllt ies ill CtJllI(lUt ,\­

tional solution. Thus tl\(' Încre'asl' in complexi\.y of joh c1\1occltjoll pr()bklll~ lt-.. t! ... 

to ~ub-ùptimal solutions. IIowewr, reahonahk appl"O''\illlatioll i~ cI('( t'pl ,Ihlt· I)t'­

cause optimal joh allocat.ion is diffi.cult, 0[1.('1\ imp0!'lsillk. III mu ... t. ('iIClllll:-t.III(,t·~. 

the optimizatioll tools aIe' combillt'd wit.h a sd of l'lIkh. SUt lt il plt)("(·dlllt· PIO­

duces acceptable results whil<' !lwe! ing the' dcfiI\f'd ct il <'1 i,l. 

1.2 Motivation for the Study 

The Jnh distribution fllllction Ileips in several asp('ct~ of dt·( i~i!)11 IIldkillg,. II. "i(b 

in dctcrmilling the type and al110lln1, of r('~ollrc(, (Illclchillt' loob) 1('ljllil<'IIH'III, 

additiollal capacity net'ded and tlwrcby to idcntify the bottlPll('cb. II, i ... ('~"'('lItifll 

that the job distribution in a manufacturing syslc'Ill Î<; CcliI i('t! 01\1 t'fficÎl'lIt.1y 

bccallsc in man)' CirCUlllf>tallccs th<, IIcC<.'hsit.,v to proCIIl"C' éHlditiollaJ r(\CiJit.i('~ (fllI 

1)(' postpol1cd by efficicnt loading of existing machin(' look 

\Vhile scheduling problpms of varying dcgrccs of important (' 0('( Ilr ill ilii tyP(· ... 

of systems, they are particularly complcx in job ~hop~. A job !->hoj> i" <t pro! ('~,,-

4 
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for lI'>Pr! productioll ~y~1,('!Il that ('mploy~ gellcréll purpos<, ll1<1chinc toob. SOIl1C-

till](,S, ill ail OP('Il ~hop, production is C(,mmellccd ba5ed 011 rustorners' orders. 

1\1. otlll'r t.illJ('~, il! the (,éI~C of doscd shops, it is based 011 invento!'y replenishrncnt 

dl'ri~ions. III il joh sho]> a large' l1umlH'r of diffcrcnt products arc processcd, cach 

ill a ~I)('('ifi(' lot sizes. Fin,!. collle first scrved, random selection and other priority 

l'lIks 1.0 load jobs on machines HW.y Ilot hc applicable for al! situations and some-

tilllt's they will prove unacccptabic. This will l'csult in delaycd dcliverics and 

IIrd"dilll(,(,c! utilizat.ion of resources. 1\ clcar understanding of the job allocation 

IH'O('('dlll'<'s al, the Illost detailed l('vcl will hclp 1,0 alleviate thcse difficulties. 

,Job shops arc' characlcrizcd by the variety of jobs that has to bc proccsscd 011 

lilllit,cd ('('sourTes and thc set of tasks performed on each component differs widdy, 

This leads 1.0 an incrcase in thc dimension of the problcm wh en optimization 

is il tt('1ll p/,ed using tools likc li near (L.P.), or other mathematical programming. 

l\lo\'eo\'('\' in many situations the time and cost paramcters governing the problem 

a 1'1' aSSIIII1C'r! 1.0 be constant o\'el' the cntire scheduling horizon. This is unrealistic 

('sl)('cially W!H'1l the horizon spalls a long period. I-Ience it is imperative that a 

11('\\' procedure bc developcd to partition thesc problems such that the random 

chang('s ill the' variables arc accommodatcd. In a job shop, setup times are 

sigllifkant dut' to the variety of jobs that are processed and the schcdule is 

dYl1arnically as)'nchrollous becausc jobs have different arrivaI and complction 

t illlt'S. Ail ('fIicit'llt job allocation procedure should address these issues apart 

froll1 optimizillg the assignlllcnt. 

5 
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1 III ill,!!, H('~o1ll'(,(, PlélllllÎll,!!, (~IH l' Il) IlcI" \)('('11 ""c'd \\ it li \<11 \ in)!, dt')!,I!'!'!I1 "111\ 1':--" 

hy :'OIllC of tlw lillg(' plUdllCI iOIl pléllib SIIII (' joh "hup:-- Il''II,dl,\ "dll'l\lIk plU 

cl1\cl ion for ~pecÎfic CII~tOIlH'I"'. 011 "j)('1 ifil ,,('t ur Ill,\( hilll'~, Illi t \11' l'd~i., 01 t III' 

orc!e'rs J('cf'iw'd, ~IHP " Wél~ fOlllld tu Il(' 1( .... :, clpplÎ' ,Ihll', ~IIlII'n\I'I. tll\' \I.'''!I'I 

PlOductioli Sc!H'dlllc (~IPS) g(,IH'lëllcc! hy tire ~\IBP rI ~,\:,tC'IIIII',I\I'" tllC' IIlcll Ir 1111' 

luadin,!?; fllllction 1,0 tl)(' fore'lIIclll alld thi~ oftl'II 1 ('''1\1t" ill thl' ullcll'I "till/,dloll!ll 

t Il<' IlInChill(, toob, Hellc(' il i~ 1I('C('~~al \' t Iléll t II(' joh cdlo( ,II iOIl 1'11111111111 i., !llIl 

olll~ opt imiz('d bllt abo nexihk ('lIoll.e;h tn \)(' cd,lf' lu ill1l',!!,ldfl' \\'It Il nt 111'1 ", t 1\ 1 

modlllc, Su(h Cl lillk \\,0,,1<1 l'Itllall{'(' llJ(' ".\~I"111 jll'I[OIII1,III«' ,on~lltlltlll,t!, "" 1111 

portallt :-tep towards fil<' illt('grat.ioll of i"follllatioJ) Il,,\\, ill "Olllpllll'I illt(',t!,I,lfl'd 

III ail Il [a ct mi ng ((' nI). 

1.3 Thesis Ontline 

The' mailJ ohjectÎ\'(' of 111<' flH'si~ 1" 10 d('\('lop cl It<'W plOC (·dllt<· III "\'tlllll/I' tl\(' 

allorill ion of joh:- on lIIélChilJ(' tools. TIH' dr('cl i"('I1('''':-'' of 1 hi" plCJI ('111111' 1'" ]'1 (1l1!!,!11 

ahollt 1 hrough il dpCOIllj>ositioll ~ch('nj(' wltl! h pd!'1 il i()l1~ 1 hl' pldllll illt!, hOllZOJl 1111" 

dÎ"bions. hasrd t Il(' sch('d"kd no\\' of job.." TIJ(' c!('('Olllj)()..,il iOIl "'1111'1111' 11·"d ... 1 Il 

lhe devcloplllcnt of ail algorithm to ~()I\'(' jolI allocélt.ioll J>lol)I('III~ rI!ldlnill,!.!,'" lu 

light t.he pl}~sÎhility of illtl'gratinp, t hi~ \Vit It otill'i proc!"f tioll plelll!llIl,!.!, 111111 t iOIl"', 

(j 



1 li",> ('lIhflll( III.!!; ('1:\1. 

TIJ(' impolI illIC(' of 1/J(' plallllillg fllllcl iOIl in a lllaIJlIfarl1ll'illg ('II\'ÎrOIlJlH'lIt 

dlld Il)(' lolc' of jol, iLlloc<ltroll ill tlJ(' capélcity d('cihioll fUlIct 1011 an' explaillcd in 

(IJ,IP!.('I' 1 TIJ(' mo!.ivat iOIl fol' t!J(' :-.t IIdy of thesf' pl'ohl(,llls, ho\\' il. aid:-. in \'éIJ'iouf-

(~hcl"t "1 ~ providc1'> il critical rcvif'w of th(' \VOl k done 011 tl\(' pl'ohlf'111 of joh 

alloc," 1011 pl'o"lclII~ TIJ(' chaptcr cOllclllt!('h with an evaluation of the limitations 

illll'o,>,'d l,y :-.c\'cral of t.!)(' PXiHt.illg :)Ollltioll proced1\l'(,s, It. appf'al'S t hat l)('célllHc 

of 1.11(' (Oll~t !ilill1.~ alld limitatiolls illvolved iJl sc\ect,illg 1.h<, IJill'élll1ctf'rS, existing 

1'11/1 ('dll!c:-, t"lId Ilot to re'pre'sf'lIt a rf'alistic joh shop ellvÎronnwnt. In this part 

of dl(' t I)('si~ ail ùt.t(,ll1pt. if, ll1ad(' 1,0 Îll1pro\'e the situation. 

('!J,'I'1.I'! :~ di:-.cu:-.:-.(':-. th(' JII'I'd for partitionillg t.he scheduling horizon and thC' 

pllllCiplC's IIIJ(IC'I'I~ illp, a proposf'd sehe'me. The time decomposition scheme ba!'C'd 

011 t III' sr!H'dlllC'd flo\\' of joh!'> is df'hCli\wd in detail. The chapter also prcsC'lIts the 

d~·tltl tille opt IIl1lzat iOIl principl" whieh f\ludions within cach partition to allocate 

jo\,:-. 011 IIIiH hil((, tools. Th" betl<'fits of the partitioning scheme alld dynarnic 

opt itlliZcd 1011 principl(' ml' d('scrilH'd. 

'l'Ill' ill~orit hlll has('c1 on tlJ(' part itioll procedure and the dynamic optimiza­

lioll pritlciplt, which \\'('1'(' d('scrihed in the previous sections, is outlined in Chap­

t!'r 1. TIlt' L. p, tllod('l for the' joh allocat.ion problcm is formulatcd and C'xplaillC'd 

in d,'1 clil. Th(, fil Il ct ions of t II(' algorithl11 and its cOllstituents, natncly, t.he lincar 
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1 (,hopter ,) COlltcllll'> tll!' d('IIl()Il~tr,1!101\ of titI' <d)!,ollthm ,Ippli\ ,1111'11 III "II\~'" 

operai iOIl ~('Il!'duhll,!!, prohlclll". 'l'Ill' ~1,!!,lIi1il ,11\1'1' 01 "ill)!,k \']ll'I,tlllltt 1\.1.". 1 II\' 

pos:,ihlc appllCatloll'" ur III!' 1>101,]('111 1" dl'"crilH'd. Il1<' 1I111lll'iIt dl 1'\<1111]111'" illll" 

t l'cd!' t IH' appliccl1 iOIl of cdp,orit 11I1l l'Ill cl 1 fI"l' (lI 1I11t1t ipl,' inl,,, ('cl""" \\ II!'I" IH.I Il 

tl\(, "trlrtill,!!, cllid (oillpictiofl tillH'~ of job" dlC' kll()\\fl <11\11 \\!t,'tt (Ill" tlll' CIIIlIlt!I' 

liofl tillws arc kllO\\'II. éll(' étllctlyz('d. ,\ ~élillph· (Ofltlul ]>1 Il,1!.1 .1111 ",,('cl ICI "lIh,' Ihl' 

L P. ontl the· ~lImll1ary of (,olllplllatiollcd 1(,~lIlt" <III' l'lm Iclc'c1 III "ppI'I"II' ,'" \ 

th!'~!'clr(,("olllpéll'('d ",ilh t!t()~('uf"tcllld(\ld plclctic('". ('Ollq'lll"tiol1,t! ""1"'11".11,' 

highlighl!'d. 

Chapt('r (; (k(t1~ with the Illllltipk OpC'ld!I"11 j"l, ,,1101' \dlil Il 1" "Il 1'\t"II"i"1l 

of it~ ~illgl<' upC'rcllloll (·Ollllt('rpc1l1. ï II(' L.P, !()llll1dcill,,1I cille! III!' !l1l\\ ,110111 

of tlH' algonthm. Illudifi('d lu 'luit 1l11llt Ipl<' OJH'I"t 1011 1111. "hl/l'''' dl" Pll/\ Icll'cl 

,\ llllllH'ricéll C'xalllpl(· dC'11l01l~tréll!'~ III<' cl\lpli<cl1l{J11 of tll<' it!!!,UI Il hlll III ',11<11" 

Cé\:-.t'. The f('~lllh hring to light tll<' h('IH'lib of III<' ctl,!.!,Ol1tlllll O\C'I tllC' Sholt,',,1 

Proc('~silJg Till\(' (SPT) mie. 

'1'1)(' po~si"ilrt i('~ of ilICOI JWlcd in,!!, t h(' pcil t it iOIlIlI!!, "1 IWIII<' dllr! 1111' opt 11111/01 

tioll algorithm illlo iutC'llip,t'llt lIIél 1111 f(\ ( tllIÎI1,!!, ~.\ ,,11'111 i" cll..,c Il'''''I'd III C IIdptC'1 7 

'l'hl' variol\~ factors t hat shollld \)(' 1 oll~ld('n'r! ",hil(' dl'<'iglllll!!, "11111 <III illllli l'Cl 

ration are al~() d('~C1 ilw(1. 

in the tht.'si~. as w('l1 a:-. J('rolllll1('I\(léJti()Jl~ fUI flltlll{' I(':-'('cll(" WCllk, 
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Chapter 2 

J ob Allocation - State of the Art 

Review 

2.1 Literature Review of Studies on Job Allo-

cation 

TI\(' job ,dlocat iOll prohlcm falls illto the gcnelal rategory of job-resourcc assign-

llIl'llt. A Vat il'ty of t(\xonomi(' proc('durcs have bccn provided for dividing job 

;dloc(\lioll prohl<-ll1!-.. Based on the processing complexity Graves (1] classifies the 

(>101>1('111:- dS: 

1. 0111' operat ion, OIlC proressor 

2. Ol1t' Opt'rat ion. lJlulti-proccssor 

:J. ~Itllti operation job shop, tasks pcrformed \Vith identical precedence. 
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1 4. 1\ll1ltl operation job shop, tasks !)('Iformed \\'ithout allY !ll('('('dt'Iltt' 1'011-

straints. 

In a multiple operation manllfactm ing (,1\\'II'01\l1)(,lll t!\(' juh alllH'cttinn prohklll 

has the most complex fon11: th('r(' arc no restl'illions 01\ the plon's:-,illp, st,(,PS for 

a task and alternative routings are allo\\'cd. This IllclY he dw' tu t Ill' colllpldl'Iy 

gCl1eralnature of the muJti-opcratioll job shop category; hO\\·l'\'('I. for pl odllct!Olt 

lincs which are limitcd by a hottlf'l1cck !-lcct i011, simpJ<.r cat('~()ri(':-, lib, SI Il!!,''' 

operation probJ('Jll me important. 

A standard approach 1,0 joh-I<'sollrc(' allocation prohll'Ill is t.hrollgh t III' ,IP-

plication of li !1Cé\ l' programming. Typical for t il is é\ pproa ch cil (' Ut<' WOI k.., I,'y 

Horn [2] and Powell [:3]. The formel formulatcs tlH' parctll<'l lllélcltilH' l,oob, :,ill-

glc operation job shop scheclllling problem as an as:,ignllH'nt Il\oc!('l. TIJ(' lilH',11 

programming formulation with minimum meitu flow Lime CI itcrioll cOIlV<'rl,s tl\(' 

model inlo an assignmcnt problcm. A similar approach i:, fol\ow('r! I)y !Io\\'(·11 

where a ~;imple lineal' programming mode! to millimizc the Pl'ot!t\(·tivl' ('ost, is 

formulated. 

For a case of two identical machines Lawkr and Mat tel [,1] :,pill'ch fOI élllo( atiol1 

to satisfy minimum JaLe job requiremellt. lu a threc :,t,ep i11!!,ol ithlll t,)l(' jobs 

which are subjected to deadlines are scbcdlllcs within t.Jl(' fixcd tim(' illtel val 

besicles minimizing the number of latc jobs. Sincc tIte procedure involvl''i Ii~till,!!, 

aIl possible schedules, it is a tcdious approach and this hecoJllc~ iJlcJ'('asill,!!,ly 

complex as the number of jobs increascs. Whcn /vI idcntical machi!l(! I.oob are 

la 



'" 

lIscd 1,0 proC('ss N jobs, McNaghton [.5] provides a solution procedure in which a 

IO~f> functioll is d('fincd for cach job. The value of this function is proportiollal to 

the time b('tv,ccll the deadline <tlld the actual complet ion of the job: it is zero if 

the job is pl'Ocesscd within the dcadline. Thc jobs are assumed to be preemptive. 

1I0wpv('r 110 examplcs \Vere provided to demonstrate the solution procedure nor 

wa:; t.he complexit.y of t.he procedure discusscd. 

Lincal' programmillg clcals with a statie matrix of jobs and machines, which of 

cOllrse, rcprcscllts a fundamental constraint, resulting Ilot only in the departure 

from realistic situations, but also leading to increase in the size of probiem. In 

order 1,0 tacklc SlIch large problems several techniques have been proposed to 

partition the planning horizon which will result in sub-problems of smaller size. 

Pel'haps the pioneering work in decomposing a general multi-stage lineal' pro-

grall1llling problems was carl'ied out by Dantzig [6]. The scheme consists of 

dividillg the planning horizon into st.ages of equal time period and a S~Jtus vec-

t.OI' ddincd al, tile lll'gillning of each div:sion such that this provides the only 

COI11l<'rtiOIl bctwccn the stages. While the local optimum solutions are obtailled 

by liueat' progt'amming, global solutions are obtained by a mas ter program us-

ing pat'rlll1ct.ric programming. However, as Dantzig indicates, when the decisions 

élJ'(' tied tog('thl'r by more th an one variable this approach becomes tedious. An 

illlprO\'l'l1lcnt in this procedure is suggested by Lasdon [7] in which the large 

IIIl111her of columns of the L.P. mode] are handled by column generation through 

sub-probl(,llls instead of formulating a mas ter program. Although it is clail11ed 
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that the number of iterations required 1,0 solve the problem is \'(·dll('(·d hy a filct 01 

of two in comparisou \Vith that of Dantzig, the C"omplltational comple'\it.y is <jllitl' 

significant in both thesc cases. 

Although it is not confined to job assignll1ent problellls \Vag1le!" [S] "ddtcssI's 

the issue of solving linear programming problellls contaillil'g 1l1llltip1e but idl'II­

tical time periods. The variables are assigned unique subscripts for ('adl tÎIIlI' 

periods and hence for ]J periods thcrc will be np !,erms in t.he objert.i\'(' fllllct.ioll, 

where n is the Humber of actual variables. Unfortunatcly tilt' variables of ail 

time periods are combined, and this approach will therefore not, provid(' :.tagl' 

sub-problems representing each time period. 

A partitionillg scheme based 011 the arrivaI and complctiol\ tin1<'s of johs is 

another approach to solve job allocation problcms. Nasr alHI EIsaycd [n] sllgP,(':'t. 

a partitioning scheme bascd on the finish times of jobs. AH jobs arc' él~SIIII}('d 

to be non-preemptive and integer programming is lIsed to solVl' the étS~iglllll('lIt 

problem. Integer programming solutions, however, arc complltatiollally illtell­

sive. To deal with the machine loading problem .Jain cl al. [10] divide t\1<' 

planning horizon iuto partitions of equal time durations, say months. In an inte­

grated scheduling system the machine loading is carried out by an L.P. wit,h an 

objective to maxirnize production and thcn employing hcmistics to const.l'uct él 

feasible schedule for sequcncing jobs at various work ccnt.ers. The llIonthly su},­

problems are however, aggregated and the L.P. is solve" for the wholc planIling 

horizon. 
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Ndwork graph technique is yet anot.her method 1,0 solve the job distribution 

pr()l,lclIl~. Dorscy d al. [Il] addresses the prohlem of assigning the jobs to several 

id('lItical machil1(,s over a definite time horizon. The optimal solution is arrived 

ilt hy an initial integer programming formulation \Vith a minimum production, 

illvclltory alld hackorder costs criteria. Subsequently the model is converted into 

a lIet.work graph problem and solved. However, from the computational view 

point solvillg integcr programmillg problems is tedions. Iwata et al. [12] treats 

UI(' prohlclll of assiglling jobs to machines using network graph and an algo­

rithlllic procedure consisting of two dispatching rules, namely: earliest finishing 

tin\(' (EFT) and its extcn:,ion which considers alternate routings, EFTA. These 

pl'oposcd rllles provide shorter makespan (makespan of a job is the time between 

its cntry into the shop and its departure after processing) than other dispatching 

ruks, the' schedulc is not however constrained by the due dates of jobs. As a 

r('sl11t thc setup times are added 1,0 the schedule after the assignment is carried 

0111,. Wlwll setup cost.s are considered in the schedule, mixed integer program­

ming is usct! by Dilts [13] to solve the combined problem of lot sizing and job 

allocat.ion. 

2.2 The work ofM. Alaee at McGill University 

1\1. Alace' [l·I], in order 1,0 formulate a proceoure to solve job allocation problems, 

dcwloped a mdhod 1.0 partition the scheduling horizon based on the flow of 

13 
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1 jobs (i.e., input of jobs and their dcpartllre after pro("('ssillg). Accordillp. 10 t his 

decomposition schcme the partitions arc defilwd wht'II a joh ('I1I('rs t hl' shop or 

when it leaves after processing. Thus wit.hin the ti\lle dmat.ioll of 1 h(' part it.ioll 

the product-mix on the shop noo!' !'cmaills const.ant. 

The jobs within each partition are dCllot.ed by ulli<!1((' SlIb:-.<Tipt.s. \v 1 \('11 t})(' 

sal11e job moves to the ncxt partition, it assumes a dilft'Icnt slIhscript.. 'l'hl' jo\' 

allocation is carricd out llsing an linear programming 111od<'1 \Vit.h ail ohject.iv(' t.o 

minimize makespan. The constraints for this L.P. ale tht' till)(, availahk 011 Ut<' 

machine tools during each part.ition and the total HumlH'r of joh:-. pr()c(':-.~wd 

Alternate routings are aIlowed l.f., a job can be processcc\ 011 dif[e!'('1I1. 1lIi1-

chines. However, the machines are Ilot identical and hl'Ilce t.he' pr()n's~ill!!, t inH's 

of the same job on different. machines arc not the SélITIe. 1'1](' sdll\> tillll'~ il rc 

accounted for in the schedule by subtracting the sctup tillle of ('(teh job il pl iOl i 

from the available time on each machine. Thlls irrespective of wh<,tlwr t!1P job 

is loacled on the machine or not, setup times arc dcduded. 

The solution procedure aggregates aIl the partitiolli>: the L.P. c()lItaill~ 1,11(, 

terms for all the partitions, bath in t.he objective fundioll and in 1,11(' coll~t,rélilJt,:,;. 

This precludes full exploit.ation of the advantages of the partitioll illg IHon'c1 Il n' 

fuUy. The scheme presented in this thcsis is based on titis cOllcept.; in addit.ioll 

setup times are taken into accollnt. An algorithm is dcve\Of)('d suhseq11clltly t.o 

solve the sub-problems sequentially. 
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t 2.3 Concluding Remarks 

ln t.h(' 1)J'opo~(,d allocation modcls, one or more of the following drawbaf.":ks arc 

1. III ~ome of the work:; il. is assumed that setup timcs are part of proccssing 

t.iJJJ('~. I1owever, job shops are characterized by a variety of jobs which 

cOllsume éI considcrable all10unt of setup tjme. It is difficult or sometimes 

impossible' to illcorporate setup times/cost along with processing timejcost. 

2. W\){'ll scV<'ral jobs are considered together, they are assumed to be availablc 

simllitant'ously and have a common compldion tirne. 

:1. Alt('rnate routings are not permitted and hence there is no chance of pre-

empt.ion. The jobs have 1.0 wait until the appropriate resource is free to 

load. 1I0wever, in reality the resources in a job shop are flexible enough 

to handl(' a variety of jobs and hence there are alternate ways to process a 

job. 

,I. 1\1ost. of t.he work done in the field of job shop scheduling, both for single 

and muitiplc operations, assume that proceBsors are identical. 

5. In cases wh(,l'e quantity processed is the optimization criterion, obtain-

ing integcr solutions was found to be difficult. Sorne authors uses integer 

programming models for which the computational effort required is high, 

particularly when the siZe of the problem is large. 
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6. Scheduling probkms ill'e sol\"('d fOi ddinite 1 ill1(' hOI izoll. Sn ail 1 hl' Ih1l".\I11-

ctefs within thal horizon an' assllllled tu 1)(' rt>nslallt. 

7. When l1ctwork graph technique is \lsed in rOlljl\lH 1 ion wil Il lu'misi Î('s 10 

solve schccluling prohlems, il \Vas Iloliced that tht' compllt.at.ioll," l'lfort 

increases for large scale problcms. This is berawl(' III(' tt't lllliq!\(' itl\"olv<'s 

listing of dll possible schcdllles éllld sdectillg 1 he 1)('51 (\IlIOIl,!!. t.!\('IlI, fOI ,\ 

given criterioll. 

Similar computational difficulty i~ expelÎellcpd whc!\ dYlIdmÏC' prop,rammillp, 

applOach Îs used. 
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Chapter 3 

Time Decomposition and 

Dynarnic Optimization 

3.1 Necessity for Decomposition 

The problel11 that is often ellcountered in linear programming (L.P.) formulations 

of job allocation is that the jobs are assumed to be available at time zero and ail 

jOllf> have ('0I11Il1011 compldion times. Since job shops are characterized by parts 

that arrive at diffcrent times and have different due dates, this a~sumption may 

Ilot hold good Oll 1ll0st of the occasions. When L. P. formulation is attempted 

accounting for such job arrivais and departures, the number of variables increase, 

making t.he comput.ational procedure difficult. The new partitioning scheme 

shollld address thesc drawbacks and also illclude the new jobs in the schedule as 

t h<'y arrive iuto the shop. 
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1 l\laintellance fOI machinc lools in il joh shop ciln ),e ~ch('dlllt'd ill ~p('('ilil 

till1c periods within the planning horizon. 'l'Ill' lllélchin('s \\'dl Ilot Il(' ,\\clil,!1,II' 

fOI processing the' jobs during maintelléln((' 1)('1 intis and d joh ,dlo( dt ion ~/1l!'dllll' 

shollld accommodatt' this by taking into accollnt. the st,lItillg til1H'~ alld dur,dioll 

of schedukd maintrl1allce. \VIH'll the planning horizon is lélrp,f', il. i~ round 10 hl' 

difficult 1,0 incorporate timc pcriods during whirh t}l<' ll1achil\('~ al(' Ilot <t\'.lila"I(·, 

For practical job allocation prohh'ms, complllPl' ~torélg(' llla~' 1)(' ail imj>or1.rllll 

consideration. Thcse problc1I1s may sonl('til1lt'~ I('<\uil(' mat rin's of ,1 SIZ(' th.1I t a:--

('\'en large, modem computers. In gcncral, ail t.hes(' jolI allocal1ol1 \llobl('III" ~j>illI 

a definitc horizon and jf such a pl'Oblcm could he divided illt.o SIll,d1c1 ploh1cll\~, 

thrn the computational effort can bc rcduccd. lIow('\'{'r, whill' part.i1 iOIl i Il!!, t!H' 

schcduling horizon in this fashion, the ~ub-problems should 1)(' Iillk('d ill ~lIf"h cl 

manner that therc exists an effectivc coordination lwt.w(,(,11 tlH'lil. 

It should be noted that the parametcrs such as prorC'isillg t illH', S<'l.II» t.ill\(, 

and the associated cost, tend ta dccline as the lrarning CIII'VC prog!'('~s(''i. A 1I0t!U'1' 

reason for this decline coulcl be the technological adV<lIlC{'IllPllt of 0P('I (lt.i()l1~ 

methodology. A Iinear programming formulation must how('vel' é1~SIIlJH' th,lf, 

these parameters are constant for a givcn time horizoll. III the short 1'1111 U)('~{' 

may not affect the performance of the job allocation solution, <t& tbe til1H' ('le Il]('11 1.& 

can be assumed to bf! fairly constant. I1owever, if the time e1elJl(,llts alld tJw <:ost:; 

associated are variahle or discontinuous over the full range of schedlllillg borizoll, 

then the assumption of linearity will not provide a realistic solution. IIf'nre, il, 
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i~ (Jft('11 pradical t.o 1>c'glllmt. éln e!ell1C11t of the time horizon and assign different 

tirr1l' iliid cost values 1,0 each of the segnwnts therehy approximating the bchaviour 

of variablc's which Me Ilot constant. The immediate effect of such decomposition 

will 1)(' the irHT('asc in t.he sizc of the variable matrix aJl(i hencc the computing 

tillH' requirccl 1.0 1>olvc the problclll. 

Son\(' progress has be('n made in developing methods for soiving integer vari-

able pl'Ohlellls. Whil{' il. can be statcd that theoretically thesc mcthods will 

uitilllately yicld intcgcr solutions, evcll small problems have been found to re-

quÎrc' grcélt Illany itcratiolls and huge computer memories. Real life problems 

dC'llla!Hling intcgcr solutions should be solved using approximations such that 

the solution procedurc is economical. 

3.2 Time Decomposition Scherne 

TIH' johs (ncw tnatcrials and components) arrive in the shop for processing on 

il suitah\e and available machine tool according to their respective process plan 

and schedu\e ddined by the order rcleases and due dates. When considering 

th{' allocation of jobs Oll the machines, one should notice that their arrivaI and 

duc dat.es arc spread throughout the planning horizon. This means, the job mix 

011 the shop floor is changing with time. As mentioned earlier, this situation 

complicat(':; the L.P. formulation, which is a simple way to find the optimum 

solut ion for job-n'source allocation problems. There are, however, time periods 
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withill the plallning horizon, \\'lll'n thejoh mix on tl\('!'>!top f100r Il'!ll,lin!'> Clln!'>tallt 

Such periods OCClII' ",hen no IIC\\' ioh~ arrive or il finislll'd 0111' h',1\ l'~ IIIt' ~h()p 

0001'. lt is t IwrcforC' possible' to d{'(,oll1po~(, t h(' t i 111(' of the pl,llIlI illg jWllzun 

into constant job-mix stag!'s. An)' job arrivaI or dqlar1.lll'P llH'itll" fi C!t'IIIp'I' III t Il\' 

product Illix on the floor, and thercfOIl' 1>1Icll élll ('\"('nl Illarks t JI(' J)('p,inllill.!!. 01 l'nd 

of the stage. A job arrivaI to the shop flool' 01 <!('parl.lIl(' of d filli~h('d (OlllPOI)('II!. 

is al! ruent. A 81agc is dcfinC'd as tllC' tinw in',(,I'\'c11 \)('1.\\'('('11 t wo ('\,(,III~, !lUI III,!!, 

which the prodllrt mix b cOllstant. A stage CéUl <lh,o IH' fOln1<''' Il.\' ('OIl"'('ClIl i\'I' 

arrivaIs or consecutive departnres of any johs, Th\1:-, th(' planllin!!, hOIlZOIl (,\11 1)(' 

di vidcd iuto constant jo b-mix stages (C MS) has('(! (JlI t!\(' :-,dwd IIkd !lo\\' I)f I\I\'~. 

If is apparent that with N jobs cOllsideled, therc fOIlIt! he IIpto 'lN - 1 :-.I.IP,(':-', 

The concept of constant job-mix stages (C~IS) fOrlllpd hy t.h(' tinH' d(,(,()llIp()~,it iOIl 

nwthod is illustrated in Fig 3.1. 

The lime and cost factors arc assull1ed 1.0 he constant withill éI stap;<'. 'l'Iii.., is 

valid as it providcs a reasonablc approximation for élll)' ('xi!->tillg Viii ictl,l('s \\,"0:'(' 

values are changing with time, and also allows for a step challge al, <Ill l'V('lIt 

occurrence. 

The division of the scheduling problcm inta stage!> (time perÎo(h, wlwlI the 

job-mix is constant) has its advantages: 

1. By partitioning the scheduling horizon based on the flaw of jol)f>, ('aLh 

division has a constant mix of jobs. The dimension of the L.P. fOI"lJl1r1at.ioll 

is reduced because of this partitioning scherne. 
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Fig 3.1 Schematic representation of constant job-mix stages 
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1 2. Fé'elon, lik<' machine cl\'ddàhilily cllld aIIPrn,Itl' Illill ill~" flll jo\'" l ,Ill lit' 

illcorporéltt'd élccllratcly éI'i 111(''-(' aIt' ddillcd "ilbill ('<lch p"ltiltoll. 

:t SlHC(' allocatioll of joh:- 011 nlùl hilll' 1001" i~ l'<llllt'd ouI <1" ~,H'1l ,1" 1 II(' 

('ompol\(,l\t~ arrive 011 1 Il(' ~h()p lIoo\'. il i" (W.,~ III ill('OI pDl ,II l' ~l't IIp 1 illll':->. 

and this pro\'ide~ a f('ùlist ie ~(h('dl\k . 

. 1. FI 011\ a romplltat ional \'i<'\\'poilll. il. i~ plofilel!,I" tu l'ilrt il iUIl IIi(' <,( Ill'dllllll,!!, 

horizon and sohe 1}\('sull-prohl('III", Sill(l' the COlllptll,tlioll,t1 drull <llId III(' 

lil11<' reqllin'd to f,ohe ail L.P. i., plopurtioll,t! tu II\(' ~iï(' or 1 lit, prol,lt'lIl 

3.3 Dynamic Optimization Principle 

The dccomposition of the plallning horizoll illlo COllstallt jo"·mix ~Iclg('~, 0))('11" 

the possibility of using L.P. to uptimizC' the joh allocation 011 tlladlil1!' !oob fol· 

lowing the time-based schec\ule. The optimization CéllI 1)(' ccHrÎpd Ullt withill (',Il l, 

stage, with the output of one stage fOl'ming nI<' illpllt for tll(' ~1l],"'('(l'l<'llt Sl.lg(', 

in addition to the basic positive or l1egative input ddining t.h(' I)('~illllillg of t.hi~ 

new stage. The job allocation solution of the L.P. indi('at(·~ t!J(' qllflltl,ity of jobs 

to be processed on the available machine lools. This i~ df'dttr't pd flOl1I tll<' to' 

tal demand quantity in arder to obtain the rf'lllaining qllétntity to 1)(' pr()('e~!>('d 

during the subsequent stages and this forms the input for the ll<'xl !>tapp L.P. 

Considering that such a link hctwcell the stages contillues tbrollghout the plan­

ning horizon, From stage to stage, the dynamic nature of boUt t,})(' prolJlclTJ alld 
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Ill/' Opt.illlizat.ioli pro((·rlme 1'> appan'Ilt, alld 11f'IlCC th<, procedure ran illdcpc\ he 

(;dh·d a., dyn(l11t1f opll1lu::rrt101I. 

A~ will ))(' ~('('Il ill t 11(· following chaptcrs, the optimization of job allocation 

\V il. il i Il ('élcil ~t.t1,!!,(' plOvicll'~ il lllorp compact sc!lC'd nIe. \Vhilc th i5 leads to COIl1-

J>1<'ssing t1H' ~c1)('rlllll' towards th(' due dates with backward decomposition, il 

plOvid('s a st!wdllk tolllpressed towards the starting datf's when forward decom-

posit iOIl i~ (,1IITi('d Ollt.. The' fOI mer ('orn'sponds to the just-in-time philosophy 

\Vlt.h r('dllct.ioll of ~Ia(k and wOlk-in-process (WIP) inventory as ils effeets. The 

laI 1.('1' pron'duJ'(' providcs carly shipment dates for ordcrs and permits loading 

addil.iollal job~ 011 machillP tools during the spare time. 
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Chapter 4 

The Job Allocation Aigorithm 

4.1 Introduction 

BasE'd on the time-partitioning schcme and clynélmic optillllzatioll prillripk, "II 

algorithm is developed to optimize the allocation of jobs Oll lTli' rhill<' tools. 'l'II(' 

algorithm consists of two parts; the first part is the allocation plohklll which 

is formulated as a linear progranllning mode! alld the second, a ll<'urÎsl,Îc whÎc\J 

will account for various functions, like: incorporation of setup tÎIll(,~, olJtaining 

integer solutions etc. The job allocation procedure can be vi<'wcd as a d('cision 

making process, in which the quantity of cach job to he loa(le'cl on iL particlllé\l 

machine tool is to be determined. Conscquently, the dccisioll making 1)I'()("t'~S is 

exercised over a discrete set of events in the scheduling horizon. In eaell ~llIJ-

problem, the set of jobs (operations) available for allocation i~ cOII~idel cd élnd 

the assignment for those jobs 1.0 machines is obtained wit.h cOIl~Îderatioll giwlI 
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l to local (Ollst raints likc machine availability, capability alld time available on 

mach i Iles. 

4.2 L.P. Formulation 

Tbe job allocation problem within each stage is formulated as a !inear allocation 

mod(\I, with an objective 1,0 maximize the production rate of a11 the machines. 

Tbe cOllstraints fol' the L. P. arc: 

1. The production quantity should match the demand. 

2. Thc time of processing of aIl the components on every machine cannot 

l'xc('cd the stage time perim!. 

SOI11(' machines mi.e,ht. not be available throughout the stage duration. When a 

machinc tool is Ilot capable of pro:::essing a particular job and/or when a machine 

is Ilot available, the machine availability index r,m and processing capability 

illdex 8 Jm gmuantcc that the objective function will contain only the valid non-

zero tCI'IllS. In ail the cquations found in t~le L.P. formulation which follows, the 

subscript. i dcnoting the stage is unique; hence there will be P stages representing 

the entil<? problcll1. The L. P. formulation for a single stage job allocation problem 

is (lS f01\OW8: 
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1 Al N 
Max { L (L J'uns)mX1)m)} 

m=1 J=A 

subject to: 

Al 

L 1'unSJmXtJm :s. Q) 
m=1 

N 

L 1',m s)mR)m X ')71t < T'11l 
J=A 

j = A,B, ... ,N 

m = 1,2 .... , M 

j = A,B, ... ,N 

m=1,2, ... ,M 

The first set of eonstraints state that. the quantity of any joh prol'{'hs<'d 81101111\ 

not exceed the demand quantity. For eomponents which arc due by lI\(' ('lId of th(' 

stage the demand is met by equating the qualltity proccssed to t.he relllaillillg, 

quantity loe., in the dcmand eonstraint the S opcrat.or is ehangcd 1,0 =. TIH' 

second eonstraint set requires that the maehille hours utilizcd iJl auy stag<' ~h()lIld 

not exeeed the eapaeity available on eaeh machine too\. The lél~t one is <l 1I0Tl-

negativity constraint for t.he quantity of any job protesscd in a stage'. 

The linear programming formulation of the allocation mode! is somcwhat ~iJlJ-

ilar to the generalized transportation problem. The constraints are Ilot eqllatioJl~ 

but are inequalities which must be augmc.nted by slaek variables. Althoug}l t.he 
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~ollltioll of a transportation model yields intcger solutions directly, the allocation 

tahleau is 1argc and sparsc. Storagc and/or data accessing prohlems may arise. 

Th(, allocation modc1 helongs to a special class of transportation problem 

called the ll1ulli-divisional problcms which exhibit a special block angular struc-

l\ll'(' (Ilillier amI Liebcrman [16]). Each smallcr block contains coefficients of the 

conslrainls for one suh-prohlem (one suh-prohlem represents one stage). Since 

t.h(' divisions opcrate with eOllsidcrable autonomy, the prohlem is decomposable 

into separatc prohlcms, where eaeh division is eoncerned with optimizing ils own 

operation. TIl<' decomposition scheme makes use of this special structure in order 

t.0 sùlve the allocation problem. Moreover, the scheme also provides a schedule 

whicJ. is Ilot boundcd by time. Such an opeH ended schedule permits loading of 

johs 011 a continuons basis, thus enabling realistic and short term scheduling. 

4.3 Setup Time Incorporation 

Setup times are incurred whenever a machine tool starts to process a new com-

pOilent.. If the lot is split among many machi nes, then aIl those machine tools 

und('rgo a sctup. The job allocation problem is more difficult to solve when setup 

tinH'S arC' considered. For a givcn problem and ignoring the setup times, it is easy 

to tt'st. wlH't.her or not. a feasible solution exists by comparing t.he cumulative de-

mands t.o t.ht, cumulative capacity for al! time periods and facilities. With setup 

t.in1l's takt'll into aecount, the scheduling problem under consideration is found 
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1 
to be NP-complete i.e., cannot be solvl'd in polynomial till1l' (el.lI·(,Y ri al. [15]). 

Setup times are significant parallletcrs in a job sil op manllfé\ct,urinp, t'I\\'imn­

ment. This is due to the fad that. a variet.y of compom'lIt.s a\'(' pl'o('('ssed in a 

job-shop. Setup times in job shops take more timc t.han in ot.hC'1' kin<ls of llIall­

ufacturing environment. This is bccause job shops are flexihle in plocl'ssinp, il 

variety of complex jobs. Obviously, this willltavc an impact, on l11l'etillp, litt' (h)(' 

dates, especially in cases where the setup times al(' 1Il0l'(' lhan f>{)O t,illH'S 1.1)(' 

processing times, \Vhich i8 often the case. 

The setup times are incorporated aftel' the initial a\locatioll of jobs 01l Illél( hill(' 

tools is carried out. This is bccause, in order to assign sl't,ups, il, is ('ss('lItiill 1.0 

know which jobs are loaded on which machincs. Art.cr assig,ning 1.1)(' appl'opt i<lk 

setup times on machines, the job allocation schcdulC' il' gelll'I'at('d on('(' ap,ain 1.0 

obtain the final solution. 

4.4 Other Functions of the Aigorithm 

The other functions of the algorithm, apart from Sl'tllp time incorporat.ion <11(': 

providing integcl' solutions, updating demand quantity, redll( illg slack 011 lIla­

chines, enforcing duc dates fol' jobs and providillg a link bet.wc{·11 t.he di/fen'Il!' 

stages. Since the job allocation is solved Ilsing !illcal' pl'Ogl'alllmillg, t111' ~()IIIt.i()1l 

contains rcal variables and this is ul1suitable if only integ<'l's an' aclrnis~ihl('. III 01'­

der to obtain integer values, the variables that enter the L.P. solution an' rOllnder! 
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1 off 1,0 the nearc~~t smallC'r illtegcr. In other words, the variable is truncated. A 

CIllllulative cffcct. of this might build slack on the machine tools. However, the 

CMS algol ithm also accounts for slack rcduction by reassigning jobs on machines 

whel'P slack exists. The ncccssary cOlldition for this, of course is, that the required 

5(>1.111> C'xists on these machines for a particular job. 

Sincc the stage time durations are consUerably less than that of the planning 

hO\'izOIl, the total demand quantity may not be processed within a stage. The 

CMS algorit.hm also updates the demand quantity of jobs al, the end of every 

stage by deducting the quantity that has been processed during the stage. The 

rC'lllétinillg dcmand quantity 1,0 be processed in the subsequent stages, is the 

parameter which provides the link betwecn the stages. The CMS algorithm also 

('nfo\'('('s t.he duc dates for jobs which are due by the end of the following stage, 

hy challging t.he < opcrator in the quantity constraint to =. 

4.5 Algorithm Procedure 

011(,(' t.he 5tal'ting datcs alld duc dates are known, the stages can be determined. 

The L.I>. modc1 of the' job allocation problem for the first stage is then formed 

and soh·ed. Bascd on the job allocation to machines in ihis stage) the setup 

limes are deduded from the assigned time for each machine and the L.P. mode} 

is ikrat,('(l. If llll're is no change in job allocation, then the quantities procc6sed 

011 cadI l1\é\dlilll' arc truncat<,d to integers. Slack reduction on machi 'les which 
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1 
have idle time and the due date enforcement is the!l carri<'d out. b\' \'(,<\110('(\1 it\~ . , 

the jobs to machines. The e!ellland quant.ity is then d(,\I'ea:-H'd hy t.he qU<lI1t.ity 

processee! during the stage and constit utes the quantity to \)(' procl':-;!wd il1 t hl' 

subsequent stages. The quantity of aIl compol1C'l1ts proc(':-;sed dm ing the l1('xt 

stage is equated to the demand quantity, for ail jobs whirh cil'{' cllI(, by thp {'nd 

this stage. These procedures are iterated until the job alloca.tion in ail th{' :.;1.ap,('s 

is completee!. The following algorithm providcs the steps ill\'olwd ill t.he ~olut.ioll 

procccl ure. 

S'tep 0: Formulate the Linear Programming (L.P.) mod('! fol' t.11l' fir:-;1, ht.ag(' . 

S'lep 1,' Solve the L.P. mode\. 

S'tep 2: Based on the assignment of jobs, dcduct set.u}> t.illll'S froll! t.\w assip,lH'd 

tirnes. If setup already cxists on the machinl', then do not. .kdllcl. :'('\,111' 

lime. 

if X1)m > 0 and X 1- 1J'n > 0, then S'Jm = 0 

for job j having setup on machine 711. Otherwise, 

Here, (Tim)old refers to the available time 011 machine' 711 dlll'il1g St.élg(· i, 

berore setup time incorporation. 

S'tep 3: Solve the modified linear program. If tbe solution ohtailled ilJ(licat(·s t.h(· 

same job allocation pattern as observcd in :-.tep l, the solut.ion i:, chus(·Il. 
" .. 
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OtlH'rwisc go 1,0 stC}) 21. 

Sf('p 4: 'l'II(' quantity proccssed during the stage is integer truncated. 

Sfep .5: If the current stage is the last stage for component j, and if the quantity 

procc!>:;cd is less titan the dcmalld, then distribute job j on machines which 

éUTPpt loads other than j. 

If aftcr rounding off, the following conditions exist: 

:l. i is the last stage for component j. 

thcll, 

for machines which acccpt load components other than j. 

whcrc 0' = (QJ -l::~=1 X1J/n). 

1 Not(' that the steps 2 and 3 in the algorithm will not loop Once the setup time Îs 

lllcorporat!'d, th(' available time on machines is reduced, thus fewer jobs are allocated on the 

lIlachill(,~ dllrlllg tht' IIcxt iteratioll The pattern of allocatIOn often remaills the same causing 

t.he algorithm 10 go to step 4. Loopmg can happen only when the stage duration 1S less than 

t.h(' sctup tl1nc. But. whcl\ this happens, either the Job proccssing is postponed to subsequent 

t-tap;t' or 1 hl' l'utm' slagt' duration is COnSUIl1N! for setup on the machme. 
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1 
Stcp 6: If there is slack on ally machincs, load joh for which ~l'Illp ,dl'l',Hly t''\ist!-

on that machine; i.e., if the following cOllditiolli-> ('xi:,!': 

t IWll, 

provided, (X ) X R < T IJm nrlll )111 _ lm, 

where 

Step 7: If this is the last stage, then termilla!'!', l'Ise pron'('d 1,0 :--kp K. 

Step 8: Fol' ail X 1J7n in the solution, suhtrad the q1\antit)' 1'1'0«'s:,('1\ [IOIll t)l<' 1\(.-

manrl quantity 1,0 obtaitl the remainillg quantit)' 1,0 \)(' J)J'(l('('ss('d il) th!' 

next stage2 • 

Stcp 9: For any compoJl('nt which has cllle d(\te dllrillg the (111<1 of n!'xl. st.i1~(' tI)(1 ::: 

opcrator in the tinw availabiIity cOIlt.tmillt i., challg('d to =. 

Step 10: Form the L.P. mode) hasf>d on step 8 and skp 9. Go to ~tep 1. 

'j 

2The steps 9 and 10 beJong to the next 5tage. 
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Chapter 5 

Application of Algorithm to 

Single Operation Job Shops 

5.1 Analysis of the Problem 

'l'II(' sillgle operation, multiple job scheduling problem is an important general­

izcüion of a job shop. The task or operation requires one processing step which 

ma.)' he )Jerformed on any of a numbcr of similar machine tools. In a production 

1i1H', tll<' diffcrcnt operatiolls pcrformed on a particular job nced not consume 

the sanw al1101l1l1. of lime. A slower operation in an unbalanced line constitutes 

a oot.t1elH'rk. The output of a bottleneck (slowest) operation decides the output 

of the entire production line. In such situations, it may be sufficient to consider 

only the boulellcck operation and analyze it If the cause for bottleneck can 

lH' aU ributed to incfficicnt Ioading patterns, job allocation can be optimized on 
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this operation using the Cl\IS algorithm. Resides incl<'asing the thml\!!.hpllt, titis 

exposes other cxisting problcms in thc plOductioll lilll'. This aids ill solvinl!, t lu' 

problems, thus enhancing the throllghput and efficicllcy of tht' (l\"('rall shop. 

The theoretical insight obtaillcd hy allalyzillg th(' sillglt, (1)('l"al iOIl joli .1 1 lu· 

catioll problem is he1pful in tarlding more cOlllp1<'X prohll'IllS. Th('sl' M'rV(' c\S 

building blocks for understanding the dccision proccsses inml\'l'd in IIllllt iplt' op­

eration job assignment problems. Illdivicllla! optimiultioll of sin).!;!I' 01'<'1".11 iOIl 

jobs may provide a global sub-optima! solution. 

5.2 Problem Definition 

Thc c1assic mlllti-item, single operation, 1Il111ti-madlÎn(' 1,001 joh allo("<ltioll pro\'­

lem can be stated as follows. 

1. There are N items to hc schC'duled. 

2. Thcrc are AI machines whieh arc not id('ntical. Tlw!,(' milchill(':-' IIlcly O! 

may Ilot be capable of processing ail the N jobs. 

3. Unit processing time RJm is incurrC'r! whcl1 t1H' machillP 111 (111=1, fJ, .'1, ... , 

!II) pro cesses job j (j=A, B, C, ... , N). 

4. Setup time S'Jtn 15 incurred whencver a machille 111 htarth pron'sl->illg ét !lPW 

job j. Setup times arc unique for a partÎcular job Oll a !l;lI t jClllar Ill;t( 11111('. 

5. Due dates are specified for cach type of job. 



(i. TIl(' d('llIaIld quantities QJ(j = A, B, C, ... , N) for an jobs are known. 

7. Allma('hinps rnay or may Ilot be avaiJable throughout the planning horizon. 

5.3 Scheduling from the Starting Times 

111 :-.itllatiolls wher(' job arrivaI times are known, scheduling jobs from the start 

dates is prudcnt as it determinf's the actual complet ion date of the operations. 

TI)(' jobs élre processcd as soon as they arrive on the shop fIoor. This provides 

il loadillg pattern in which the schedule is compacted towards the start dates. 

Earl)' shiplllŒt datrs for ail thc orders is an obvious result of such schedule. 

5.3.1 Numerical Example 

A ("a~(' of fom jobs to he proccsscd on four machines is considered to demonstrate 

t.he a pplicat.ion of t.llf' algorithm descrihed in Chapter 4. Each job Ilndergoes only 

ont' ol)('ratioll alld therc arc alternate machines to perform each operation. Ail 

johs are 1.0 hl' processcd in specifie quantity and their arrivai and duc dates are 

knowlI in advancc. The proccssing time of different jobs on machines is provided 

in Tahle fl.l. The drllland quantity of jobs and their due dates are given in Table 

!i.2 whik the availability of different machine tools during the planning horizon 

is showlI ill Table 5.3. Thc constant job-mix stages for this problem is illu'itrated 

ill Fig 5. J. The problelll is to allocatc jobs on machine tools in such a way that 

t he output is mélxil11ized. 
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Table 5.1: Proccssillg times nf jobs. 

Machine Proe. 111IIe (mll/) 

111 A B C J) 

1 3 - 2 6 

2 - 8 :3 ï 

3 5 10 - 12 

L 4 10 - ,\ 9 

The algorithm providcd in the previous chap!'('1 i~ (Ipplicahlc for <1 g('III'I<l1 

case. I\loleover in the CtlITent example the setuJ> til1lPs ill(' Ilot (,()1I~idl·l('d. 111'111'1" 

somc of the steps ma)' Ilot he applicable for the Célse Il Il der (oll~idl'l;lIi()Jl alld 

hence are omitted. 



Tablc' .1.2: Demand quantities, arrivai and due dates. 

Job Qllantzty Arrivai Due date 

J QA (mm) (min) 

A 420 0 3600 

B 240 900 2500 

C 1800 1200 4400 

D 400 3000 6000 

Table .5.3: Availability of machlI1e tools. 

Alac/unf A vazlable Nol avadable 

111 (min) (mm) 

1 0-6000 0 

2 0-6000 0 

3 o - 2000 2000 - 3000 

3000 - 6000 

4 :::·100 - 6000 o - 2400 _. 
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1 Stage 1 

Step 0: First stage L.P. is formuJated as fo11ows: 

SubJect to: 

XAll + X A13 ~ 420 

3Xl111 :::; 900 

Step 1: Solution for this L.P. is {X'111 = :300, Xtl13 = 120} 

Step 10: The next stage L.P. is formulatcd as follows: 

Stage 2 

Max (XB22 + X 823) 

SubJect to: 

XB22 + X B23 ~ 240 

8XB22 :S 300 

lOXB23:::; 300 

Ste]> 1: Solution {XB22 = 37 .. 5, X B23 = 3D} 

Step 4: {XB22 = 37,XB23 = 30} 

38 



l 

S/('p 10: 1'llP ncxt st.age L.P. is formlllated as follows: 

!vl a.T, (X B32 + X B33 + X C31 + X C32 + X C34 ) 

Subjcct 10: 

X 832 + X 833 = 173 

X C31 + XC32 + XC34 ::; 1800 

2XC31 ::; 1:300 

8X 832 + 3XC32 :s; 1300 

4XC34 ::; 1300 

Stage 3 

SIrI' 1: Solution {XB32 = 93,.\B33 = 80, 

XC:H = 650, X C32 = 185.33, X C34 = 25} 

SIt'p 4: {.\831 = 93,XBJ3 = 80, 

XCal = 6.50, XC32 = 185, XC34 = 25} 

Stt'I' 8: (Je - {XC31 + X C32 + X C34 } * 1800 - 860 = 940 

11 Stfp 10: Tht' l1ext stage L.P. is formuJated as fo11ow8: itl 
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Ma.1· (XC.II + SC.J2 + S('.II) 

Sllb)cct tO: 

X C41 + XC42 + XC4 .! ::; 9·10 

2XC41 :S 500 

3XC42 :S 500 

4XC44 :S 500 

The problcm is solvcd for Hl<' relllaining f>tagps ill li\(' Silllilc\l fa~hit)lI. 

5.3.2 Results and Discussion 

The lincar programl1ling prohlcm for ail the st.ages wa~ solV<'d lIsillg 1 B?\J'~ i\II'SX 

software on a IB~1 3090 mainframe. The final n~slllb obt.ai'J('d hy 1,11(, applicilt iOIl 

of CMS algorithm are provided in Table üA aIlfl t his ilhows t.1J(' a~'ii~I1'Il('lIt or 

varions johs during each stage. As the problcll) mllid he solvpd with ,dl ~ t..1.l!,('~ 

aggregatcd together using a Iinear progrc\.mming form\llation, il is (,()Il~id(,l'I'd ".., 

a basis for result cOll1parison. The ohjective [\ll\d iOIl and t\w t illH' tl\'ail,d)ilily 

constraints of such an aggregated formulatioll arC' ohlailj('d hy {,olJ\hillill~ t.ho!';{' 

of the stages. Table 5.5 and 5.6, and Figure 5.\, show il (,()Illpclri~oll IH't.w(·('lI t.J1(' 

CMS algorithm and the aggregated approach. 

As can be seen from Fig 5.1, the job di!>lributioll 011 lllélC!Ji,H' tool.., i~ COIIl­

pressed towards the starting limes wllcn CMS algoritlrm i~ Il'>('d, WIJ('f('a,> in 

aggregated approach the jobs are proccsseù in ratlrer a di~cofJl,illlllJ1l~ rna/IIH'I. 
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• '1'1)(' ch:rt'a1>c ill makespall of job~, as in Table .5.5., is the cffcct of such schedulc 

cOJllI)J'('~!'>ion: a maximum of 68% rcduction in makespan is indicatcd for incli­

vidual job..,. '1'1)(' ohvious re~;ult of this is shorter completioll time of jobs (Table 

;).0), dllC' 1,0 the faet that the' jobs arc loaded on any availahle machine tool as 

SOOII as th('y arriV(' 011 the shop floor. 

The important bcnefit of Ilsing the decomposition scheme and optimization i8 

a1l illcl'('a~(' i1l utilization of the machine lools. Machine tool utilization is defined 

a:-. the ratio of the time whcn t.he machine is busy to the time between the cntry 

of fir:;!. job ilnd completion of the last job on the machine. Table 5.6 shows a 

cOlllpal'isOIl of utilizat.ion betwecn Cl\'IS algorithm and aggregated approach. The 

Illaximum output ohjective of thr lincar program ensures that within each stage 

t.he jobs an' loadcd on the available machine tool8 and no machine is Ieft idie if 

a Il)' joh w hich t.he machine is capable of processing, is present on the shop fioor. 

Tltlls 1,11(, machifl(' 1,001 lItilization is maximized in every partition, providing a 

cUlllulative dfcct of o\'crall maximization of machine too! utilization. 

Sinn' the schedlllc is compactcd to\\'ards the starting dates and makespan of 

jobs is J'('d u('('d, fI' cc time is macle available on machines and this can be used to 

}HOn's,> ot.her jobs. This aiso help~ to provide carly shipment of orders. 

From a computation time vicwpoint, the partitioning of the time horizon and 

optimizing th" sub-ploblems, proves to be profitable. For a linear program the 

cOlllputat ioual t imc rough Iy cquais the thif{l power of the Humber of fundional 

COllstrélints (I1il1i<.'r and Licb<'l'Illan [16]). \\Then a problem is dccomposcd, the 
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sub-problC'ms contain far fe\\,('r cOllstraillts t hall t he' 1'1I,!!,1' prohll·lll. Thll~ t hl' 

computational time of ail the suh-prohl('llls added is sllh~t ,ltIt i,dl." rl'dlll ('d ill 

comparison with that of the large prob1em. For él ge Il ('J'a 1 I\' joh .li J\l,\('hill(' 

prob1cm, w hcn all the P stages arc aggl'ega t ('(\ t h(' 1I1lllllwl' of COllst 1',1 i 1\ t:, PII'M'llt 

the l11lmber of constraillts prcsent will he 2:~~1 (MI + 1\'1)' lI('lIn', thl' :'él\'illp,S ill 

computational time Wh{,ll 1,11(' prohlt'll1 is soh'cd IlSillg (,~lS ,,1J.!;ol it hlll IS 

For the cxamplf' case' the number of con:-traint!-. prC':'('nt in t Il<' ilg.l',Il'.l'"tI ('d L.P i.., 

28 whik tItat of the 6 stages are {:l,:3,6,·1,6,fi}. 'l'hl' silvin,!!,:, ill ('Olllpllidliollal 

tinw will be: 

Bence tlt<' algorithm apploach is:J2 lime:'> lc!'>~ til11C' ('on:-Illllillg tltall t\1<' ap,.!!,I('-

gated approach. This shows the implicatioll of partitionillg 011 the rOlllplltiltiolléll 

time effort required, which will he ('ven more prollollllCPc! wll<'l1 pro!,h-Ill'i of lill',l!,''f 

size arc considered. 

5.4 Scheduling from the Complet ion Times 

Scheduling from complet ion times pre~cnts t wo important advéllll"tgl':'>: 

1. It provides d. schedulc which is compactcd towards the dll<' d,tl.('!'\. 
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Table 5.4: Final allocation of .Jobs 

Maf'!ll1lf' Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 

1 X A11 = :lQO t X C31 == 650 XC41 = 250 X C51 == :300 XD61 == l:n 

::! t XB22 = 37 XB32 == 93 XC42 = 166 X C52 == 99 XDû2 == 108 

XC32 == 185 X D52 == 43 

:J XA13 = 120 X B23 = 30 X B33 == 80 :t X 053 == 50 
-

., :t :t XC34 == 25 XC44 = 125 X D54 = 66 
--

t = Machllle Ilot capable of processing a partlcular job 

t = 1\1 achme Ilot available 

Tabk' .5.5: Compal'ison of complction time and makcspan 

.lob", COlT/pl . lime (min) Makespan (min) 

Slage Aggr. Stage Aggr. redllction % 

A 900 2860 900 2860 68.5 

H 2000 2500 1100 1600 31.3 

C ;}600 4400 2400 3200 25.0 

( 
J) -1100 6000 1400 3000 53.3 
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Aggregated approach 
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Fig 5.1. Allocation of jobs on machine tools based on Aggregated approach and Stage approach 
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Ta.hle .1.6: COlllparison of utilisation 

Machillu; Utilisation % lncrcase 

m Stage Agg1'. Slage/Aggr. 

1 93.1 77.5 1.2 

2 78.3 44.9 1.7 

:3 88.5 .53.1 1.6 

4 99.5 96.2 1.0 

.) Lat,c' ~t.tUt, dates is obtaincd for all jobs. This corresponds 1.0 just-in-time 

(.J IT) philosophy. 

As il rl'~\Ilt of .J IT schedull' work-in-process (\VIP) inventory is reduced and 

c)Parly this !eads 1.0 a lot of savillg esperially for components which have high raw 

lIIatt'ria! value and fol' those componellts fol' which the value increases rapidly 

a~ 1 Il(' o))('l'atiollS pl'Ogrl'SS, Sincc the schedule is compacted, the production 

pI'OCC'5S cali he organized sllch that im'C'lltol'ies arc strategically placed throllghollt 

1.1\(' PI'O(,(,:-'S, Then, hy carefully f'educing thcse inventories certain production 

plOblc'lIls are <'xposed, Solving t!}('se !'educes costs and lead times and improves 

qualily. The fnllowing example demollstrates ho\\' the partitioning scheme can 

hl' applic'd to ('ases where tlll' starting dat.es are unknown. Comparison of results 

\Vith Ihal oht,lÎncd hy applying SPT mIe is a1so provided. 
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1 5.4.1 N umerical Example 

Let us consider a problcm of allorating 8 joh~ on G mi\("hilll'~. TIlt' plOCt':-~ill,1!. 

times and the sctup times of \'é\t'iO\1~ .ioh~ 011 diffet'(,llt Ill<lrhill<'s ,Ill' pt'u\'idl'd 

in the Tahle 5.ï and Table 5.8, The T s)'llIbob. ill tll<'SI' tdhl(,~ ill1tie"ll' Ihl' 

machine is Ilot capable of proccssing tlt(, particlliar jolI, For IIJ(' plohkll\ ,,1 halld, 

the machines are assllmcd to 1)(' (ll'adabh t hroug,hollt 1 h(' ~(I)('(llllill~ hOI iZ(J11 1 r '. 

thcrc are no downtimes. Tal>k- 5.9 pre:'C'llts tll<' d('!llcllul qllalltiti('~ of diffl'Il'Ilt 

jobs and thcir stipulated due dates. 

In this example, it i:, al-.sull1l'd that olll~ tlH' dlll' dat('~ ,III' klH)\\,l1 , \\ hil,' Iht' 

~tarting times are Ilot kil 0 11'11 initially. 11('11('(' the fol\u",illg IlilC"k"'ill'd !'l' Ill'dllhn.!!, 

procedure IS acloplcd to d('lcrminC' t.lwlll. Startillg flOIll t.h!' (hw d,If<' or 1 hl' Ia~t 

componcnt, jobs arc é\s~iglH'd ta machille:, using SPT IUle withollt pll'('/Ilpli()11 

If t\\'o or more jobs C0111})('l,e for li\(' sallll' machin(', tilt' joh whi( Il llil:- t.1\(' 1(·,,:-1. 

processing time is a:-.sigl\('d to the l1lét('hill<.'. Tht' J'('lllail1ill~ jo"~ Co:'O d,~1 1 ihlll<'d 

to other available machilles (bas('d 011 SPT l'\lk). \VllClI thi~ \>11)('('1\111(' i~ ('(\llil'<\ 

out for aIl the job:" it gpnctatl's Ct loading j>a!tertl with the lal(' ~t.\lt d,II('" w"id, 

sel've as a rcfercnce to d('fil1e the stageb (Fig .ri.·l). TIt(, SI'T rllk W,I~ ~('k('t.('d 

becétuse, this rule ensI/l'cs high IllclchilH' utilizat.ioll alld P('I f()llII~ lH't 1.('1 t 11(111 

othel' priority mIes in situations wh('/'(, jobs arriv(' ill tilt' :,ltop al dirrl'l'l'Ilt t.illH' .... 

This provides t.he least favourahl<, conditions to which t III' n':'lllb of t Il<' CMS 

'l' 
nwtllod al'(, compared. 
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Table 5.7: ProC('ssÎng tÎnws of jobs. 

Machinc Proccssing lime (min) 

A B C 0 E F G Il 

1 2.0 t :L5 4.0 2.0 3.0 t 3.5 

L! 1.7 :l.0 t t t 2.8 2.7 3.2 

:1 t 3.5 2.7 4.:3 2.4 t 2.5 t 
f--

4 2.1 3.8 3.9 3.7 t 3.1 3.0 t 

!) 1.5 t 3.0 4.2 2.3 3.5 t 3.1 

t = l\lachinr not capable of processing the job 

Table 5.8: Sf'tup timcs of jobs on machines. 

Machine Sc/ft]> lime (min) 

A B C 0 E F G H 

1 200 t 195 145 150 155 t 110 

2 2:35 2·10 t t t 160 175 140 

:1 t 2:m 210 100 120 t 200 t 

·1 200 220 190 180 t 150 160 t 

il 210 t 200 100 145 120 t 145 

t = Madlllll' Ilot capabll' of procrssing the joh 
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Table 5.9: DCllland quantitie:- élnd dut' d"II'~. 

.Job QuaI/Illy Dut' da/f' (1111/1) 

A 1500 GOOO 

B 2000 7000 

C 1500 nooo 

D 1000 9000 

E 5000 L:WOO 

F :3000 11)000 
-

G :3000 1 (lOOO 

fi 4000 17000 



t 5.4.2 Results and Discussion 

H(·~t1It~ of the cxitlllple are givcn in Figures 5.2 1,0 5.4 and Tabl('s 5.10 to 5.13. 

lb «UI 1)(' I,('('n flom the figurC's, t!H' mcthod of dynamic optimization (CMS) 

t1~illp; d('COlllpo~itioll illt,O constant job-mix stages gencrates a considerably more 

('Ollll" ('~~('d ~dl('dllle titan no! mal backward scheduling based on SPT l'ule. Thc 

lat!' ~t(\( ts (ln' pllllt'rl tOWéll ds thc du(' dates, corresponding to the just-in-tirne 

plrilosophy. 

'l'Il!' pclttCrIl of joh allocation on machines using the Cl\IS method is shown 

III Fig1ll'!' :>.2. It pro\'idcs a good illustration of the cffect of pull logistics. The 

COf'l'Cl'>I)()!Hling 1l1lllwI'icai data fol' the Jate starts arc given in relation to the duc 

d é\ t t'~, i 1\ Ta hie 5.\ O. 

'l'Ile illlwr('lIt fe,ll lire of job allocation which is visible in Figure 5.3 is the 

di:-;t,rihlltioll of setup timcs. While in the common practice of as:-,igning a job to 

Il\c\chill(, \Vit.h SPT, only one setup is nceded for the full processing time of this 

joh (Fip,url' fJ.:1 él), this is not the case \Vith the CMS mcthod. ln the new method 

SI't,U!>:'; an' as.~igll<'d to \'arious machines according to the optimized solution, in 

whidl :-.<'IIIP tilll('s éll'(' takcn into account. In this procedure the setups may be 

1'l'!><',lIl'd 011 the saillI' machine in various stages if another job has to be processed 

in th<, llH'élllt im(' to mect tltt' duc date. Irnprovement in sequencillg is however, 

po:-.sibll'. 

TI\(' comp\('ss('d srhl'dlllt', 111 which the distributed setups form an integral 

paIl. permit:,; an I\H"!'('as(' machine tool utilization (Table 5.11) and provides 
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l cOllsiderable frce capacity concelltrat('d carly in 1 he sdll'c1111t,: 1 III" fl('c l ,Ip.tl'll~ 

can he uscd to proccss additional jobs. The loI al frce l"apacit~· of t hl' ~h(lp 1:­

increased hy nearl)" 50 % (Tahle ;'.12). 'l'II<' l1ttliz<ltÎon Oflllilcltinl'~ 1" I,dllll.tll'd 

as the ralio of time a machinc Î!'. husy (incll1din,!!, thl' M'lup til1\l'~) 101111' loLt! 

time-span in the shop bctweclI lht' staIl of tlte' fil~t job t.o \I\l' 1,1,,\ .\111' d,dl' <Ill.! 

exprcsscd as percentagc. This time- spal1 is diffl'rt'Ill for SPT <llld t 'l\IS ~I \ieelllll'. 

As can \w sccn from Figure s.a and Tahlt, S.II, \l),lchilll' # ~ i~ 1 1\1' hl1"i('~1 \llll' 

in Lot.h the ("a~l'S; il, hal:! 100% nt t1izat iOIl ill (,~IS \(I~l" ill w Ititl! \·,1 .... 1' Ih hll .... ~· 

tinw is cqual to the total shop time-f>pal1. The lit iltze!1 iOll of r('lII<lillill.!!, 11\,\1 hill\'~ 

would ha\'c been highcr than illdicatC'd iKCX tu ~(i.;{(X., if llo1 fOI 11\('0111 O!I,ltlP/' 

ear\i('1 start of machine # 2. \\'hich ddill(,~ the dt'Ilolllinaior or 11\1' IIldi/',tli()1l 

ratio. Table 5.11 indicat('s th al the incrt',I~e of lit iltz,t\,ion i\l 11\1' 1',1"1' (If (':\IS 

ov('r SPT, while valying from machin!' to machillc, /('acl\('~ I.Ni (/.( . Ki/{ hl.l!,ll\'l) 

for machine #.1. The illcrca~(' of the Illélchill(' l1t iliz,tI.loli !('f1('cb 1 Ill' 1 lJllJplI,,, ... ioli 

of the schcdule. 

To verify the illcrea~e of plod1lctioll rate of 1,1)(' ~h()p dlll' 10 1111' (':\IS CJI ti_ 

mization of job allocation, prod1lctioll output (tot.al Il1l1lJ))('1 (Jf pic·, ,." /Jloelllll'd 

on 0.11 machines) is divided hy the tolal ~h()p tilJ)(,-~pilll, il~ ill t III" il"'" of 111 "IZel­

tion. Tilus, 

for SPT: 

for CMS: 

21000/( 17000 - 200) = 1.'25PC'<;/1IIill = iS])(· ..... j hr 

21000/( 17000 - 2120) = 1 A lpes/ml1l = K,\.7])('.~/ 1" 

This constitutes 12.9% production rat(· incrp<ls(' wit.h C:\IS. lIo\\,('VI'I, 1111' 1111''''''111, 
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(·Xttmph· puts tlte CMS T'wthod at disadvantagc duc to the faet that machine # 2 

pf('( (·d(·s the ~tarb of ail other machines by 4000 - 2120 == 1880rmn. If the shop 

tinH'-SpHII \Vas cOllllted From the start of these ail other machines at 4000mm 

thell, with the prod1lction output reduccd by the amount produced by machine 

# 2 during t}wse 1880min, thell the production rate would be: 

for Illodifi('d CMS: (21000 - (36)/(17000 - 4000) = 1.57pcs/min = 9·lpcs/hr 

I.f ., ~!)%, production rate incrcase. 

Tht' increasl' in production rate as weil as the compressioll of the schcdulc due 

tn CMS optimization is rcfiected in the reduction of makespan. As Figure 5.4 

alHl 'L,bl(' 5.1:1 show, individualjobs experiellcc up to 71 % makespan reduction 

in (,olllpal'isOIl with SPT case. 

'l'hi!'> ('xamplc' pC'l'mits assessment of the advantages of job allocation usillg 

COllstallt joh-mix stages. Shortcr lead times, lower inventor)' (\VIP) and addi-

t iOllitl cc\pacity have becn rccognized by Goldratt [l7] as having a major effect 

011 the' t Itl'ollghpllt. Of course, the new capacity has an effect only when it is 

Ali important. hencfit of the decomposition of the problem is the reduction 

of cOlllpntat.iolléll timc. The expression derived in section 5.3.2 can be ap-

l'lied !t('IC also. For the example studied, the non-dccomposed problem contains 

!i~ con:-traints, ",hile the lIumber of cOllstraints fol' each stage sub-problem is 

{ 1 - , ~ - () - 1 - - I} Il 1 .. . l' '11 b • , /,~, l • / •• , /.' , 1, l,' • enC<.' t le sa\'lIlgs 111 computatlOlla tIme \VI e 
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Table 5.10: Compari~oll of Idtl' stad. tinlt's, 

Jobs Latr slnrt tllllf.'i (min) Dur f)alt' . .; 

5PT 0\15 (111/1/ ) 

A 1680 ·10·10 .loon 

B 200 2120 7000 

C 40"10 6,1·10 !)OOO 

D 51~0 5120 9000 

l~ 1850 7990 I:WOO 
-

F 6440 9000 15000 

G 8:300 12000 16000 
-- .-

H 44.S!) {)GOO 17000 

Thus it \vill take 53 times Jess computatÎollal timc tu ~olv(' the pl'Oblc'Ill lI~ill,!!, 

Cl\:IS algorithm th an whcn all stages arc aggl('galpd to,!!ptl)(·I'. 
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Table 5.11: COlTlpètli~OII of utilisation. 

J\!fl('!tlTlCS l/tzllzatlOll % InCl'eflSC fac/or 

8PT CMS CMS/SPT 

1 60.4 86.3 1.4:3 

~ ~S.1 98.6 1.14 

3 71.2 8004 1.13 

4 42.9 8004 1.87 

5 74.7 78.0 1.04 

Table 5.12: Comparisol1 of frcc capacity. 

M (Ic1I111 C S F'rc(' copaC/t!) (min) InCl'faSC factor 

8/)1' CMS' Ci\lS'/SPT _. 

l 1850 4000 2.16 
-

2 200 2120 10.60 

;j ,ta ta 4000 0.99 

·1 1680 4000 2.38 

1) ·1·155 4000 0.90 

Total 12225 18120 1.48 
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Tahk 0.1:3: ('olllpal j:'OIl of ll1é1k(,Spdll 

Jobs Mah . ..,pan (111 III) ~ Ht dl/('/ 10 li 

SPT C\l.') (A, 

A :n20 fHiO il 

B 6800 ,\R8O ~~ 
--

(' ,1260 ISGO .'i(i 

0 :3880 :3880 0 

E lO150 ,lOlO GO 

F 8.560 6000 :m 

G HOO ,1000 ·IK 

Il 12.5,1.5 10,100 li 
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Chapter 6 

Application of Aigorithm to 

Multiple Operation Job Shops 

6.1 Analysis of the Problem 

III titis cltaptcr. the job allo(',ltio!1 PIO('('''~ invohed il! 11l1l1tipll' 0IH'lrltlllll loi, 

shops will 1)(' considere'd. This i~ ail ('xt('II~ioll of t II(' ~illgl(, 0pI'r ,d iOIl pr (Jld"111 

The prinriplc~, L.P. formulation and tht' ~ollltioll l'lOI l'dllll' (rllI 1)(' rlc!()pl,'d for 

multipl<' op<'ration j()b~ wit h milloJ' llloclifi( <lI iOIl"', 

The machine toob i Il the faet ory arc il"~llll\('d 1 () Iw gl 011 pl'd ;11' 01 di IIg t {/ t Iw 

natHIe of proccs~es ('.g., tUl'Iling. milling, grindin~ rit. Ali joh.., ,III' tI"'~\lIJ}('d IIl,l.!,1l 

through tl\(' diffcJ'<,nt !:.ediol\f> (opcl'éltions) in a P1'l'lh'tp I11l11)('t! "'1'1)111'111\' '1'111'11' 

arc altcruativc marhiuc tools in c«ch s<,ctiOlI. The !)ll)( ('~~ill!!, 1 ill\(,~. '-('(li\, 1IIl\l'~. 

due dates, quantitie,>, machine avatlahility and capahiltl yan' kllo\\ Il ,\ l" HJ! i .Jol, 
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1 lI!!oc;tfioll pl'oJ,l('IlI~ of tlli~ Il ill Il 1'(' al'(' typical fol' faclorÎes w!JcI'<' thc layout of 

IlHlllli,)(' t()(jl~ i~ (te corclillg to the' pIOCl'~~e5. Tly comhining Illultiple operations 

1 III' »lobl('1J] I)('colll('~ Illon' l'(,étlif>lic and J)('IJC(' t))(' applirahility of solutlOlls 1.0 

jolI ~hop~ i" appropriatl>. The opl imizalioll is rarried oul withll1 earh section, 

thlls plovidin!!; a nltnlllatiV<' d[('ct, ull th<, entire shop operations. 

6.2 L.P. Formulation 

'1'1)(' li'H'ar progrillllllling rnod<,1 pwvided in section 4.2 is modificd to suit the mul-

tipI!' ol)('r<ltioll prohl(·Ill. In additioll to the nomenclature alrcady pro\'idcd, the 

~lIb~(Ti(>1 1 act.!-J él~ the' illd<,x for s(,ctiolls ( operations). The lincar prograrnming 

lIlod(·1 of the' job allocation problem within ca ch partition i (stage) is fOrIlltl-

l,tI,(·c! wil h an oh.Ï<'cti\'(' to lIlaxil11izc the number of picces X1)m/ of each job j 

(J = Il,13, C. ... , IV) prodllccd 011 a machine tool 171 (171 = 1,2 ... , M) at the op-

('!',dlllp, ~('ctiorl~ 1 (l = 1,2, ... , L). While tbe machines in cach sectioll are 110t 

iclt'Ilt 1<'al, a joh cali be processed 011 more thau one machine. Processing Urne 

Il)111/ ,111<1 :-;d 11(> tillH' 8)1/1/ are illculT('d W}WII olle unit of job j Îs loadcd on ma-

(hille 111 at section l. The L.P. formulation for the job allocation problem is as 

foll\l\\'~: 
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m=\ J='\ 

811bJ(cf 10: 

.\1 

L T',nrI 8 .lItll'\·,)ml ::; q) 
m=1 

.v 
L rllnI .... )'" 1 H), IlI X,)mI ::; '1;,,11 
J= 4 

ot her",i"e 

.1 = :\. IJ, .. , .\' 

1/1 = 1.:!,. ,.\1 

J =.\. /I ..... \' 

'11 !.:!, .. , .\1 

if llIélchinc 111 at !'>('('I iOIl 1 i.., (apalll!' of pl ()( (',,:-.illg jol, J 

ot hCI wise 

Th(' machine> élvailability illch'x 1'",,, and t II!' 1Il,lchilH' (ll'al"lit~ illd(,\ '~J,,,I dl(' 

respollsiblc for ('Iimilléltillg ail t!H' tPfm:-. t bat Il'dll(,(' lu ZI'I(). j,o! il ill t 1)(' (JI,I"( 1 !\'l' 

flltlction and cOllslrainb. TIlt, fil'!'>t !'>('I, of ('l),,~11aiIl1:-. (''''''111(':-, tlr,1l 1111' '1lldlllil,y 

produccd al cach ~tag(' is Ilot lIIore t hall the d('Ill,llltl qHall1 il y. TIl!' !'>('( 011 ri ""t of 

COIl~tfélillts restrict:; th(' total pro('('~sillg tiIl\(, Ol\ ('(lcl! lIlilchill(' loolnol III (';,,( ('"d 

tlw availablc tinw on tltal, lIlélchine. 'l'hl' las1 ~('t i.., il llOII-Il('g;l! i\'il y (01\..,11 ,tillt 

for the quantity of job!> produccd in th(· ~télg('. 

GO 



6.3 Solution Procedure 

'1'1)(' 1>o!JlI,ioll proCf'dllfc describecl in scction ,1.3 is used hcrc. An additional step 

i1> providf'd to Iillk the ddfercnt ~ect.ions (opcrations). The solution procedure 

l'Il ( olllpassillg hoth thC' linear program and the heuristics Îs showl1 in Fig 6.1. 

6.4 Numerical Example 

1...('1. 1I~ colIsid<'r a case' of 6 jobs that has to undergo 3 operations (e.g.} turning, 

lIlillillg ,t!H! grinding). Each section (operation) has 4 machines and the jobs can 

h(' \lro('('1>s('<1 ill any of the alternative machine tools. The processing time~ and 

Hw ~l'I.llp t ime:-. al cliffercllt sections are given in Tables 1 and 2, while thc demand 

qUillltiti,,:-. and the due dat.es arC' shown in the Table 3. The Tables indicate also 

the 1Il,lchill(' !'oo!s thal are Ilot capable of processing a particular job. 

'l'III' optilllization problelll can be stated as follows. For a case of N = 6 

johs, M = ·1 lllachil1es ill eaeh section, the optill1ization problem based on CMS 

,t1p,urit hlll is ddillcd for cvcry stage with an objective 1,0 maximizc the number of 

pit'cC':-, of ('flch job procc!>s('d within a stagc. Such an ohjcctivc lcads to maximum 

(l1'01!lIction rate and machine utilization. Each job has 1,0 be processed in sections 

1.2 élnd :1, ill t hat ord('1". Production is ill lots equivalcnt 1,0 the demand quantity 

",it hin the duc d<lt!'s specificd. Thc startillg timcs are calculated by applying SPT 

l'litt· hark\\",mls from the due dates given and this pro\"icles a reference to definc 

the ~tag(,i:>. In titis procedure the jobs are assumed to bc non-preemptive and 
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j 
Input: Processing time, setup time,demand quantity, 

due dates, machine availability and capability. 

Form the frrst stage L.P 

lncorporate setup lime: (Timl)new = (Timl)old-Sjml for ail johs 

No 

Round off quantities to lower integer 

No 

Fig 6.1 Flow chart for the solution procedure 
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Replace other Jobs on 
machine ni with job j 

Find where slack exists : (Xijml . Rjml) < Tlm1 
Load jobs on machine ni with slack If settlr exi~ts : 
(Qljl)ncw = (QIJ1)old + slack / Timl 

Updatc demand quantity : 
(Qij)i+ 1 = (Qlj)i - Xijml 

If i + 1 is the last stage, 
change the opcrator 
in the qty. con~traint of L.P. 
from < to =. 

No 

Form the first stage L.P. 
for the next section 

f-orrn next stage L.P. 

Fig 6.1 Flow chart of for the solution procedure (contd.) 
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1 
\\ Î1CI\ t\\'o 01 11101(' joh:-. COlllpctc fUll III' ",\lllt' III,\( hlll<' t II<' Jill, It,l\ III)!, 1 hl' k,,:-.I 

6.5 Results and Discussion 

The rc'''lt1l~ obtaill(·rI hy applyillg (,~IS .l!g(lIithlll .\1,' 11I1'''('lItl't! ill T.d,j(,:-. 1, 1 III 

G.G and Figllr('~ G.2 10 (j .. l. A~ ail l'xélllIpk of Ill(' 1(':-'lIllalll jlJb .dh .1I11l1l. )·'i,' ,"1 

6.2 ~ho\\'~ the' dbtriblll i011 of joh" 011 nw( hilll' I(JI)I" ill 1 lit' Iii ~I ~('I 11011. nI<' SPT 

distrihutillg job~ 0\\ alternatt' 1ll,\fhill(, !ool", 11lt' (':\IS .d)!,Dlïllllll <I( hit'\('" 1II'IIt'i 

utilizatioll of machil\('~. Tc\bk (l.1 ~hu\\'~ \II dizal iUIl of Jll,1I hill\' IOllb l'Ill .dl 1 hl t'(' 

sections. The utilizatioll \\'a~ calcul'lll'd (I~ the l'cll 10 of lim<' 1 III' 111<1< hlllt' i ... 1,lh\" 

to the time bct\\'e(,11 the cutry of Ihe fir~1 job ,\!lc! c!('!l,lrllll(' of t.h(' I.l~t. jolI [IUIlI 

the section in pe!'relltag". Accorrlillg to Tablf' G.,I, tif) il\ ('1 cI)!,(' of ·I:!'i{, 1111 )('rI"'" 

in utilizatiol\ of machine tools fur ail tlll ('C ~('('I iOIl~ \\t1~ <l' hw\'('d \\'11('11 ('~IS 

algorithm is applied (a\"c. 8ï.:3Vo), in (,oll\pari~OIl with SPT 1 Ille (avI'. fi!',i{,). 

Another po~iti\'(' dfcct of the appli(',ttioll of C\IS algOl il hlll 1" 1 III' !l'dui t ioll 

of completioll dates of c\,('ry joh, in the pr(,~(,llt ('Jo, a III pie'. I,\g. fi:~ 1" ovidl", 

the GanLt diagram for johs beillg pro('('~~('d in ,dl thl('(' ~('di/)II". FOI 1 1.lIlly of 

presentation only the fir~t aml the Ié\~t joh élI'L' plot!cd, A éllld F 1(',,!wctiv('ly. J'IO 

cessing limes for job~ a\located (lccording to hoth SPT 11I1f' alld C~JS i1lg(Jlltlllll 



Table 6.1: Proccssillg limes of jobs on machine lools 

Machine P1'Ocesszng Times (min) 

ln A B C D E F 

1 l.0 0.98 1.8 3.0 3.2 3.92 

....., 

- 2 1.5 1.0 1.85 t 3.0 3.90 
ë3 '-..... ~ 
c:w 3 0.95 1.5 2.0 3.3 3.4 4.05 .., 

/1 t 0.95 1.9 2.95 3.25 3.95 

1 2.1 1.1 2.7 4.1 t 2.7 

~ 
2 :::: 2.2.5 1.0 2.8 4.2 3 . .5 2.5 

.~ -~ 
~ 3 2.2 t 2.75 ·1.25 3.35 2.8 .., 

" 2.0 1.15 2.85 4.3 3.2 2.6 

1 7.4 6.5 9.2 7.6 8.75 7.35 

..... 
2 7.3 6.3 9.1 7.5 8.8 t --. 

.~ .... 
~ 
~ :J ~? 6.2 t 7.3 8.5 7.:3 '-'l ( .-

rI 7.35 6.35 9.15 7.55 8.7 7.4 

t-t.la' machine is Ilot capabl<.' of processing t.he job 
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Table 6,2: Setup times of jobs on machines 

Machine Setup Tzmes (min) 

m A B C D E F 

1 60 75 105 80 55 75 

--s::: 2 50 70 100 t 60 70 
c '-.... <..l 
~ 3 65 65 90 55 50 80 ~ 

4 t 100 90 95 65 65 

1 80 105 85 100 t 100 

N 

s::: 2 85 120 90 90 120 110 
c '-.... <..l 
~ 3 83 t 95 95 115 100 ~ 

4 90 110 80 95 110 105 

1 60 45 90 70 65 100 

1'1; 

s::: 2 65 50 100 75 60 t c 
':;: 
<..l 
~ 3 70 65 t 80 70 105 ~ 

4 65 60 100 70 65 95 

t-the machine is not capable of proccssing the job 

( ", 
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h 

;==: -

.J fi Il.~ A B C D E F 

ql/allilly fiOO ~OO 1200 700 850 900 

f) 1/ ( !Ja Ir (lIPl1) J:WOO 1 :)000 2:3000 190UO 16000 lüOOO 
~ 

ri Il' ... IIOWII fol' (OIIl!HI! i..,oll. SIII( (' each ..,cct iOIl is :"olw'<I ~('qucJlt ially, 1 cdllction 

III (olllpl<,t iOIl 1 illH' "iI~ a ('IlllIuldl iv(' dIc'rl and tll<' dlle da!('s arc significantly 

~lllJl tC'llC'd Thi!-. <l11l()1Jllt~ 10 cHlditiollal d\'aialblc fre(' capacity aile! co1Jld 1)(' Il'iC'd 

1 () I)JO( ('''''' 01 hC'1 jol/!-.. The lC'dllltioll in comple'1 ion dat(':, i!-. linked to :-,hortcr 

1I1(t1,f'~pdll" wlli( h ('clll II(' cH hic'vcr! \\,11('11 C~IS opl illlizat.ioli algorithlll Î'i applJ('d. 

Titi" i~ illll!-.tlcl1C'd ill Fig. n.·' and hy the data ill Tablc 6.5. It cali he Sl'CII from 

tlli!-. T,d'\l" that il lC'dlldioli III makc!-.Pélll h<'t\\'c('n .1.7% and 73.8% was achipvcd 

fOl illdl\·idllal Job!-.. The l'edlldioll in makespé., of course, the lesult of the' 

di:--I , ilnJl iUII of joh!-. 011 Itlélchilles. 

:\~ ('\1)('1 \t'd. II\(' IIIc1Xillllllll output ohjective J'csults in increascd pIOrluction 

l,Ill' fUI clll !-.('rlIOIIS as indicatcd in Table 6.6. The maximum increase of ·1:3.6% was 

cl\ hil'\I'd in sert iOIl # :t One should llotC, that although in the present ex ample 

('(\ch joh pa!-.sl's thl'o\lgh a1l the sections, in general a job may be schedul<,d to 

h~ P(\!-.S cl'rtain o\H'ratiom; and to be proCf'ssed in the remaining sections only. 

'l'hl' l't,dllel iOIl in complltalional t ime which is derived as a re~:iUlt of dccom-
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1 
pasing the srheduling hOlizoll illto constall t , joh-mix ~I<lp-(,~. (<Ill 1)(' l,dl 1II,\kt! (~'r 

cvcry sect.ion (operation), U~lllg tI)(' (,xpl('~~ioll <!cri\'('d in .'J,:! :2, Tht' Illlllll,,'r of 

and 3 ar'C' :~6. :31 and :~S 1'<'!o.pecti\'c1y, 'l'hl' 1l1ll1\!J('\, of cOll~11 ill1\b PII''-.1'1l1 ill 111(, 

s tagl'!o.: 

far sect ion # 1: {:J, 5, 6, i. Î.~. S,:)} 

for !o.('('t 1011 # 2: {;'). (). :'), .). :j. G, ï} 

f(n !o.('ctiol\ # :J: {:).6.(),ï"i'.~ . .s.:.q, 

}f('lIce t Il!' computatiollaJ ~<t\'illg~ fur ('<lcl! ~('ct iOIl h: 

:.Hj\ 
:::::} :!,"i. ï ;::::; :2(j :3 \ + .)3 + 6'\ + I~ + 71 + 1'\ 1 + ,i 1 + ,)1 
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Table 6.4: Comparison of machine utilization 

Machine Machine Utzlizaizon % 

m SPI' CMS 

1 46.6 97.9 

...... 
s:: 2 92.1 89.3 
c '-... (.) 
~ 3 48.9 95.3 ~ 

4 71.3 89.3 

1 50.7 94.2 

("1 

2 49.4 57.2 ~ .g 
(.) 
~ 3 46.7 46.7 ~ 

4 62.5 97.0 

1 35.6 100.0 

r.-, 
~ 2 72.8 99.7 
.g 
(.) 
~ 3 77.2 85.9 ~ 

4 78.8 94.6 
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Il Jobs Il (' 

-

~: 1-~~~~;(~-I 
1 ~ 1 Il:~ 1 

---- -- ------ -

2:WOO Il (jUill! 

- ---

Comp/ellOT/ SPI' 96!11 10682 1 !III 

!Jult .... (11/ /Il) C'.\I.') 6:jftl !)!)70 1.")!HIO 1!):.!:.!7 I .... )!I 
--

. \1 (do.'( :;; pa Il SPI' 1 02G:~ 12780 2l)(j(Jl) 1 :1171i 1 {i:~ 

(TIlITI ) (':\lS ·lX:lfi :l:l!)O I:W~() 1 :.!.-)j:l 1 :~:.! III lOS Il 
---

RcdlLd/OlI <ft S2.t' 7:l.t:l :n.~ r: -.). / I~ !) :w.q 
==~=-

Table 6.6: ('oll1pali~OIl of plodl1ctioll 1,11(' 

Op.S'('eliol/, Productio/l Ha/f (pr.·;jlll/II) 

SPT CM.'> 1/1 ,.,.(' (l,'l ( % (, 

1 O.S:J8 1.1 :J9 :3}).9 

2 0.620 0.74<1 20.1 

3 0.267 O.3~:l Il:3. (i 
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Setup 

~n C 
1· SPT 

A liB Il C Il 0 Il E Il F I-CMS 

v. U. 13 0 F 
v 2 s URII c Il E Il F ..r::: 
u 
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3 fIA 1113 Il Il [1 C E F 
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4 
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1 
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Time (min) 

FIg 6.: Allocation of jobs at section # 1 determined by SPT rule and CMS algorithm 
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A F 0 srT 
0 c ~1 S 

Il Il J 
III ..... 1 1 

1 1 
1 1 
1 1 
1 1 
1 1 

JI 1 1 ~ 1 
7/ 
~ 

1 1 
1 1 
1 1 
1 1 
1 1 
1 

3 IL • Il /, 

A F 
Il 

7/ 1 1 1 1 1 1 1 
/ /f---, !. 

o 2000 4000 6000 sooo lonoo 12000 l·lOO() 1l)()I)() 

Timc (mm) 

FIg 6 3 Gantt chan rcprcscnting the Dow of job A and Job FIor SPT rule and Ci\IS al).!O!llhlll 
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1 1---------- 1 
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1 1 SPT 
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ï-------------------ï~~=: 

1 
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4000 8000 12000 16000 20000 24000 

Tlme ( min) 

Fig 6.4 Complet ion dates and makespan\ of jobs resulting from SPT fuIe and CMS algorithm 
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Chapter 7 

Integration in Intelligent 

Manufacturing Systems 

\\ït hill tlte lIIéUly COlllpollcn(s of lll,lIlIlra( t III ill,!!, rI('ci~il)1I pl (H ('!-~("", 0p('I,,111)1I 

f>c\H'dlllillg can \)(' 1)('1'< ('iw'd Ilot ollly ,1., ,Ill illlpol't,ud lIIlk ill t I\(' (h .. ill, 11111 ('\'('11 

a~ éL Illlb orthe informatioll ~ystclll1illki/lg tlt<, élcti\'itl('~ cl~~()('iaj('rI witll Ill(' plu 

cluct.ioll pro(,f'ssrs, Thr informatioll no\\' COJl('('J'IIS IJOI Il (1)(' d('ci..,io!l PIO( (':-''''(':-' dllli 

tl](' ll1att'rial flo\\' i,e" pltysical {'X('Cl1tioll of orclPl'~. 110\\,('\'(,1', tll(' \,1:-'1. allllllll1t (Jf 

ra\\' data ('xif>ting ill present da)' manag<'!llcut infol'Illation :-.y~t.('II1:-' 1:-' !loI 11..,(,<1 fOI 

optimization of prod uction mélnélgf'I1lCnt, a parlicula rIy cl i flic 111 t. t ,I~k (omid('1 i Ilg 

that this is a dynamicctlly changing cnvironnwnt. 

The useflliness of integrating the capability of iutplligt'l1l sy~t('IlJ:-' \Vith tl'adi­

tional information systems has bccn recogniz(~d already by T:wllg ,llld O'Clll11lul 

[18], while Lu [19] proposed a framework for illtcgratioll of h<'llristic <llltl (k1.('r-
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l 
TIll' (1 rc'''('11 1 pw«·dllre for dynéllllir opt illlal job allocat iOIl using the C~IS 

,d.l!,Olit!Jlll lillk., ('xi.;t illp, (Olllp"tPliz('d informatioll syst(,111 with rOll1biIH'd de-

Il'llIlilli~1 il and ll('uri,,1 ie ~()llItioll. Thlls. t}J(' procedure ex1.(,llds the fundiolls 

(OV('ll'd \'y t!w illfOlmatioll sy~t(,1ll 10 opcrationallevd d('ci~ioll. 

TIt(· lillk tu t II<' ('xist in).!, 1l1,Illagenwnt information system is accomplished 

t IlIolI).!,h tlll' lIlilllllfactlllillg r('~ourc(' planlling, syt>tC'1I1 p.tRP II). Il cnntains, as 

Ol\{' uf it.~ fiv(' fUllctioI\, the IIla~t('r production schcdule (~lPS), the othcrs hcing: 

I(·«(I.iI'PlIlt·llb plalllliJJg, caparity plallning, shop flaar control aud cost control 

(productioll a(colllltiJJg) (Flapper ri al. [20]). 

TIlt' ~I PS I1lodule providt's a tillldabk spccifyillg \Vhat componcnts, in what 

qll<lntitics are I\('ed<,d and w!tt'n. 1I0wcver, l\'IPS docs not cxtelld its fllnctions ta 

o(H'r"tions Sc!H'dllliJJg, 1.('., job sequeItcillg and job-l'l'source allocation. In prac-

t.in·, \\'hik s('qu('nrillg is donc using some priorit)" l'nIes, the dccision conccrning 

jol, ,,\locat ion 011 macbinc tools is Icft Lo the forcman on the shop fioor. And 

.rel" t.Ilt'se f\llldions aI"<' of critical importance for shop efficiency wllÎch affects its 

actllétl capc\city and subsequcntly the throughput. 

Tht' CI\IS algorithm can be incorporated into the MPS module, and then, 

linkl'd to otIler ftlnct.iolls of MRP Il system. Such an integrat.ioll would function 

in tht' following way: the MPS module gcncrates the master production schedule, 

which trig,gers t.h!' relcasc of production orders fol' al! cOlllponents which have 

to Il(' processcd in the shop. Based on the production orders and t.he data 
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1 
joh a!locat iOIl ~r1}('dllk 

'\11 impOitant factor ill the illtq.!,ratioll of (';\IS al,!!,ulithlll "itll tilt' ;\II'S/~IHP 

II system is thr type of i1Jfollllatio1J alld tlle COlllpdtlhility of da!.\. TO,!!,{'ll{"dt{' 

a sthedule, l\lPS l1ses informatioIl 011 (!PlllélIlcl qllalltiti('~ <llIcI {lt-li\{'l." d,d{'~ 'l'III' 

Cl\IS alp,orith11l1l'ics the !'élme iIlfOllllalioIl. 1\1 culditioll 1.0 ",hich il, 1l~('" ,d~(J 

t he machine availahility clllel capal>Ility dal cl frolll 1 Il(' 1ll<llIl1f"l t III Îllg d,II ,.1,<1;,('. 

\Vbile tll(, algol'ithm j-; leél~ollahly illdejH'llcll'ltt flOlll Ill(' l\IHI' Il Illotlnl(';" tilt' 

&tlwturc of the d,\la, the acccss a\('a~ of tilt:' alp,ol if hlll cllHI tilt' hj('ld)(lt~ of tilt' 

alg,orit hm fU1Jction ~hould \)(' takt'1J illto .1('('011111 \Vlllk illf t').!,l',11 ill,!!,. 

The i1Jtegration of the C[\IS joh allocatio1l algolithlll with tll<' i\\l'S ll\()t!It!(, 

(which also cOlltains proccss plauuing infonnatioll) cOllld 1,(" and illd('('d ~1t(}lIld 

\w, cxlcnded to other compollclIls of tlll' manl1 fcletlll illi!, d('("i~ioll sy~t.(,IlI, ~llrll tI": 

scheduli ng and a!loca tion of maintenallc(" p('r~onll('1 and <'q 11 i Pll1('11 t. OJl 111;11 It i IJ('~, 

schcduling (alld in some cases also allocatioll) of ('0111 j>01H'1l t!> pro('('~<,('d Oll ViiI iOIl~ 

machine~ to quality control statiOll!> alld/lH assigning quétlit.y C<J1I 1. 1 01 ill~I}('( fOlS 

to machine tools. Further extcnsioll wOllld also intel face ~dlC,dlllillg of nled,('lial 

release and material handling (physical) ta Il{' synchrolliz('d with t.1J(· j()b-lIlilchi1l!' 

allocat.ion and sequcncing. 

Ali these links would have the fccdback loops eqlliplH'd wit.h 1(·iLllIillg -

self corrccting adaptive capability for the ll~e of Cl\IS algorithlll fOI 1J().,~i"k 

rescheduling and reallocation of jobs. Such a desig1l wou Id make fllll 11<,(' of t.1l<! 
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dYII,III1J( op! illllZat!OIl rapabili! i('~ of t 1](' C~IS algoritltm. Th('~(' aIC(l~ an' thc oh-

vi(J1J~ topi('s for fll11lJe I('~'('ardl alld d(,\,(·lopIllClIl ill ail ('frort to\\'aJ'd~ de\'('loping 

({JIIlP1JI,('1 illlf'grat('d illf,('llig('llt malllJfacturing systems - aIl intelligent CIi\1. 
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Chapter 8 

Conclusions and 

Recommendations for Further 

Study 

8.1 Conclusions 

A new method which has bccn deve10pcd Ln opl Îllliz(' job ,dloCiltioli ull "lcI('hill(' 

tools in a time-dcpendcnt Cllvil'Ollll1Cllt, ('llhallCeS the dli( iC'IH y of (>1 <HIll( 1.1011 

planning systems by generating more' rcalistic ::-,( hcdllks. B('~ieks, ~ille (' Ul<' jo), 

allocation fuudion is closely related to other cOIll\Hnl('llb of él Illit Il 11 file 1, 11 ri Il,!!; 

system, the schedules ohtained by using the Con~tallt .Joh-Mix S!;1.2}' (CMS) 

algorithm aids in the efficient fundioning of the relili,{·d dcpal tll\(,\lt~ lib· lIl.till­

tenance, quality control etc. As the Ci\'lS algOlithm targeted t1w k('y l'aralll<'t('I'" 
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" 

of d .lIadli.1f' ~ltop (( .'1 .. Ploductioll rate" rnalœspan) fol' improvell1ent, the per­

fOllllél III(' (}f the ov('rall factol y i~ a 1llC'lioraled. 

TIIf' d(,( olllpositioll s,.II('1I1<' partiti()l1~ lhe sc!Jec!lIlillg horizon iuto stages of 

(O!l ... t illit joj,-llIix. 'l'Il(' CM~ algo!"ithm baser! 011 tlris f,cheme uses lincar pro-

.l!;1 êllllll1illl!, wi1.hill (,<tcll ~tag(' 1.0 allocatc jobs on machine tools, and associalc'd 

111'111 i~1 \1:, 10 ,I( ("olllll fOI ~dl\p t ill1cs, dlle date cllforccl11ent, integcr solutions and 

~I,\! k I('(hl(! iOIl whil<' op! illlizillg job dil'ltribution. The procedme procceds from 

~til)!,(' tu :,t<lg(" the output of olle stagc' being the input of the ncxt. This [OII11S 

rl d:,'IIclIIlÎc ~clr(,llJ(' of Opt.illlizatioll which links tire whole problem. 

'1'111('(' r1ifr('r<'nt C'XéllllpJc.S \\'c're dealt witlr in detail to demollslratc the appli­

(',\ tiol\ of C Î\'IS il Igol'ilh Ill. Ali of t hem con ccrncd multiple jobs to be allocated 011 

,1 11111111)('1' or lIlélchine lools, cacl! with diffcrent capacities and capabilities. Such 

situations al(' <luite lypical or man)' job shops in which machine tools are laid 

Ollt. (\('(,oldill,!?, 1.0 tb('ir plOcesses. The following conclusions can be drawn from 

t.h('~(' (l ppli(',lI,iolls: 

1. The 1(,~llll.s or t.lre Cl\IS algorithm, when comparcd \Vit.h those of the aggre­

p,'lkd ilpproarh élnd SPT rule indicate that better utilizatiol1 of machine 

tools cau he i\chievcd. 

,) Tite compl'('ss('(1 schedule along \Vith high utilizatioll of machine tools brings 

ahout il signifirallt l'l'ductioll in the makespan of individual jobs. As a result 

t Il<' jobs sp<'IHI kss time on the shop flool' leading to greatly recluccd work-
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l in-process (\\'IP) invelltol'y. 

:3. ImplOv<:>d productioll rak (throllghput) is ail illlpOllant ),1'1lt'!it (kIÎ\"('c! 

from tlH' applicatioll of Ihe C~IS algorilhm, ln t.\H' CdS(' of ~illp,ll' o!>e'I<I­

tion jobs thC' increase 11\ production l'éÜC' is llH'aS\1fe!\ fOI .111 the johs illld 

machines togcther. For the 111l11t.ipl(' opC'titt.ioll case, impw\'I'IlH'II\ ill pro 

duction rate if> noted for ca cl! section t lIus contribut in,!!, to the prodlll"1 t\'ity 

of the o\"crall shop. 

,1. The Ci\IS algorithm provirlcs a comprr'ssf'd schedllk; whde' :-,( l",dllhll.!!. is 

carried out fl0111 the start.ing till](,S, carly shiplIH'ltt dates for jol)s (ur or 

ciers) are oblaillcd. vVlwll srbcdtllcd from Ut(' cl 11(' da \.e& t, hl' C l\ 1 S .dglll JI,h Il t 

pro\'itlcs lal!.' slarl d;ües, In hoth cases 1 Ill' SPitle' \,illlP whidl i:-. TII.I/II' ;1\,,,11-

able bC'CéHISC' of the comprc&sed :-.chedul(', call \W u:wr\ \'0 })I"O(·I':-':-' .ltldil.lDlli!l 

jobs. 

5, IL is possible 1.0 apply the Cl\'IS algorithlll \.0 huUI :-.illgk alld IIlttlt.ipll' 

operation job Ilhops. III t11(' IdUCI' ca~c the III<lfltille 1,001" aIl' .!!.llJllj>l'd III 

sections acconling 1,0 their UpClcltiol1s. 

6. In comparison with tllC' aggregated a ppHh\l h, the Ci\lS il Ip,o{ i t It III plO\' Idl'd 

a sig,nificélllt savings in complltationa\ t.illlc l't'qllil('d 1.0 so\v(' t.lll' iol. ;dlo­

cation problcms. Using the exprc~:-.i()1l r!evelojJcr! \'0 ("le Illaj (' ~11C It ~dvillJ!,:-' 

in time, il, ran also be concllldcc\ tltat, t,}J(' &él\'illg& ill rOIllI"ll cll j(J1I,d 11111(' 

incrcases whell the stages contain l'e\\'('r jobs. 
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'l' 
,j. 

7 . .Job allocation problcIlls sol "cd using the' Cl\lS alg,orit 11111, 0P('1l t I\(' IHl~~i-

bility of combining dcterministic and hCl11'istic proc('dtlH' with m.I1li\.f.!,('IlH'IIt. 

information systems, spcrifically t.he masler prodtlctiol1 sr!H'dtlk (lI' 1\ 1 H JI 

II, to arrive al a solution for shop 0001' control. 

8. As the CMS algorithm aids the job allocation d('cision proccss in il prodlll'-

tion planning funct.ion, il provide'5 an dTicicllt. col1t.rol Whl'll illt.('t,rilt (.<1 with 

the other components of manufaduring sysh'lll like Illclillt('IHII1(,(', qllillit.y 

con trol and material relcase. Suclt an ill!.cgra !.cd system ('II 11 il 11("(':-' !. h(' <111-

tomation of various derision making proccsscs. 

8.2 Recommendations for FUl'ther Study 

One of the important. feature of jub allocat.ioll lIsillg tlle CMS algol ithlll i:-, 1.\)(' 

distribution of setu}) times. While in the common pra(ticc of assip,lIill,!!, cl jol, t.() 

machine with 8PT, only one setup is needed for t1\(\ full I)J"O('('s~iJlp; tillH' of il 

job, this is Ilot the case wit.h the CMS method. In the J\cw 1lH't.hod s('tnps :11"<' 

assigned to various machines according to the optimized ~ollltioJl, \VIWI(' sdnp 

times are taken into account. Since the optimization is carried out withill (';tch 

stage without considering the allocation in the prcvious stage, t.ltis may 1(,~1I1t. ill 

multiple setups for a single product on a particlllar machinc al, differ(,llt period!>. 

If such a situation is cncountered, allocation of jobs 011 c<u:h lIIéLChilJ(' cali 1)(' 

shumed so that fewer setups are needed. I1owcvcr, due t.o !'lris shllffling tlH' 
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arrivaI <lnd ùm' timcf> of jobs can change leading to the redefillition of stages. 

III sllch ('ir<':lllll~téln("es, a comparison bctwecn CMS algorithm allocation and the 

sllllffled schcdule cali he carried out with a suitable performance criterion. 

III the CMS algorithm jobs arc assurned to he prf'emptive. Bccause of the 

/lIultiple setups problem rncntioned carlier, il, may be wort.hwhile to conduct a 

COIll)Hl"ison betwcC'l1 precmptive and non-preemptive scheduling with makcspan 

cri tel ia. Thc 1I0n-precmptivp schedule is obtained by assigning jobs on only 

machilles which a.rc frce to load while alloca.ted to subsequent stages. 

III the joh allocation schcdule, the setup times arc accounted for, indepcn-

dClltly of thc proccssing times. That is, the setup times are assigned based on 

the init.ial solut.ion and orten the job allocation before and after the setup time 

as~igll/llcnt are the Sélme. This is becausc, once the setup time is deducted from 

t.ht' t.ot.al available time, optimization is carried out for the remaining time. In 

01'<1('1' t.0 ('oasider collectivcly both setup and processing times in the schedule, 

hlt'dk ('\'ell analysis can 1)(' used. The equation for each machine will consist of a 

fix('d sdup time and a variable processing time which is a direct function of the 

qllétntity processC'd. ChoÏ<"e of machine to process a particular job is arrived at 

hy cornparing thcse cquations and obtaining the break even quantity. 

Allothel" intcrcst.ing topie for future study is th(' transfer quantity of the jobs 

lWt.\\,(,l'll t11<' diffcrent operations in a job shop. This means one can pro duce a 

proccss hcüch (which equals the dernand quantity, as is in all our cases) and move 

t 0 t hl' ll('xt opt'l'ati()!l, or in smaller lots called transfer batches. Transfer bateh 
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1 
is used by .lIT ,·f)IlCCpt., where the ohjedi\'t, is to achi('\"c fi ollc-unit pn>('('s~tll.'!. 

batch. Such transfcr batch 1ll0\'Ct1H'llt from 011<' operat itt/!, sect.intt to <Hlot her 

affects the t imc-parti tioning and the cl uratioll of part i tions l>ec,II1:--(' t lit· st a.'!.<'~ il 1 t' 

defined by the job arrivaIs and departures. This conc<'pt of rltélllg,ittg a 1,1 <ltt~f('r 

batch can be applicable ta jobs of high dcmalld qllant.ity .I1\(l pro('('ssillp, t illw~. 

Since the linear programming formulation of the job ,dlocatiolt (lwhklll is 

similar to the transportation mode1, the possihility of d('\'i~ittp, cl solutioll p1'll('('­

dure using tlH' I.riangularity structmc cali bC' stlldit'd. SOIlt<' of !.l)(' ~it'pS ill IltI' 

C1\'IS algorithm are caniecl out manually. 'l'Il(' sr1wdllling algolit.hlll CéllI he fully 

computerizecl such that it can either forlll a part of ail (''\p<'1't s.\':--t<'1Il 011 ~c1t<,d1tl· 

ing, or be integrated with othcr fmlctions of the Productioll Systc'Ill. Whik t.lH' 

former will he a dedicatcd schedtlling system 1,0 cldvisc Olt the' all(J( clt.ioll fUllc­

tian in different circulllstanccs, the latter will he éI part of plêlllllillg altd C (Jill 1111 

function enhancing the automation of the prodllrtioll mallag('IlH·nt. ~y~t.('1ll 
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Sample of J ob Control and Data 

Cards for MPSX 
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t''\dlllpl(' '),,1 ( .... 1,1,!!,\' h) T!lI' !i Ilt'il 1 plugl,II11I11IIl,!!, 1'01111111.111\111 01 Ilti .... pllll'!"1I1 1"" 

SIII/I + X,,/U + '\"11-, 
/ 

,"j:~ 1 r_ 

S"L1 + XhI- \ + S';/ê i < \ :-,., 

.\ h/ll + X,,/) 1 + SIII/\ + Sil/)1 < :--:, jl) 

SII('I + X,,(,\ + .'\,,(' \ + S,,(,:; <: \ :-100 

:t?iXh l11 + '2 .\"hlê 1 + ,IS"nl + :~ :'")S"('I < \.)20 

:L:2.\hI/2 < ! ~(i() 

:2,IXhE,\ + ·1.:L\"hD~ + 2,ï.\",,(,,\ < \(i 1() 

:Lï.\W4 + :3.ax,;c 1 < 1 r;(iO 

:Ll.\""/fl + :2 2:').\"L'i + ,1.2.\',,/1. + :~.\'hr·r, < 1 (i(iO 

Tite :\IcGilI\ :\IUSIC p.lulti (lser SY"!('11l fOI 1111 l'lrIC t Î\'t' ('IJllIPIJI ill!!,) jolJ 

('0111101 ('c1l'(1., fo Il 0\\'('(1 hy :\IPSX (:\lat 1H'll1at Îca! PI{)grclll1rl1ÎII~ rllld S) ... I(·11l )',x-

tClldcd) data ('ard~ arC' provid('d ill tlte follo",ing two J)dg('~. 
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1 IINFO MYS R(MUSIC) CL(40) 
Il EXEC MPSX 
IIMPSGO.SYSIN DD * 

PROGRAM 
INITIALZ 
MOYE(XPBNAME, 'LINEAR') 
MOVE (XOATA,'JIT6') 
CONYERT('SUMMARY') 
BCDOUT 
SETUP('MAX') 
MOYE(XOBJ, 'QUANTITY') 
MOYE(XRHS, 'BVECTOR') 
PICTURE 
PRIMAL 
SOLUTION 
PEND 

IIMPSGOX.SYSIN DO * 
NAME JIT6 
ROWS 
N QUANTITY 
L ROWI 
L ROW2 
L ROW3 
L ROW4 
L ROW5 
L ROW6 
L ROW7 
L ROW8 
L ROW9 

COLUMNS 
X6Hl QUANTITY 1. ROWI 1. 
X6HI ROW5 3.5 
X6H2 QUANTITY 1. ROWI 1. 
X6H2 ROW6 3.2 
X6H5 QUANTITY 1. ROWI 1. 
X6H5 ROW9 3.1 
X6El QUANTITY 1. ROW2 1. 
X6El ROW5 2. 
X6E3 QUANTITY 1. ROW2 1. 
X6E3 ROW7 2.4 
X6E5 QUANTITY 1. ROW2 1. 
X6E5 ROW9 2.25 
X6Dl QUANTITY 1. ROW3 1. 

.;" 
X6Dl ROW5 4 . 

"\ 
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l X6D3 QUANTlTY l. ROW3 1. 
X6D3 ROW7 4.3 
X6D4 QUANTITY 1. ROW3 1. 
X6D4 ROW8 3.7 
X6D5 QUANTITY 1. ROW3 1. 
X6D5 ROW9 4.2 
X6Cl QUANTITY 1. ROW4 1. 
X6Cl ROW5 3.5 
X6C3 QUANTITY 1. ROW4 1. 
X6C3 ROW7 2.7 
X6C4 QUANTITY 1. ROW4 1. 
X6C4 ROW8 3.9 
XKC5 QUANTITY 1. ROW4 1. 
XKC5 ROW9 3.0 

RHS 
BVECTOR ROWl 531. ROW2 155. 
BVECTOR ROW3 860. ROW4 1500. 
BVECTOR ROW5 1520. ROW6 1860. 
BVECTOR ROW7 1650. ROW8 1860. 
BVECTOR ROW9 1660. 

ENDATA 
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Appendix B 

Sample of COlllputational 

Results 

The> slImmal'y of computational result for the example provicled in appendix A is 

givC'n in t.he following two pages. Section 1 of the results deal with the sensitivity 

i\lwlysis of the variables. The main result, namely, the quantity of components 

loaded on different machines is obtained from section 2. The variables which 

l'Ilkl the basic solution (denoted by BS in section 2 of the results) are the final 

~oll1tioll for the cxample under consideration. 
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ONAME JIT6 
ROWS 
N QUANTITY 
L ROWI 
L ROW2 
L ROW3 
L ROW4 
L ROW5 
L ROW6 
L ROW7 
L ROW8 
L ROW9 

COLUMS X6H1 QUANTITY 1.00000 ROW1 1.00000 
X6H1 ROW5 3.50000 
X6H2 QUANTITY 1.00000 ROWI 1.00000 
X6H2 ROW6 3.20000 
X6H5 QUANTITY 1.00000 ROWî 1.00000 
X6H5 ROW9 3.10000 
X6El QUANTITY 1.00000 ROW2 1.00000 
X6E1 ROW5 2.00000 
X6E3 QUANTITY 1.00000 ROW2 1.00000 
X6E3 ROW7 2.40000 
X6E5 QUANTITY 1.00000 ROW2 1.00000 
X6E5 ROW9 2.25000 
X6Dl QUANTITY 1.00000 ROW3 1.00000 
X6Dl ROW5 4.00000 
~6D3 QUANTITY 1.00000 ROW3 1.00000 
X6D3 ROW7 4.30000 
X6D4 QUANTITY 1.00000 ROW3 1.00000 
X6D4 ROW8 3.70000 
X6D5 QUANTITY 1.00000 ROW3 1.00000 
X6D5 ROW9 4.20000 
X6Cl QUANTITY 1.00000 ROW4 1.00000 
X6Cl ROW5 3.50000 
X6C3 QUANTITY 1.00000 ROW4 1.00000 
X6C3 ROW7 2.70000 
X6C4 QUANTITY 1.00000 ROW4 1.00000 
X6C4 ROW8 3.90000 
X6C5 QUANTITY 1.00000 ROW4 1.00000 
X6C5 ROW9 3.00000 

'fp 
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RHS 
BVECTOR ROWI 
BVECTOR ROW3 
BVECTOR ROW5 
BVECTOR ROW7 
BVECTOR ROW9 

ENDATA 
OSECTION 1 - ROWS 

531.00000 
860.00000 

1860.00000 
1860.00000 
1860.00000 

ROW2 
ROW4 
ROW6 
ROW8 

155.00000 
1500.00000 
1860.00000 
1860.00000 

- NUMBER ... ROW .. AT ... ACTIVITY ... SLACK ACTIVITY .. LOWER LIMIT ... UPPER LIMIT . 
. DUAL ACTIVITY 
o 1 QUANTITY BS 2908.98048 2908.98048-

2 ROWI UL 531.00000 
3 ROW2 UL 155.00000 
4 ROW3 BS 722.98048 137.01952 
5 ROW4 UL 1500.00000 
6 ROW5 UL 1860.00000 
7 ROW6 BS 1699.20000 160.80000 
8 ROW7 UL 1860.00000 
9 ROW8 UL 1860.00000 

10 ROW9 UL 1860.00000 
l MPSX/370 R ~.1.0 MPSCL EXECUTION 

10 91/266 
OSECTION 2 - COLUMNS 

NONE 
NONE 
NONE 

NONE 
NONE 
NONE 

NONE 
NONE 
NONE 
NONE 

NONE 
531.00000 
155.00000 

860.00000 
1500.00000 
1860.00000 

186C.ÛOOOO 
1860.00000 
1860.00000 
1860.00000 

1.00000 
1.00000-

.50000-

.12500-

.25000-

.32407-

.27027-
.29167-

PAGE 

- NUMBER .COLUMNS AT ... ACTIVITY .... .INPUTCOST .... LOWER LIMIT ... UPPERLIMIT . 
. REDUCED COST. 
o 11 X6Hl LL 

12 X6H2 BS 531.00000 
13 X6H5 LL 
14 X6El BS 155.00000 
15 X6E3 LL 
16 X6E5 LL 
17 X6Dl BS 220.27778 
18 XSD3 LL 
19 X6D4 BS 502.70270 
20 X6D5 LL 
21 X6Cl BS 191.11111 
22 X6C3 BS 688.88889 
23 X6C4 LL 

1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 

24 X6C5 BS 620.00000 1.00000 
1 MPSX/370 R 2.1.0 
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OEXIT - TIME = 0.00 

MPSCL EXECUTION 
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NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 
NONE 

.87500-

.90417-

.27778-

.15625-

.39352-

.22500-

.17905-
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