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Surmnary in Dutch 

In de huidige concurrcnt.iae bedrijfseconolnische context vonncn tal-
101,e bedrijven allia.ntics om cen concurrentieel voordccl uit te bouwell. 
Zodocnde st.ellcIl zij zich nochLans bloot aan risico's en onzekerheden 
vcroorzaakt door de andere partners in de alliantie. Klantvraag en 
productiecapacitcit zijn de rncest courantc vannen van Oll:z;ekcrheid 
in cen supply chain. Ecn dergelijke supply chain vcreist ccn goede 
OpbOllW, ontwerp en pla.nning om de:w vormen van om~ekerhcid het 
hoofd 1,c biedell. vVe stellcn een gp.i'rltegreerd suppJy chain model 
voor wn-arin a..Jle planllillgsbcslis~jllgell robuusL zijll Jlwt hctrekkillg 

tot dczp onzekerheden. 

III de Ille(;ste supply chains is het planningsproC(-;s hj{~ra.rchisc-h 

gestrllct.ureerd, wat bctekcnt dat {~en planning op het hoogstc nivea.ll 
steeds verde!' wordt vC'rta,aJd en uitgewerkt naar de lagere nivea,ll.s toe. 
Typisch zijn er drie pla.nningsniveans: straJegisch, ta,ctisch en opcra
tioncel. lIoc:wel de lIlceste supply eha,ins hii:~ra.rchisch gcorga.uif:)ccrd 
zijn, IlCcft de st-uelie van de hi(~ra.rchische planning in supply chains 
weinig a,allda-cht gekregen in de litcratuuL Wij gclovcn daL er 011-

dcrliggende vf'.rbandcn bestaan tUBsen v{~rschmendc planniIlgsniv{')1:U1S 
(d. w .z. Lussen strategisch nivcau en tactisch nivc(lu J ell tllBseIl tac

tisch Ilivcau en operationcel niveau). vVc stell en een lllOdel voor dat 
die planning in de supply chain hii;rarchischc behandelt. Dit prod~ 
schri ft t.racht orn llieuwc planningsbcnadcringen te onderzockcn die 
oplossingen kUl1ncn bieden voor con1plexiteiten inherent aan supply 
chaills. 

Op het. strategisch niveau wordt cen pla_atsillgsrnodel voor veilig;
heirbvoorraad voorgesteld dat omgaat met de vraagon;.t;ekerheid in 
cen supply chain nwt capaciteitsbeperJdngen. Ecr8t sinmleren wij het 
effect vall c,lpaciteit in cen single-stage (6cn stadiuln) supply chain ell 
vcralgcmnnen vervolgens de rcsult.aten 11<:1'.1r een seri6le supply cha.in 
lllociell"rillg. De capacit.eitsbeperkingen langshcen de supply chain 
verhogcn de rninirnale hocveelheid veiligheidsvoorraB.d; nodig on1 cen 
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bepaa.ld service level te kunnen garanderen. De verhoging van vel
ligheidsvoorraad hangt samen llwt de ratio van overcapaciteit en de 
standaardafwijking van de vraag gcdurendc de neUo aanvullingstijd. 
Zelfs WalllW(;l' de net1:.o aanvllllingstijd llul of negaticf is) rnoet nen 
stadiUlTl met capaciteit.sbeperkingen veilighciclsv()orraad plaatsen orn 

het voorgcschrcven service l(~vel te bcholld('.n. Voor cell special gcval 
vrm snpply chain (namelijk ccn seri61c sllpply chain) wordt de shortest 
path (kortste pad) bcnadering voorgcstcld. 

Op het tactisch niveau moct elk stadiml1 van de supply chain 
ziju cigcn gcagrcggccrde planning gencrcrcll OIlt vra,a.g en aanbod in 
cvenwicht tc l)rCllgen. In ovcrccnstmnlning Jll(~t. sn:llario-gebascercie 
benaderingcll \\lordt de onzckerheid vertegenwoordigd door cen Cilldig 

aa.nt.al scenario's. Bet. naded VBJI die benadcringen is de behoefte a.n,n 
een gigantische rekcllt.ijd. \¥ij stell en een robuust dctenninistisch 
model VOOI' dat, gebruik maakt van de beschikbare informatie over 
de onzckcrhcid. 01' het. tactisch nive",u gcbruikcn wij het extra ca
pa.citeit of ca.pacitcitskussen onl de vraagonzekerheid t8 behandelen. 
De gerniddeldcn en de standa,anlafwijkingen va.1l de vraag worden ge
bruikt voor het berekcnen van de cllnm}atieve vrn.ag, waarllit vervo}·· 
gens de gl'ootte va.n het capaciteitsku:':lscn (ell dus de veiligheidsvoor
raad) VOOl" dIm twce opccnvolgendc pcriodes ill de pl<.wningshorizon 
voIgt. De resl.lltcrcllde infonnaLie is in fcite dd.erminis1.isch) rnaar ill
corporeert de variatie ell onzekerheid ill de vrang. Bet. fU1.Hlll:-:;L dct<~r
ministische model rcsllitenrt ill een robuust plan) die ann gen;aliseerd(~ 
vraa.g voor de daa,ropvolgcnde periode voldoet. bij ccn bepaalde service 
level. Dc bellodigdc rckent.ijd en geheugcnrllimt.e bij dit. dctcrminis
tisch model zijn veel klcincr da.n bij de Hccllario-gebasccrdc nlodellen 
alhocwel lwt voorgestdde lllOdeI even gocd prestcert als de :':lccwlrio
gebaseerde moddlell. 

Op het ol.)(~rati()Ij{~eJ Ilivcau wonH. het. tn.ctisch plan Ila.a.r afzonder
lijke eilldproducten opgesplit.st. 1 waarbij de machines progressief slij
ten) hetgeen zich \liL ill cen vennindering vall dn cH.,paciteitsniveaus. 
Bet is daa.rom noodzakclijk om zowcl prodllctie·· l1.ls onderhoudspla.n
ning op ecn gc·integrecrdc manier uit tc vocren. Vv'ij stcllcn voorop dat 
de prcvcntievc ondcrhoudsactics bc:st op het Lactisch nivca.1l worden 
gc·integreenl a,a.ngczien de ollzekerheid vall de ma.c.hincpa,llllcs op heL 
operationcel nivca,u agecrt. OnH:iat de ma,cilillepanncs cell Poisson 
distributie volgen, wordt cell scenario-g(:baseerd rnode! voorgesteld 
nwt Ilwerden~ doelful1cties. De cerste doclfullctie rninilnalisecrt de 
gcmiddelde absolute nmout-afwijking tUSSCll de farnilics en hUll indi·· 
viduele cindproductcll) dit kornt neer op het. sYllchrolliseren van de 
productie langshecn de lijn. De tweedc doelfullctie minirnaliseert de 
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onderproductic (in vergclijking mel de gcplande hoeveelheid). 
\;Vij stellen twee integratiestappen voor in de hi(~ra.rchischc plan

ningsbenadering: [1] de integratie van de planning tussen strategich 
en tactisch niveau en [2J de integratic va.n de planning tussell tac
tisch en operation eel niveall. Op het strategisch nivcau levert het 
plaatsing;ulOdcl voor V(-~ilighcidsvoorran.d de scrvicetijd(~ll -en <IllS de 
netto aanvullingstijden- voor alle stadia in nen supply chain. De 
gegarandeerde servicetijden wordell dan ge.bruikt OIn de gerealiseerde 
vraag aa·ll individuele eindprodllcten voor opcc.nvolgcnde pcriodes in 
de piallllingshorizon Lc berekenell. Aangezien de tactische planning 
vraag en a.a.nbod in cvcl1wicht. llloct brcngcl1, is het ook noodzakclijk 
orn de llHl.chinecapa.citcit, die van heL ondcrhoudsbeleid aOulngt, in 
rekening tc brcngen. Op het ta.c.tisch niveau wordt de gC7,anlCnlijkc 
producticpla.nning gef())'1Tllllcerd rdwning houdend met twce soorten 
on:--;ekcrheid: de vra.ag- en capacitcitsOIl7.ekeriwid. Bet capaciteits
kussen wordt gebruikt orn de vrrtagoIlzckerhcid a,Hi te pa.kken en 
preventief onderhoudfiplanning om capaeiteitfion,"ekerheid het hookl 
te bieden. \Vij stellen ceIl n.lgcrncnc planning voor preventief onder
lIonel voor wi1.a.rbij de tijd LllSSCll verschillendc onderhoudsperio(ks 
niet nood?;a.kelijk eveJl lrulg is. IvleL hetrekking t.ot. capa.citeitsonze
kcrheid wordt de distrihlltic van mac.hincpannes gchruikt OJ)} de on
derhoudsduur ill eell pcriode te berekcllc.'n J gcy,i(~1l de informatic over 
het laatste prcvelltievc olldcrhoIHI \wschikbaa.r is. OJ> hel, operatio
ned niveau woreIt het prodlJctieplan Vi.\.ll fnmiJi('llivCllll naa}" cindpro
due-ten opgespiitst waarbij lIlachinepaJJIJCS pprnocldlccrd \\lorden. 

Sa .. rncngevat , proberen wij {~{>ll va.1J de bdangrijkste problelJlcn in 
supply cha.in planning op te lossell, nalllclljk het voldoCll ann eCll 
ollzekerc vrang nlCt cell ollzckere produc.ticca.paciteit,. n(,~ complex
iteit. van een supply chaill wordt gedecdtelijk l.H:hcershaar gernaakt 
door het gcbruik van veiliglwidsvoorraad op llet st.ratcgich niveau, de 
formulering van de bepcrkillgen van d(~ invcutarisJwweging op het tac
tisch nivcau ell de formulerinp; Va.ll de rU1l0n{, afwijkingcn op het op
nra.tioneel nivcau. Bet gebruik van veiligheidsvoorraad op het stratc
gisch niveau laat elk stadinrn in de sllpply cha.in Loe Olll onanla.nb:~li.ik 

zijn eigcm t.actisc1w planning te gCllereren. Dc jwpcrkillgen va.n de in
ventarisbeweging op het tacLisch llivcau koppclell dt' machines van de 
prodllctielijn los zoda.t elk(~ machine de cigcn operatiollele pla.nning 
kiln opmaken. Voorts krtn d(~ fornmlcring van de. rllllout-a.fwijkingen 
op het opercltioneel niveall de productie Va.ll cindproducten over de 
gehele lijll sYllchroniscrcn, alllOcwel elkc ma.chine onafhankclijk werkt. 



English summary 

In Loday\; competitive bUl)incss world) many eornpanics form a.lliances 
ill order to boost competitive advant.age. However, in doillg' so) they 
expose thernselvcs to ullcertainties brought by other partners in the 
alliance. CustolllCr dmnand and production capacity axe the two 
lllOst COIllInon sources of uncertainty in n supply chain. A supply 
chain requires good design and planning to deal with these types of 
uncertainty. \Ale present an integrated model for a supply chain design 
that allows all pla.nning in the supply cha.in to be robust against tlIcs{'~ 
uncertainties. 

In 111081; supply chains, the planning process is executed hierarchi
cally, which means that an upper level pla.u ha.s to be transla.ted iuto 
one at the lower kve!. 'l'ypically, there are t.hree levels of planning: 
strategi(\ tactica-l) and operationaL Although 11l0St supply chains 
operate hi(~rarchica.lly) tIw study of hicrarcllica.l planning in supply 
clmino Ill"' garnered litt.lc inter",,!.. We believe t.hat unckrlying re!;\
tionships exist aIJlong different planning levels (i.e. between stra.tcgic 
level and tactica.l level, ,.-mel hetweell tactical level and operational 
level). vVe therefore propose an integrated "t.lldy, which addresses 
this hierarchical planning procc~s in a supply chain. This PhD work 
a.ttempts to explore new a.pproaches in integrating plans ill a supply 
chain in ord(~r to resolve the cornplex issues inherent in the supply 
chaill. 

At the strategic level) we propose a saJet.y stock plaC(;tllCllt. model 
to deal with d(-:mand ullcertainty in a supply chain ,subject to capacity 
limitations. \Vc first. siIlllllatc the effect of capa.city in n .. single-stage 
supply chain and then generalize the results for a. serial supply chajll 
rnodeling. 'rhe effect of capacity limitation leads to a.n increase ill 
the quantity of safety stock required to guarantee a cer1:.a.in !:lcrvice 
level. The increase of safety stock depends on t.he ratio of excess 
capacity and standard deviation of demHJ1d during the net replenish
rnent til11C. Even whc.n the. net. replenishnwllt. time is 7,ero OJ' negati\'c. 
a capacitated stage in the supply chain rnust place safety' stocks in 
order to Inaint.ain the prescribed service level. For a specinJ case of 
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supply chains (i.e. serial chain), t.he shortest path based approach is 
proposed to solve the problern. 

At the tacticallcvel, each sta.gc in the supply chain rnllst generate 
its own aggregate plan in order to balance supply and <leIlla,nd. Ac
cording to scenario-ba.sed approaches, ullcertainty is represented by <:l 

finite lll.l1nbcr of scenarios. 'l'hc clrawba,ck of sllch a.ll <tppro<J .. ch is the 
lleed for a huge COlllputatiollal tiJll(~, which is less practical for the 
plallning process. \Vc propose a. robust. dcLcnnillistic lllOdel, which 
makes llse of readily a.v;-tilable illforrnatioll regarding uncertainty. At 
the tacticaJ level, we use extra, capacity or capacity cllshion levels to 
deal with demand llHcertainty. T'he averages alld sta.llda.rd deviations 
of dcrnand arc used to calculate curnulative demand which lead to CH .. -

pa.city cushion level (hence the safety stock) for any set of consecutive 
periods in the. planning horizon. The resulting illfonnaJ,ion is in fact 
deterministic, but a.lso able to capture uncert.ain information rega.rd
ing dCllHtnd. T'he robust deterministic model results in a robust plan, 
one that satil-:,rietl all realiz-.cd demand for a consecutive period at a 
cert.ain service level. 'I'lle computational bnw and space required by 
the robust detcnninistic model is far less irnporLant. if comparcd with 
t.he sccllario-based models evell though the proposed model perforrns 
ilS wt!ll as tlw scellario~ based O1leS. 

At Lhe operat.ion<l.,j levtd) Wt~ solve t.h<,~ probkHl of disaggrega.t.ing 
a faInily production plan iIlt.o finished product.s where ma.chines pro·~ 
gressivcly deteriorate leading t.o a reduction ill capacit.y levels. 1t 
is therefore necessa.ry to perforrn both productioll alJd maintenance 
plallning in an integrated way. \t\l(~ conjecture t.hat the preventive 
ma.intenance H,d.ions should lJf~ integrat.ed into the tactical level pla.ll
Bing <lH the uncertainty due to machine breakdowns is confronted at 
the operational level. Since machine failureB follow a Poisson distri
but.ion, a sccna.rio-bascd optilnization rnodel with a multi-objective 
fUllctioIl ir::; proposed. The firl:it objective fUllCt.ioll is to mininlize the 

mean abr::;olute devia.tion of nmout time of families and their cor
respondillg flllil':llwd products. It attempts to synclJroniz-;(; t.he pro
dllcLion of finished products across the production line. (r]H~ sec
oJld ohjective functioJl is to minilnize the. expected unmet product.ioll 
ill attempt to produce finished products as close as possible to the 
plannc(l production. 

\\.1e propose two steps of integration in the hierarchica.l planning 
apprm}.ch: [1] the int.egration of st.rrl.,tegic and t.actical level planning 
alld [2] the integra.tion of t.a.ct.ica.l a.nd operational level planning. At 
t.he strategic level) the safet.y ;;;tock placement rnode! yields gna.ra,l1-

t.eed service t.imes -hence the net. replenishment tirnes- for all stages 
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in a supply cha.in. 'rhe gua.rallteed service tinles are then used to 
calculate dernand realizations of finished products for a.ny consecu
tive periods in the pla,IlIling horizon. Since tactical level planning is 
concerned with balrtllcing supply a,nd denl(lIHi) it is also necessa.ry to 
1.a.ke into a,Ccollnt machine capacity, which <lepends OIl maintenance 
policy. At the ta.ct.icall{-:vcl, the aggregate production plannillg is for
lllillated addre;.;sing two types of Ullcerta.inty: dernand a.lld capacity 
uncertainty. SOlllC capacity cushion levels arc used to deal with de
llH.1nd uncerta.inty and preventive rnaintenance planning to deal with 
capacity ullcertainty. \Ve propose a gencra1 preventive maintenance 
planning where lnaintenanc(' periods do not necessarily faJl at equally 
distant epoch. In term of ca.pacity uncertainty, the failure rate dis
tribution are used to talcula.t.c the expected n1a.illtena.nce duration in 
any period given tha.t the last preventive rnaint.enance is known. At 
the operational level, a ftunil:y production plan is then disaggregated 
int.o finished products ta.king into account rnachine breaJ«lowIlS. 

In SUllllnary, we a.i1n to solve one of the Illost importa.nt problems 
in supply chain phutning, na.rnely how to meet; uncertain dcrnand us·· 
ing an I1ncertain capa.ciL.Y. Tlw cOlnplcxity of <-:t supply cha.iIl is partly 
reduced by the lise of safety stock at the Btrategic level) the fonnula.
tion of inventory JnOV{~lIlcnt constra,ints at the tactica.l level a.lld the 
formulation of rllnollt devia.tions at the- operational kvd. The- use of 
safety stock at. the fitratcgic level permits each stage in th{-~ supply 
dH.tln to ad. independently gellerating its own tactica.l planning. 'I'he 
inventory lnoverncnt con:-lt.ra.illts at the ta.ctica.l level also decouple 
machines fron1 the product.ioll line so that each rna-chine Ca.ll pro·· 
dace its own operationa.l pL-uming. l<\lrLherlllore, the formulation of 
nll10uL deviatiolls a.t the operationa.l level is capable of synchrOlliy;ing 
the product.ion of finished products a.cross the whole productio1l line) 
even though each rnachine operates independently. 
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1.1 Introd llction 

Supply chain ullcertainty is defined by a lack of precise information 
on critical parameters to manage all illvolved activities in the supply 
chain. Galbraith (197:3) defined uncertainty as the difference between 
the alnount of inforIllHtiol1 required to perform a task and the a,mount 
of infonnation a,jready possessed. 

Supply cha.in llncertainty can be classified into four genera.! types: 
process UIleerta.int.Yl supply uncerta.intYl dernalld uncertainty, and 
control uJlcertainty (Geary ct a.l., 2(02). According to C;eary ct a1. 
(?002), pr()C(~ss llllcertainty aJTeci'.s on organiL';ation's int.ernn,] ahility 
to 111CCt n production delivery target. Supply uncertainty results [roll1 

poorly perfurming suppliers' not rneeting au orgnni7.ation ){) require 
rncnts. Dema,lld uneertainty can be see.n a,s the difference between 
the actual end-lnarket-placc dernand <JJld orders pla,ced with an or
ganization by its CUl)t.omers. Control uIlcertainty is associated with 
inforrnatiol1 flow i:1.nd the wayan orga.nizaJ,ion tra.nsforms ellston-leI' 
ordc,l'o into production target and supply of raw rnateria.l. 'rhere are 
also various sources of ullcertaint.y in supply chains as described by 
several authors) such a.s exchange rates) supplier lea.d time, supply 
qua.!it.y, stochastic dema.llds~ available ca,pac-ity, political cnvirOIunent 
and many tHOre (Vida] and Goetschalckx, 2000; Van Landeghem and 
Vanlllae!c, 20(2). 

IvIanaging llllcmtaillty in supply chains has heen ;1 challenging 
::mbject for rnany years. Incorrect responses to ul1ccrta.int.y in supply 
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chains often lead to an increase in costs and a deterioration in service 
levels. Uncertain denuUld, for exalnplc, leads to an increase in un
necessary stoc.ks along slIpply chains as a. consequence of rnanagen;) 
natural reactive responses. As a lIlatter of fact, decisions related to 
inventory locations H-ne! their corresponding levels througho\lt; a. f::lUp

ply chain ha.<O) a fllndaJllcntal impa.ct on the service levels, delivery 
lead tinw and the tota.! costs of the supply cha.in. These int.erac
tions, present at every link of the chaill) render the illla.lysi::; at the 
sllpply chain Jevel lnuch rnorc dif-I-leult and complex. Therefore, it 
is ilnporta,nt to llIldc:rt-:>tand the relationship betweell supply chain 
l)erformance and uncertainty. 

For production planning problems, Mula <:1, al. (200G) carried out 
a litera.ture survey regarding production rnodels under uncerta.inty. 
Although the study is extensive, it points out the need to further in
vestigate new approache:)l especia.lly in the cont.ext of supply chains. 
BecrtUsc the conditions effecting supply cha.ins are t.ypically complex, 
new approaches are required to rllanagc supply chains effectively a,nd 
efficiently. \~Tc have conducted a literature review 011 articles which 
arc published in international journals during period J 9?lil - 2009. 
However, l-1 vast rWljority of literat.ure on llIlc.ertainty ill supply chains 
was only published after the yen,r 1995. 'rable ].] :-;ho\\I:-; SmIle ljtera.~ 

t.urc addressing the sources of l111certaillty ill supply dlnins and t.heir 
correspOllding planlling levels; solution a.pproa,ciles a.lHI l)Crfonllan(~c 
measnres. I'vlost of this literatnre, howpver, disclIssPs the issllPs of 
llncertainty a.t a specific level. 

At the strategic. lewd) tlw following problems aTe diSCllss{;d: sup~ 
plier selection (Vidal and Goct.schakkx, 2000; \Vu and Olson, 20(8), 
capacity planning (AghezzaJ, 2(05), safet.y stock placement. (Graves 
and vVillclIlS, 2000; Lcsnaia cd. al., 2(J(YJ; SitO!npul et aI., 200S), and 
network design (You and Grosmann, 2008; Francas and ~linner, 200!)). 
A vast rnajariLy of the Iiterat.urp emphasizes problerns at the t<:lctical 
level: such as lot siJ';ing (Cohen a,lld Lc(\ 1988; Va.n Landcghcm a,nd 
Vanmaclc, 2002; Lodree et. aI., 20(H; Soumlerpandian ci. ai., 200S), 
aggregate planning (Leung and vVu, 20(H; Aghezzaf d al., 2(10), 
and multi locat.ion invcnt.ory (Cheung and Powell, 19!Hi: Gupta and 
Marana,;, 200:]; Aghezz"f, 20(5). Van Landeghelll and Vanllmele 
(2002) argued that. at this level, sufficient. time is available t.o de
cide upon appropria.te 11lea.sllrcs to protect the operatiollal level from 
the disruptive irnpa .. cL of llIlcerta.in fact.ors. An extensive: survey of 
supply chrdn pla.nning under Ullcerta.illtics was ca,rried Ollt by Dolgui 
and I'rodhon (2007). They surveyed some t.echniques in all lvlRP cn
viromnent sllch as lot sizi1lg rules, safeLy stocks and saf'(:ty ll~ad tinws 
when den13,nd and lettd tirne.s aTe ullcertain. At the opcra.t.ionallcve1, 



Table 1.1: Literature re'uiew 

Author(s) Source of uncertainty Problem Planning level Solution approach Performance 
z 
..; 

Cohen and Lee (1988) Demand Lot sizing Tactical Heuristics Service level ~ 
Huchzermeier and Cohen (1996) Exchange rate ::Vlanufacturing & Operational Analytic Profit c: 

financial analysis () 

Cheung and Powdl (1 D96) DClDalld \[ultilocation Tactical Stochastic Costs 
j 
0 

invemor:; programming z 
Vidal and Goetschalcb (2000) Supplier reliability Supplier selection Strategic :VIIP Costs 
Graves and \Villems (2000) Demand Safety stock Strategic D.ynamic Costs 

placement programming 
Van Landeghem and VanmaeJe (2002) Demand Lot: sizing Tactical ?\Jonte carlo Service level 
Gupta and ?vfaranas (2003) Demand Production- Tactical Stochastic Costs 

Transportation programming 
Loclree et. 0.1. (2004) Demand Lot sizing Tactical Analytics R.esponse time 
Cheng et a!. (2004) Demand Capacity planning- Strategic Simulation ;vlulti objective 

Lot sizing (joint) Tactical 
Aghezzaf (200.5) Demand Capacity planning- Strategic Decomposit.ion Cost.s 

\Varehouse location :\Iethod 
Dolgui et a!. (2005) 1\·lachine breakdown Lot sizing- Tactical Decomposition Service level 

Sequencing (joint) Operational Method 
Lim et a!. (2006) Vehicle breakdown Distribution scheduling Operational Genet.ic algorithrns Completion time 
Leung et al. (2007) Demand Aggregate planning Tactical Robust optimization Costs 
Sounderpandian et al. (2008) :vlaterial supplies Lot sizing Tactical Genetic algorithm Profit 
Aghezzaf (2008) Demand Distribution planning Tactical Column generation Costs 
\Vu and Olson (2008) Costs Vendor selection Strategic Simulation Cost.s 
You and Grosmann (2008) Demand Setwork design- Strategic- ~II:;LP Cost.s 

Lot sizing (joint) Tactical 
Francas and :'·Iirmer (2009) Demand i\-etwork design St.rategic Stochastic Profit 

programming 
Aghezzaf et aL (2010) Demand Aggregate Tactical Deterministic Costs , 

w 
planning approximation 
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Huch;;crrneier and Cohen (1996) (ljscu~sed a, lnanufacturillg and fina.n
cial analysis when exchange ra.tes fluctuate and Dolgui et a1 (2005) 
discHssed the sequencing problmll which occurs with the possibility 
of rnachines breaking down. Even though there exists <1. general rule 
in a slIpply cha.in) the term st.raV~gic, tacLicaJ and open1J.ional level 
should be loosdy defined (Shapiro, 20(H). T'l",jr usage may require 
rnodiIicatioll for (1 specific f:>upply chain. 

Following the exil:lting literature, we also believe that underly
ing relatioJlships cxir;t ml1onri,' diHerent pla,rll1ing levels (i.e. bct\vcen 
strategic level and tactical level: and between tactical level and opera.·
tionallevel) a,lld that it is necessa.ry to addn:ss the issue of uncerta,inty 
hl supply cha.ins hiera.rchically as a result. A few authors, such as 
Gupta and Maranas (20(H); Cheng ct al. (20(H); Dolgui ct al. (2005); 
You a.nd Grosrnann (2008), have fonnulated a. joint optimi7-ation of 
different problerns. In S0111e cases, such a fonnulation brings about. 
rnore cornplexity in tenn of cOlnputational tirne. T'o rCfmlvc this COln
putational cOInplexity, it will be beneficial to decompose a cornplex 
problern into silnpler and 111anageable problems while 111a.intaining the 
targeted perfon-nance mea"snre. In this research, we use a hierarchical 
approach to decompose a cornplex problem into sirnpler problems at 
t.he strategic, tactical and operational level. Furthermore, the fa.ct 
tha.t JrlOst snpply chains operate hierarchically requires a propel' ap
pro(1,ell to translate a. strategic plan into a tactica.l plan and frorn a 
j,a,ej,ical plan illto all operational pla,n. (rJJereron~l we explicitly Lake 
into account this hierarchica.l planIling durillg the fonnulat.ioll pro
cess. 

1.2 Definition and terminology 

vVe propose that the following defInitions and body of tenus used 
thrOllghollt this dissertation. 

• Supply chain: a series of manllfad.urcrs) distribut.ors, alld re
tailers employed to lllect the customers' demand. 

• Hierarchical planning: a concept of planlling that acknowledges 
the existence of a. hierarchy in decisioll making. 

• PC1:fO'rrha'TI.Ce nwasure: a mea.sure of effectiveness and efficiency 
of a syst.em. 

• Rob1J.8/'nes8 : a property of a syst.em which is chara_cterized by 
its ability to strongly protect itself against cllfU1ges or uncer
tainties. 

\Ve discuf:ls a.nd elaborate the t.enninology ill t.he fol1owing details. 
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Vendors Manufacturers 
Distribution 

Centers Customers 

Pigu1'e 1.1: A t.ypi.ca.l supply chain net.work 

1.2.1 Supply chain 

1-5 

rJ'llcre exists an extensive literatllre devoted to supply chains. F'or an 
introductic)ll to rnodeling ill supply chaiuo) we reJect rea.ders to a text
book by Shapiro (2001) (Modeling the supply chain). A supply chain 
consists of a. nUlllber of Ltcilities where raw materials) semi-finished 
l)foduct.s or finished products are acquirpci, traJl:-;forJllCci, stored or 
sold and tra.nsportation li]]ks that connect those fa.cilities. A facility 
can be a rnanufa.cturer which physically transforms ra.w mat.erials int.o 
serni-finishe.d products or SCl11i-finishcd prodncts into f-iJlbhed prod
\lcts. A dbtribution center is a. facility where products are received, 
sorted, put away in inventory, picked from inventor)') nnd dispatched 
hilL not physically transformed. A supply chain is often represented 
(1,,,) .. .1 network where nodes which represent faciliti('1-; a.rc connc;ct.ed by 
arcs that represent How of goods, information and lT101WY. A typi
caJ supply chain as depicted in Figure 1. J lllay consist of vendors, 
manufacturers, distribution cellterl-; and clIstomcrs, and arcs which 
represent flow of goods. 

1.2.2 Hierarchical planning 

Liberatore and rvIiller (J D85) used Anthony's framework Oll hierar
chical decision processes for an integratioll of production pla.nning, 
scheduling and inventory control. The hierarchy may range frOID 
strategic planning through t.actiea.! planning to operational planning, 
In supply chains, 'liwur c(; al. (1999) proposed a framework of hi
erarchy which cornprises of six optimiz.aJ,ion modeling SYStClllS and 
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four transactional syst.erns 1:1.':) seen in Figure 1.2. '1'h8 framework is 
naturally hypothetical and its usage Hmy require rnodification for a 
specific application. Shapiro (20()]) stated that there is a lack of 
interest by companies that have slH:ccssfully llSCd optirnizatioll Inod
ding systerns for strategic planning in extending them to tacticaJ 
modeling applications. vVithout Jo;.:;s of generality, we lirnit this re
search to hierarchical relations in production and logistic optilniza
Lion rnodeling systcln. Strategic modeling is lIsed for resource (1C
q11isi1,ion decision1:i: construction of new rnallufa,cturing facilities or 
the design of a. new product. :rvlo~L contractual decisions are usu
a,lly strategic) such as supplier selection a.nd gua,r::tntee for service 
levels (Graves and Willems, 20(0). The strategic planning horizon is 
nonnally 1 - 5 years. Tactical rnodeling determines an integrated sup
ply /rnanllfact.uring/distribution/invcntory plan for the whole supply 
chain. Raw rnatcrials, intermediate products and finished products 
a.rc aggregated into product farnilies. The taetical planning horii/;on 
is nonnaHy 12 months. Production pla.nning modeling detennines a 
rnaster production plan for the next; quarter for ea.ch stage of lna,I1U
fae-turing) along with resource levels and resource alloca.tion. Logistic 
planning lllOdeling detenl1ines a logistic Il1a,ster phtll for the cIltire 
supply chain that analy:t,es hc)\v dcrna.nd for all finished prodll(:ts will 
be met. The horizon for both production and logistic planning is 
Ilornmlly it quarter (1:) wcckB). 

1.2.3 Perfonnance measures 

Roughly classified, there aTe two types of performance 1ncasun~s of 
supply chains: financial related rncasures and service level. Fin<JJlcin.J 
rneasures, snch as costs and profits) a.re perforIn1lnce rncasnres tha.t 
drive businesses in the first place (J-Il1chzenneinr and Cohen) 19DG; 
Vidal and Goctschalckx, 2000; Aghe""af, 2005; FrancfLs and Millner, 
20(9). The goal of a supply chain is, naturally, to satisfy a custonI('r~s 
detl1and in the right ;-unount of time. Therefore, the service level is 
a.lso a very important measure in supply ehaills (Cohen and Lee) 1 U8H.; 
Van Landeghcm and Vanrnaelc, 2002; Dolgui ct al., 2005). 

There arc: extensive :)tlldies devoted to measuring of service 1cv
ds, such as Dullacrt et al. (2007). The definition of a service level is 
u~ed to determine the Eunount of safety stock to protect supply chains 
(lga.inst uncertainty. They noted that over the yea.rs) the study of ser
vice levels has shifted fro111 service nwasurcs specifying a probability 
of no stockout per replenishment cycle (Sl) to service measures spec
i(ying it fraction of demand to be satisfied with stock on hand (32). 
In pnu..:ticc 1 however, it t.urns out that. the Sl rncasures are st.ill t.he 
most frcquentJy used. 
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I3hagwat and Sharma (2007) and Guna~ekaran and Kobn (2007) 
In parallel ca,rried out extensive surveys OIl perfon-nance rnea,sures 
III supply chain I1laJIa.gemenL Their surveys include performance 
measures td. tllC strategic, tactical, and operationa.l levels, ill both 
fina.ncial (e.g. rate of return on investmellt) inventory costs) etc) 
a.nd nOJl-financia.1 (e.g. delivery lead time., responsiveness, quality of 
delivered goods, etc). 

1.2.4 H.obustness 

The terrn robustness defines the a,hility of a syt:ltcm to strongly protect 
itself a.gainst clianges or ullccrt.a,inty. The robustness conc.epts of a 
study can be catiily identified by the way it is ll1casurcd. There arc a 
number of different WftyS of measuring robustness: 

• The number of times that its solution lies within a pre-specified 
percentage of the optimal solution, for different set of scenarios. 
See e.g. R.osenblaU and Lee (1987). 

• A low variability of key perfonnance measnres. Sec: c.g. I\,lulvey 
d. aL (HJ~),)); Van Landeghem and Vanmaele (2002). 

• 'T'he existence of 11 feasibJe solution for the dd,aiicd problern 
for ea.ch possible reali'l,atioll of demand. Sec e.g. LasseITe and 
Merer' (l!IHO); Gfren,r and Ziipfd (l!J%); Ziipfd (1!J98). 

• T'be BoiuLion remains optilIHd while 11laintainillg a targeted se1'
vice level. See e.g. Sitornpul and Aglwzzaf (2008); Aghezzaf 
et. al. (2010). 

We will first discuss t.he framework from Mulvey c(. al. (]!J!J5) whieh 
ha~ been applied to a 11l1mber of different kind of problerlls, such 
as capacity cxpa11sion problems (Laguna, 1998), telCC0l11Hlllnication 
and financial planning problems (I3ai ct. aI., 1997), 101. sizing problems 
(Yu, 1997), logistic problems, (Yu and Li, 20(0), fleet planning prob
lern (List ct a1.: 20o:-n, and aggregate production planning problems 
(Leung and Wu, 2OCH; Aghezzaf et. aI., 20lO). 

1v1111ve)' ('t a1. (19D5) dcfillcd a solution to all optimization model 
as solution robust. if it remains 'close: to optilnal for a.ll scenarios of 
the input data.) and nwdel robust- if it rClna.ins (feasible' for all dat,l-l 
scenarios. Let :z: E R7Il) denote the vector of decision varia.bles (design 
varia.bles) whose optimal va.lue is not conditioned on the realization 
of the uncertain parama.{,ers and y ERn] denote the vector of control 
vBTiahles that are subjected to adjustulent once the uncerta.in panun
eters are observed. Its optirnaJ value depends on both the realization 
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of 11I1Certa.in pararneters and on the Op~iHH:Ll value of the design vari
ables. The linear prograrn is formulated as follows: 

I'vlinirni:r.c 

subject to 
A:r = b, 

13:r + Cy ~c c, 

:r, y :::: 0. 

Consi<ler a. set of scenario !l ::::::. 1,2, .. ,5' and for each corresponding 
scella,rio 8 E OJ the set d"'J J3s ) C,." CS of realizations for the coefficients 
of the control constraints and the probability of the scenario pS. The 
scenario is robust with respect to optirnality if it remains 'close' to 
optirnal for any reali7.ation of scena.rio sEn (solution Tobnst). The 
solution is also robust with respect to fea •. sibility if it rerna-ins 'ahnosC 
kasible for any realization of s (model mb"8t). If a set Yl,Y2, ... ,Ys 
or control variables for each scenario SEn is introduced, and then a 
scI, ;:;1) 22) ... ) Zs of error va.riablcs that will mea::;un~ the infeasibility in 
the control contraint.s under scenario s is also introduced) the robust 
optimization model according to Ivlulvey et a1. (1995) is then fonnu~ 
lated as follows: 

o· (:1:, YJ ) .. J Us) .-f-- wp (ZI) Z2, ... J 4.'/) , 

S II bj eel. to 
;1:1:= b, 

Bs:r + C.<;Ys +- i::,., = C S1 Vs E n, 
:r :::: D, lis :::: D, V.s E Sl. 

\Vith multiple scenarios, the objective function ~ = ,}':r + ,{"Y be
cornes a randolll variable taking the value ~8 c'l':c + d;'ys with 
proba,bility]J'<;. We can use tIw nwan value 0'(.) ::.:.:.: ~ Scn]J'>;~8) which 
is the function used in stochastic linear progrannning formulations. 
In the worst-case analysis) the model minimizes the maxinl1lIl1 value 
and the objective function is defined by a(.) = 7n(].:rM,mf~s. H.o
bust plallning also handles risk or higher 1110nwllts of the objec
tive f1111ction distribution, e.g. its variance. HeI1ce~ the objectiv(~ 

function becomes a(.) 0= I: .,enlY' (, + .\ :>'-:SEn V' (~s - )'-:s'Eil jJs' (s') 2, 
nlcI:u1illg the 111ean value plus a consta.nt (A.) times variance, The 
second tenn in the objective function is a fea,,')ibility penalty func
tion which is used to penalize violations of the control constraints 
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under sorne of scenarios. Tho introduction of penalty function dis
tinguishes the robust opt.ilni:0ation model from existing approa.ches 
dea.lillg with llllccrtaillt,~. Thcn~ ,a.n~ two alternative penuJty fUllc
tions: p(ZI) Z2, .. ') Z8) = '2=8cnP"'Z,: Z:; as a quadratic penalty functioJl 
in which both positiv(~ and negative violatiolls are equally undesirable 
and an exact penalt.j! function in which oIlly positive violations an~ of 
interest P(Zll':2: ... :28) = 2:~scnnw"r{O,2s}. '1'InIs) J'vlulvc.\J)s fra.lIJ(~·· 
work can be seen (1,,-) a weighted objective function whose objectives 
are: (1) t.he rnean value, (2) t.hc vmiabilit.y of the object.ive, and (:l) 
the penaJty of violating control constraint.s where A and ware the 
trade-off panulld:,(-;rs for the objective fUl1ctioll, which is to say for 
the variability (l,]](1 Iwnalt:y trade-off respectively. 

1.3 PhD contribution 

\Ve have studied three Jcveb of planning ill supply chains) namely 
strategic) ta.ctical alld operationa.l leveb n.s seell in Figure 1.~{. At the 
strategic level, the safety stock plaCeIncllt. dea.ls with the positioning 
and sizing of safety stocks in a supply chain with stochastic dernand. 
T'he system analyzed at. this level is ;:1 scriaJ supply chain having L 
stages. The ta,cticaJ pla,nning deals with the allocation of resources 
for productiOll. At. this level) the aggregate ]>rodllctioll planlling for 
each stage is const.rained by decisions ma.de at the stnttegic level. 
'1'hc systelll a.llalyzed aJ. this tactical level is a multi-st.age productioll 
system having Al nm,cllil1CS. The operatiolwl pla.nning dca.ls \vith 
t.he disaggregation of product farnilics int.o finished products. The 
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system analy"ed at this level is it maehine with the possibility of 
breaking down. The hierarchical planning suggests that an upper 
level plan rnust be disaggregated into a lower level plan. Two types 
of uncertainty (-l,re investigated in this study: demand uncertainty 
and process uncertainty (in this case: machine uncerta.inty). Given 
that denHlnd is uncertain and machiIles rnay break dowll, a proper 
strategy is needed to keep a,B plans robust, \vhic.h is to sa.y re1llaining 
optimal while 11laintaining a. targeted servic<~ level. 

At the strategic: level, the safety stock placement problern deals 
with the positioning a,nd sizing of sa.1'e1.y stocks in a f)uppiy chain in 
slIch a way that. the tar~eted service level is nH1intained. The safet.y 
stoc.k placement problem ill uncapacitated supply chains was stud
ied by Graves and Willems (2000) a.nd Lesnaia et ai. (2004). Both 
addressed the genera.! structure of supply chains and fonnulated t.he 
problern into a network optimization problclTl. Graves and Willems 
(2000) developed a dynamic programming algorithm to find the 01'
t.imal solution while Lesna.ia. et ai. (2004) solved t.he problem using 
branch and bound algorithms. We extend the problmll into a capac
itated OIle where sorne clients (partners) 111 the ~mpply chain have a 
limited production capa.city. W(~ first. silJuI1a.tc the: effect of capacity 
in a single-stage capa.cita.ted supply cha.in and t.hen generali7-e the 
results for seria.l supply cha.in 111OdeJing. It b shown that the si7-e of 
saf(~ty stock needs to be corrected by a cert.ain factor which depends 
on the a.verage value of the derna.lld) its stalldard deviation a.nd the 
ca.pacity; even when the net replenishment time is y;cro. Concern
ing a special ca.se of i-:>upply cha.ins (i.e. a serial chain), the shortest 
path based algorithm has been propc)Hcd to solve the problenl (see 
Sitompul et aI., 2008). 

At the tacLica.l level: aggregate production planning deals with 
the allocation of reSOllrCCH (nlB.chine a.,nd labours) for productioJl to 
satis(y demands. Leung and \\Tn (20Cl4) forrnulatcd the aggregate pro
duction planning which occurs when demand is uncertain and rnade 
us<, the framework postulat.ed by Mulvey et ai. (1995) to solve this 
problem. According to Mulvey et a1 (1995)) llllcertainty is repre
sented by a finite Ill11nber of scenarios. 'l'he drclwback of Ruch <:1-11 

approach is the need for a huge computational tilll{\ which leads to 
less practical tirne for large problems. Cuan et ai. (20(]Ci) forrnnlated 
the problem using ITllllti-stage stochastic int<~ger prograrnming and 
solved it using branch and bound algorithrns. We propose all al
ternative 11lOde1 which a.llows for a robust resllltc.d plan) one which 
satisfies all realized dema.nd for a. consecutive period at ;:1. certain ser
vice level. The proposed model is b'Lsically II deterministic model 
which rna,kes use sorne of readily a.vailable panuneters t.hat require 
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averages and standard deviatiolls of demand to produce robust plans 
within a reasonable computational time (sec Aghe~~af et al, 2010). 

At the operational level, the production planning deals with the 
disaggregation of product fa.milies int.o finished prodllcts subject to 
rnachine breakdowns. It is therefore necessary to perform both pro~ 
duction pJanning and maintenance planning in all inlPgrated way. 
Ivlost research on the integration of production plannillg a.nd lllaill
teTlf.lIlCC planning ii:l dedicated to a specific level, in particular to the 
operational level (e.g. Li and Cao) 1995; Li and Glazebrook, 1998; 
Alben; and Schmidt, 20(H; Alcaide et aI., 20(2). Only few have con
fronted the problem at the tactical level (Aghezzaf et. aI., 2(J()7; Aghe~
zaf and Najicl, 2008; Aghey,zaf et aI., 20(8). To our knowledge, only 
Weinstein and Chung (1999) have addressed the integration of pro
duction and maintenance hierarchically. At the tactical level, they 
used a pre-defined preventive maintenance policy to produce an ag
gregate production plan. In the second pha,se, a 111Hster schedule was 
generated using a. multiple goal linear progn-lnll11ing nlOde!. In the 
third pha.sc) they sirnulatcd the rna .. ster schedule and the nmintenancc 
plan to evaluate the pn)-dcfined policy's performance using some ex
peril11cntal pararIlet.ers. vVc also believe that the issue of integrat
ing production and rnaintcna.llcc should be deaJt with hicrarchicaJly. 
Unlike vVeinstein and Chung (J DD9) l we propose a. tv,I().·levd illtegra·· 
tion rllode1 \vhcrc the preventive llw-intcnH-ncc is illtegrnl,ed into the 
aggregate production planning as the uncertainty due to machine 
breakdowns is confronLed at. the operational level. A I. the t.actical 
level, we forrnulatc the problclll using iJlteger lillca,r prograIllllling 
where t.he preventive rna.illtcna,,llCe pcriodti do not. ncces~a.rjJy fall at 
equally distant epochs (i.e. no fixed cycle size). Concerlling opera
tional pla.ll11ing, the farnily production is ditiaggregaLcd int.o finished 
products where machine fa.ilurc'!s are stochastically following .Poisson 
distributiolls. Table 1.2 shows the sununary of tIlis (jissert.aLiOll for 
each planning level, problcrns) related literatures) conLrihl!tiollS, so
lution approaches iJ .. nd the robustness toot.; crnploycd. 

vVc believe t.hat problellls de-scribed in T?ignrc 1.;) arc very llll

port.ant to discllss in this rcsparch because their significallce are :-:;t.ill 
relevant in today1s practices. In 11 real situation) t.he prohlcrn of hier
(lJ'chicaJ planning in a supply chain is a lot lllOrc cornpkx than that 
dc~scribed in the figure. l'his figure, however, serves as a ba:-:;ic strllc
t111'e to gain lllOrc insight into the lHeelin-nisHl behind rob11s1. planning 
in a. supply cha.in whell the issue of uncertainty is ta.ckled hierar
chically. Furthen-norc, we can always elaborate and adapt upon the 
framework and add a new nlOdcl to obta.ill 11· more renJistlc framework. 
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Tactical Aggregate production planning 
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Related literatures 
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PhD Contribution 
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A model solved within 
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computational time 

A hierarchical planning 

A general preventive 
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Solution approach 
Simulate the effect of capacity 
for a. single stage supply chain 

ese a shortest path algorithm to 
a serial supply chain problem 

A deterministic model 
makes use available parameters. 
such as average and standard 
de-viation of the demand 

A deterministic model 
at the tactica.l icyel 
A 5cenario-based model 
at the operational level 

provides 100 % service leyel for demand smaner or equal the ma.ximum reasonable demand' 
for a cert.ain fixed percentage of the time inten-'als. 

Tact.ical Capacit.y cushion levels: 
cover all realized demands from period lL to U, (L :::; t with a certain level of confidence. 

Tactical- Preventive maintenance actions at the the tactical level: 
Operational ensure the feasibility of disaggregation at t.he operational level for one period 

Vlc formulat.e invent.ory movement constraints at. the tactical level and 
deviations of runout family a.'1d its finished products <:15 objective function at the operational level -, 
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1.4 Contents 

'l'he following outline describes the content of this diNsertation. Chap·· 
ter 1 gives a.n introduction to the PhD research 1 definitions and ter
minology in addit.ion to t.he body of t.he research. Chapt.er 2 discusses 
the strat.er,ic saJet.y st.ock placement. problem in sllpply chelins. The 
lllodel used by Graves and Willems (2000) is ext.ended i,)r capaci
tated supply cha.ins. In this chapter j a. simulation is carried out to 
cva.luate the effect of capacity in a single-stage sllpply chain. It is 
shown that the size of safety stocks requires sorne adjw;tIncnt de
pending on capadtYl average dcruand and variation of dernand. The 
results are then generalized for a serial supply chain problelIl) \vhich 
is solved using a. shortest. path algorithn1. III Chapter :1) t.he ap.;gregate 
production planning problern is discussed with the objective to (;0111-

p<.tre two types of robust approaches. A det.erministic equivalence 
rnode! is proposed and evaluate,d against the well known sceJ'Ja,rio
ba.sed optimiz-atioll approach. Chapter ,1 discusses the integration of 
production and ma.intenancc pblnning in a hiera.rchical way. In this 
chapter) the idea, of tra.nslating it higher level plan to n lower level 
pla.n is discllssed thoroughly. (:ha.pLer 5 providps a. l'o\)u::;t. integrated 
hierarchical pla,nning approa.ch. T'his cha.pter deals with two phases 
of integration: [1] inte.gratioll between strntegic level planning and 
the t.actical level planniJlg a.nd [2] between La,cLienl level J)lanning and 
op(~rat.ionEd level planning. A discussion of the PhD work, which 
includes the scope of the work, its limitatiolls and f)Ollle uIln-~solved 

issues) is also presented in this chapter. Chapter G wraps up this 
disserta.tion with conclusioll~ a.1ld snggestions for [utlIre research. 


	Writing Band descriptors Task 1.pdf
	Writing Band descriptors Task 2.pdf



