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ABSTRACT

Ιnthispaper,theauthorsstudytheproductionlineofadoorindustry.Thefirststageofthisresearch
consistsofthedetaileddocumentationwithflowchartsandsystematizationofallproductionprocesses,
allproducttypes,aswellasallstagesofproductionandequipment.Thestandardproductiontimes
werecalculatedforeachworkstation,togetherwiththerelevantworkforcerequirements.Inthesecond
stageofthisresearch,adiscreteeventsimulationmodelofthefactorywasdevelopedtoassistinthe
productionplanningdecision-making.Thesimulationmodelwasverifiedusingactualproductiondata
relatingto19customerordersforatotalof1,281doors.Foursimulationexperimentswereexecuted,
wheretheeffectofalternativeshiftsonthemanufacturingline’sefficiencywasinvestigated.The
performancemetricsoftotalproduction,meandailyproduction,andmeanlaborcostperproduct
wereconsidered.Thisexperimentaltrialresultedintheidentificationoftheshiftconfigurationthat
achievesincreasedproductivitywhilemaintainingrelativelylowlaborcosts.
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INTRODUCTION

Thisisanapplication-basedresearcharticlefocusedonproductionplanningwiththeaidofsimulation.
As such, it contributes inbridging thegapbetween theoryandpracticeofproductionplanning.
Theoretical planning problems are largely stylized with many unrealistic and/or “convenient”
assumptionsfromtheperspectiveofthesystemmodeler/analyst.Animportantmotivationforthis
paperistoprovideaninsideviewofareal-worldmanufacturerandtoshowcasetheparticularities
andincreasedcomplexityofrealisticproductionenvironments.Anotherimportantaimforthispaper
istopresenttheapplicationofpowerfulcomputationaltechniques,inthiscasestochasticsimulation,
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tomodelandsolveproductionplanningproblemsusingascientificapproachratherthanintuition
andempiricalknowledge

InthispaperweexamineadoormanufacturerwhichislocatedinnorthernGreece.Thecompany
followsa“hybrid”make-to-stock/make-to-orderproductionmodelwhichcomplicatessignificantly
theproductionprocess/planninganditisdistinctlydifferentiatedfromstylized,theoreticalmodels
thatcanbefoundintherelevantscientificliterature.Themake-to-ordermodelgenerallyappliesto
clientsthatarelargehotelfirmswhorequirehighlycustomizedproducts.Themake-to-stockmodel
generallyappliestoindividualclientsorarchitecturalfirmsthatcarryoutsomeconstructionproject
(especiallyasmallone)andtypicallyselectdoorsfromarangeofstandardized,producttypesthat
arereadilyavailablefromthedoormanufacturer

Itisofparamountimportanceforthecompanytomeetthecustomerduedates,i.e.deliverthe
orderedproducts at thepromiseddates.Furthermore, it is alsovery important tomaintainhigh
productivitylevels,i.e.makeuseoftheavailableresourcesasefficientlyaspossible.Thesegoals
callforeffectiveproduction planning and controlofproductionoperations.Thereareseveralunique
featuresofthisdoormanufacturerthatcauseproductionplanningtobeadauntingtaskandarenot
normallyfoundinsynthetic/artificialproblemsthatcanbefoundintherelevantliterature.

Firstofall,thereisaverystrongseasonalitycomponentinthedemandforfinishedgoods.This
isduetothefactthatthemajorityofordersstemsfromhotelfirmsandthehighseasonforhotels
inGreeceisnormallybetweenAprilandSeptember.Thismeansthatthebulkofrelatedordersis
normallyplacedintheperiodOctober–Maycausinganotablepeakintheworkloadimposedon
theplantatthattime.Secondly,theplantconstructsalargenumberofcustomizeddoorswhichin
turnmeansthatasignificantfractionofitsproductshasneverbeenbuiltbefore.Thismakesitvery
hardfortheproductionplannertoforecastactualmachiningtimes,personnelrequirementsetc.andit
alsoentailstherelatedlearningcurvesinrespecttotheworkerswhowillbeengagedinproduction.
Finally,therearesignificantlimitationsregardingtheavailablespaceintheplant,bothintermsof
storagespaceaswellasavailableworkstationsetc.Theseconstraintsfurthercomplicatethetaskof
productionplanning,sinceblockingofsomeproductionstagesmayoccurespeciallyinperiodswhen
thereisademandsurge.

Motivatedbytheaforementionedproblems,thisresearcharticlemakesthefollowingcontributions:

• Asystematicdocumentationandstandardizationofallproductionoperationsiscarriedout
• Arealisticsimulationmodeloftheplantisdevelopedandverifiedusingreal-lifedata
• Aseriesofsimulationexperimentsisconductedinordertostudytheeffectofvaryingseveral

productionplanningparametersontheproductionsystem’sperformance
• Thegoaloftheauthorsistoaidtheproductionplanningfunctionoftheplant,whichislargely

empiricalnow,usingstate-of-the-art,computationalmethods.

The remainder of this article is structured as follows. In the “Background” section we cite
anumberofscholarlypublications thatarerelevant to thisresearchandcompare themwith this
contribution.Thenextsection(“Descriptionofdoormanufacturerplant”)offersadetaileddescription
oftheproductionoperationsthattakeplacewithintheplantofthedoormanufacturer,includingthe
variousstagesoftheproductionline,theroutingandprocessingtimesofalternativedoortypesin
thejob-shopetc.Thenextsection(“Simulationmodellingofdoormanufacturerplant”)describes
thedevelopment/verificationofthesimulationmodeltogetherwiththeparametersandresultsofthe
simulationexperiments.Thepaperisconcludedwiththe“Conclusion”sectionwheredirectionsfor
futureresearchaswellaslimitationsofthisresearcharediscussed.
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BACKGROUND

Inthissection,theauthorsprovideabriefliteraturereviewofrelevantworksinordertoposition
thisarticleinrelationtopublishedliterature.Asmentionedintheintroductionsection,theexamined
productionsystemhasanumberofsingularitiesthatdifferentiateitfromidealized/theoreticalmodels,
nonethelesstherearesomedistinguishingfeaturesthatcanfacilitateitscategorizationintogeneric
paradigms.

Theinteriorandexteriordoorsproducedintheplantarelargelymanufacturedinbatchesand
thus,theunderlyingproductionsystemcanbecategorizedasabatchmanufacturingplant.Problems
pertainingtobatchmanufacturingarestudiedinHongandPrabhu(2004)andJurczyk-Bunkowska
(2020),amongothers.

The examined doormanufacturer follows a “hybrid” production model that lies somewhere
betweentheintersectionofthemake-to-stock(MTS)andthemake-to-order(MTO)paradigm.In
apurelymake-to-ordersystem(ArredondoandMartinez,2010),nostockoffinishedgoodsiskept
andallproductionoperationstomanufacturesomeproductareinitiatedafteranactualcustomer
orderhasbeenaccepted. Inapurelymake-to-stocksystemthe“opposite”situationholds.There
existsomescholarlypublicationsthattreathybridMTS-MTOsystems.Themajorityofthesepapers
are theoreticalcontributionscontrary to this researchwhich is largelyapplication-based.Several
relevantworksarecitedhereafter.Beemsterboeretal.(2016)developaMarkovdecisionprocess
(MDP)modelofatwo-producthybridMTS-MTOsystemtodecidewhentoswitchfromproducing
MTSpartstoMTOparts.Asimilarapproach(MDP)isalsotakenintheworkofWilson(2018).A
radicallydifferentpointofviewcanbefoundinJiaetal.(2017)whoexaminethesimulationmodel
ofa(theoretical)flexibleflowshopwheretheupstreamstages(inrelationtoa“decouplingpoint”)
areMTSwhereasthedownstreamstagesfollowtheMTOparadigm.Romsdaletal.(2013)offera
theoreticaldiscussionoftacticalandoperationalimplicationsofhybridMTO-MTSproductioninthe
foodindustry.AnotherlargelytheoreticaltakeonthesubjectisofferedbyNagibetal.(2016)who
reviewalargenumberofacademicpublicationsthatexaminehybridMTS-MTOmodelsincontrast
topureandMTSandMTOapproaches.

Asmentionedintheintroduction,thereisaverystrongseasonalitycomponentinthedemandfor
finishedgoods.Thechallengesthatariseinamanufacturingenvironmentinthepresenceofseasonal
demandisexamined,amongothers,intheworksofBhatandKrishnamurthy(2016),Mattsson(2010),
Chang&Chu(2013)andEhrenthaletal.(2014).

Sincetheplantneedstobeabletohandleordersforhighlycustomizeddoors,theproduction
equipment needs to be general-purpose and the production operations in general need to be
characterizedbyasignificantlevelofflexibility.Thisistypicaltojob-shops,i.e.productionsystems
withrelativelylowdegreeofautomationthataresuitableforratherlowvolumebutflexibleproduction.
Production planning and scheduling problems pertaining to job shops are studied in Vinod and
Sridharan(2011),Adibietal.(2010)andXanthopoulosetal.(2013),amongothers.

In this research, we utilize the Anylogic discrete event simulation software (Ivanov, 2017)
to simulate the examined door manufacturing plant. Stochastic simulation is powerful tool with
widespreadapplicationtoproductionmanagementproblems.Thereaderisreferredindicativelyto
theworksofKatsiosetal.(2017),Amaranetal.(2014)andGockenetal.(2017).

MAIN FOCUS OF THe ARTICLe

Description of Door Manufacturer Plant
ThecasestudyinquestionpertainstoadoormanufacturerwhichislocatedinnorthernGreeceand
ithasbeenactivesincetheyear2000.Thephilosophyandcorporateidentityofthismanufacturer
revolvesaroundthreepillarsa)excellentproductionqualityandtechnicalspecifications,b)innovative
cultureandc)flexibilityinordertoadapttochangingcustomerneeds.Themanufacturerhasdeveloped
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aluminumcasingsthatcanfittoarangeofwallwidthswhichareparticularlysuitablefortheGreek
constructionsectorthathasnostandardizednormsanddoordimensions.Itproducesanextensive
rangeofexteriordoorswithveryhighresistancetorain,sunlightandseamoisture.Itcanalsodeliver
fireproofdoorsthatcanwithstandupto120minutesofexposuretofireandsoundinsulateddoors
intherangeof28-38db.ItistheonlycompanyinEuropethatholdsafireproofingcertificateof45
minutesforaluminumdoorcasingsanddoorwings.Itsinnovativedesignsandpatentsareregistered
withtheHellenicIndustrialPropertyOrganisation(OBI)andthecompanyholdsseveralfireresistant
certificationsfromtheinternationalthirdpartyproviderIFCCertificationLtd.Itsclientelefallswithin
threemajorcategories:a)corporateclients,i.e.largehotelfirms,b)architecturalfirmsresponsible
forcarryingout smallor largeconstructionprojectsandc) retail sales.Theclientelemixof the
companyisroughly85%,10%and5%,meaningthatthebulkofitsproductionistargetedtowards
large,corporateclients.Inthepresenttime,thecompanyhasworkedwithover200hotelfirms.

Inthissection,theauthorsofferadetaileddescriptionoftheproductionoperationsthattake
placewithintheplantofthedoormanufacturer.Morespecifically,theauthorsstatethefirm’sproduct
portfolio,thevariousstagesoftheproductionline,theroutingandprocessingtimesofalternative
doortypesinthejob-shopetc.

Product Types
Alldoorsthatarebuiltbythefirmcanbecustomizedtoalargeextent(e.g.inrespecttodimensions,
materialsused,colors,fireresistanceetc.).Nevertheless,withtheexceptionofsomehighly-customized
designselaboratedbelow,thedoormanufacturer’sproductscanbeclassifiedtothefollowing,broad,
categories:

• Interiordoors
◦ Aluminumcasingand

▪ Woodendoorwing
▪ Glassdoorwing

◦ Woodencasinganddoorwing
• Exteriordoors

◦ Steelcasinganddoorwing(armoreddoors)
◦ Aluminumcasingand

▪ Aluminumdoorwing
▪ Woodendoorwing

◦ Woodencasinganddoorwing

Interiordoorswithglassdoorwingsaretypicallyorderedbyhotelfirmstobeusedasshower
doors.All-woodeninteriordoorsareusuallyorderedincomplex,non-standardcoloringsinresponse
totheneedtoattainthedesiredstylisticeffectbythecustomer.Exteriordoorsareusuallyrequestedby
individualcustomersfortheirprivaterealestates.Notethatall-aluminumexteriordoorsaretailored
towithstandextremeweatherconditionsincluding,intensesunlight,rain,seabreezeetc.Thefirm
alsohasasubstantialnumberofordersforhighlycustomizeddoorse.g.forveryparticularopenings
etc.Figure1showssomeexamplesofthedoormanufacturer’sproducts.

Description of Production workflow
In this section, the authors present the detailed workflow for building a finished product in the
investigated door manufacturer. There are a few exceptions to the production process presented
belowwhicharecitedhereafter.First,asubstantialportionoftheproductionforanarmoreddooris
outsourced;thedoormanufactureronlybuildssomewoodencomponentsofthedoorandoffersthe
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finalassembly/packaging.Secondly,somehighlycustomizeddesignsfollowanentirelydifferent
workflowthatitisdictatedbythespecificneedsofeachcustomer.

Intheremainderofthissectionwewillfocusontheprimaryproductionstagesformanufacturinga
“generic”door.Notethateachproducttypehasitsuniqueroutingintheshopfloorandthataluminum
doorshaveseveraldistinctivedifferencesinproductioncomparedtowoodendoors.Nonetheless,
inorder toprovide thegeneral ideaof theproductionworkflowandsavespace,wewilloutline
themanufacturingprocessofwoodendoorswithwoodencasingsinparticular.Initsentirety,the
productionworkflowofthedoormanufacturerisdepictedinFigure2.

Thewholeprocedureisinitiatedbydraftingawrittenquotationforsomecustomer.Oncethe
twopartiesagreeuponalldetailsoftheorder,thenthequotationistransformedintoacontractthat
itissignedbyboththecustomerandthedoorfirm.Thecontractisawrittenstatementofe.g.the
producttypesandquantitiesordered,thepriceforthegoodsthathasbeenagreed,additionalservices
providedbythedoormanufactureretc.Thecontractisthenforwardedtotheproductionanalysis/
planningdepartmentof the firm thatgenerates the relatedorder sheet.Theorder sheet contains
technicalinformationforthevariousproductionstagesoftheplantincludingdimensionsandother
manufacturingspecifications,coloringinstructions,informationregardingpositioningoflocksand
otherattachmentsonthedoors,fireproofspecificationsetc.Theordersheetisdraftedintothreecopies
andeachcopyissenttothethreemainproductionstagesthattheplantiscomprisedof.Atthesame
time,relevantinformationissenttotheprocurementdepartmentsoastoensurethatallnecessaryraw
materialsareavailableontime.Notethatthedoormanufactureroperatesinasomewhatjust-in-time
moderegardingthisaspectandmaintainsarathernegligiblestockofrawmaterials.

Oncethepreparatory,yetveryimportantpreviousstepshavebeencompleted,theactualproduction
oftherequiredend-itemscommences.Productioniscomprisedofthefollowing,serial,stages:

1. Carpentershop
2. Sanding&Dyeing
3. Assembly&Packaging

Theconstructionofadoorstartsatthecarpentershopwiththeproductionofthedoorwing
frame.Theframeisthenfilledwithe.g.chipboardorfireresistantboard.Aluminumorwooden

Figure 1. Examples of exterior doors with aluminum casings and door wings (on the left) and interior doors with wooden casings 
and door wings (on the right)
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coatingsarethenappliedonthedoorwingandthelatterisforwardedtothepressmachinewereitis
subjectedto110Bar/cm2at65-80degreesCelsiusinordertobond.Thedoorwingisallowedsome
timetocoolandthenitmovestotheCNCmachinewereholesforlocksetc.aredrilledandtoother
workbenchesforadditionalmachining/finishing.

Thenextproductionstageisthesanding&dyeingshop.Atthispoint,thedoorwingthatwas
outputtedbythecarpentershopissubjectedtoaseriesofsandinganddyeingoperationswhichvary
fromoneproducttypetoanotheratasignificantlevel.Dyeddoorwingsneedtospendasubstantial
amountoftimeinthefurnaceinorderforthedyestodryout.

Theproductionofadooriscompletedintheassemblyandpackagingstage.First,thedoorcasings
arecut,assembled,dyedandprocessedintheCNCmachines(notethataluminumdoorcasingsdo
notrequiredyeing).Atthesametime,locksandothermetalfixturesareadjustedonthesemi-finished
doorwings.Finally,thedoorwingsandtherelatedcasingsareassembledandsenttothepackaging
machinesoastobecomereadyfordispatching.

ThebottlenecksofthedoormanufacturinglinearelocatedintheCNCmachineandmostlyinthe
dyeingworkstation.Inthenextsection,theauthorselaborateontheseissuesaswellasonadditional
detailsoftheproductionprocess.

Description of Production Resources and Operations
Thechiefproductionresourcesofthedoormanufacturerplant,categorizedonthebasisoftherelevant
productionstage,aresummarizedinTable1.

Figures3-5depictsomeindicativeproductionequipmentthatis inthecarpentry,sanding&
dyeing,assembly&packagingstagesofthedoormanufacturingline,respectively.

Figure 2. The complete production workflow of the door manufacturer under study

Table 1. Production resources of door manufacturing line

Carpenter shop Sanding & Dyeing Assembly & Packaging

CNCmachine
Pressmachine
Sawmachine
Workbenches
Variouspowertools

2industrialfurnaces
Sandingmachine
Sprayguns
Workbenches
Powertools

Automatedpackagingmachine
Workbenches
Powertools
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Figure 3. Examples of production resources found in the carpenter shop. Press machine and workbenches (on the left) and CNC 
machine (on the right).

Figure 4. Examples of production resources found in sanding & dyeing stage of the door production line. Sanding machine (on 
the left) and furnace (on the right).

Figure 5. Examples of production resources found in assembly & packaging stage of the door production line. Assembly 
workbenches (on the left) and packaging machine (on the right).
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For the purposes of this research, the authors carried out a detailed documentation of all
productionoperations.Morespecifically,foreachproductionstage,alloperationsweredocumented
includingtherelevantrequirementsforrawmaterials,workforceallocationandproductiontimes.
Notethat,asinallreal-worldproductionsystems,servicetimesvaryduetounforeseendisturbances
inthemanufacturingprocessandthus,therecordedproductiontimesareactuallymeanvaluesor
“standard”times.

TheaforementionedinformationispresentedcompactlyinTables2-4thatcorrespondtothe
carpentershop,thesanding&dyeingstageandtheassembly&packagingstage,respectively.

ByinspectingTable2,onecanobservethesignificantamountoftimeneeded(14h)forcooling/
dryingafterthedoorwingshavebeenpressed.Atthatpoint,thepresseddoorwingsexitthepressing
machinewithatemperatureofroughly50degreesCelsiusandarestackedhorizontally,sothatthey
areallowedtodryuniformly(frombothsides).Finally,notethesignificantprocessingtimesinthe
CNCworkstationswhichisoneofthebottlenecksofthewholemanufacturingline.

In Table 3, it is seen that the sanding/dyeing is the most time consuming process of the
manufacturinglineandthemainbottleneckofthesystem.

Intheassembly&packagingstage,thereare2-9workers,dependingonthecurrentworkload
oftheplant.Duringthepre-processingofthedoorwings,locks,doorhingesandotherfixturesare
attachedonthedoorwing.Adoorcasingismanufacturedfromasolidpieceofaluminumorwood
whichiscutinthreeparts;thesepartsaremachinedsoastobereadytoassemblewiththedoorwing;
finally,thepartsarejoinedtoformthedoorcasing.

SIMULATION MODeLING OF DOOR MANUFACTUReR PLANT

AsstatedintheIntroductionsection,inorderforthedoormanufacturertobecompetitive,itmust
beabletodelivertheorderedproductsonthepromisedduedateswhilemaintainingtheproduction
processasefficientaspossibleandminimizingproductioncosts.Effectiveproductionplanningand
controlisneededinordertoattainthesegoals.However,productionplanningandcontrolisespecially
difficultforthisplantbecauseofthecomplexityofthemanufacturingoperationsthatwereoutlined
intheprevioussection.

Table 2. Production operations and associated raw materials, required personnel and processing times for the carpentry stage 
(*capacity of pressing machine is 2 door wings)

Carpenter shop

Production operation Required materials Required workers Processing times

Doorwingframe
construction

Solidwood,chipboard,
fireproofboardetc.

1 5min

Pressingofdoorwings* D3orD4glue,coating
sheets,doorwingframe

2 9min(4mmpressing)or
12min(6mmpressing)+
14h(cooling/dryingtime)

Machining/finishingof
doorwings

Doorwing 2 5min

CNCmachining Doorwing 1(+1forloading) 3min(simplelock)or7
min(hotellock)+4min
(doorhingemachining)+
2-20min(forpantographic

designs,ifany)+3min
(loading)

Finalmachining/finishing
orwelding

Doorwing 1(+1forloading,if
necessary)

5min
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Inordertoaidthisfunction,theauthorsdevelopedasimulationmodelofthedoormanufacturing
linethatcanmimictheoperationoftheactualsystemindetail.Usingsimulation,onecanexperiment
withalternativecontrolparametersandobservetheperformanceofthesystemwithouttakinganyrisks
(asitwouldbethecaseifoneexperimentedwiththeactualsystem).Thisway,alternativescenarios
canbeexaminedandtheoptimalproductionplanningdecisionscanbeidentified.Thesedecisions
canthenbeusedtoguidedecision-makinginthereal-worldsysteminorderimproveitsperformance.

Development of Simulation Model
Thedoormanufacturingplantbelongstotheclassofdiscreteeventsystems.Adiscreteeventsystem
isadynamicandstochasticsystemwithdiscretestatespace.Thestateofsuchasystemchangesonly
attheoccurrenceofspecificevents.Theexaminedsystemisacontinuoustimesystemi.e.thesystem
stateremainsunchangedatanytimepointand“jumps”instantaneouslytoanewstatewheneveran
admissibleeventoccurs.

Inordertomodeladiscreteeventsystem,discreteeventsimulationcanbeused.Adiscreteevent
simulatoressentiallygenerates“samplepaths”ofthesystem’sdynamicevolution,i.e.sequencesof
statetransitionswiththepassageoftime.Forastochasticsystem,multiplesimulationsareexecuted

Table 3. Production operations and associated raw materials, required personnel and processing times for the sanding and 
dyeing stage

Sanding & Dyeing

Production operation Required materials Required workers Processing times

sanding Putty,sealer,surfacer 1-5 7-25min(dependingon
producttype)

dyeing Variousdyes 4(2workers/furnace) 10min(fordyeingeach
doorwingside)

Furnaceprocessing Doorwing 4(2workers/furnace) 4-6h(forthesurfacerto
dry),40min-1.5h(for

waterdyestodry),3-5h
(forsealertodry),3-5(for

finaldyetodry)

Table 4. Production operations and associated raw materials, required personnel and processing times for the assembly and 
packaging stage

Assembly & Packaging

Production operation Required materials Required workers Processing times

Pre-processingofdoor
wingforassembly

Doorwing,locks,door
hinges,additionalfixtures

andornaments(ifany),
glue

1-2 5-15min

Productionofaluminum
doorcasing

Aluminum,boltsetc. 1-2 13min

Productionofwoodendoor
casing

Solidwood,boltsetc. 1-2 16min

Finalassembly Doorwinganddoorcasing 2 5min

Packaging Finisheddoor 1 2.5min
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withthesameparametersandtheobservedsystemperformanceisaggregatedinordertoacquire
usefulnumericalresults.

Forthepurposesofthisresearch,theAnylogicsimulationsoftwarewasutilizedinordertobuild
thesimulationmodelofthedoormanufacturingplant.AnylogicoffersaGUIweresimulationmodels
canbebuiltbya)insertingtheappropriatesimulationblocksinthemodelandb)settingtheparameters
of thesimulationblocks to thesuitablevaluessoas to implement the requiredsimulation logic.
Anylogicalsoallowsfortheactualschematicsofthesimulatedsystemtobeembeddedinthemodel
aswellasforbasicanimationfunctionalities,andthisaddstoachievingamorerealisticsimulation.

TheAnylogicsimulationmodelofthedoormanufacturingplantessentiallycomprisesofthree
parts(Carpentrystage,sanding&dyeingstage,assembly&packagingstage)justliketheactual
system.InFigure6(leftpart)weseethepartofthesimulationmodelthatimplementstheassembly
stageandinthelowerpartofFigure6onecanseethegraphic,“front-end”,representationofthe
model.Table5containstheparametersofthesimulationblocksdepictedontheleftsideofFigure
6(notethatthisisastochasticsimulationmodelandthus,processingtimesarerandomvariables).
Theremainingproductionstagesareimplementedinasimilarfashionandtheyareomittedinorder
tosavespace.

Table 5. Data table for the activities in the assembly phase (refer to Figure 6)

Assembly Phases
Time in min 
(triangular 

distribution)
Workers Machines Location Capacity

proetoimasia_thyrofyllou
(doorleafpreparation) 2 3 4 2 - proetoimasia_fyllou 2

koph_faltswn(framecutting) 3 4 5 1 Aluminium
Cutter

faltsopriono_kai_
pagkos 1

anoigma_antikrismatos(lock
drilling) 3 3.5 4 1 - antikrisma 1

presaki(drillingforconnectors) 1.5 2 2.5 1 - presaki8 1

montarisma_kasas(frame
assembly) 3 4 5 1 - montarisma_kasas8 1

combine1(doorleafandframe
finalassembly) 3 4 5 2 - pagkoi_tel_mont 2

Figure 6. Implementation of the assembly stage of the manufacturing plant in Anylogic (left) and the graphical component of 
this implementation (right).
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Verification of Simulation Model
Inorderforanysimulationmodeltobeusefulinpractice,itmustbeabletomimicrealityaccurately.
Toascertainthis,wecomparethesimulationmodel’soutputagainstactualproductiondataofthe
plant;thistaskiscommonlyknownasmodelverification.

Weusedproductiondatafor1month(roughly30workingdays)fromtheperiod16/3/2018-
23/3/2018.Thisdatapertainedtoordersfrom19customersfor4doortypeswhere33%ofthetotal
orderedproductsbelongstotwomajorhotelfirms.Thetotalnumberoforderedproductswas1281
doorswhere34%ofwhichwasdoorswithwoodencasingsanddoorwings.

The simulation model was executed for a duration of 1 month, using triangular processing
timeswithmeansfromTables2-4andonedayshift(7:00-15:00)of23workersintotal.Thetotal
throughputthatwascomputedbythesimulationmodelmatchedcloselytheactualproductionofthe
plantandthisgaveevidencethatthedynamicsofthemanufacturingplantwereaccuratelycaptured
bythesimulationmodel.

Figure7presentsasnapshotofthesimulationmodelatexecutiontime.InFigure7,greyand
brown“boxes”representwork-in-progress,i.e.currentlyprocesseddoorswithaluminumandwooden
doorwings,respectively.Workstationsthataresubjectedtoheavyworkload(e.g.CNCmachine,
PressMachineandsanding/dyeingstages)arehighlightedasred.Finally,coloreddotsrepresentraw
materials(e.g.rawwood,chipboardsetc.)andworkers.

Simulation experiments and Analysis
Foursimulationexperimentswereexecuted(refertoTable6)wheretheeffectofalternativeshifts
onthemanufacturinglinesefficiencywasinvestigated.Thedurationofallsimulationexperiments
was31days,themeanprocessingtimesthatwerecalculatedinsection“Descriptionofproduction
resourcesandoperations”wereusedaswellasaworkerwageequalto45euro/day.

Figure 7. View of the door manufacturing plant’s simulation model at execution time
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Allsimulationexperimentspertainedtosaturatedsystems,i.e.systemsweredemandexceeds
plantcapacity,inordertoestimatethemaximumattainablethroughputofthesystem.Theperformance
metricsofa)totalproduction(throughput),b)meandailyproductionandc)meanlaborcostper
productwereconsidered(refertoTable7).

Theexperimentalresultssuggest that thebestsystemconfigurationis thatofcase4sinceit
achievesincreasedproductivitycomparedtocase2(whichalsohas2shifts)butwithlaborcosts
thataredirectlycomparabletocase1(thathasonlyoneshift).Thereasonwhycase4issuperiorto
otherconfigurationscanbesoughtinthefactthatare4hoursofidleinbetweenthetwoshifts.In
this4-hourwindow,currentlyprocesseddoorscanbeallowedtocool/dry.Thisway,thenextshift
canreadilyprocessthemwithoutanydelays.

Presentyourperspectiveontheissues,controversies,problems,etc.,astheyrelatetothemeand
argumentssupportingyourposition.Compareandcontrastwithwhathasbeen,oriscurrentlybeing
doneasitrelatestothearticle’sspecifictopicandthemainthemeofthejournal.

CONCLUSION

Inthisresearch,themanufacturinglineofaplantthatbuildsinteriorandexteriordoorswasstudied.
Initially,allproductionstagesweredocumentedandtheproductionprocesswasanalyzedinitsentirety.
Atthatphaseofthisresearch,standardprocessingtimesforeachworkstationaswellasworkforce
andrawmaterialrequirementswerecomputed.

Movingfurther,thesimulationmodeloftheplantwasdevelopedusingthefunctionalitiesofthe
Anylogicdiscreteeventsoftware.Thesimulationmodelwasverifiedusingactualproductiondata
forordersof19customers,4doortypesand1281doorsintotal.

Foursimulationexperimentswereconductedwerewestudiedtheeffectofmodifyingtheshifts
ontheefficiencyoftheproductionline.Thenumericalresultssuggestedthatthebestsolutionisa
schemewith2shiftsperworkday,werethesecondshiftsstarts4hoursafterthefirstshiftsends.

Table 6. Independent variables of the four simulation cases

Case 1 Case 2 Case 3 Case 4

Shifts & number of 
workers

Shifts & number of 
workers

Shifts & number of workers Shifts & number of 
workers

7:00-15:00 7:00-15:00 15:00-
23:00

7:00-15:00 15:00-
23:00

23:00-
7:00

7:00-15:00 19:00-3:00

23 23 23 23 23 23 23 23

Table 7. Results of four simulation experiments

Case 1 Case 2 Case 3 Case 4

Total production 
(wooden doors)

779 1484 2145 1500

Total production 
(aluminum doors)

815 1508 2183 1519

Mean daily 
production

51 97 140 101

Labor costs/product 20.1 21.4 22.2 20.6
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Thisresearchcanbeextendedinseveralways.Astraightforwarddirectionistoconductadditional
experimentaltrialsandexaminefurtherinputandoutputvariables.Forexample,itwouldbeinteresting
toexamineseveralotherperformancemetricssuchasaveragework-in-processandfinishedgoods
inventories (so as to identify potential bottlenecks in the manufacturing process) as well as the
utilizationofproductionequipmentandpersonnel.Metricsthatarerelatedtocustomerservicewould
alsobeofinterest,e.g.avergeorderleadtime,averagetardiness/latenessofordersetc.Additional
what-if-scenariosthatrelateto,e.g.additionalstoragespace,additionalparallelworkstationsand/or
machinescouldalsobeexamined.

More elaborate extensions of this research could entail the following. The discrete-event
simulationmodelsoftheplantcouldbeaugmented/interfacedwithoptimizationalgorithmstoprovide
advancedproductionplanning/schedulingfunctionalities.Itwouldbealsointerestingtointerfacethe
plantsimulationmodelswithreal-timeconditionmonitoringsystemsintheshopfloorsoastoobtain
a“digitaltwin”oftheexaminedfactorywhichcouldbeutilizedforreal-timeanddecision-making,
fromaproductionplanningperspective.

Themajor limitations of this researchpertain to the “abstraction”of several featuresof the
real-worldsystem,i.e.theexclusionofsomeofitscharacteristicsfromthesimulationmodel.More
specifically,inthissimulationstudywedonotexaminei)theproductrangeoftheplantin its entirety
(refertosectionproducttypes),ii)orhighlycustomizeddoordesignsthatrequireauniqueworkflow
intheshopflooriii)oroutsourcingconsiderations(e.g.theprocurementofspecificdoorcomponents
fromexternalsources).Theseabstractionsweredeemednecessarysoastolimitthecomplexityof
thesimulationmodelandrendertheinterpretationoftheexperimentalresultsmanageable.
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