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Abstract

Contol computersystemgor automaticogistic systems
containreactivemoduleswhich are usuallytestedon-site
in conjunctionwith the real ervironment. This leadsto
high testcostsand unsatisfactorytestcoverage. Environ-
mentsimulationmodelsoffer an executionernvironmentor
customizablgin-housetesting Architectule and process
model of VLATISZ, a flexible, efficient and expansibleen-
vironmentsimulationsystenfor automaticlogistic systems
are presented. Experimentsn an industrial ervironment
showa high modelreuserate and a significantimprove-
mentof baselinesoftwae developmentegarding softwae
quality and projectcost,in this way justifyinga systematic
applicationof MTISZ.

1. Introduction

Centralcontrol computersystemsof automaticlogistic
systemarecomple softwaresystemsmplementingawide
variety of functionslike databasepserinterface,andre-
active modulescontrolling underlying transportfacilities.
After investigationof the peculiaritiesof software devel-
opmentin this domain, ervironmentsimulation promises
a major improvementof the software processof the reac-
tive software parts. Theideaof environmentsimulationis
to substitutethe physicalplantby a simulationmodelof it
(Fig. 1), in this way raising test and productquality, and
saving costsof on-sitestaysaswell.

Thearchitectureof V\ATISZ, aflexible andefficientenvi-
ronmentsimulationsystenfor systemati@pplicationin the
softwaredevelopmentof automatidogistic systemss pre-
sented togetherwith a processmodelfor integrationinto
the developmeniprocesf thebaselineprojects.

The results of V\ATIS2 application experimentsin in-
dustrial projectsare presentedshaving an efficiengy of
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Figure 1. Environment simulation for software
testing

modelgeneratiorandasignificantimprovementf baseline
projectdevelopmentin termsof time andquality. Takento-

gether the systemati@pplicationof \/\ATIS2 seemgechni-
cally aswell aseconomicallyjustified.

2. Application domain and maotivation
2.1. Automatic logistic systems

Automatic logistic systemstypically consistof storage
componentgracks)anda setof automatictransportmeans
like corwveyors, lifting units and mobile subsystemdike
rail-guidedstacler cranes AGVs (automaticguidedvehi-
cles), etc. Thesecomponentften containa local PLC
(programmabldogic controller) which controlstransport
unit movements,componentoperationmode, local trans-
port job activation. Additionally, thesecontrollersprovide
a communicationinterfaceto a coordinatingcontrol com-
putersystem.
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Figure 2. Contr ol architecture of automatic lo-
gistic systems
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Control computerfunctionsinclude databaseservices,
userinterfaces,couplingto enterprisecomputingsystems,
and,of course coordinationof thetransportacilities (con-
trolling, tracking, synchronizationreactionto failures),as
well asglobal throughputoptimization(transportschedul-
ing, warehouse@nanagemergtratgieslik e adaptve storage
allocationandpriority policies).

To sumup, in theautomatidogistic systemslomainwe
find distributed, hierarchicalsystemswhich areembedded
in the customers flows of goodsanddata(Fig. 2).

2.2. Software lifecycle of control computer systems

Controlsystemnsoftwarefor automatidogistic systemss
typically developedaccordingto a definedlifecycle model
conformingto a quality managemengystemlike ISO 9000
[12]). Variantsof the well known waterfall model are fre-
guentlyused.

It turnsoutthat,dueto on-siteactiities, testandinstal-
lation phasesconsumea large shareof the total software
projectbudget.Closeto 50 % have beenreportedor anap-
plicationof a "standardizedsoftware system”[15] (project
durationl yearuntil installation,20 % installation plushalf
ayeartuningandadaptionno explicit datafor test). Thisis
well at the uppermaugin of testandinstallationefforts for
softwarein general15-50% [2]).

High effort for testandinstallationappearso be system-
atic for softwarein this applicationdomainfor variousrea-
sons[17]. Thesearepartly relatedto the requiredsoftware
functionality:

Software Reuse. Control functionsdependheaiily onthe
sitelayoutandcustomemeeds.They canberegarded

uniquelyfor eachproject. Transportfacilities andve-
hicles are often customizedas well. This leadsto a
ratherlow softwarereusefactorof 20-30% [7] in con-
trol computersoftware developmentwhich againin-
creasesheeffort spenton testing.

Reactive Softwar e Parts. The control processesrereac-
tively coupledwith theunderlyingautomatidacilities.
Testingof thesesoftwarepartsdependsieaily onthe
availability of the latter As software and transport
equipmentis often developedconcurrently targeting
at a projectdeadline testingof reactve functionsof-
ten hasto be postponedo a late phasein the project.
Furthermoreit introducesadiscontinuityto thedevel-
opmentprocessasfrom thetestphaseonward,project
evolution continuesn-site. Evenstepsbackto earlier
life-cycle phasesespeciallyto implementatiorphase,
occuron-site,in anexpensve ervironmentmostly not
well suitedto softwaredevelopment.

Load Tests. Testand tuning of throughputoptimizations
require the basic control of underlying facilities to
be fully functionaland an operatingcondition of the
warehousesystemnearmaximumload. Besidedong
testruns,presenting highloadin termsof goodsflow
is difficult to achieze and oftenimpossiblein prepro-
ductionphases.

Long Settling Time. Test and tuning of (probably adap-
tive) warehouseamanagemenstratajies require even
longer”test” runsandarealmostcertainlyonly possi-
ble in the productive ervironment: settlingto a stable
operatingconditionrequiressometime in the magni-
tude of a completeturnaroundof goodsin the ware-
house.Evenworse,the mostlik ely situationto seein
theinstallationphasetheinitial filling of awarehouse,
definitelyis atransientsituation.

Anothersetof causesrisesout of thereality of project
management:

Limited Testing Time. As alreadystated,exclusive tests
in conjunctionwith therealfacilitiesareonly possible
for a shorttime at a late stagein the projectrun. This
periodthenis often only sufficient to testand verify
protocols,tracking of goods,basiccontrol and reac-
tionsto equipmentailures,in thisway leadingto poor
testcoverage Extensve regressiortestingis normally
far beyondtheavailabletime budget.

Large Scale. Dueto the distributednatureof logistic sys-
temsit is noteasyto overlookall partssimultaneously

Slow Physical Movements. Physicaktransporimovements
areslow comparedo controlcomputereactions.This
oftenimplies long waiting time beforean interesting
testcasecanbewatched.



Risks. Undoubtedlythere are risks for goodsand even
workersduringon-sitetestandinstallationphases.

For their high contribution to projectcosts,the testand
installation phasesare the most promising candidatedor
improvementsregardingcostandtime savings, aswell as
quality improvementsin control computersoftware devel-
opment.

2.3. Environment simulation

Theintroductionof ervironmentsimulationseemso be
apragmaticchoiceto improve especiallythetestandinstal-
lation phasesn logistic control softwaredevelopment.The
ideaof reactively couplingthe computersystemundertest
to an executablemodel of its ervironment(Fig. 1) to en-
able certaintestscenarioss not new. Myers[20] reports
ervironmentsimulationusefulfor loadtests testscenarios,
which aredifficult to establishin reality, and systemgests
of highly safetycritical systemdik e nucleareactorsegtc.

Regarding the characteristicof software development
for automatic logistic systems, ernvironment simulation
promisegmprovementf testandinstallationby

o shifting on-site test actities to an earlier, in-house
phasejn this way significantly cutting expensie on-
sitestays,

e bettertestcoveragedueto earlierand moreintensve
testsresultingin bettersoftwarequality,

o fastertransporimovementsnablingtestsof optimiza-
tion andlong termadaptve strateyies,

e easierarrangementf testsituations,

e betterinsightto systembehaior throughvisualization
andanimation.

In this logistic biasedsoftware engineeringarea, ervi-
ronmentsimulationhasbeenusedpunctuallywith avariety
of objectvesandat differentlevels:

Fastabend6] usesa productioncontrol systemin con-
junctionwith thecorrespondingrvironmentsimulationfor
staf trainingwith hands-orandwhat-if experience.

UnthankandFletcher25] usea modelof alogistic cen-
terto testa decisionsupportsystemwhich designghehigh-
level interface betweenthe logistic centerand other com-
pary systems.

Ottjes and Hogedoorn[21] use simulationof a multi-
AGV systento developandtesta controlstrataeyy, andthey
reusetheir modelto controlandmonitorthe AGVsiin real-
time.

PrinzandLiebe[22] useervironmentsimulationfor lay-
outoptimization,controlsystendemonstratiofmarketing)
andtestingof customerspecificextensionsof acontrolsys-
temfor aflexible productionsystem.
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Figure 3. V\,/qTISZ modeling layers

Mostof theseervironmentsimulatorsarehighly special-
ized systemsandwere primarily usedfor a single project.
A similar situationcanbe foundin otherareadik e the de-
velopmentof productsfor the massmarket (e.g. Honka's
mobile phonehardwaresimulator[11]), andin thedevelop-
mentof large,complex systemdik e nuclearreactorsegtc.

Thus, flexibility andexpansibility of theseervironment
simulation systemsprobablywere intended,but have not
beenmain projectgoals. The economicaspecibf environ-
mentsimulationsystemsjn particularthe modelingeffort,
is hardlyeveraddressed.

3. Theenvironment ssimulation system V\,/AT/SZ

The ervironment simulation system V\ATIS2
(Warehouse Test and Integration Simulation System)
has been designedfor systematicalapplication in and
integrationinto thelogistic controlsystemdevelopment.n
this context, not only correctnesandaccurag of V\ATIS2
modelsare necessarybut also an economicjustification
has to be given. Hence, the requirementsflexibility,
expansibility and modeling efficiency have to be added.
Additionally, a processmodel hasto be defined, which
integratessimulationrelatedactivities and control system
development.

3.1. Simulation model architecture and process

In orderto meetthe statedrequirements,\/Ll;\TIS2 uses
a layeredmodel architectureconsistingof an application
layer, a componentayer, anda developmentayer (Fig. 3,
[18]). Theselayersdeterminenot only the internalarchi-
tectureof V\ATIS2 models but alsotheintegratedmodeling
procesgFig. 4, [17]) andthemodelersrolein thedifferent
layers.

A "logistic domainexpert” builds applicationmodelsby
combininginstance®f verified, parameterizedhodelcom-
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ponentobjectsaccordingto the plannedsite layout, here-
with mimicking the constructionof the physical logistic
system(c.f. Fig. 1). Thesecomponentsnodelthe beha-

ior of high-levellogistic domainobjectslik e stacler cranes,

cornveyor segmentsetc.

New componentaredevelopedby a”simulationexpert”
accordingo thepathshavnin Fig. 4, startingfrom thecom-
ponentspecification. Componentsamodel transport,con-
trol andcommunicatiorbehaior, andincludevisualization
and communicationinterfaceto the control computer As
the componentstructure(Fig. 5, notationfrom [23]) indi-
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cates,communicatiorobjectswith predefineccommunica-
tion patternsare usedfor all externalandinter-component
interfaceqtransportsynchronizationetc.). This guarantees
smooth componentcombinationin the application layer
[18]. Componentalidationhasto be postponedo thein-
stallationphaseand later, becausehe correspondingeal-
life entity is only availablefrom thenon. \/\ATIS2 compo-
nentobjectsarecollectedin alibrary for reusein furtherap-
plication models. With this approachthe componenipool
canbeeasilyextendedon demandc.f. Fig. 4).
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The developmentlayer provides infrastructurefor the
mentionedactvities, e.g. tool support,designrules and
verified communicationclassesfor coupling components,
modelingtools,aswell asmodelsandcontrol systems.

3.2. Modeling domains and tools

In orderto supporimodelingandverification,controlas-
pectsandtransport/storagaspectsare separateénd mod-
eledwith different,domain-adaptethethodsandtools. The
model partsthen are connectedasynchronouslyhrougha
tool- andplatform-independerdosimulationinterface[16].

For spatial domainmodelingthe discreteevent simula-
tion languageMODSIM [4] hasbeenchosen. MODSIM
canbe characterizeéis modular object-oriente¢program-
mingandsimulationlanguageogethemwith asimulatorker-
nel, integratedvisualizationandanimation.

Contol domainfunctionsinclude communicationpro-
tocols, transportjob scheduling,operationmode manage-
ment,etc. A high-level graphicalformalism,statechartg¢an
extensionto finite statemachines[9]), is usedfor the de-
scription of behavior in this domain. The tool Statemate
[8, 10] implementsthe statechartspecificationtechnique
and addsactivitycharts for functional structuring. Static
(syntax,type andconsisteng checking)anddynamicveri-

fication(executionchartanimationyariabletracing,racing
conditiondetection)is supported.

4, V\,/qTIS2 application and experience

First experimentshave beenconductedin cooperation
with anindustrialpartner(SalomorAutomationGes.m.bH,
8114 Stibing, Austria). In theinitial phase selectedccom-
ponentsusedin automatedallet logistics— racks,stacler
cranesandcorveyors—have beenmodeleda\sV\ATIS2 com-
ponents.Thesecomponent$iave thenbeenusedfor build-
ing five differentapplicationmodelssofar.

4.1. Modeled components

Modeledradk elementffer anumberof parametersor
rack structure physicaldimensionsand coordinates.Rack
elementsactasstoragefor palletobjectswhichin turn have
contentand size attributes. Snapshotgluring simulation
runsare possible sothat certainsituationscanbe restored
latereasily

Stader cranesfeaturestructuralparametergetermining
numberof lifts, numberof forks perlift andpalletpositions
per fork, whereeachposition canhold one transportunit.
Thesesubsystemsanbefurther specifiecby staticanddy-
namicmechanicaparametertik e coordinatessize,speed,
acceleration,etc.

Tradks for the (rail-guided) stacler cranesare formed
from acombinatiorof linearsegmentspendsandswitches.

Cornveyor componentgomprisea catalogof linear seg-
ments,crossingsturntablesetc. They all usethe sameba-
siccommunicatiorclassedor the synchronizatiorof trans-
portunit hand-wer (Fig. 5) to ensureghatcombinationsare
cooperatingorrectly

As avery first encouragingesult,in the courseof cap-
turing the protocoland schedulingbehavior of the stacler
craneswith the statechartsformalism, inconsistentand
missingitemsin their specificatiorhave beenidentifiedand
ledto their correction.

4.2. Application models

Five VLATIS2 applicationmodelshave beenbuilt so far
to study modelingflexibility, accuratenessfficiency and
impactto the controlsystems development:

Project A consistsof an approx. 6000 pallet warehouse,
2 stacler craneswith 2 lifts eachon a commontrack,
andan /O corveyor system.This wasthefirst model
built whenits physicalcounterpartvasalreadyin op-
eration. Its primary usewasto gain experiencewith



I ApplicationModel I Components || Reuse |
Group || Plant| Corveyors | Racks/Craneg Protocol || reused| extensions
Type Configuration C-code MODSIM+ estimated

manual | generated STATEMATE %

Project
A 120 500 13000 150 || 10000 100 91
B 80 0 12500 150 || 10000 0 97
C 50 0 60000 150 || 10000 80 97
D 50 400 6500 150 || 10000 150 93
E 20 50 0 150 || 10000 20 97

Table 1. Model construction efforts and estimated reuse factor (approximate number of code resp.

configuration lines)

the V\ATIS2 framework, develop the mentionedcom-
ponentsand validate them through comparisonwith
the existing reality.

Project B hassimilar sizeandcharacteristicshut features
arail systemwith loopsanda morecomplex corveyor
system.

An ervironmentsimulation model was available for
useon a voluntarybasisduring control systemdevel-
opment.

Project C hasa FIFO orientedmulti-channelstoragerack
with differentchannellengthswith atotal capacityof
20000palletswith 3 separatedtacler cranes.

Again, the modelwasvoluntarily usedin the baseline
softwareproject.

Project D is a 3-cranewarehousewith a comple< con-
veyor system.Ernvironmentsimulationwasemployed
in softwaretestingin a plannedway andintegratedac-
cordingto Fig. 4.

Project E wasmodeledprimarily for layout planningpur-
posesof a performancecritical corveyor system. In
the caseof realizationof this projectit is intendedto
reusethis applicationmodel.

For aroughcomparisorof theseprojectsandanestima-
tion of the reusefactorin V\ATIS2 models,the figuresin
Table 1 have beencollected. As a commonbasisfor this
estimation the size metric "line counts”hasbeenadopted
togethemwith heuristiccorversionrulesfor codelines, stat-
echartsandconfigurationlines[14].

Global plant configuration,conveyor configurationand
small C-codeadaptionsfor binary telegram corvertersas
well asextensiongo existing componentsverecountedas
applicationspecificmodelingeffort, whereasexisting com-
ponentamake up thereusedportion of the models.Config-
urationof racksandstacler craness automateagndthere-
fore hasnotbeentakeninto accountat all whencalculating

an effort-focusedreusefactor For the five modelsA to E,
Table 1 thenshavs an estimatedreusefactor greaterthan
90 % in eachcase.

Experiencehasshavn that, with the useof the existing
V\ATIS2 componentibrary, a completewarehousenodel
canbe configuredin 1-3 days,dependingn sizeandcom-
plexity. Corveyors take approximatelytwice as long to
modelasracksandcranes.

4.3. Impact on control softwarelifecycle

To study and measurethe impact of the presented
methodto the baselinesoftwaredevelopmentprocesssoft-
ware processmetric acquisitionand presentationsystem
has beendeveloped[13] using the Goal-Question-Metric
(GQM) methodof Basili and Rombach[1]. Much effort
hasbeenput into automaticraw metric collectionandthe
metric presentatiorin the compary’s intranet. The metric
setincludes:

e durationsof baselingorojectdevelopment,
e softwarechangecountpermodule,phaseandproject,

e simulationusagecountandduration.

Table2 shavsacollectedphasedurationmetricsfor nine
automatidogistic softwareprojects.Testsof projectsB, C,
D have beensupportedoy VLATIS2 models,projectsU to Z
hadno environmentsimulationsupport. Whereasmost of
the latter typically shov on-sitetime around50 % of the
total projectduration,all of the V\ATIS2 supportedorojects
arewell belov 30 %, apparentlydueto bettersoftwarema-
turity in theon-sitephasesShorteron-sitestayscanbealso
regardedas substantiabverall savings, sinceervironment
simulationmodelbuilding took a few daysonly - in terms
of total projectdurationdessthan3 %.
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U 11| 76 4| 35| 34| 160 43
\% 32| 35| 63| 18| 404 | 552 | 76
W 94| 59| 32| 42| 175 402 | 54
X 142 | 47| 56| 53| 212 510 52
Y 35| 86| 76| 143 | 118 || 458 | 57
Z 133| 21| 35| 42| 11| 242| 22
B 210| 44| 103| 10| 69| 436 18
C 173 94| 39| 36| 69| 411 26
D 311|102 | 11| 42| 12| 198 | 27

Table 2. Phase durations and on-site time of
logistic software development projects

5. Conclusion and further work

The software lifecycle of a control computerfor au-
tomatic logistic systemshas been characterizedand test
andinstallationphaseshave beenfoundto contritutelarge
amountsto the total projectcosts. By connectinga logis-
tic environmentsimulationmodelto the control computer
underdevelopmentsignificantimprovementsareexpected.
The V\ATIS2 framawork, its architectureandprocessnodel
for the efficient andflexible generatiorof accurateapplica-
tion modelshasbeenpresented.Experimentalapplication
in anindustrialsoftwaredevelopmentervironmentsuggest
a high modelreuseof greaterthan90 %, resultingin very
efficient modelgenerationImpactson the baselineproject
developmentinclude a significantreductionof expensve
on-sitestaysdueto earlier, ervironmentsimulationenabled
testingandbettersoftwarequality. In thisway, theoverhead
of modelgenerations economicallyjustified aswell.

Furtherwork will dealwith the extensionof the MTISZ
componentibrary, a graphicalmodelbuilding tool, andre-
finementandextensionof metric acquisitionandpresenta-
tion tool developedin the courseof this project.
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