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Abstract: The medium-ranggroductionschedulingproblemof a multi-productbatchplantis
studied.The methodologyconsistsof a decompositiorof the whole schedulingperiodto succes-
sive shorthorizons. A mathematicamodelis proposedo determineeachshorthorizonandthe
productsto beincluded. Thena novel continuous-timdormulationfor short-termschedulingof
batchprocessewith multiple intermediateluedatess appliedto eachtime horizonselectedlead-
ing to a large-scalamixed-intgyerlinear programmingMILP) problem. Specialstructuresof the
problemarefurtherexploitedto improve the computationaperformanceAn integratedgraphical
userinterfaceimplementingthe proposedptimizationframenork is presentedT he effectiveness
of the proposedapproachs illustratedwith a large-scalendustrial casestudy that featuresthe
productionof thirty five differentproductsaccordingo a basic3-stagerecipeandits variationsby

sharingtenpiecesof equipment.

Keywords: medium-rangeschedulingmulti-productbatchprocessdecompositiongcontinuous-

time formulation,MILP.

1 Intr oduction

In multi-productbatchplants differentproductsaremanugcturedvia thesameor similarsequence

of operationdy sharingavailablepiecesf equipmentintermediatenaterialsandotherproduction
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resources.They have long beenacceptedor the manufctureof chemicalshat are producedn

small quantitiesandfor which the productionprocessor the demandpatternis likely to change.
The inherentoperationalflexibility of this type of plant providesthe platform for greatsavings
reflectedn agoodproductionschedule.

Theresearchareaof productionschedulingand planningof multi-productand multi-purpose
chemicalprocesseblasrecevedgreatattentionin the lastdecade Oneof the mostrecentreviews
of therelatedworksis thatof Shatt, whichfirst examineddifferenttechniquesor optimizingpro-
ductionschedulesitindividual sites,with anemphasi®n formal mathematicamnethodsandthen
focusedon progressn the overall planningof productionand distribution in multi-site flexible
manufcturingsystems.In anotherreview, Pekry and Reklaitis® discussedhe natureand char
acteristicof the scheduling/planningroblemsin chemicalprocessingndustriesandpointedout
the key implicationsfor the solutionmethodologyfor theseproblems. Most of the work in this
areahasdealtwith eitherthe long-termplanningproblemor the short-termschedulingoroblem.
Long-termplanningor capacityexpansionproblemsinvolve identifying the timing, location of
additionalfacilities over a relatively long time horizon®. Short-termschedulingmodelsaddress
detailedsequencingf variousoperationatasksover shorttime periods.All of the mathematical
modelsin the literaturecanbe classifiedinto two main groupsbasedon thetime representations.
Early attemptsrely on the discretizationof the time horizoninto a numberof intervals of equal
duratiorf-®. This approachs adiscreteapproximatiorof thetime horizonandresultsin anunnec-
essaryincreaseof theoverall sizeof the mathematicamodel. Recentwork aimsat developingef-
ficientcontinuous-timenodel$- 7>8:9:10,11,12 However, it shouldbepointedoutthatall slot-based
formulation$>7>8 restrictthe time representatioandresultby definitionin suboptimailsolutions.
Floudasandcoworkers'® %1% proposedh novel true continuous-timemathematicaodelfor the
generakhort-termschedulingoroblemof batch,continuousandsemicontinuouprocessesyhich
is the basisof the work presentedn this paper Lin andFloudag® further extendedthis modelto
incorporateschedulingssuesn the designandsynthesif multipurposebatchprocesses.

Therestof this paperis organizedasfollows. We will first presenthe probleminvestigatedn



thiswork. Thenthe overall framework is proposedanddetailedformulationsof a decomposition
modelanda short-termschedulingnodelarediscussedComputationatesultsfrom anindustrial
casestudy are also given. At the end, an integratedgraphicaluserinterfaceimplementingthe

proposedptimizationframenork is presented.

2 ProblemDescription

In this work, we investigatehe medium-rangg@roductionschedulingproblemof a multi-product
batchplant,whichis definedasfollows: Given(i) the productionrecipe(i.e.,theprocessingimes
for eachtaskat the suitableunits, andthe amountof the materialsrequiredfor the productionof
eachproduct),(ii) the availableunitsandtheir capacitylimits, (iii) the availablestoragecapacity
for eachof the materials,and(iv) the medium-rangdime horizonunderconsiderationthenthe
objectiveis to determing(i) theoptimalsequencef taskstakingplacein eachunit, (ii) theamount
of materialbeingprocessedt eachtime in eachunit, and (iii) the processingime of eachtask
in eachunit, soasto satisfythe market requirementgxpressedsspecificamountsof productsat
giventime instancesvithin thetime horizon.

In the batchplantinvestigatedtherearethreetypesof operationsOperationsl, 2 and3. Up
to sixty differentproductscanbe producedFor eachof them,oneof the processingecipesshavn
in Figurel is applied. Therecipesarerepresenteth the form of State-RskNetwork (STN)?, in
which the statenodeis denotedby a circle andthe tasknodeby a rectanglebox. Someproducts
sharethe sameOperationl step.

The planthasthreetypesof units: four Type 1 units (Units 1~4) for Operationl, threeType
2 units (Units 5~7) for Operation2, andthreeType 3 units (Units 8~10) for Operation3. The
informationon which units are suitablefor eachproductis given. Type 1 unitsand Type 3 units
areutilized in abatchmode,while Type 2 unitsoperaten a continuousnode. The capacitylimit
of eachType 1 unit variesfrom one productto anothey while the capacitylimit of eachType 3

unit is the samefor all suitableproducts. The processingime or processingate of eachtaskin



the suitableunitsis alsospecified.Whenswitchedfrom onetype of productto anotheythe units
needcleaningup between.The dataabove arerelatively fixed, which seldomchangeover along

period.
[Figure1 abouthere.]

Thetime horizonconsideredor productionschedulings aslong asawholemonth. Customer
ordersaredistributedthroughouthetime horizonwith specifiedamountsduedatesandpriorities.
We assuméi) no limitation on raw materialsand(ii) unlimited storagecapacityfor all materials

basedn analysisof the specificsituationin the plant.

3 Overall Framework

The overall methodologyfor solving the medium-rangeroductionschedulingproblemis to de-
composehelargeandcomplex problemto smallershort-termschedulingsub-problem#n succes-
sive time horizons. The flowchartis shavn in Figure2. The first stepis to input relevant data.
Then,a mathematicamodelfor the determinatiorof the currenttime horizonandcorresponding
productghatshouldbeincludedis formulatedandsolved. Accordingto thesolutionof thedecom-
positionmodel,a short-termschedulingnodelis formulatedusingthe informationon customer
ordersjnventorylevelsandprocessingecipes.TheresultingMILP problemis alarge-scalecom-
plex problemwhich requiresa large computationakffort for its solutionandexhibits difficulties
in obtainingglobal optimality. It is solved iteratively by usingcut-off valuesuntil a satishctory
feasiblesolutionis obtained.Thenthe solutionis outputandthe next time horizonis to be solved.
The above proceduras appliediteratively until the whole schedulingperiodunderconsideration

is finished.

[Figure 2 abouthere.]



4 DecompositionModel

A key issuethat arisesin the rolling horizon approachdescribedabove is the determinatiornof
the time horizon and those productsthat should be consideredor eachshort-termscheduling
sub-problem. We develop a two-level mathematicaformulation that effectively addresseshis
issuetaking into accountthe trade-of betweendemandssatisaction, unit utilization and model
complity. In thefirst level, thetime horizonis determinedandthe main productsthatshouldbe
consideredor all processingtepsareidentified,while in thesecondevel, additionalproductsare

identifiedto go throughthe Operationl stepif needed.

4.1 LevellFormulation

Themathematicainodelinvolvesthefollowing notations:
Sets:

D days;

P products;

Rg Operationl groups;

P, productsn Operationl group(r) which sharethe sameOperationl step;

Ud Type3units.
Ud, Type3 unitssuitablefor product(p).

Parametes:

nepd numberof eventpointsperday;

dem,  amountof demandor product(p) dueatday(d);



demt,

suit,

suit,

capd,

ftdpa

priory 4

aheay 4

wt,

cmp,

cplm

Yd

Variables:

total amountof demandor product(p) underconsideration;

total numberof Type 1 unitssuitablefor productionof Operationl group(r);

total numberof otherunitssuitablefor productionof product(p);

capacityof Type 3 unit (u);

fixedprocessingimein Type 3 unit (u) for productionof product(p);

customerpriority of demandor product(p) dueatday(d);

minimum numberof daysin adwanceto startprocessingo satisfy demandfor
product(p) dueonday(d), which canbederivedfrom theamountf thedemand,

unit capacitiesandtaskprocessindimes;

overall weight of product(p) basedon the priority, amountanddue dateof its

firstdemand;

compleity index for processingf Operationl group(r), > 1 for someproducts

with specialrestrictions= 1 for others;

maximumnumberof ww (i, j, n) variablesallowedasthe compleity limit of the

resultingschedulingnodel,

upperboundon theratio of thetime for which the Type 3 units canbe usedfor

selectegroductsoverthetime horizon;

coeficient in objective function accountingfor relatve importanceof products

inclusioncomparedo horizonmaximization.



day(d) binary whetheror notto includeday (d);

prod(p) binary whetheror notto includeproduct(p);

rg(r) binary whetheror not Operationl group(r) is included.

Basedontheabove definitionsof parameterandvariablesthefollowing constraintandobjectve

functionareformulated:

HorizonContinuity

day(d) > day(d+1) Vd € D, d# dis. (1)

Theseconstraintensureghatsuccessie daysstartingfrom thefirst oneareselectedo form acon-

tinuoustime horizon.

Inclusionof productswith demandsn currenthorizon

prod(p) > day(d) Vp € P,d € D,dem,q > 0. (2)

Theseconstraintsstatethatif thereis ademandor product(p) dueon day (d) andday (d) is in-

cludedin the currenttime horizon,thenproduct(p) shouldbe consideredor this horizon.

Inclusionof productswith demandsn the future

prod(p) > day(d — ahea,q4) Vp € P,d € D,ahea,q > 0. 3

Theseconstraintexpressthe requirementhatif a demandor product(p) dueon day (d) needs

ahea, 4 day(s)in advanceto startprocessingn orderto satisfytheduedateandday (d — aheay 4)



is includedin thehorizon,thenproduct(p) hasto betakeninto accountfor this horizon.

prod(p) > day(d —1) Vp € P,d € D,prior, 4 is high (4)

Theseconstraintstatethatif ademands of high priority, thenit is pushednedayforward. These
constraintarenot necessarhowever, this explicit consideratiorof demandorioritiescanleadto

solutionsthatsatisfydemandsvith high prioritiesto alargerextent.

Definition for variablesrg(r)

rg(r) < ) prod(p) Vr€Rg (5)
pEP,
rg(r) > prod(p) Vr € Rg,p € P,. (6)

Theseconstraintgelaterg(r) variableswith correspondingrod(p) variables. An Operationl
group(r) is included,thatis, r¢g(r) = 1, if andonly if oneor moreof the productsthatbelongto

this Operationl groupareincluded thatis, prod(p) = 1.

Model compleity limit

[Z rg(r) - suit, - cmp, + ZPTOd(P) - suity) - Z day(d) - nepd < cplm. (7)

r€Rg pEP deD

The left handside of this constraintgives an estimateof the numberof wuv(i, 7, n) binary vari-
ables(seeschedulingnodelin next section)in the resultingschedulingoroblem. Becauset can
be usedto representhe scaleand complity of the schedulingproblem,this constraintkeeps
the schedulingoroblemundertractablesize by imposingan upperboundon the total numberof

(1, 7, m) combinations.



Type 3 unit utilization limit

demt )
Zprod(p)ip min {ftd, . }|Udp| < 4 Z day(d) - 24 - |Ud]|. (8)
peP Z capdy, *<2 e deD
ueUd,

The left handsiderepresents lower boundon the total numberof hoursfor which the Type 3
unitsareutilized to satisfydemand®f selecte¢productsunderconsiderationfor example,within
two weeks.Thus,this constraintimits theselectegroductsy consideringheutilization of Type

3 units.

Objective: Maximizationof durationof horizonandproductsncluded

Z day(d) + « Z wt, - prod(p). 9)

deD peEP

Thefirst termin the objectve maximizesthe durationof thetime horizon,while the seconderm
aimsatincludingasmary productsaspossible. a is usedto balancethe relatve importanceof

thesetwo targets.

The formulationdescribedaborve is a mixed-intgger nonlinearprogramming(MINLP) prob-
lem dueto the bilineartermsof binaryvariablesn constrain{(7). We introduceadditionalbinary
variablespd(p, d) andrd(r,d) andthe following constraintgo replacethe bilinear productsof

prod(p) - day(d) andrg(r) - day(d).

Definition for variablespd(p, d)

pd(p,d) < prod(p) Vpe P, deD (10)
pd(p,d) < day(d) VYVpe P,de D (11)
pd(p,d) > prod(p) +day(d)—1 Vpe P,de D. (12)



This setof linear constraintsare equivalentto pd(p, d) = prod(p) - day(d) becausend(p, d) are

binaryvariables.

Definition for variablesrd(r, d)

rd(r,d) < rg(r) Vre€ Rg,de€ D (13)
rd(r,d) < day(d) Vr € Rg,d€ D (14)
rd(r,d) > rg(r)+day(d)—1 Vr e Rg,d € D. (15)

Similarly, theseconstraint@reequialentto rd(r, d) = rg(r) - day(d).

Now, constrain{(7) canbereformulatedasfollows:

Reformulationof constrainton modelcompleity limit

{Z [suit, - cmp, Z rd(r,d)] + Z[suitp Zpd(p, d)]} - nepd < cplm. (16)

r€Rg debD peEP debD

By including constraintg10)—(15)andreplacingconstraint(7) with constraint(16), the orig-
inal MINLP problemis transformedo an MILP problemandcanbe solvedto global optimality

effectively.

4.2 Level 2 Formulation

After the time horizon and the main productsare determinedn the first level, a secondlevel
mathematicamodelis formulatedto investigatethe utilization of the Type 1 units, in which the
first stepin the processingequencethe Operationl step,is performedandto includeadditional
productsjf necessaryo gothroughthe Operatioril stepto ensureghatthe Type1 unitsareutilized
efficiently.

Thesecond-leel mathematicaimodelinvolvesthefollowing notations:

10



Sets:

Rg

P,

Parametes:

sl

demt,

capryy

f trr,u

Yr

Variables:

rg(r)

Operationl groups;

productsin Operationl group(r);

Typel units;

Type 1 unitssuitablefor Operationl group(r).

0-1 parameteto indicatewhethermproduct(p) is selectedn thefirst level;

total amountof demandor post-Operationintermediatenaterialof Operation

1 group(r);

capacityof Type 1 unit (u) for processingf Operationl group(r);

fixedprocessingimein Type 1 unit (u) for processingf Operationl group(r);

lower boundon the fraction of the time horizonfor which the Type 1 unitsare

utilized;

durationof thetime horizondeterminedn thefirst level.

binary, whetheror notto includeOperationl group(r).

Thefollowing constraintandobjectve functionareformulated:

11



Inclusionof productsselectedn first level

rg(r) > sl, Vr € Rg, pé€ P,. a7

Theseconstraintensurethatif a productis selectedn the first level, thatis, sl, = 1, thenthe

Operationl groupto whichthis productbelongss included thatis, rg(r) = 1.

Type 1 unit utilization

demt, .
ng(r)irggn{ftrm}wn\ > - H-|Ur|. (18)
r€Rg Z CapTT,Uu r
ueUr,

Theleft handsiderepresentalowerboundonthetotalnumberof hoursfor whichthe Type 1 units
areutilized to satisfydemand®f selectedOperationl groups.Thus,by imposinga lower bound
suchastheoneontheabove right handside,this constrainiexpressesherequirementhatenough

productsshouldbeincludedto utilize the Type 1 unitsefficiently.

Objective: Minimization of Operationl groupsincluded

Z rg(r). (19)

r€Rg

Theobjective in thesecondevel is to minimizethetotal numberof productsncludedto limit the
sizeandcompl«ity of theresultingschedulingoroblemaslong asefficient utilization of the Type

1 unitsis ensured.

Thesecondevel mathematicamodelleadsto anMILP problemandcanbesolvedeasily

12



5 Short-Term SchedulingFormulation

5.1 BasicFormulation

After eachtime sub-horizonand correspondingproductsto be includedare determinedwith the
decompositiormodel,a continuous-timdormulationfor short-termschedulingwith multiple in-
termediatedue datesis applied. This formulationis basedon Floudas,lerapetritouand Heré’s
works!'® 1415 featuringthe novel conceptof event points and formulation of specialsequence
constraints.

Theformulationis presentedh detailsasfollows:

Sets:

I tasks;

I, taskswhich canbeperformedn unit (5);

1, taskswhicheitherproduceor consumeprocesstate(s);
J units;

J; unitswhich aresuitablefor performingtask(s);

N eventpointswithin thetime horizon;

S materialstateq3s).

Parametes:

Vi;-”i” denoteghe minimal capacityallowed of the specificunit (j) whenperforming

task(i);

V.rer denoteghe maximalcapacityallowed of the specificunit () whenperforming

task(7);

13



tav;

dend,

C
pgz" Psi

valmg

valpg

vald,

tcl“v

dintg,

dueg,

pTZSTL

time whenunit (5) startsbeingavailable;

market requirementor state(s) atthe endof time horizon;

proportionof state(s) producedconsumedrom task(z), respectrely;

constantermof processingime of task(z) in unit (5);

. variabletermof processingime of task(z) in unit () expressinghetimerequired

by theunit to proces®neunit of materialperformingtask(z);

time horizon;

relative valueof state(s) in thesequencef materialdor thecorrespondingrod-

uct;

relative valueof the correspondingroductindicatingits priority;

relative value of the correspondingproductindicatingits importanceto fulfill

futuredemands;

clean-uptimesof unitswhenswitchedfrom task(:’) to task(7)

demandor state(s) ateventpoint (n), whichis specifiecbasedon relatve time
atwhichthedemandasto befulfilled, thenumberof stagesequiredto produce
thefinal product,andthe numberof othertasksthatmaytake placein thesame

unit;

duetime for demandor state(s) ateventpoint (n);

priority of demandor state(s) ateventpoint(n);

14



~ constantoeficientin objectve functionbalancingmeetingdemandsvith inter-

mediateduedatesandoverall production.

Variables:

wv(i, j,n) binaryvariableghatassigrthe beginningof task(z) in unit (j) ateventpoint(n);
yv(j,n) binaryvariableshatassigrthe utilization of unit (5) ateventpoint (n);
B(i, j,n) amountof materialundertakingask(z) in unit (5) ateventpoint(n);
ST1I(s) initial amountof state(s) ;
ST(s,n) amountof state(s) ateventpoint(n);
STF(s) amountof state(s) attheendof thehorizon;
D(s,n) amountof state(s) deliveredateventpoint(n) ;

SL(s,n) slackvariablefor the amountof state(s) not meetingthe demandat eventpoint

(n) ;
T4(i, j,n) timethattask(:) startsin unit () ateventpoint(n);

T7(i,4,n) timethattask(i) finishesin unit () while it startsateventpoint (n);

Allocation Constraints

Zwv(z’,j, n)=yv(j,n) VjeJ neN. (20)

i€l

Theseconstraintexpressthatin eachunit (j) andat aneventpoint (n) only oneof the tasksthat

canbe performedin this unit (i.e.,7 € I;) shouldtake place. If unit () is utilized at eventpoint

15



(n), thatis, yv(j, n) equall, thenoneof theww(i, j, n) variablesshouldbe activated.If unit () is
notutilized ateventpoint(n), thenall wu(i, j, n) variablegake zerovalues thatis no assignments

of tasksaremade.

MaterialBalances

ST (s,n1s) = STI(s) + Zpsz ZB i,j,ms) Vs€eS (21)

1€l JEJ;

ST(s,n) =ST(s,n—1) (s,n +prZB1],n—1 +meZBz],

1€l Jj€J; 1€l Jj€Jd;

VseS, ne N (22)

STF(s) = ST(s,tuast) + > _ o5 > _ Bli,j,uast) Vs €S (23)

1€l jE€J;
wherept, < 0, %, > 0 representhe proportionof state(s) consumedy or producedrom task
(4), respectrely. Accordingto theseconstraintdhe amountof materialof state(s) at eventpoint
(n) is equalto thatateventpoint (n — 1) adjustedoy any amountsieliveredat eventpoint (n) and

producedr consumedbetweerthe eventpoints(n — 1) and(n).

CapacityConstraints

B(i,j,n) > V" wu(i,j,n) Viel, jeJ;, neN (24)

B(i,j,n) < Vi““wv(i,j,n) Viel, je€J, neN. (25)

Theseconstraintsexpressthe minimal and maximalallowed capacityof a unit (j), respectrely,
whenperformingtask(z). If wv (i, j,n) equalsone,thenconstraintg24) and(25) correspondo
lower and upperboundson the batch-size B(i, j,n). If wu(i, j,n) equalszero,then B(i, j, n)
becomegero.

In themultiproductplantthatwe study thereis no physicalrestrictionon theminimal capacity

of units and parameterd/;7"" are setto zero. However, if it is not allowed or not suitableto

16



operatewith smallbatch-sizeslueto otherconsiderationsotincludedin this model,appropriate
artificial valuescanbeincorporated.Thereare alsocasesn which someunits, for example,the
Type 1 units,arealwaysoperatedn full capacitiedo produceasmuchaspossible.Thenthetwo

inequalityconstraintg24) and(25) arecombinedandgive the following equalityconstraint:

B(i, j,n) = Vi ““wv(i,j,n) Viel, je€J, neN (26)

wherel, is thesetof Operationl tasks.

DurationConstraints

T'(, j,n) = T°(i, §,n) + aijwv(i, j,n) + Bi;B(i,j,n) Viel, jeJ, ne N  (27)

whereq;; arethefixedprocessingimesfor batchtasks(Operationl andOperatior8) andzerofor
continuougasks(OperatiorR), 3;; aretheinverseof processingatesfor continuougasksandzero
for batchtasksrespectrely. The durationconstraintexpressthe dependencef thetime duration
of task(7) in unit (j) ateventpoint (n) on the amountof materialbeingprocessedIf wwv(i, j,n)
equalsone,thenthelasttwo termsin constraint§27) areaddedo 7% (i, j, n). If wwv(i, j,n) equals
zero, thenthe last two termsbecomezero dueto the capacityconstraintg24), (25) and hence

T/ (i,§,n) = T*(i, 5, n).

Sequenc€onstraints:

Sametaskin the sameunit

T5(i,j,n+1) >T'(i,j,n) Viel, jeJ, ne€ N,n#ng. (28)

The sequenceonstrainty28) statethattask(:) startingin unit () at eventpoint (n 4+ 1) should

17



startafterthe endof the sametaskperformedn the sameunit which hasalreadystartedat event
point(n).

Differenttasksin the sameunit

Thefollowing setof constraintg29) establishetherelationshipbetweerthe startingtime of a
task(i) ateventpoint (n + 1) andthe endingtime of task(i") at eventpoint (n) whenthesetasks

take placein the sameunit (5).

Té(i,j,n+ 1) > TV, j,n) + telypwv(i, j,n) — H(1 — wo(i', j,n))

Viediel;, i'el;, i#14, ne€N,n#ngs. (29)

Constraint429) arewritten for tasks(s, 7') thatareperformedn thesameunit (5). If bothtasksare
performedin the sameunit they shouldbe at mostconsecutie. This is expressedy constraints
(29) becausé wo(i', j,n) = 1 whichmeanghattask(i') takesplacein unit (j) ateventpoint(n),
thenthelasttermof constraini(29) becomegeroforcing the startingtime of task(z) in unit (5) at
eventpoint (n + 1) to begreaterthanthe endingtime of task(i') in unit (5) ateventpoint(n) plus
therequiredclean-uptime; otherwisethe right handsideof constraint(29) becomesegative and
theconstrainis trivially satisfied.

Differenttasksin differentunits

Té(i,4,n+1) > T, 5 ,n) — H(1 —wv(i, §',n))

Vj,jle Jiiel;,i' € Lpi#d, ne€ N,n+#ngs. (30)

Constraintg30) arewritten for differenttasks(i, i) thatareperformedn differentunits(j, ;') but
take placeconsecutiely accordingto the productionrecipe. Note thatif task(:') takesplacein
unit (") ateventpoint(n) (i.e.,wv (s, j',n) = 1), thenwe have T* (i, j,n + 1) > T/ (¢, 5',n) and
hencetask(z) in unit (j) hasto startaftertheendof task(i") in unit (/). Otherwisetheright hand

sidebecomesiegative andthe constraints trivially satisfied.

18



Constraint§or Demandswith IntermediatdDue Dates

D(s,n) + SL(s,n) = dint,, Vs€ S, neN. (31)

Theseconstraintgepresenthat productsare deliveredat event pointswhendemandsxist. The
slackvariables,SL(s,n), areintroducedto give moreflexibility to the modelin handlingpartial
fulfillment of demands.Underfeasibleconditions,someor all of thesevariablescanbe fixedto

zeroto ensurghatsomeor all of thedemandsvithin thetime horizonaremet.

Due DatesConstraints

T4(i,7,n) < dues, Vs € S,i€l je . (32)

Theseconstraintensurehe satisaictionof productdemandoy the correspondingluedate.

Constraint§or Demandsatthe Endof the Time Horizon

STF(s) > dend; VYseS, neN. (33)

Theseconstraintensurethe satishictionof demandavhich shouldbe metat the endof thetime

horizon.

Unit AvailableTime Constraints

T%(i,4,n) > tav; — H(1 —wv(s,j,n)) Viel,je J,né€ N. (34)

Theseconstraintsepresentherequiremenof notstartingary taskuntil theunitis available.When
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ww(i, 7, n) equalzero,whichmeanghetaskis notactivated theconstrainis relaxedandbecomes

trivial.

Time HorizonConstraints

T/(i,5,n) < H Viel,jeJ,neN (35)

T°(i,j,n) <H Vi€l je€ J,né€N. (36)

Thetime horizonconstraintsepresentherequirementhatevery taskstartandendwithin thetime

horizon(H).

Objective: Maximizationof production

=) prisn - SL(s,n) + 7Y _ vald, - valp, - valm, - STF(s). (37)

S n

The objectve shavn in (37) is the maximizationof productionin termsof relative value of all

statesminusthe penaltytermfor not meetingdemandstintermediataluedates.

5.2 Additional Constraints

The mathematicalormulationdescribedabove resultsin an MILP problem,which canbe solved

by a commercialMILP solver suchas CPLEX. Mainly becauseof its original conceptof event

points,theproposedormulationoutperformsomeotherexistingdiscrete-timendpseudo-continuous-

time formulationsin termsof reducingsignificantlythe size of resultingmathematicaprogram-
ming problemandthustherequiredcomputationatesourcesHowever, solvingtheresultingMILP
problemsis still very challenging(e.g.,the solutionsrequireconsiderabléCPU time for proof of
global optimality), which reflectsthe inherentcompleity of the specificphysicalconditions. To

improve the modelingandsolution,thefollowing constraintsareincorporated:
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Tighter Sequenc€onstraintgor Operationl

BecauseOperationl is the first stepin the task sequencdor all productsand we want to

maximizethe overall productionin principle,thetiming of the Operationl taskscanbe enforced

to beastight aspossible.

Sametaskin the sameunit

T°(i, §,n +1) < T (i, 5,n) + H(2 — wo(i, j,n) — w(i, ,n + 1))

Vi e Ir, jE JZ’, n e N,n 7é Nygst- (38)

Theseadditionalsequenceconstraintsfor the sameOperationl taskin the sameType 1 unit,
combinedwith constrainty(28), enforce“zero-wait” condition on the task taking place at two
consecutie eventpoints. Namely if wv (i, j,n) = wov(i, j,n + 1) = 1, thatis, task(:) takesplace
in unit () atbotheventpoint (n) and(n + 1), thenT*(i, j,n + 1) = T7(i, j,n), which statethat
in unit (5), task(z) startingateventpoint(n + 1) startsimmediatelyafterthe endof the sametask
which hasalreadystartedat eventpoint (n); otherwisetheseconstraintsarerelaxed.

Differenttasksin the sameunit

Té(i,§,n+1) < TI(', j,n) + tely + H2 — wo(7, j,n) —wo(i,j,n+ 1))

Viedni€l;, i'e€l;, i#4, ne€ N,n+#ngs (39)

where.J, is thesetof Typel units.

Accordingto thesenew constraintsandconstraintg29), if wv(7', j,n) = wv(i,j,n + 1) = 1
(thatis, task(i') takesplacein Type 1 unit (j) at event point (n) andtask(z) takesplacein the
sameType 1 unit ateventpoint (n + 1)), thenT*(i, j,n + 1) = TY(i', j,n) + tcl;z requiringthat
task(z) in Typel unit (j) ateventpoint (n + 1) startimmediatelyaftertask(:’) in the sameType

1 unit ateventpoint (n) endsandnecessargleaningis donefor the Type 1 unit. Otherwisethese
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constraintsaretrivial.

Restrictionson Binary Variables

For eachproduct,basedn theinformationof overallamountof demands&ndmaximalbatch-
sizesof relatedtasksperformedin suitableunits, lower boundson the total numberof activated

taskscanbe specifiedor Operationl, Operatior2 andOperation3, respecitrely.

ZZwv(i,j,n) > m; Viel (40)

jEJ; nEN

wherem; areparametersalculatecbasednrelevantdata.
Theseconstraintseducethecombinatoriatompleity of theMILP problemsandimprovethe

computationaperformance.

SpecialRestrictions

Restrictionl

It is given that Operationl for a specificproductshouldrun in one of the Type 1 unitsin
campaignmode,namely a prespecifiedninimum number ¢, of batchesneedsto be performed
consecutrely oncestarted. This arrangemenis dueto the comparatrely long clean-uptime for
the Type 1 unit requiredto switch from this productto others.The correspondingonstraintan

beformulatedasfollows:

wo(i, j,n) > wo(i,j,n—1) Vi€ Lg,j€ Jygp,n€ N,2<n<c (42)
. o 1 L
welisjm) > welijn—1) = 1= 3wl
n—c<n/<n—2
Vie lLg,j€ Jyg,neEN,n>c (42)
wo(i, j,n) <wv(i,j,n—1) Vi€ Lg,j€ Jrg,n € N,n > nyge —c+ 2 (43)

wherel, g is thesetof Operationl tasksandJ, g is thesetof Type 1 unitsdedicatedo them.
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Constraint¢41)and(42) statethatif wv(i, j, n—1) equalneandwuv (i, j, n—2) ~ ww(i, j, n—
¢), which do notall exist for n lessthanc, arenotall equalto one,which meangask(i) hastaken
placein unit (j) at eventpoint (n — 1) andtherehave beenlessthanc batchegperformed,then
ww(i, j,n) equalsone,thatis, task(i) shouldtake placein unit (j) at eventpoint (n); otherwise,
theseconstraintdbecometrivial. Constraint(43) ensureghatthe Operationl taskdoesnot get
startedaftereventpoint (n;,;; — ¢ + 1) becauséhe Type 1 unit won’t beableto performe batches
in theremainingperiod.

Restriction2

A subsebf the productsaredescribedasblack. They arealsorequiredto be put togetherfor

Operation2 andOperation3 soasto avoid clean-upasmuchaspossible.

wo(i,jn) <2— Y [wo(i,j,n') + wo(i, j,n")]

i’EIedBﬂIj

Vi € Igng,j € Ji,n,n',n" € Nyn' <n<n” (44)

wherel.,p and I 4y p arethe setof Operation2 and Operation3 tasksfor black productsand
non-blackproductsrespecitrely. If Type 2 unit or Type 3 unit (5) is utilized for black productsat
botheventpoint(n') and(n"), thentheright handsideof constraintg44)is zero,which stateghat
no taskfor non-blackproductss allowedin the sameunit atary eventpoint (n) between(n’) and
(n"). Otherwisetheseconstraintdbecomdrivial.

Restriction3

Productionof a specialcateyory of productsonly needgo go throughOperationl andOpera-
tion 3. It is requiredthattheseOperationl andOperation3 tasksrun for 1-2 weeksin acampaign
mode. Therefore demanddor this cateyory of productswithin a periodof time (e.g.,onemonth)
areputtogether A Type 1 unit anda Type 3 unit arethendedicatedo the “combined” Operation
1 taskandOperatior3 task,respectiely. Therelative orderof originaltasksfor differentproducts
canbesimplybasedntheduedatesof demandsProductiorof this category of productss treated

separately The dedicatedlype 1 unit and Type 3 unit areexcludedfrom availableresourcegor
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otherproductsduring the dedicatedime intervals. This approachwill beillustratedthroughthe

computationastudyin next section.

6 Computational Study

6.1 Problem Overview

Theproposedolling horizonapproachs appliedto anindustrialcasestudyin which detailedpro-
ductionschedulesireto be determinedo satisfycustomeiordersfor variousproductsdistributed
within awholemonth.

The distribution of demandghroughoutthe whole monthunderconsiderations plot in Fig-
ure 3. Therearefive main catgoriesof productsandthirty five differentproductsarerequired
to be producedn this month. It is assumedhatno final productis available at the beginning of
themonth.However, lower boundson theamountof initially availableintermediatanaterialsare

provided.
[Figure3 abouthere.]

The processingecipesto make theseproductsare shavn in Figurel. The Operationl and
OperatiorB stepsareperformedn abatchmode while theOperatior2 stepin acontinuousnode.
Theprocessingime or processingateof eachstepis dependendn boththe productandtheunit,
with Operationl, Operation2, andOperation3 in the rangesof 6-11 hours,0.15-0.25units/hour
andl12-16hoursrespectrely. Capacitie®f thefour Typel unitsvaryfrom 1.125units/batcho 3.5
units/batchwhile capacitieof the threeType 3 unitsareeither4.5 units/batchor 3.5 units/batch.
Theclean-ugimerequiredrangedrom 2 hoursto 36 hours,dependingntheunit andthe product

sequencévolved.

6.2 Detailed Schedules

“Campaign mode” production
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We first considerschedulingof the specialcategory of productsthatrequireoperationin the
“campaignmode”(Catagory 4 in Figure3). Demanddor all productsn this cateyoryin thewhole
montharegroupedogether OneType 1 unit andoneType 3 unit arededicatedo the production
of theseproductsandthe detailedscheduleof the Operationl tasksand Operation3 tasksfor
differentproductsaredeterminedasedntheirrelative duedates.Thestartingtime of production
of all theseproductss determinedothatall theduedatesof thedemanddor thesegproductscanbe
satisfied.Then,the unitsandtime intervalswhich areusedareexcludedfrom availableresources
for theproductionof otherproducts.Therelative schedulebtainedor productionof this cateyory

of productdgs shavn in Figure4.

[Figure4 abouthere.]

The rolling horizon approachis then appliedfor the productionof the remainingproducts
to breakdown the large schedulingprobleminto several short-termschedulingsub-problemsn
successie time horizons. Thereare mainly two typesof connectiondbetweenconsecutie time
horizons:initial availabletime of unitsandintermediatanaterials.The decompositiorandshort-
termschedulingnodelsareimplementedvith MINOPTY’ andsolvedwith CPLEX,acommercial
MILP solver. The CPUtime requiredto obtaineachsolutionrangesrom 15 min to about7 hours

onanHP J-2240workstation.

Horizon 1

With parametercplm of 1500, the first horizonis determinedo be the first 5 daysof the
monthand8 main productsareidentifiedto be includedin this horizonaccordingto Level 1 of
thedecompositiomodel.No additionalproductis identifiedto undego the Operationl stepfrom
Level 2 of thedecompositiormodel.

Twenty eventpointsareusedin the short-termschedulingnodelfor this horizon,whichleads
to 1320binaryvariables 3968continuousvariablesand21912constraints Two feasiblesolutions

aregenerate@ndthe detailedscheduleaccepteds shovn in Figure5.
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[Figure5 abouthere.]

Horizon 2

The secondhorizonis determinedo be the next 5 daysof the month, thatis, from the 6th
dayto the 10thday, and6 mainproductsareidentifiedto beincludedaccordingto Level 1 of the
decompositiomodelwith cplm of 1000. No additionalproductis identifiedfrom Level 2 of the
decompositionmodel.

Twentythreeeventpointsareusedin the short-termschedulingnodelfor this horizon,which
leadsto 897 binary variables,2576 continuousvariablesand 14260 constraints. One feasible
solutionis obtainedand accepted. The detailedscheduleis shovn in Figure 6. Note that the
startingtimesof the Type 1 unitscorrespondo thefinishingtimesof thesameunitsin theprevious

horizon.

[Figure6 abouthere.]

Horizon 3
Thethird horizonis determinedo be from the 11th dayto the 14th day of the monthand10
mainproductsareidentifiedto beincludedaccordingo Level 1 of thedecompositiormodelwith
cplm of 1500.No additionalproductis identifiedfrom Level 2 of thedecompositioomodel.
Nineteenevent points are usedin the short-termschedulingmodel for this horizon, which
leadsto 1216 binary variables,3918 continuousvariablesand22086constraints.Threefeasible

solutionsareobtainedbeforethelastoneis acceptedThe detailedschedulas shovn in Figure?.

[Figure7 abouthere.]

Horizon 4

Thefourth horizonis determinedo be from the 15th day to the 19thday of the monthand8
mainproductsareidentifiedto beincludedaccordingo Level 1 of thedecompositiormodelwith
cplm of 2000. Sevenadditionalproductareidentifiedto undego the Operationl stepfrom Level

2 of thedecompositiomodelwith -, of 80%.
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Twenty oneeventpointsareusedin the short-termschedulingnodelfor this horizon,which
leadsto 1827 binary variables,5831 continuousvariablesand 37298constraints.Threefeasible

solutionsareobtainedbeforethelastoneis acceptedThe detailedschedulas shovn in Figure8.

[Figure8 abouthere.]

Horizon 5

Thefifth horizonis determinedo befrom the20thdayto the 24thdayof themonthand9 main
productsareidentifiedto beincludedaccordingo Level 1 of thedecompositionrmodelwith cplm
of 2000. Five additionalproductareidentifiedfrom Level 2 of the decompositiormodelwith -,
of 30%.

Twenty oneeventpointsareusedin the short-termschedulingnodelfor this horizon,which
leadsto 2016 binary variables,6471 continuousvariablesand 41866 constraints. One feasible

solutionis obtainedandacceptedThedetailedschedulas shavn in Figure9.

[Figure9 abouthere.]

Horizon 6

Thereareonly six daysremainingin themonth. It is foundthatthe demandsn this remaining
periodcanbefulfilled very easilyandonly 4.5 daysis actuallyneededThereforethelasthorizon
is choserto be 4.5 daysstartingfrom the 25thday of the monthandall of the 11 productsfor the
remainingdemandsreincluded.

Teneventpointsareusedin the short-termschedulingmodelfor this horizon,which leadsto
580binaryvariables,1820continuousvariablesand6723constraints Five feasiblesolutionsare

obtainedbeforewe accepthelastoneasa satisactoryschedule The detailedschedulas shovn

in Figure10.

[Figure10abouthere.]
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6.3 Summary of Results

As describedn detailin the previoussectionthe decompositioomodelandthe schedulingmodel
are usediteratively, moving forward the schedulinghorizon. In summarythe whole scheduling
periodis decomposedhto six time horizons,eachvaryingfrom 4 to 5 dayslong andincluding 6

to 15 productsasshavnin Tablel.
[Tablel abouthere.]

A sketchof theschedulesbtainedor thewholemonthis givenin Figurell. It shouldbenoted
thatthe Type 1 unitsaremostlyidle towardsthe endof the whole periodbecauseno demandsre
specifiedfor the comingperiod. The productionschedule®btainedfor 28.5daysnot only satisfy
all demandsn all cateyories,thoughsomeof the due datesare relaxed, but also produce9.1%

morethanthedemandsn overall (seeTable?2).
[Figure11 abouthere.]
[Table2 abouthere.]

Anotherimportantcriterionfor judgingtheproductionschedules theefficiengy of unit utiliza-
tion. As shown in Table3, theschedulesbtainedn this work ensurehatthe units,especiallythe
Type3 units,areutilized efficiently. TheType3 unitsareutilizedintensvely throughouthewhole
period, which indicatesthat they are bottlenecksf the overall productionasfar asthe demand

structuren this casestudyis concerned.

[Table3 abouthere.]

7 Integrated Graphical User Interface

A graphicaluserinterfacehasbeendevelopedto integratevariouscomponentsequiredto apply
the proposedoptimizationframewnork to the medium-rangeroductionschedulingproblemsys-

tematicallyandeffectively. Theflowchartis shavnin Figure12. After theuserinputsall relevant
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data,whichis storedn adatabaseheschedulingor productghatrequireproductionin the“cam-
paignmode”overarelatively long periodis performedirst. Then,basedntheinformationin the
databasethe two-level decompositiormodeis generatedaindthensolved with an MILP solwer,
CPLEX. Next, the short-termschedulingmodelis formulated. The resultingMILP problemis
solvediteratively by usingcut-off valuesuntil asatishctoryfeasiblesolutionis obtained.Thenthe
solutionis outputin readablegormats,for example,the GanttChart,andthe databasés updated
accordingto the solutionto move towardsthe next time horizon. The above procedures applied
iteratively until the whole schedulingperiodis finished. The softwareis developedin extensve
Visual Basicwith M.S. Accesssupportingthe database.It consistsof the following five main

functionalmodules.

[Figure12 abouthere.]

7.1 Data Manipulation

All of theinformationis storedin abackgroundiatabaseandcanbe enteredchangedr deleted
throughthe userinterface. Figure 13 shaws the main window of the userinterfacewith forms

openedo accesyariousdata.
[Figure13abouthere.]

Theimportantdatainclude:
e Schedulingoeriod;

e Ordersasshavnin Figurel4,theamountduedateandpriority for eachcustomeiorder;
[Figure 14 abouthere.]

¢ Inventoriesof bothfinal productsandintermediatematerials;

e Processingecipes,asshaovn in Figure 15, the processingstepsrequiredfor makingeach

productandotherrelatedinformationneedto be specified,;
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[Figure15abouthere.]

Informationof the units,asshovn in Figure16;

[Figure16 abouthere.]

Unit-productsuitabilities,for example,Figure17 shonvsthe Type 1 Unit Suitability Form;

[Figure17 abouthere.]

Processinggmes/ratesfor example Figurel8shavstheOperatior8 ProcessindimeForm;

[Figure18 abouthere.]

Sequence-dependecdiean-uprequirementsfor example, Figure 19 shaws the transition

tablefor the Type 1 units.

[Figure19abouthere.]

7.2 Campaign-ModeProduction Scheduling

Productghatarerequiredto go throughthe campaignmodeare handledseparately The appro-
priate productsand suitableunits are identified and a certainperiod of time is dedicatedo the
campaign-moderoductionof theseproducts.Figure20 shovs scheduldablesfor the campaign-

modeproductiongeneratedh the userinterface.

[Figure20 abouthere.]
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7.3 Decomposition

Basedon the informationin the databasethe decompositiormodelis generatecandthensolved
with anMILP solver, to determinghecurrenttime horizonandto identify productgo beincluded
for the schedulingoroblem. Figure 21 shavs CPLEX solving the decompositiormodelandthe

resultsarepresentedn Figure22.
[Figure21 abouthere.]

[Figure22 abouthere.]

7.4 Short-term Scheduling

Accordingto the solutionof thedecompositiormodel,the short-termschedulingmodelis formu-
latedto determinghedetailedscheduldor the currenthorizon. Theresultinglarge-scalecomplex
MILP problemis solvediteratively by usingcut-off valuesuntil a satishctoryfeasiblesolutionis

obtained Figure23 shovs CPLEX solvingthe schedulingnodel.

[Figure23 abouthere.]

7.5 ResultsOutput and DatabaseUpdate

The solutionto the short-termschedulingmodelis organizedin readableormats,including the
scheduldgableandthe GanttChart,andthe databasés updatedaccordingly Figure24 shovs the

Ganttchartrepresentatioof a schedulebtainedn theuserinterface.
[Figure24 abouthere.]

Furthermoreawide variety of additionalfeaturesareincorporatedo make the graphicaluser
interfaceasuserfriendly aspossible For example theusercanrequessearctunctionsonvarious

dataformsto accesspecificinformationefficiently.
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8 Conclusions

In this paper the medium-ranggroductionschedulingoroblemof a multi-productbatchplantis
investigated.Threebasictypesof operationareinvolved andten piecesof equipmeniareshared
to produceup to sixty differentproducts.The schedulinghorizonconsidereds onemonth,even
thoughlongerhorizonscanbe addresseavith the proposedramenork. The overall approachs
to decomposehelarge andcomplex problemfor the whole schedulingoeriodinto smallershort-
term schedulingsub-problemsn successie time horizons. A two-level decompositiormodelis
proposedo determinethe currenthorizon and identify thoseproductsto be included. Thena
continuous-timdormulationfor short-termschedulingof batchprocessesvith multiple interme-
diate due datesis introduced. This procedureis appliediteratively until the whole scheduling
periodis completed.Theeffectivenes®f this proposedolling horizonapproachs illustratedwith
computationatesultsfrom anindustrialcasestudy A graphicaluserinterfacedevelopedto in-
tegratevariouscomponentso apply the proposedptimizationframenork systematicallys also

presented.
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Figure24: A scheduleobtainedn theintegratedgraphicaluserinterface
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Time Horizon 1 2 3 45 6
numberof days 5 5 4 5 5 45
numberof mainproducts |8 6 10 8 9 11
numberof additionalproductsf 0 0 0 7 5 0

Tablel: Decompositiorof thewhole schedulingoeriodinto successie horizons
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Product

Demand Production

Catgoryl | 325.8 350.6
Catgory 2 105 113.5
Catgory 3 16.5 17.0
Catgory4 54.5 61.1
Catgory 5 36.9 45.3
Overall 538.7 587.5(+9.1%)

Table2: Comparison®f demandsndproductionthroughproposedchedules
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Unit Ul u2 U3 u4 us U6 ur us ug9 Ul10
TimeUsed(hrs) | 444.6 507.3 457.1 534.8 357.2 346.9 433.8 650.0 652.4 663.8
TimeUsed (g4 650 742 66.8 782 522 50.7 634 950 954 971

28.5days

Table3: Unit utilization
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