
DOI: 10.4018/IJAIE.2019010102

International Journal of Applied Industrial Engineering
Volume 6 • Issue 1 • January-June 2019


Copyright©2019,IGIGlobal.CopyingordistributinginprintorelectronicformswithoutwrittenpermissionofIGIGlobalisprohibited.



29

Process Optimization and NVA Reduction 
by Network Analysis and Resequencing
Anand Sunder, Texas Tech University, Lubbock, USA

ABSTRACT

Thearticlediscussesamethodologytoreducecycletimesthroughanalgorithmic,analyticalframework
forsequentialprocessflows.Studyingprocessflowflexibilityforreducingbottleneckshasalways
continuedtoopennewresearchavenues.Thismethodologyhasbeenformulatedkeepinginviewof
sequentialmanuallyexecutedassemblyprocesses,whereasingleoperatorisinvolved,theprocess
stepsareentirelymanualorsemi-automated.Theconceptcanalsobeextendedtootherscenarios
bycomputingaprocessflexibilitymeasureintermsoftime,resourcesandmethods.Essentiallythis
articletalksabouttheuseofanalgorithmforeffectiveschedulingonassemblylines,computingthe
mostoptimalpaththatthattheprocessflowcouldhavetakengivenhowtheprocesshasproceeded.
Currentactivityschedulingmethodstallytheprogressagainstaplan,whichisidealanddoesnot
accountforunforeseenwaittimes.Theoutputofthealgorithmwhichisthemostoptimalapproach
ascomputedforagivenscenariowillhelpachieverhythmandreducewastedtimeinplaceswhere
it’spossibletoavoidthem.Astandardtooltomeasuretheexactamountofcompressiblewaittime
orMudaTypeofwasteischosen,theoverallequipmentefficiencywasadoptedforgaugingthis
approach.Thisdiscussesthegeneralizationoftheprincipleusedanditsformulationasanalgorithm
andaflowchart.
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1. INTROdUCTION

Assemblylinesacrossvarioussegmentsfacedelaysorwaittimeswhichturnintobottlenecks.Many
methodshavebeendevisedtoeliminateorreducetheireffects.Butasystemoralgorithmthatcan
calculatethebestpossiblesequenceofoperationsthatcouldhavebeenfollowedisofinteresttoany
industry.Adecisiontoprocureadditionalresourcesespeciallyofhighvaluerequiresarobustestimate
ofplantormachinerycapacity.

Timeandmotionstudydatagivessomeinsighttotheimpactofdelaysontheprocess,butatool
toevaluatewhetherabetterchoicecouldhavebeenmadeunderthesamecircumstanceswasofneed.
Networkformulationsofprocessesareusedastoolstoanalyzesequenceconstraints.
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Keepinginviewofsequenceconstraintsandscopeofdelayreductionavailablewithinaprocess
flow,astepbystepapproachtoreduceidletimeswasnecessary.Generalizedformulationswere
constructedbasedonpermittedprocessflowsequences,thataremoreoptimalthantheoriginalprocess.

CurrentschedulingmethodsusingMSproject isapurely tracking tool,someintelligence is
requiredtobebuiltintothem,byusingthealgorithmdiscussedlaterinthispaper,wefactoryto
progressivelyreachthezerodelaystage.

Useofsimulationforprocessflowscanonlyshowhowthesedelayseffecttheentireassembly
lineflow,butanunansweredquestionremainscouldithavebeenbetter.

2. NEEd FOR THE STUdy

Optimizedprocessflowswithminimumdelayisthedesireofanymanufacturingactivity.Particularly
in aircraft assembly plants where most of the work is manual, the need for standardization and
benchmarkingisofutmostimportance.

Astructuredapproachtocomputeprocessflowtimewiththeleastdelaytimewasalwaysneeded.
Thisneedthusevolvedlatertoanalgorithmforre-computinganoptimalprocessflowsequencewith
minimumdelayorwaittime.

Clarity in setting reasonable benchmarks based on the environment in which the study is
conducted, complete understandingof the limitations and constraints underwhich an activity is
carriedoutwasrequired.Untiltheconstraintscouldbeformulatedasanetworkormathematical
formulation,generatinganapproachforoptimizationunderconditionsofuncertaintyisimpossible.

The need of this study is thus justified in the context of better decision making in typical
managementproblemsofmeetingandsettingdeadlines,benchmarksandtargets.

Unavailabilityoftimetolookatsuchproblemsingreaterdetailandanalyzingthesamemakes
usoverlooktherationalebehindtroubleshootingproblems,increasingthetendencytotakeuprash,
deleteriousapproach.

3. JUSTIFICATION OF THE STUdy

Ascientificapproachortooltocomputeandbenchmarkthebestpossiblesequenceorflowstepsin
anassemblylinewasalwaysneededformanagementtotakeclearerdecisionsandformulatebetter
improvementideasforproductivity.Thusacomputercompatibleapproachtocalculateminimum
possibledelaywascalledfor.

For assembly lineprocesseswhich are repetitiveuseofmnemonics to classify activity into
compressible,incompressibletypeswasaprerequisite.

Theneedtothusclassifyanactivitycorrectlyasavoidable,avoidable,valueaddedornon-value
addedwasirreplaceable.

Also,arepresentationofconventionaltimeandmotionstudydataasanetworkmakesiteasier
forvisualizingserial,parallelactivities.

Activitiesthathappeninthebackgroundwhenmeasuredagainstonesinthecriticalpath,help
visualizetheactualprocessesbetter.

Thisthusreinforcedaneedtoconductastudyofthiskind.

4. OBJECTIVES

Objectiveofourpaperistodemonstratethealgorithmwithprimaryfocusondelayreductionfor
effectiveactivityscheduling.Theemphasisisondemonstratingtheleastpossiblewastedtimethat
couldhavebeenachievedgivenaprocessflowanditsconstraint.Emphasisisprimarilytoreduce
delaysfromthelearningfromunnecessarywaitorwastedtime,astohowitcouldhavebeenreplaced
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byaproductiveactivity.Learningsfromliveprocessflowsandintegratingitwiththealgorithmwill
serveasalearningtool,withwhichfutureprocessflowswillbebenchmarkedto.Figure1shows
theobjectiveflowchart.

5. METHOdOLOGy ANd dATA

Theimplementationofconceptisstepbystepprocess.Implementationstepsareexplainedinthe
flowchartasshownintheFigure2.

Thisworkdealswiththeendtoendperspectiveofreducingwasteatanassemblyline’ssub-
assemblyofanaircraft-structuresmanufacturingcompany.Processesinvolvedinanaircraftassembly
plantarelargelymandependent.Suchprocessesinvolvinghumaneffort involvelargeamountof
uncertainities/delays.Asub-assemblyiswheresmallerassembliesrequiredtoassembletheaircraft
aremadeonbench.Theprocessesinsub-assemblygenerallyinvolveasingleoperator,processes

Figure 1. Objective flow chart

Figure 2. Methodology flow chart
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aresequential,donotinvolveparallelactivities.Delaysareencounteredpriortobeginningofeach
step,i.e.atthepreparationstageitself.Everysubassemblyforthenextengineeringassemblyneeds
tofollowanAssemblyOperationProcedure.Commondelaysinproductionarecausedbywaiting
forfasteners,waitingforquality,collectionofprimerandsealant,stampingofthefilesperstageand
preparationfornextkit.Themajortasksinvolvedinastandardassemblyoperatingprocedureareas
sketchedinFigure3.Table1showsthecycletimesofoperatingprocesses.

5.1. O.E.E Before Implementation
Figure4showstheOEEdiagram.

5.2. Activity disaggregation and Analysis
Theactivitiesofeachoperatingprocedurearedisaggregatedintoelementsandstudied.Eachactivity
isanalyzedandcategorizedintoValueAdd(VA),Non-Valueadd(NVA)andEssentialNon-Value
add(ENVA).Table2showstheactivitydisaggregation.

5.3. Network Re-MAP

• Activities27onwardshavebeenconsideredforthecasestudyonly;
• DottedLinesrepresentNVAactivitiesbeingcarriedoutsimultaneously;
• (‘’)Activities are the activities which have been broken down into components with

additionalmanpower;
• Incases2&3-activity36hasbeenshownwithadottedline,asitprolongsposttheNVA

activity’sduration.

Figure5showsthenetworkRe-MAP.

6. EMPERICAL RESULTS ANd dISCUSSION

Table3displaystheconsolidatedsheet.Figures6and7showthetimetrends.

Figure 3. Major tasks in the assembly process
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6.1. Process Evaluation (Using Network diagrams)
Weconstructedamodeloftheprocesswhichincludedalistofallactivitiesrequiredtocomplete
theassembly,thetimeanddurationofeachindividualactivity,thedependenciesbetweenactivities
andthelogicalendpointssuchasthedeliverableitems.Usingthisprocessweidentifiedthecritical
processesandalsothetotalfloatactivities.Weusedanapproachtoproblemsolving,whereevery
NVAactivitywasmappedwithaVAactivityandtheimpactonCostofMan-HoursandtotalCycle
timewererecorded.

It is important to take into consideration several constraints that are inescapable while re-
networkingtheworkflow.InourcasetheapplicationtimeoftheSealantandthePrimerwereof
keysignificance.Intheprocessofdecongestingthebottlenecksandre-routingtheworkfrombottle
neckswehavealsotakenintoconsiderationpullingofmanpower.

ThegeneralizationofthetechniqueadoptedtoreducetheNVAbysystematicallybyre-mapping
theactivitiesandre-networkingworkflow:

• AsaGenericsequenceanactivitycanbedividedintonsteps;
• LettheactivitiesinvolvedbedividedintostepsfromA1…An;
• LetAx1,Ax2,Axnbeintermediatestepsthatrepresentstageinspections/operations;

Table 1. Cycle times of operating processes

Process Cycle Time

UnpackingParts 0:05:53

CentreMarking-Holes 0:07:53

HolePrep,DrillingPrepandNpDrilling 0:59:10

NpDrilling 1:18:37

Deburring 0:28:54

SimultaneousPrimerApplication 0:06:47

ProcuringFasteners 0:01:31

SettingUpCsk 0:07:33

Csk-Preperation 0:07:16

Cleaning 0:04:21

Csk-Operation 0:58:42

Csk-OperationFinal 1:08:25

SolventCleanUp 0:02:55

Q/AInspection 0:01:42

OperationSheetClosure 0:03:25

Riveting 1:01:00

SolventCleaning 0:03:12

OperationSheetClosure 0:02:43

PartLabeling 0:09:05

Q/AInspection 0:02:13

PartNumbering,PaperWork 0:07:59

SealTapeonKits 0:35:42
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• AllactivitiesinvolvecorrespondingpreparationactivitiesgivenbyP1,P2,…,PNLetPossiblewait
orDelaytimescorrespondingtoactivitiesbeW1,W2,…,Wk(herek=1,2,…,N);

• Improvementsoveroriginalsequences(Casewithdelays)arebasedonsucceedingpreparation
activitiesthatcanbemappedtothewaitduration.

7. FORMULATION

LetP2bemappedtoW1,forwhichtherecanbethreedifferentpossibilitiesbasedonmagnitudeof
thesequantities(seeFigures8-10):

• Delayoptimizationwithconstraintsonsequenceandlifeofmaterialsused;
• Activitieswhereacertainactivitymustbefollowedonlyafteracertainotheractivityhasbeen

completed,lifeofmaterialsusedislimited;
• LetAx1representaninspectionactivityforwhichWaitingisWxandsuccessoractivityA3isto

bedoneonlyafterAx1(seeFigure11);
• LetLifeofthematerialusedforactivityA3,whilepreparationP3isbeingdonebeL;
• LifeLmustbesuchthatL=Wx1+Ax1+A3atleast;
• Wx1,P3canhavethreedifferentcasesthosebeing:

Wx1>P3
Wx1=P3
Wx1<P3

Figure 4. OEE diagram
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Table 2. Activity disaggregation

Figure 5. Network re-map
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EachcasehasauniqueimplicationontheconstraintvariableLwhichisoffixedvalue(see
Figures12-14).

8. dEVELOPMENT OF THE ALGORITHM

Asaresultofextensivenetworkremapscarriedoutandfromtheformulationsgeneratedweformulate
thealgorithmforcomputingtheleastpossibledelaysusingmnemonicsforwaittimeandpreparatory
activities.Thealgorithmisevolvedafterbreakingdownprocessflowsandsegregatingactivitiesas
processactivity,preparatoryactivityandwaittimes.

Thismethodisadoptedforsimplesequentialactivities,whichcanbebrokendownas:

Table 3. Consolidated sheet

Figure 6. Man-hours cost trend
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Figure 7. Time saved trend

Figure 8. CASE 1 – W1 > P2: Wait time in the sequence reduces from W1 to W1

Figure 9. CASE 2 – W1 = P2: Wait time is reduced to 0

Figure 10. CASE 3- W1 < P2: Preparatory activities surpass the wait times

Figure 11. Ax1 represents an inspection activity for which Waiting is Wx and successor activity A3
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1. Preparatoryactivities
2. Processactivity
3. Waittimes

Premise:Allwaittimeshappenpriortoprocessactivities.
LetA

i
representprocessactivitywherei=1,2,…,n(nstepsintheprocess).

PreparatoryactivitiesbeP
i
i=1,2,…,n.

WaittimesberepresentedbyW
j
j=1,2,…,m.

m<=n…(Implicationofthepremise).
Objectivefunction:Tominimizeprocessdelaysinaflowprocess.
LetRbetheobjectivefunction:

R=
i

n

i i
P A

=
∑ +
1

( ) +
j

m

j
W

=
∑

1

(m<=n)

R=
i

m

i i
P A

=
∑ +
1

( +W
i
)+

i m

n

i
P

= +
∑

1



R=P+A+W

MinR(P,Aareconstantsmoreorless,Wisavariable)

Figure 12. Wx1 > P3 - Life of the consumable left L’ = L-(Wx1’’ + Ax1 + A3)

Figure 13. Wx1 = P3 - Life of the consumable left L’ = L-(A3 + Ax1) > 0, wait time is consumed by preparation activity P3

Figure 14. Wx1 < P3 - L’ = L-(A3 + Ax1’’) > 0, wait time is entirely consumed, along with this some part of the activity Ax1 is also completed
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9. BREAKING dOwN UNCERTAINITIES IN wAIT TIME 
AT PROCESS ANd SUB-PROCESS LEVEL

Figure15showsbreakingdownuncertaintiesinwaittimeatprocessandsub-processlevel.
ProcessVariablewhichcanbeminimizedisW.
UncertaintyinWcanmorphasthreepossibilitiesagainstP:

W<P
W=P
W>P

Withinthesequencethereisaconstraintontheabilitytomapwaittimes.
MappableSetS

j i,
={W

j
,P

i
}where(i=j+1,j+2,…,n)forgiveni:

i.e,S W P P P
i n1 1 2 3,

, / /= { }( )… 

S W P P P
i n2 2 3 4,

, / /= ( ){ }… 

.

.

.

.

.
S W P P P
m i m m m n,

, / /+ +( ){ }1 2
… 

Figure 15. Breaking down uncertainties in wait time at process and sub-process level
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Thesubactivitiescanalsocanbefurtherbrokendownintothreecases:

1. W P
j i 

  < -------->waittimereducedtozero
2. W P

j i 
  = -----→Zerowaittime

3. W P
j i 

  > ----→CanbereducedtozerowithaidofP P
i i+ +1 2
,

,

AftereachwaittimeisreducedtozerointhismannerthesetofpreparatoryactivitiesPavailable
formappingkeepsreducing.Themethodologyisapiecewisealgorithmthatcanbefedasalogic.

AfterithwaittimesetofactivitiesleftP=P-{P P
i i
, +1 ,P

i+2,,..}.
Thus,asweproceedaheadinasequentialprocessflow,thescopeforreducingwaittimesalso

diminishes,afterapplyingthemethod.SerialreplacementofWaittimesW
j  

happenswithP s
i
' in

theprocessfloworder.
Afterexhaustivereplacementorminimization:

R=W’+P’+
i

n

i
A

=
∑

1



W’isthereducedorredundantidletimeleftafterexhaustivesubstitution.
P’istheredundantsumofpreparationactivitytimesleftunmapped.

10. FLOwCHART

Figure16displaystheflowchart.
Intheabovetreebranchrepresentation(Figure17)replacementoreliminationofwaittimes

continues till set ofpreparatory activities are exhausted.Constraintson sequencingas shown in
formulationscanalsobeappliedtotheabovetechnique.

Thesameexhaustiveoptimizationtechniquecanbeappliedtolargenetworks(Figure18),wherein
eachparallelpathcanbetreatedasasequentialpath,andeachpathcanbecondensedexhaustively.

Anetworkasshownabovehasmultiplepaths.
Eachactivitycanbebrokendownintosmaller.Thesametechniqueholdsgood.

OUTPUTOFTHEPILOTALGORITHM:

Enter the no of preparation times: 5 
Enter Preparation times: 12 12 13 14 13 
Enter wait times: 2 3 4 5 6 7 
Reduced wait times are: 0 0 0 0 6 
ORIGINAL CYCLE TIME: 91 sec 
REDUCED CYCLE TIME:  70 sec 
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11. RESULTS

Figure19showsthecomparisongraph.

11.1. O.E.E After Implementation
Figure20showsthenetworksre-map.

12. SUGGESTIONS ANd CONCLUSION

Fromthispaperitwasinferredthatacombinationofnetworkanalysis,piecewiseminimizationis
asuitabletooltoexposetheunnecessarywaste.Inthispapertheeffectivenessofleanprincipleis
substantiated inasystematicmanner.Processevaluationcanhelpestimatecriticalactivity times
andalsosignificantlyreduceNVAtime.TheNVAwasreducedby55.3%andcostofman-hours
was significantly reduced. Man-hours cost is reduced by 22% and 50% wait-time allowance are
provisioned for.TheOEEwas improved to88.88%and thecalculationwasprojectedonly fora
limitednumberofactivities.Theimplementationoftheformulationisplannedtobeextendedtoall

Figure 16. Flowchart
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Figure 17. Tree branch representation
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Figure 18. A network with multiple paths

Figure 19. Comparison graph

Figure 20. Networks re-map
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theprocesses,withtheaimofimprovingTAKT.Themethodwhenadoptedinacomputercanyield
thebestpossiblesequence.

Theapproachcanbeextendedtoanalyzematerialconsumption,flow,costanalysisandmodified
asandwhensituationdemands,theneedforanewgenerationindustrytobuildrobustdatacapturing
mechanismsanddevisetechniquestomeasure,evaluateandestablishprocessflexibilitymeasures
inorderthatalternatemethodsofmanufacturingcanbeeasilysingledout.Dependingonthetypeof
manufacturing,theworkaroundoncuttingcycletimeswouldtakevariousforms.
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