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Abstract

In interactive Virtual Realitysimulationsit is oftendesirableto includesimulatedhu-
mans. The tools usedto designthe behaviours of thesesimulatedhumansaretradi-
tionally madefor programmersandexpertsin arti�cial intelligence,not for expertsin
humanbehaviour. By building anauthoringenvironmenttargetedatnon-programmers
we aim to empowerhumanbehaviour expertsto createsimulatedhumans.We present
a graphicalend-usertool calledMindEditor. Built on ReplicantToolkit, a toolkit for
simulationof humanbehaviour, MindEditorgreatlysimpli�es developmentandtesting
of simulatedhumanbehaviour.
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Chapter 1

Intr oduction

I welcomeyou friend
to theadventureof words

thatawaitsherein

In this chapterwewill introducethereportandthepurposeof thework behindit. We
will alsoexplain thecentral conceptsof theworkandtheimportanceof each concept.
The earlier work on which this thesisis basedwill be introduced. How this thesis
continuesthepreviousworkwill beclari�ed.

1.1 About this report

This reportis thedocumentationof thethesiswork doneby Björn Axelssonfor VRlab
andUmeåUniversityduringthespringtermof 2003.

Thegoalof thework wasto . . .

1. �nd user-oriented1 interfacemetaphorsandmethodsfor implicit designof com-
plex systemssuchasthebehavioursof simulatedhumans.

2. implementa prototypeof theinterfaceon topof anexistingsimulationtoolkit.

3. createa visual tool for thedevelopersof thetoolkit to supportthedevelopment
of low-level behavioursandalgorithms.

Chapter2 containsa brief descriptionof theimplementedprototype.In chapter3 and
4 previouswork in the �eld is discussed.Chapter5 is a descriptionof thesimulation
toolkit thattheprototypeuses.Chapters6 through10 describedifferentaspectsof the
software.Finally, chapter11 is anevaluationof theresultsanddiscussesdirectionsfor
futurework.

1“user-oriented”meansthat thesystemis designedfor non-programmers.Theexactspeci�cationof the
intendedtargetaudiencecanbefoundin section2.1.

3



Master's Thesis
axelsson@cs.umu.se Björn Axelsson

1.2 About VRlab

VRlab is a centrefor researchand developmentin the areaof visualisation,visual
simulationandvirtual reality(VR). Connectedto VRlabis acoreof specialiststogether
with a largenetwork of researchers,teachers,studentsandcompanies.

VRlab is closelytied to theDepartmentof ComputingScienceatUmeåUniversityand
High PerformanceComputingCentreNorth (HPC2N).

1.3 Simulating Human Behaviour

Someprojectsat VRlab involve visualisationsof hugearchitectonicandurbanmod-
els.A commoncomplainthasbeenthatthesevisualisationsappearlifelessandempty.
It is thereforebelieved that having simulatedpeoplewalking aroundin the environ-
mentswill greatlyenhancetheexperience[1]. Anotherareaof interestis urbandesign,
wheresimulatedhumanscanbeusefulfor visualisinghow changesin theenvironment
in�uence peoples'behaviours. TheSwedishcivil defencehasalsoexpressedinterest
in simulatingcatastrophes,riots andemergency situationsin general.Also the game
industryhasanextensiveneedfor realisticsimulatedhumans.

VRlab believesthatrealisticsimulationof humansis alsoanenablingtechnologythat
will openmany new marketsandapplicationareas.In short,thereis ageneralscienti�c
interestin this subject.

Simulationof humanbehaviour requiresan AI (Arti�cial Intelligence)enginethat is
capableof planningandinteractionwith the environment. Also somesort of visual-
isation of the simulatedhumansis requiredfor insertioninto the 3D environments.
This thesiswork usesan existing simulationsoftwaredevelopedat VRlab calledthe
ReplicantToolkit thatprovidesfor boththeAI andthevisualrequirements.

Someresearchhasbeendone[31] onhow realisticthesimulationhasto beto increase
thevisualisationexperience.Oneconclusionis thatmotionis important,i.e. thatsome-
thing moves,andthat it movesin a way we recognise.Anotheris that photorealism
is unimportant. That is signi�cant sincecurrentcomputersystemsare incapableof
deliveringphotorealismin real-time.

1.4 Implicit Design

Implicit design2 is usedto designemergent behaviour. Emergentbehaviour canbe
usedto handlethecomplexity thatmeetssimulatedhumansin hugeinteractivescenar-
ios. Its oppositeis explicit design. Explicit designrequirestheprogrammerto foresee
every possibleevent that thesimulatedhumansmight becomeinvolvedin anddesign
appropriatebehavioursto handlethem.If thecomplexity of theworld increases,more
andmorespecialcaseshave to beaddedto thedecisionsystemthatquickly becomes
unmanageablycomplicated.

2Thisuseof thetermimplicit designin AI authoringis notestablished.Thisde�nition is to ourknowledge
usedexclusively atVRlab.
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Complexity is the problemthat implicit designsetsout to solve by breakingdown a
systeminto smallerwell-de�nedparts.A complex systememergesfrom theinteraction
of many simpleparts. The resultingemergentsystemis often hardto predict. If the
basicpartsarewell planned,theemergentsystemcanhandlenew situationsthatwere
notexpressively designedfor. Hencetheword implicit.

An exampleof emergentbehaviour is the termitesimulationseenin �gure 4.4. The
emergentbehaviour is thecollectionof woodchipsinto a singleheap.Thatbehaviour
is notexpressivelydesignedinto eachtermite'sprogram,but ratheraresultof thewhole
system.It is morethanthesumof its parts.

Whensimulatinghumanbehaviour, two levelsof emergencecanberecognised.Onone
level is theemergenceof morecomplex behaviours from theuseof many concurrent
simplebehavioursin thesamesimulatedhuman.Thesecondlevelof emergencecomes
from many interactingsimulatedhumans,aswith thetermites.

If successful,implicit designmakesit possibleto getmorecomplex behaviours from
lesscomplex designs.Theproblemis thatdesigningemergentbehaviour is inherently
dif�cult andrequiresagoodamountof trial anderror.

1.5 End-User Programming

Humanbehaviour in speci�c situationsis known by expertsin urbandesign,human
behaviour, gamedesign,andso forth. It is desirableto let thesedomainexperts,not
expertprogrammers,specifythebehavioursof simulatedhumans.The lack of a tool
that is directly usableby domainexpertsleadsto a slow, frustratingand expensive
developmentprocess[5].

By letting behaviour expertsdesignbehaviour we enterthe�eld of end-userprogram-
ming. Programmingis generallythoughtto be dif�cult, requiringmuchtraining and
expertise.Domainexpertsdoprobablynot know computerscienceor have thetime to
learntheskills requiredto createa C++ program.End-userprogrammingaimsto help
non-programmersprogram.

1.6 The Replicant Toolkit

VRlab hasfor the pastfew yearsbeendevelopinga toolkit for simulationof human
behaviour in virtual 3D environments.Thetoolkit is a framework connectingspeci�c
AI algorithmsto simulatedperception,memoryfunctions,kinetic animation,dynamic
controlof simulatedhumans(replicants) andreal-timegraphics.This is implemented
at a low level of abstractionasa library in C++. It canbesaidto be“bottom-up” from
theview of theuser(asoftwaredeveloper).Thedetailsaredescribedin chapter5.

The implementationof ReplicantToolkit requiresexpertprogrammingknowledgeto
designandspecify the behaviours of the replicants. That is the main reasonfor the
work describedin this thesis.

MindEditor 5 2003-06-18
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1.7 A Noteon Naming

In thework by DanielSjölie that this thesisbuilds on, simulatedhumanswereorigi-
nally called“avatars”[1]. VRlab changedthatinto “replicants”3 afterDaniel's report
waspublished.In this report,theword “replicant” is consistentlyusedin themeaning
of asimulatedhumanrealisedthroughtheReplicantToolkit.

3Theword “replicant” is takenfrom Ridley Scott's 1982sci-� movie BladeRunner, in which it denotes
synthetichumans.
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Chapter 2

MindEditor

A glimpseof magic
no furtherexplanations–

answerscomelater

In thischapter, weoffera �r stglimpseof thesoftwaredevelopedduringthethesiswork.
Thisservesasa small introductionof whatis to comein later chapters.

2.1 Overview

The prototypeimplementationis a tool designed“top-down” for the existing toolkit.
Thetool, namedMindEditor, is acompleteintegrateddevelopmentenvironment(IDE)
for simulatedhumans. MindEditor is a test bed for designmethodsand principles
identi�ed duringtheresearchstageof thethesiswork.

Theprimarytargetgroupconsistsof noviceusersandexperiencedusers. Noviceslearn
to useMindEditor mainly usingexisting componentsasbuilding blocks.Experienced
userscreatetotally new components.

A secondarytarget groupis developersof the toolkit andotherrelatedtechnologies.
They canusethesoftwareto shortentheirdevelopmentcycleandincreaseproductivity.
This grouparetheadvancedusers thathaveknowledgeof theunderlyingC++ system
andadvancedprogramming.

2.2 DesigningReplicants

MindEditor is usedto designandtestbehaviours for replicants. It hasan integrated
programmingenvironmentthatusesa smallembeddedlanguageundercontrolledcir-
cumstances.Separatebehavioursaredesignedascomponentsthatcanbehandledsep-
aratelyandassembledinto completedecisionsystemsfor replicants.

7
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Figure2.1: MindEditor hasan integratedprogrammingenvironment.Theprogram-
minglanguage is keptsimple, andtheenvironmentis plain andthoroughlycontrolled
to supportinexperiencedprogrammers.

2.3 Running Simulations

Assembledreplicantscanbe testedin an integratedsimulationenvironmentthatalso
providessomedebuggingsupport. The developmentcycle canbe asshortasa few
secondswhentestinga new componentor makingmodi�cations. All onehasto do is
to restartthesimulationaftermakingthemodi�cation.

Figure2.2: Testingreplicantsin theintegratedsimulationenvironment.This image is
froma realtime3D simulationthatusesa modelof downtownUmeå.
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Chapter 3

Methods

Wordsarefrozenthoughts
madefor sharingandkeeping

but whowill listen?

To interfacewith a software toolkit or an API, a programminglanguage is needed.
Todaya myriad of programminglanguagesare available, manyof which are highly
specialised.In this chapterwewill look at somecategoriesof languagesanddiscuss
their suitability for end-userprogramming.

3.1 Textual languages

Textualprogramminglanguagesareto programmingwhatthewheelhasbeento trans-
portation.Writtentext is ubiquitousandusedoftenby bothpeopleandsoftware.Since
textual languageshave beenusedfor sucha long time, anabundanceof toolsandre-
searchis availableon the topic. Becauseof this, it is cheapandeasyto develop the
necessarytoolssuchaseditorsandcompilers.

3.1.1 Low Level Languages

Low level languagessuchasthemany incarnationsof assemblerandmachinelanguage
areto a greatextentobsoletetoday. They areusedwhereextremecontrolor ef�ciency
is required.Exampleof usesarein operatingsystemkernels,embeddedsystemsor the
innermostloop of games.An exampleof assemblercodeis shown in �gure 3.1.

Generally, low level languagesarenot consideredusablefor end-userprogramming.

3.1.2 High Level Languages

The mostwidely usedlanguagetype in thesoftwareindustrytodayis high level lan-
guages(HLLs). Softwarewritten in C, C++,Java andsimilar languagesis thebasisof

9
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/*
* Enable paging
*/

3:
movl $swapper_pg_dir-__PAGE_OFFSET,%eax
movl %eax,%cr3 /* set the page table pointer.. */
movl %cr0,%eax
orl $0x80000000,%eax
movl %eax,%cr0 /* ..and set paging (PG) bit */
jmp 1f /* flush the prefetch-queue */

1:
movl $1f,%eax
jmp *%eax /* make sure eip is relocated */

1:
/* Set up the stack pointer */
lss stack_start,%esp

Figure3.1: Exampleof a low level language. Assemblersourcecodefrom theLinux
Kernel.Copyright1992LinusTorvalds.Reprintedwith permission.

mostcomputersystems.An extractof a shortC programcanbefoundin �gure 3.2.

/* Purpose: Copy one or several input files to stdout
* Parameters: [file1] [file2] ... [filen] - Files to copy
* If no files are given, stdin is used.
*/

int main(int argc, char **argv)
{

int i;
FILE *input;

if(argc == 1)
dumpfile(stdin);

else
for(i=1; i<argc; i++)

if((input = fopen(argv[i], "r"))) {
dumpfile(input);
fclose(input);

} else
perror(argv[i]);

return(EXIT_SUCCESS);
}

Figure3.2: ExampleC sourcecode. C is a typicalhigh level language.

HLLs areoftenpowerful,but alsohardto master. C++is for exampleby many regarded
asnotonly themostcomplex programminglanguagethatexiststoday, but alsothemost
powerful. HLL programmingnormally requiresa solid understandingof operating
systemsandcomputerhardware.

Virtually all softwaredevelopmenttoolkitshaveahigh level languageapplicationpro-
gramminginterface(API). A HLL API is often a well documentedclassor function
library for thesamelanguagethatthetoolkit itself wasdevelopedin. Examplesinclude
theC++StandardTemplateLibrary [7], OpenSceneGraph(OSG)[12] (the3D graph-
ics toolkit usedat VRlab for visualisation)andOpenGL[28] (a low level 3D graphics
toolkit for C).
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Thesetoolkitsoftenprovideahigh level of �e xibility andpower to thedeveloper, who
canchooseany developmentenvironmentto work in. Thetoolkitsaremadeto beused
ascomponentsof largerprojects,with few or nonetechnicalrestrictionson how they
canbeused.

All this power andfreedomcomesat thecostof complexity, andcomplex languages
suchasC++requireextensivetrainingandexperienceto master. Useof HLLs andtheir
APIsarethereforereservedfor knowledgeableprogrammers,andarenotattractive for
end-users[4].

3.1.3 Very High Level Languages

Many very high level languages(VHLLs) sharecommoncharacteristicssuchasdy-
namictyping,theabsenceof pointers,automaticresourcemanagementandrequiresno
compilation.They areoftenusedfor non-criticalapplications,quick prototypedevel-
opment,taskautomationandsoftwareextension.

Many VHLLs canbeextendedwith librarieswrittenin otherlanguages.It is possibleto
“wrap” anAPI for a lower level languagesuchasC++ with anAPI for theVHLL. An
exampleof that is OSGPythonthatwrapstheOSGAPI for thePython[13] language.
Figure3.3showsasimplepythonprogram.

# Print out the menu:
print "Please select a shape:"
print "1 Rectangle"
print "2 Circle"

# Get the user's choice:
shape = input("> ")

# Calculate the area:
if shape == 1:

height = input("Please enter the height: ")
width = input("Please enter the width: ")
area = height*width
print "The area is", area

else:
radius = input("Please enter the radius: ")
area = 3.14*(radius**2)
print "The area is", area

Figure3.3: ExamplePythonsourcecodeillustratinga typicalveryhighlevel language.
NoticehowPythonusesindentationto delimit theif-blocks.Mostotherlanguagesuse
somesort of bracketsor othertoken(C uses{ and } ascanbeseenin �gur e 3.2.).
Thisprogramis part of MagnusLie Hetland'stutorial InstantHacking. Reprintedwith
permissionfromhttp://hetland.org .

It is possibleto createahighlevel languageAPI withoutwrappingalow level language
API. Suchlibrariesareoftenusedto interactdirectly with programsusingembedded
languages,e.g.themacrolanguagepresentin someCAD software[4].

Many VHLLs aredesignedwith easeof useandlearnabilityin mind. Thatmakesthem
andany availableAPIsusableby apersistentnon-programmer.
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The cost of using a VHLL is mainly speedsincemost of theselanguagesare less
ef�cient thanlower level languages.Some�e xibility is alsolost astheuseof a VHLL
canlimit thepossibilitiesfor low-level hardwareor systemsprogramming.

3.2 Visual Programming

Visual programminglanguages(VPLs) usemainly non-textual representationsof the
program.ThestereotypicalVPL uses“boxesandlines” to representprogramsthatcan
beeditedby directmanipulationof thevisualrepresentation.

Many researchersof visual programmingarepositive aboutthe importanceof future
visual programminglanguages(VPLs). However, they have not yet presentedany
evidencethatvisualprogrammingis superiorto textualprogramming[9].

Thereareseveralcategoriesof visual languages.It is not alwayspossibleto pinpoint
the exact category of a VPL asmostexisting implementationsarehybridsof two or
moretypes.

3.2.1 Pure Visual Languages

Purevisual languagesconsistentlyusevisualrepresentationsthroughouttheprogram-
ming process.Therearefew suchlanguagescommerciallyavailabletoday. An often
usedexampleis LabView [8] thatis mostlyusedby electronicengineers.An example
LabView programcanbefoundin �gure 3.4.

Figure3.4: AnexampleLabView program.Screenshotcopyright2003NationalInstru-
mentsCorporation [8].

A visual languagemight be easierto learnandusethana language,especiallyif its
representationmapscloselyto theproblemdomain[9, 10].

Severalproblemswith visualprogrammingarecostrelated.Any new designis deemed
to requiremuchresearchandexperimentation.The lack of standardtools for visual
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languagesmeansthat implementinganeditor is anadditionalcostto take in account.
It is alsoconsideredvery domain-speci�cwhethera visual languageactuallyis better
or worsethana traditionaltextual [4]. Finally, many of thecurrentlyavailablevisual
languagesexhibit high viscosity, i.e. resistanceto change.That is a drawbackwhen
modifyingexistingprograms[29].

3.2.2 Form-basedLanguages

Full-featuredform-basedlanguages(FBLs)arenotcommon.SpecialisedFBLscanbe
foundaspartsof userinterfacessuchasadvancedsearchdialoguesand“wizards”.

A form-basedlanguageusuallyrestrictsfreedomof syntaxandprogramlayoutby forc-
ing theprogrammerto �ll in a form correctly. In end-userprogrammingthis is a good
thing, sinceit makesit easierto concentrateon the programmingtaskandharderto
makesyntacticalmistakes.

Examplesof form-basedsystemsareAgentSheets[11, 34] andMobidyc (described
in detail in section4.3. Sometimesspreadsheets1 arealsoconsideredform-basedpro-
gramming.

Becauseof therequirementof specialisedforms,FBLsareoftentightly integratedwith
a singleapplicationor toolkit. More genericsystemssuchasspreadsheetsusestextual
programmingto ahigherdegreeandcanthusbeconsideredVPL/VHLL hybrids.

3.2.3 Programming by example

Programmingby example(PBE) languagesform a ratherobscureclassof visual lan-
guages. In PBE, programmingis doneby showing one or more examplesof how
somethingshouldbedone. Theexamplesaretheninterpretedandgeneralisedby the
softwareinto rulesfor aprogram.

Oneof the very few examplesof commercialPBE applicationsis StageCast(earlier
Cocoa),aprogrammingenvironmentfor kids [33].

PBEis generallyonly usefulfor very concretetaskssuchastaskautomationin of�ce
applicationsandsimplegame-typeapplicationssuchasthe oneshown in �gure 3.5.
Thebiggestchallengefor a PBEsystemis how to infer a genericprogramfrom a few
examples[4]. All existingPBEimplementationsaremadefor highly specialisedtasks,
andit is questionableif it is possibleto createa genericimplementation.

3.3 Integrated DevelopmentEnvir onments

With anintegrateddevelopmentenvironment(IDE), theenvironmentdesignercanin-
troducetoolkit-speci�c supportsuchasvisualisationanddebuggingfacilities.An IDE
canbecreatedfor any typeof language,or evensupportseveral languages.All tools
reviewedin chapter4 usetheir own IDE.

1Spreadsheetsareprobablythemostsuccessfulend-userprogrammingparadigmtoday[4].
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Figure3.5: An exampleStageCastrule demonstration. Therule makesthecharacter
climbanyicecubesheencounters.

An IDE cangreatlyenhancethe usability of the toolkit. Normally it is a consistent
environmentin which to design,implement,visualiseanddebug theapplicationusing
thetoolkit.

Drawbacksof IDEs arethehigh costof the initial developmentandthemodi�cations
neededto re�ect changesin the underlyingtoolkit. Another problemis the loss of
�e xibility for the userwho becomeslocked down to the only authoringenvironment
available.

3.4 Summary

Table3.1showshow themostimportantlanguagetypescomparewith eachotherwith
regardto end-usersuitability andimplementationcost. The tableis a broadgeneral-
isationof the propertiesof the languagetypes,but providesa clearoverview of the
choices.Fromthe tableit canbeinferredthatVHLLs generallygive thebestcombi-
nationof end-usersuitability andimplementationcost.Thetextual languagesarealso
themost�e xible whichmeansthatthey caneasilybemodi�ed if theneedarise.

Languagetype End-usersuitability Implementationcost Flexibility
High level bad low good
Veryhigh level good low good
Visual good high acceptable
Form-based good high bad

Table3.1: Summaryof language typessuitability for end-userprogramming, imple-
mentationcostand�exibility.
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Chapter 4

Existing Toolsand Applications

Look atprior work
beinspired,but takeheed:

avoid othersfaults

In thischapterwewill showexamplesof otherapplicationsthataresimilar to MindEd-
itor in onewayor another. We will alsodiscusstheir strongandweakpointsandtheir
relevanceto this project. Someof theseapplicationshavebeenhighly inspirational
during thedesignandimplementationof MindEditor.

4.1 EASE

EASE(End-UserAgentSpeci�cationEnvironment)wasdevelopedby PaulScerriand
Nancy E. Reedat Linköping University. It is a completedevelopmentenvironment
with anassociatedmethodologyfor thedevelopmentof complex, intelligentactors[5].

Figure4.1: TheEASEagentspeci�cationwindow. Agentsareprogrammedbycreating
statediagramsin a visualenvironment.
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Two practicalusesof EASEhave beenpublished;anautopilotfor tacticalsimulations
of �ghter aircrafts[5] andacontrolsystemfor theRoboCupSimulatedFootballcontest
[6].

The emphasisof EASE is on thedevelopmentprocess.The agentsthatarethebasic
designcomponentcanbedesignedin several levelsof abstractionandaresupposedly
easyto reuse. Developmentis donewithin an IDE that can be modi�ed with dif-
ferent run-timeenvironments. The developmentmethodis a hybrid betweenvisual
programmingandform-basedprogramming.Agentsaremodelledasstatemachinesin
a graphicaleditor(�gure 4.1). A secondnotation,inspiredby spreadsheets,is usedto
createfunctions(�gure 4.2).

Figure4.2: TheEASEconditionspeci�cation window. Functionsare de�ned using
textualnotationin a spreadsheet-inspirededitor.

Thetargetgroupof EASEis domainexpertswith little or noprogrammingknowledge.
Theauthorsof EASEarguethatthis is achievedby avoiding textualprogramming.

One tool in EASE is the debuggerthat can visualisethe internal agentnegotiation
processin real-timeduringtesting.Thedebuggeris shown in �gure 4.3.

Several detailsin the internalnegotiationsystemof EASE aresimilar to that in the
ReplicantToolkit. In both systemsagentsor behaviours vote on nominatedactions.
Thedifferenceis in how actionsarenominated.In EASE,anexternalfactorynominates
a multitudeof actionsfor all agents.In ReplicantToolkit eachbehaviour nominates
only theactionsit believesareoptimalfor its own goals.

EASE is not directly usefulfor interactive simulationsof humanbehaviour. It is too
genericwhich makes it awkward to model humanthoughtprocesses.It is also not
primarily designedfor ef�ciency and scalability. It simply doesnot scalewell for
hundredsof simulatedentities.It doesontheotherhandhaveawell thought-outmulti-
layereddecisionsystemthatmakesthereuseof behaviourseasyandpowerful.
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Figure4.3: TheEASEdebugger. Thedotsdenotetwo differentagents' voteson sug-
gestedheadingvaluesfor an aircraft. Oneof theagentsis responsiblefor reaching a
waypoint;theothertries to avoidotheraircraft. Noticehowthewaypoint-agents'val-
ues(the roughlytriangular shape)are similar to thosereturnedby SimpleBehaviour
(Figure10.2).

4.2 StarLogo

StarLogowasdevelopedby theMediaLaboratoryat MassachusettsInstituteof Tech-
nology. It is exploratorymodellingsoftwarefor decentralisedsystems[14].

StarLogois totally self-containedwith a Logo-derived programminglanguage,pro-
gram editor and testingenvironment. StarLogohasno other purposethan to allow
exploration,understandingandvisualisationof complex phenomena.

Theprogramminglanguageusedis basic-like with few provisionsfor abstractions.It
hasalmost2000built-in keywordsandcommands,but only a handfularerequiredto
getstarted[15]. Thetargetgroupis everyonefrom theageof 13 andup. StarLogois
usedby elementaryschoolteachersandPhDs.

Thephenomenathatcanbesimulatedarelimited to simplemodelssuchasConway's
Gameof Life [16] and Sugarscape[17]. The focus is on interactionamongmany
simpleagents,whereasthemorecomplex agentsneededto simulatehumanbehaviour
areimpracticalto create.Figure4.4showsa screenshotof StarLogorunninga termite
behaviour simulation1. The correspondingcontrol programfor the termitescanbe
seenin �gure 4.5.

A powerful featureof StarLogois theability to run severalconcurrentprocedures.In
theaboveexamplego is theonly “bottom-levelprocedure”.By combiningseveralsuch

1Therulesfor eachtermitearebasicallyasfollows:
1. Wanderrandomlyuntil awoodchip is found.
2. Pick up thechipandkeepwanderingrandomlyuntil anotherwoodchip is found.
3. Drop thecarriedchip.
4. Startover at1.

Theresultof applyingthesesimplerulesto ahugenumberof termitesis thatall woodchipsarecollectedin
a singlebig heap.
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bottom-level proceduresit is possibleto createmorecomplex behaviours.Eachof the
concurrentprocedureswill run independentlyof theothers.

StarLogois theonly tool in thesurvey thathasa textual programminglanguage.The
generallypositivereactionsto StarLogoindicatesthattextualprogramscanbeusedfor
end-userprogrammingaswell asvisuallanguages.

Figure4.4: StarLogo'ssimulationwindowwhenrunninga termitesimulation.Bright
squaresare woodchips,and the irregular shapesare termites.Thetoolsare usedto
modifythe world of the termites,or the simulationinterface(the sliders and buttons
insidethewhitecanvas).

4.3 Mobidyc

Mobidyc (MOdélisationBaséesur les Individus pour la DYnamiquedes Commu-
nautés2) is atool developedat InstitutNationaldela RechercheAgronomique(INRA),
Avignon,France[18].

Mobidyc is aimedto promoteagent-basedmodellingin the �elds of ecology, biology
andenvironment.Theapproachis differentfrom bothStarLogoandEASE.Thecore
of Mobidyc is a minimal languageof 25 primitives, thatareorganisedinto tasksthat
in turncanbeusedasprimitives[19]. Theintegrateddevelopmentenvironmentavoids
usinga textual representationof thelanguageby usinga form-basedapproachto pro-
gramming.For eachprimitivetheuser�lls outaform with parametersandvalues.Just
like in EASE,aspecialeditoris usedfor mathematicalformulae.Figure4.6showsthe
Mobidyceditor.

The languageusedin Mobidyc is tightly locked to the domainof ecologicalsimula-

2MOdellingBasedon Individualsfor theDYnamicsof Communitiesin English.
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to setup
setshape termite-shape
seth random 360
jump random 200

end

to go
search-for-chip ; find a wood chip and pick it up
find-new-pile ; find another wood chip
find-empty-spot ; find a place to put down wood chip

end

to search-for-chip
if pc = yellow ; if find a wood chip...

[stamp black ; remove wood chip from patch
setshape termite-wood-shape ; turn orange while carrying
jump 20
stop] ; exit procedure

wiggle
search-for-chip

end

to find-new-pile
if pc = yellow [stop] ; if find a wood chip, stop
wiggle
find-new-pile

end

to find-empty-spot
if pc = black ; if find a patch without a chip

[stamp yellow ; put down wood chip in patch
setshape termite-shape ; set own color back to red
get-away
stop]

seth random 360
fd 1
find-empty-spot

end

to get-away ;leave the pile where you put your chip
seth random 360
jump 20
if pc = black [stop]
get-away

end

to wiggle
fd 1
rt random 50
lt random 50

end

Figure4.5: TheStarLogo sourcecodecontrolling each termitein theexampleshown
in �gur e4.4.

Figure 4.6: De�ning programmingprimitives in Mobidyc. The loadedprimitive is
ModifyAttributes that doesmathematicalcomputationson agentattributes.Image
from[19].

tions,anddoesnot allow muchcomplexity of theagentsthemselves. It is, like StarL-
ogo,mainly focusedon theinteractionof many simpleindividuals.

Theprinciplesof Mobidycarehardto applyto thework of this thesis.Mobidycis very
domain-speci�cand its underlyingsimulationengineis tailor-madefor form-based
programming.

4.4 Massive

Massive is a commercialagentanimationtool for the movie industry [20]. It was
developedfor themassive war scenesin themovie trilogy Lord Of TheRings,where
thousandsof simulatedhumans,elvesandorchsbattle.

Little is publicly known aboutthe internalsof thesoftware,but it allows for detailed
modellingof individualsbasedon vision, touchandsound. The primary goal is not
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real-timerenderingbut rathervery high detail andrealism. However, the modelling
softwaresupportsrealtimerenderingandanimationsof simplemodelsto testthede-
signs.

Much of Massive's strengthcomesfrom how the agents'perceptionandmovements
are basedon physicalmodelsof their bodiesand interactionwith the environment.
Thismakesit possibleto createadvancedrealisticmovementssuchassword �ghts and
evenladderclimbing [21].

The combinationof a uniquevisual editor (see�gure 4.7) andadvancedperception
basedAI makesMassiveaninterestingtool. UnfortunatelyMassiveLimited aresecre-
tiveabouttheunderlyingtechnologiesandnotinterestedin publishingany information.

Figure4.7: The“br ain editor” of Massive. It featuresa GUI for designandtestingof
thecontrolling webof logical nodes.(Imagecopyright2002MassiveLimited[20].)

Eventhoughtheprimarytargetof Massive is non-realtimesimulations,it is a working
exampleshowing thatsomeof thegoalsof ourown projectareindeedachievable.

4.5 SimBionic

SimBionic by StottlerHenke Associates,Inc. is a completeAI middlewaresolution.
It comeswith an integrateddevelopmentenvironmentandan accompanying API for
usein gamesandothersoftware[22]. An evaluationversioncalledBrainFramefor use
with thegameNeverwinterNightsfrom BiowareCorp. is availablefor downloadfrom
SimBionic'swebsite.Figure4.8showsa screenshotfrom theeditor.

SimBionic usesa visual behaviour descriptionlanguagefor programming.Function
callsandconditionalexpressionsarelaid outasboxesonawork surfaceandconnected
with lines. A behaviour speci�cationresemblesa �o w chartandis claimedto beun-
derstandableby “non-technicalsubject-matterexperts- designers,analysts,operators
andinstructors”[23].
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Thevisuallanguageis tightly connectedto textualprogrammingandshowsmany signs
of beinga textual languagewith additionalvisualnotation.TheAI systemis basically
a scriptingenginewithout any advancedbehaviour arbitrationor blending.

SimBionicusesexplicit designto ahighextent,whichmakesit hardto createcomplex
behaviourswith this tool. Themethodsusedin SimBionicarethereforenotveryuseful
for thedesignof large-scalehumanbehaviour simulations.

Figure4.8:Part of thebehavioureditorofBrainFrame. Behavioursarebuilt fromother
behaviours,conditions,connectionsandactions.Programmingis doneby connecting
theseprimitivesto each other. Somesmallscriptsare alsoneeded,e.g. theonein the
oval nodein thebottomright of theimage.

4.6 Conclusions

All thesurveyedapplicationsusetheir own uniqueprogramminglanguageandcome
with a completeIDE with programeditors,debuggingandtestingfacilities. Four sys-
tems(EASE,Mobidyc,Massive andSimBionic)usevisual languages;only StarLogo
hasa textual language.

At leastthree3 of thevisual programmingsystems(EASE,Mobidyc andSimBionic)
requiressecondarylanguagesfor mathematicalexpressionsand functions. Making
theuserrepeatedlyswitchbetweentwo differentlanguagesandnotationsdramatically
increasesthe cognitive load. By doing so, the soughteffect of the visual notationis
effectively neutralised.

3How Massive handlesthis is not publicly availableinformation.
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A strengthof visual notationis thepossibility to make somethingabstractmorecon-
crete.Of thevisualsystemsonly Massive hasa connectionbetweenthenotationand
theactualbehaviour beingprogrammed.Thatis achievedby graphicallyshowing how
differentpartsof the “brain” relateto sensesandmuscles. The generallack of this
connectionbetweenthevisualnotationandtheactualruntimebehaviour indicatesthat
it is hardto makeuseof thisstrengthof visualprogramminglanguages.

StarLogois theonly purely textual languagein thesurvey. The languageis syntacti-
cally simpleeventhoughit hasseveral thousandsof commands.Iteration,a common
sourceof confusionfor novice programmers[4], is rarelyneededasevery programis
executedin animplicit outerloop. Oneof thestrengthsof StarLogois thatmostcom-
mandsaredirectly tied to a concreteandvisible actionor propertyof theagents.This
reducestheabstraction,andis a gooddesignchoice.

It seemsmoreimportantto tie thelanguagecloseto theconcreteactionin thesimula-
tion thanto presenta visualrepresentationwhenit is to beusedby anend-user.
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Chapter 5

The Replicant Toolkit

An enginefor thoughts
whatfortunewehave: onefound

in thebagof tricks

In thischapterwewill gentlyintroducetheReplicantToolkit developedbyDanielSjölie
andPeterSunnafor VRlab[1] [2]. Several importantde�nitions usedlater onwill be
explainedhere.

5.1 Overview

The ReplicantToolkit is a developmentAPI mainly designedfor simulatinghumans
andobjectscontrolledby humanssuchascarsandtrucks.It is built in a modularway
andcanbe extendedto otherdomains.Oneotheruseis asan evaluationplatform of
algorithmsfor autonomousvehicles.

The toolkit is divided into two parts: ReplicantMind andReplicantBody. We will
focuson the former sincethat is the part that controlsthe replicants'behavioursand
intelligence. ReplicantBody is usedto visualiseactionstaken by the mind and to
embodythemind into 3D humans.Figure5.1showsthestructureof thefull Replicant
Toolkit.

5.2 The World

Theworld asde�ned by thetoolkit is an intelligentenvironment. It containsinforma-
tion aboutall objectsin it andde�nes how theseobjectsmight interact. Objectsand
otherimportantfeaturesin theworld arerepresentedby emitters, thatcanbe thought
of asinformation-carryingentities. Emitterscontainenoughinformationto allow the
AI to understandwhatthey are.Informationaboutemittersin theworld is collectedby
replicants'perception,fed into their brainandpassedaroundduring the reactionand
decisioncycle.
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World

Replicant BodyReplicant Mind

3D
visualization

Motion
library

3D
models

Animation
system

Signal
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Signals

Processes

Mind
Attributes

Behaviours

Actions

Emitters

3D modelsScenario
description

Replicants

Figure5.1: Overview of the ReplicantToolkit. Theworld containsemittersthat are
examinedby signalgeneratorswhich sendsignalsto processes. Processesreceivesig-
nals, interact with mind attributesand might motivatebehaviours. The behaviours
nominatemultipleactionsfromwhich oneis chosen.Thenthechosenactionis sentto
theanimationsystemfor execution.Finally, theresultis visualisedon thescreen.

5.3 Replicants

Replicantsare“intelligent” andmobileemitters.A replicant's mind is constantlyfed
informationaboutnearbyemittersby its perception.

Replicantsuserepresentationsof drives,wantsanddesiresnamedprocessesto receive
andprocessthe informationfrom theperception.Thereceivedinformationcanresult
in the modi�cation of someof the replicant's attributesthat in turn canchangehow
otherreplicantsperceiveit.

Processesalsopasssomeresponsibilityto behavioursandmotivatewhy a speci�c be-
haviour is relevantin thecurrentsituation.Thismotivationis speci�edastheexpected
attributechangefrom asuccessfullyexecutedbehaviour.

5.4 Mind Attrib utes

Attributesarecentralto areplicant'scurrentstate.Themostimportanttypeof attributes
arethemindattributes. Mind attributesde�ne thecurrentstate, theoptimalstate, the
toleranceandthe importance,or weight, of speci�c attributes.An exampleof a mind
attributeis theannoyed attributeusedin theexampleslater.

Attributesareorganisedinto hierarchicalgroupscalledminddomains. Thefull name
of anattributeincludesits domain.In theexampleabove thecorrectattributenameis
example/annoyed sinceannoyed is an attribute in the example domain. A domain
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canbea partof anotherdomain,andthusattributenamessuchasmind/look/right
arepossible.

5.5 SignalGeneratorsand Signals

Signalgeneratorsarecentralto the perceptionprocess.Every replicanthasa setof
signalgenerators.Thesearefed with informationaboutnearbyemittersfrom theper-
ception.Eachsignalgeneratorthenexaminestheemitterto seeif it fallswithin its area
of responsibility. If so,thesignalgeneratoremitsa speci�c signalto all thereplicant's
processes.A signal is basicallyonly an information carrier that containsthe infor-
mationaboutits emitterandan arbitraryde�ned signalstrengthvalue. A muchused
signal is the obstacle signal that is emittedfrom everythingthat a replicantmight
collidewith.

5.6 Processes

Processesare the highestlevel of abstractionin the replicant's decisionsystem. A
processrepresentsa singledrive, want or desire. It can for examplebe the drive to
avoid obstaclesor thedesireto reacha speci�c positionin theworld.

Processesare responsiblefor reactingto signalsgeneratedby the replicant's signal
generators.This is oftendonein two steps:

1. Thesignalsareanalysedandrelevantmind attributesareupdated.For example,
anannoyed processshouldincreasetheannoyed attributeif a annoying signal
is received.

2. If a relevantmind attribute is outsideits optimal range,theprocesshasto take
measuresto restoreit. Themeasuresaredelegatedto behaviours which areare
motivatedby changesin mind attributes. If the processfor exampleincreased
theannoyed attribute in responseto a very annoying emitter, it might motivate
anavoidancebehaviour with theanticipateddecreaseof thesameattribute.

5.7 Behaviours

Behavioursareusedby theprocessesasmethodsto achieve minor goals.Behaviours
do not know why they are chosen,but strive to achieve their speci�ed goal aswell
aspossible. Oneexampleof a behaviour is the avoid behaviour that tries to avoid
collisionswith otherobstacles.

To reachtheir goals,behavioursnominateactionsthat help themto reachtheir goal.
Thedecisionsystemthenletseachbehaviourvotefor all actionsnominatedanddecides
which actionshouldbeperformedbasedon votesandmotivations.This procedureis
known asthevotingprocedureandis centralto thefunctionalityof thetoolkit.
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5.8 Actions

Actionsaretheresultingoutputof thedecisionsystem,andarefed into thereplicant's
bodyfor executionin thesimulatedworld. Currently, only theactionswalk andlook
areimplemented.Theseactionsaredirectlyconnectedto physicalactionsof therepli-
cant.

Actionsareseparatedinto actiongroups. Actionsin thesamegroupcannotbeexecuted
in parallel.For example,theactionswalk andrun shouldbein thesameactiongroup.

5.9 Voting

Thevoting procedureis handledautomaticallyby theReplicantToolkit. After all be-
haviours have nominatedtheir actions,it is time for voting. Eachbehaviour getsto
voteoncefor eachof all thenominatedactions.Thebehaviour examinesa nominated
action,decideshow well it ful�ls thebehaviour'sgoalsandgivesit avotebetween0.0
and1.0 . Thevoteis thengivena weightcalculatedfrom thebehaviour'smotivations.
Finally, whenall votesarecountedandweighted,theactionwith thehighesttotal sum
in eachactiongroupis selectedfor execution.

5.10 ExampleReplicant

Figure5.2showsanoverview of acompletereplicant.Thetwo signalgeneratorstick
and obstacle generatesignalsnot surprisinglynamedtick and obstacle respec-
tively. Thesignalsarefed into thetwo processeswaypoint andavoid .

Signal
Generators

Signals &
Attributes Processes Behaviours Actions

waypoint approach

avoid

look

avoid

tick tick

obstacle obstacle

head/look

body/move

mind/goal
mind/fear

Figure5.2: Componentdiagramof anexamplereplicant.Thearrowsshowinformation
�ow throughoutthesystem.

The processesalso inspectsand modi�es attributes. In this examplethe waypoint
processusestheattributemind/goal ; avoid usesmind/fear .

Thesecondlastgroupin thediagramis thebehaviours.As the�gure shows,a total of
threebehavioursareusedby thetwo processes.

In the�nal group,theactionsthatthereplicantcantake areshown.

MindEditor 26 2003-06-18



Chapter 6

Designand Implementation

Somany choices–
andtheengineerschallenge:

pick only thebest

In this chapterwewill discusssomeof thedesignchoicesthat were madeduring the
designanddevelopmentof MindEditor.

6.1 GUI Toolkit

A GUI (GraphicalUserInterface)toolkit is thesetof programmingtoolsusedto create
the userinterface. For MindEditor the GUI toolkit had to be portable,be free and
have goodC++ support. A visual GUI editor was alsoa plus. Threetoolkits were
considered,andthetheirmostimportantpropertiescanbefoundin table6.1.

C++ support Portability GUI editor Licence
Gtk+ excellent OK free free
wxWindows noSTL, noexceptions excellent free free
QT noSTL, custompreprocessor good non-free free-ish

Table6.1: Importantpropertiesof GUI toolkits.

Eventually, Gtk+ version2 waschosenasthetoolkit to use.Someadvantagesof Gtk+
arethe powerful C++ API (Gtk–), the GUI editor (Glade-2)andthe integrationwith
OSG.Theweakestpoint of Gtk+ v.2 is its low age– it is not yet standardon Debian
andotherLinux distributions. Gtk+ doeshave a windows port that reportedlyworks
underthegccandVisualC++compilers.It is unfortunatelynotcompletelyof�cial, and
how well it performsremainsto beseen.

Theothertoolkits consideredwereQt andwxWindows,but neitherwasconsideredto
matchthepowerandversatilityof Gtk+. wxWindows,aswell asQT, lack supportfor
modernC++. wxWindowsapplicationsareeasierto port thanGtk+ applications.The
C++ supportof Gtk+ morethanmakesup for this. QT is slightly lessportable,and
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hasa problematiclicensesituation. The QT toolkit is ownedby TrollTechwho sell
“professional”editionsandimportanttoolsfor highprices.

6.2 UserProgramming Language

Thesecondimportantchoicewastheend-userprogramminglanguage.It wasdecided
to usea textual languageinsteadof any othertypesuchasvisual or form-basedpro-
gramming.Without proof thata visual languagewould bebetter, we did not want to
investthetime to research,designandimplementa new languageandeditor.

However, the architectureis not tied to any speci�c languageor paradigm.A future
versionof thesoftwaremightaswell useanotherkind of programminglanguage.

The next questionwaswhat textual languageto use. An abundanceof programming
languageswhich areclaimedto bebotheasyto useandpowerful is available. It was
alsopossibleto createa new special-purposelanguage,but thatwould have takentoo
muchtime.

Someof the languagecandidateswereLua, Python,Tcl andScheme.Table6.2 com-
paresthemto eachother1.

C++ support Speed Syntax Size
Lua bad fast good small
Python excellent fast good big
Tcl OK slow bad small
Scheme ? very fast bad small

Table6.2: End-userlanguagesconsidered. C++ supportindicateshoweasythe lan-
guage interfaceswith C++ objects.Speedis a general indicationof executionspeed.
Syntaxis an estimateof howhard the language syntaxis for a non-programmer. Size
is thesizeof therequiredruntimecodeandlibraries.

Lua waschosenasthe onebestsuitedfor this project. It is a light-weight language
designedfor extendingapplications[24]. Somehighlightsof its strengthsarea very
smallcorelanguage,few advancedconcepts,extensiblesemanticsandhighef�ciency.
It is useful to end-users(becauseof its low complexity andhigh learnability)andto
developers(dueto its integrationfunctionality andaccessibleinternals). Lua's main
problemis theweakC++ integration.

Theotherlanguageshadotherproblems.Pythonwould simply beanoverkill solution
for the small functionsMindEditor requires. Tcl is slow andhasa horrible syntax.
Schemeis the mostef�cient of the surveyed languages,but its Lisp-inheritedsyntax
makesit unsuitablefor end-userprogramming.

1C++supportfor Schemewasneverevaluatedasthelanguagewasweededoutearlybecauseof its syntax.
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6.3 DevelopmentProcess

The authorsof EASEarguethata well-thoughtdevelopmentprocessis an important
aspectof a tool like MindEditor [5]. Someaspectsof thedevelopmentprocessareleft
out from the �rst versionof MindEditor. Thesewill be discussedin later sectionsof
this report.

Aspectsthataresolvedin onewayor anotherin MindEditoraredebugging,inheritance
andreuse.Thesearediscussedin detailbelow.

6.3.1 Debugging

Debugging is an importantaspectof development. Especiallyin the caseof com-
plex systemswherethe resultsof a modi�cation are impossibleto predict in detail.
In MindEditor debuggingis a naturalextensionof testingandrunninga simulation.
The internalstatesof any replicantcanbe examinedduring testing. Making a small
modi�cation andtestingagainis donein a few seconds.This leadsto extremelyshort
development/testingcycles,somethinggenerallyconsideredimportantfor experimen-
tal development,andhelpsend-users[29]. Thedebuggingfacilitieswerecut shortin
favour of otherfeatures,but several of theunimplementedideaswill be presentedin
theFutureWork section.

6.3.2 Inheritance

In theoriginal C++ replicantAPI, inheritanceis animportantaspectof thedesignand
extensionof components.It hasbeenshown thatef�cient useof inheritancerequires
extensive training in abstractthinking, whereasend-userstendto think concretelyin-
stead.Thereforea modelof inheritancebasedoncopying is usedin MindEditor. Such
“copy-basedinheritance”differsfrom traditionalinheritancemainlyin thelackof prop-
agationof changesin thebaseclassto derivedclasses[3].

6.3.3 Reuse

Reuseis of courseimportantto reducedevelopmentcosts.MindEditoraimsto support
thecreationandmaintenanceof reusablecomponents.But guidelinesonhow to design
reusablecomponentshave not yet beenwritten, andarean importanttarget for future
investigations.

6.3.4 SystemVisualisationand Analysis

UML (Uni�ed Modelling Language)hasproven to be an importanttool whenvisu-
alisingandanalysingcomplex object-orientedsystems[32]. Replicantsdevelopedin
MindEditorarehighlycomplex structuresbuilt from many interdependentcomponents.
A methodof visualisingthisis of highimportancewhentrying to understandhow com-
ponentsinteract.

An experimentalinterfaceusingthedot tool [25] to draw diagramsof replicantsand
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their componentshasbeenintegratedinto MindEditor. An exampleof the outputof
this programcanbeseenin �gure 5.2.
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Chapter 7

MindEditor UsageOverview

Onthescreenit sits–
awaiting thearrival

of theinformeduser

Thischapteris a brief overview of theMindEditorsoftware. Herewewill introducethe
differenttoolsavailable. Thischaptercanbeusedasa manualfor MindEditor.

7.1 De�nitions

TheMindEditor UserInterfaceaddsa few conceptsto thosede�ned by theReplicant
Toolkit andre�nesothers.Themostimportantof thenew conceptsaredescribedbelow.

Replicant. A simulatedhumanbeing,embodiedasanentity in the3D world. Aside
from its body, a replicantcomprisesseveralcomponents.

Component. A partthatareplicantconsistsof or uses.Thedifferentcomponenttypes
arereplicantblueprint, signalgenerators, processes, behaviours, minddomains,
mindattributesandactions.

Replicant Blueprint. A descriptionof whichcomponentsareusedto createaspeci�c
replicant. It canbethoughtof asa recipefor thereplicant.Eachreplicantonly
haveasingleblueprint.

Scenario. A descriptionof anenvironmentwith replicants.It describeswhatkind of
world the replicantsareto be insertedin, andfrom which blueprintsthe repli-
cantpopulationis to be created.It doesnot containany rulesor script for the
replicantsto follow. Thescenariois merelythestagethatthereplicantsactin.

Simulation. An actualrun of a scenario.With MindEditor a simulationcanbevisu-
alisedin realtimeandinspectedin many ways.
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7.2 A Noteon Files

MindEditor doesnot requiretheuserto manuallyhandle�les asis commonin many
otherapplications,suchaswordprocessors.All datais transparentlystoredin acentral
repositoryandautomaticallysaved or loadedwhenneeded.MindEditor cane.g. be
exited at any time andtheusermayrestassuredthatall changesarestill availablethe
next time thesoftwareis started.

7.3 The ComponentLibrary Window

This window (�gure 7.1) is the�rst window seenwhenstartingtheprogram.It is also
thecentralwindow of theapplication,andcanbethoughtof asa toolboxor palette.

Figure7.1: Thecomponentlibrary windowof MindEditor. A replicantblueprintis se-
lected,andits informationis visibleon theright. In theprototype, a visualoverview of
thereplicant'scomponentscanbecreatedbyclickingthebutton“GenerateOverview”.

Ontheleft hand,thereis a list of scenarios,replicantblueprintsandothercomponents.
Any of thecategoriescanbeexpandedto show its contents.By selectinganitemin the
list, its detailscanbereviewedin thedatapaneon theright.

Someof thecomponentscanbeedited,clonedor removedby selectingthecomponent
and using the tools below the list. It is also possibleto createnew componentsof
sometypes,namelyreplicantblueprints,domains,processesandbehaviours. A new
componentis createdby selectingthecategory from thelist andclicking “new”.

Closingthis window will quit theprogram.

7.3.1 Running Scenarios

To start a simulationwith a speci�c scenario,the scenariois selectedand the “run
scenario”button clicked. This will createthe scenarioand run it in the simulation
window.
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7.3.2 Replicant Overviews

A completeoverview of a replicantblueprint can be createdby selectingthe name
of the blueprintandclicking the “generateoverview” button. This will opena new
window with a diagramof all thecomponentsusedby thatblueprint(see�gure 5.2.)

7.4 The ComponentEditor

This window is usedto designor modify components.It will look a little different
dependingon which typeof componentis beingedited,but somepartsarealwaysthe
same.

7.4.1 ComponentDetails

This area(in thetop of �gures 7.2to 7.5) is availablefor all components.It shouldbe
�lled in with asigni�cant descriptionof thecomponentandits author.

7.4.2 Replicant Blueprints

Replicantblueprintsarebasicallya list of thedomains,processesandsignalgenerators
requiredfor a replicant. Most centralarethe processesthat decidewhich drivesthe
replicantwill have. Processesoftenrequireoneor moremind domains.Theincluded
mind domainsaredisplayedin the list on the left andcanbe addedor removedwith
thebuttonsbelow thelist. Processesalsorequirespeci�c signals.Signalgeneratorsare
handledin thelist on theright.

Figure7.2: Thereplicantblueprinteditor. Componentscanbeaddedor removedand
thesettingsof individual mindattributescanbeoverriddenfor this speci�c replicant
blueprint.
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At thebottomof thewindow alist of overriddenattributescanbefound.Theseareused
to give replicantscreatedfrom this blueprintadditionalindividualismby overriding
attributes. Wheninsertingreplicantsin a scenariothosevalueswill get the speci�ed
valuesinsteadof the default onesde�ned by the mind domains.This featurecanbe
usedto add“personality” to speci�c replicantsor to differentiateamongsimilar types
of replicantsusing the samemind domains. The sectionon mind domainscontains
moreinformationaboutthedifferentsettings.

7.4.3 Mind Domains

A minddomainis agroupof mindattributes.Theminddomaineditoris usedto de�ne
whichattributesgo into whichdomain,andhow they shouldbecon�gured. Attributes
areadded,removedor duplicatedin thelist on theleft (�gure 7.3.

Figure7.3: Themind domaineditor. Attributescanbe inspected,added,removedor
modi�ed.

Selectinganattributemakesit possibleto modify it with thecontrolson theright. The
availablesettingsareasfollows:

Value. The initial valueof theattribute. Whena replicantis createdfrom a blueprint
it will have its attributesetto exactly this value.

Optimum. Optimal valueof theattribute. This is whatprocesseswill strive to keep
theattributeat.

Tolerance. How muchthevalueis allowedto divergefrom optimumbeforeaprocess
will try to restoreit.

Weight. A numberdescribingtheimportanceof this attribute.Thehigherweight,the
higher importance.This is usedto prioritise someattributesabove othersand
hencemakesomeprocesses'work moreimportantthanothers.

RandomnessInter vals. Optionalsettingsthatcanbeusedto randomlyindividualise
replicantsin the simulation. At creation,eachcreatedreplicantwill have its
valuesmodi�ed within the respective randomnessinterval setting. If thevalue
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is setto 0.5 andthevalue's randomnessinterval to 0.1eachreplicantusingthis
attributerandomlygetsa valuebetween0.4and0.6whencreated.Randomness
intervalsarenotusedduringrunningsimulations,only at initialisation.

Eachsettingcanbemodi�ed with thenumeric�elds or by usingthesliderbelow. In the
slider, thevalueis changedwith the largecontrol,optimumwith thesmallarrow-like
controlandthetolerancewith thetwo triangularcontrols.

7.4.4 Processes

Processesconsistof oneor severalsignalhandlers. A screenshotof theprocesseditor
is shown in �gure 7.4. The list on the left is usedto add, remove andcopy signal
handlers. Selectinga signalhandlerwill load its sourcecodeinto the editor on the
right for editingor reviewing. How signalhandlersarewritten is describedin section
8.3.

Figure7.4: Theprocesseditor. Thesignalhandlerof a simpleprocessis loadedand
shownin theeditor. Signalhandlersaremanagedin thelist ontheleft. Thegreenlight
on theright sideindicatesthat thesourcecodehascorrectsyntax.

7.4.5 Behaviours

A behaviour receivesinput asparameters from a process.Theparametersa behaviour
requiresarecontrolledby thelist on theleft handsideon thewindow (�gure 7.5). The
list is usedto add,deleteor modify parameters.Theparametertarget is mandatory
andwill alwaysbeavailableevenif it is not in thelist.

Thebehaviour shouldinspecttheparametersanddeclareappropriateactionsusingthe
programon theright handside. How to write behaviours is describedlater in section
8.4.
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Figure7.5: Thebehavioureditor. Thiswindowhasmuch in commonwith theprocess
editor, exceptfor thelist ontheleft. It is nowfor managementof parameters insteadof
signalhandlers.

7.5 The Simulation Window

This is thewindow whereall scenariosimulationsarerun. It hastwo distinctparts;the
3D viewerandtoolboxeson theleft, andaninfo paneon theright (see�gure 7.6).

Thebuttonson thebottomof the3D viewercontrolthesimulationspeedor restartthe
simulationwith its initial values.

Thetoolson thetop of the3D view arefor navigationandinspectionof thesimulated
world. They are,from left to right:

Select. Locksthe3D view andallowsselectionof areplicantin the3D view for closer
inspectionby clicking on it.

Pan. Allows cameramovementby clicking draggingwith themousein the3D win-
dow.

Rotate. Selectingrotateanddraggingthemouseup-down will changethecamerael-
evation. Draggingleft-right will rotatethecamerain thegroundplaneresulting
in views from differentdirections.Figure7.7showstheaxesusedin rotation.

Zoom. Draggingup-down will decreaseor increasethedistancebetweenthecamera
andthefocusedpoint on theground(see�gure 7.7).

Follow. Locks thecameraon theselectedreplicantwhenactivated. Thecamerawill
focus on the replicantand allow rotation (using the right mousebutton) and
zooming(usingthemiddlemousebutton).
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Figure7.6: Thesimulationwindow. In thisparticular screenshotonereplicant(theone
in white)is selectedandits mindattributesarevisibleon theright.

(Expert Mode.) This navigation modeis selectedwhenno tool is active. It allows
panning,rotation and zoomingusing the left, right and middle mousebutton
respectively withouthaving to switchmode.

Elevation

Rotation

Camera 
position

"Focused" point

Zoom

Y

X

Z

Figure7.7: The camera and its variable settings. Panningmovesboth camera and
focal point. Zoomingmovescamera closerto thefocalpoint. Rotationis donearound
Z axisor aselevationabovegroundplane.

Whena replicantis selected,its attributesarelistedon theright handsideof thewin-
dow. It is possibleto view changesof theattributesin real-timeandevenmodify the
attributesduringthesimulationby draggingthesliders.
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Chapter 8

Programming Replicants

Wiselychoosethegoals
a replicantcanonly

obey somany

In this chapterwegivea short introductionin howto usetheembeddedprogramming
language to write processesandbehaviours. For full detailswerefer to thecomplete
ReplicantAPI 1.

8.1 The Object Model

SinceLua 4.0 doesnot have any standardisedobjectmodelbuilt-in, it is possibleto
implementthis in many ways. In the modelusedby MindEditor, classconstructors
arenamedafter theclass.TheLua codeto createa new 3D vectorobjectandassign
it to the variablev is v = Vec3() . The objectmodelsupportsdefault parametersas
theaboveexampleis justshortfor v = Vec3(0.0, 0.0, 0.0) . To createavectorfor
any speci�c point thegenericcall is v = Vec3(X, Y, Z) .

Destructorsarenot neededfrom a userperspective, asLua's garbagecollectiontakes
careof that.

Classmethodsandattributesareaccessedby dotnotation2. For example,x = v.x will
getthex componentof thevector, andl = v.length() will calculatethelengthof v
andstoreit in l .

The following classes from the Replicant Mind API have Lua interfaces:
MindAttribute , DoubleAttribute , EmitterAttribute , Emitter , Position and
LuaReplicant .

1Availablefrom VRlab,http://www.vrlab.umu.se .
2Lua also supportscolon notation for methods,e.g. object:method() , but this doesnot work in

MindEditor.
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8.2 The Replicant Object

The most important object that is always available is the my object. It represents
the currently running replicantand is usedfor MindAttribute access,Behaviour
motivation (in processes)andAction nomination(in behaviours)andmore.

In additionto themethodsdocumentedin theReplicantAPI andthoseinheritedfrom
Emitter , theLuaReplicantclasscontainsa few attributes:

attributes . Thereplicant'sdomainsandtheirattributes.

behaviours . Availablebehaviours.Usedin signalhandlersto motivatebehaviours.

actions . Actionsavailablefor nominationby behaviours.

Theseattributes look like normal Lua tableson the surface,but have quite special
semantics3. Thefollowing sectionswill describethesepseudo-tablesandhow eachis
usedin moredetail.

8.3 Writing ProcessSignalHandlers

Processesreactto signalsfrom the world, updatethe mind attributesof the replicant
and decideon any behaviours to initiate. Processesin MindEditor are divided into
signalhandlerswhereeachhandlerhandlesexactlyonetypeof signal.

Eachsignalhandlerreceivestwo parameters,the �rst is the strength of the signal,
andthe other is the source of the signal. The exact semanticsof the parametersis
up to thesourcesignalgeneratorto de�ne. Normally source is the sourceEmitter
andstrengthis a function of the distanceto the source.But otherusesarepossible.
The tick signalgeneratorgeneratesa tick signal for eachsimulationstep. It uses
the strength parameterto indicateelapsedtime sincethe last tick, andalwayssets
source to nil .

Thenormalorderof actionfor asignalhandleris to �rst modify oneor moreattributes
in responseto thesignal.Then,if thevalueof theattributeis outsideits tolerance,the
handlerselectsabehaviour thatwill helprestoretheattribute.

8.3.1 Modifying Attrib utes

Attributesareobjectsaccessedvia the my.attributes list. Most attribute methods
from theReplicantAPI areavailableusingtheLuainterface.Themostimportantmeth-
odsaregetValue , setValue , addToValue , getOptimalValue andgetTolerance .
For example,to setthevalueof thecurious attributein thedomainmind , thefollow-
ing codecanbeused:my.attributes.mind. cu rio us. set Val ue( 0.5 ) .

As seenabove, attributeaccesscallscanbevery verboseandrequiremuchrepetitive
typing. It is possibleto createa local referencewith a shorternameto anattribute:

3Thetechnicalexplanationis thatthey areuserdataobjectswith someuniquetag methods.
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local curious = my.attributes.mind.c uri ous
curious.setValue(0 .5)

This is most useful if the attribute is to be accessedmany times. By usinga local
referencethecodewill alsoexecutefaster. Thereforethistechniqueis generallyagood
ideato use.

8.3.2 Selectingand Moti vating Behaviours

For aprocessto delegatework to abehaviour, two stepsareneeded;�rst thebehaviour
needsto becreated,thenit needsto bemotivated.

New behaviours are createdand activatedby one single call to the behaviourcon-
structor. This specialconstructoris available throughthe my.behaviours list. If a
behaviour requiresany parameters,thesearealsosuppliedin thecall to theconstruc-
tor. The following codewill createan approach behaviour to approachthe signal
sourceasreceivedby thesignalhandler:my.behaviours.follo w(s our ce) . Thecall
doesnot returnany value,sincebehaviour creationis handledinternallyby theruntime
environment.

Justcreatingbehaviours is not enoughto get them running. Behaviours also need
motivation,becauseonly thebestmotivatedbehaviourswill beexecuted.Any number
of motivationscanbeaddedto thenewly createdbehaviour. This is doneby callingthe
specialfunctionmotivate . Motivation is doneby estimatinghow thebehaviour will
changethe replicant's mind attributes. An examplemotivation for the above created
behaviour couldbe thatapproachingthesignalsourcedecreasesthecuriousattribute
some.In Luacode:motivate(my.attribute s.m ind .cu rio us, -0.1) .

Motivationsonly applyto thelastcreatedbehaviour. If severalbehavioursarecreated
by a signalhandler, they will requireoneor moremotivate callseach.

Seetheexamplein chapter9 for a completesignalhandler.

8.4 Writing Behaviours

Behaviourshave a slightly narrower view of theworld thantheprocessesfrom which
they gettheir orders.Normally theonly informationof theworld a behaviour needsis
suppliedby its parentprocessasparameters.Whatparametersthebehaviour requires
canbe changedin the parameterlist in the editor. The target parameteris always
required,eventhougha few behaviourscansafelyignoreeventhat.

To achieve their goals,behaviours useactions. Like behaviours, actionsalso have
parameters.E.g. themove actiontakesoneparameterfor movementspeedandanother
parameterfor rotationalspeed.Thelook actiontakesthedirectionin which to look as
a parameter.

A replicantcanhave severalhundredcompetingbehavioursat any giventime. Since
walking is possiblein only onedirection,a singlemove actionhasto beselected.The
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actionis chosenthrougha votingprocedureamongthebehaviours.

A behaviour needsto know whatkind of actionit needsto bedoneandhow muchit is
preparedto compromiseon thataction.This is doneby calculatingoptimalvaluesfor
theactions.E.g.anapproach behaviour mightwantto moveforwardandturnslightly
to theright. Thatmight translateinto thevalues1.0 for thespeed parameterof move
and0.1 for theturn parameter.

Declaringpreferredactionparametersis doneusingthemy.actions list:

my.actions.move.setS peed(1 .0)
my.actions.move.setT urn (0. 1)

Simply by settingany parameterof an action,thatactionwill be activatedandall its
otherparameterswill besetto default values(chosenby theaction).Thedefaultvalue
for theturn parameterof move is 0.0 (no turn). Thesecondcall hadnotbeenrequired
if thebehaviour only wantedto movestraightforward.

Any combinationof actionsis possible,if they arein differentActionGroups. While it
is possibleto move andlook simultaneously, it is impossibleto move andjump at the
sametime 4.

The actiondeclarationsabove do not setany toleranceto their preferredvalues.Be-
causeof that,thebehaviour will only consideractionswith exactlythesameparameters
whenall behaviourslatervoteonnominatedactions.If abehaviour choosesto votefor
otheractionswith almostthesameparametersit increasesits chancesto comecloseto
its goal. This is only possibleif thebehaviour canacceptminor divergencesfrom its
preferredactions.

Tolerancefor action parametersare declaredwith a secondparameterto the re-
spective set -call. If the example action could accepta rotation within the range

�

value � tolerance� value � tolerance� radianswhenmoving, thedeclarationcouldbe:
my.actions.move.setT urn (0. 1, 0.05) if value � 0 � 1andtolerance� 0 � 05. When
voting ona nominatedvalue,thebehaviour will votehigherthecloserto thepreferred
valueit is. If thenominatedvalueis outsidethetoleranceit will geta voteof zero.

An optionalthird parameterto thedeclarationcanbe setto 0 to indicatethat the tol-
eranceis only one-sided.If the toleranceis one-sidedonly valueswithin the range

�

value � tolerance� value� or
�

value� value� tolerance� will receivenon-zerovotes.The
signof the tolerancewill decidewhetherthe lower (negative sign)or higher(positive
sign)rangeis used.

A fourth parametercanbe usedto de�ne a relative weight of that speci�c actionpa-
rameterwhendecidinghow to vote.Normallyall actionparametershaveequalworth.
By adjustingthisvalueit is e.g.possibleto makethespeed parametermoreimportant
thantheturn parameter.

A �nal exampledeclarationusingall thedescribedfunctionsfollows:

my.actions.move.setS peed(1 .0, 1, 0)

4Currentlythereis no jump action,but if it existedit would probablybein thesamegroupasmove.
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my.actions.move.se tTu rn( 0.1 , 0.01, 1, 10)

This declaresa preferredspeedof 1.0 , but acceptablebetween
�

1 � 0 � 2 � 0� anda turning
valueoptimallyof 0.1 but acceptablewithin

�

0 � 99� 0 � 11� andmakestheturnsettingten
timesmoreimportantthanthespeedwhencalculatingthevote.

Chapter9 containsacompletebehaviour example.
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Chapter 9

Example

Follow therabbit
to learnreplicant-making

pieceof cake (wehope)

In thischapterwewill go throughhowto createa simplescenariostepbystep.All the
requiredcomponentsandhowto connectthemwill beexplained.

9.1 Description

The following scenariowasdevelopedto getan early feelingof what thesoftwareis
capableof. It usesa minimal amountof customprocessesandbehaviours,while still
usingmostof thefeaturesavailable.

Thepurposeof thescenariois to show how peoplemightreactif threatenedby disturb-
ing elementsin their environment. Thesettingis in downtown Umeå. Onepersonis
having a baddayandis suchanannoyanceto othersthat they make extensivedetours
to avoid closecontact.

Usingasettinglike this it is for examplepossibleto studyhow changesin theenviron-
menteffect crowd �o ws.

9.2 Required Components

At leasttwo typesof replicantsareneeded:normalpeopleandannoying people.

Annoyingpeopleneedsomesortof indicatorthatthey areannoying,andnormalpeople
needto keeptrackof how annoyedthey are.I.e. annoyed andannoying attributesare
needed.We alsoneeda signalgeneratorfor annoying signals.

Normalpeoplestrive to keepthe level of their annoyed attribute low. Thatwould be
the goal of an annoyed process.Sucha processneedsa detour-taking behaviour to
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avoid annoying people– anavoid_annoying behaviour.

To make thingsa little easier, annoying peoplestayput at onespotthatnormalpeople
have to walk past.This canbedoneby not giving annoying replicantsany movement
process,andby usingthewander_back_and_forth processfor normalreplicants.

Sincethereplicantnamenormal is alreadytaken,wecall thenew replicantsannoying
andmundane. Figures9.1and9.2show how they will beconstructed.

Signal
Generators

Signals &
 Attributes Processes Behaviours Actions

annoying annoying

tick tick

annoyed

wander_back_and_forthdemo/goal
demo/target

demo/waypoint

example/annoyed avoid_annoying

approach

body/move

Figure9.1: Componentdiagramof themundane replicant.

Signal
Generators

Signals &
 Attributes Processes Behaviours Actions

tick tick

look
mind/look/forward

mind/look/left
mind/look/right

look head/look

Figure9.2: Componentdiagramof theannoying replicant.

9.3 Scenario

Sincethe currentversionof MindEditor is not able to edit scenarios,one hasbeen
preparedespeciallyfor this tutorial. Thescenariowewill useis umea. Thisscenariois
built onamodelof thecentralsquareof Umeåandis preparedfor severalreplicantsof
typemundane andoneannoying .

9.4 Mind Domain

The requiredmind attributesshouldbe createdin a mind domainnamedexample .
This is requiredby thesignalgeneratorthatwill beused.Thedomainwill only contain
the two attributesannoyed and annoying indicating how annoyed and annoying a
replicantis, respectively.

A goodsettingfor both the default andoptimal valuesof annoyed is 0.0 , sincethe
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annoyancelevel shouldincreasethemoreannoyeda replicantgets.Thetoleranceand
weightcanbeleft at their default settingsfor now.

Annoying shouldonly be high for somereplicants,so the default valuewill be zero
for now. Toleranceandweightsettingsof theannoying attributeareirrelevantfor the
moment.

9.5 The annoyed Process

Thisprocessis responsiblefor reactingto annoyed signalsfrom theperceptionandfor
any takingevasiveactionsto avoid annoyance.Theannoyed attributelevel is modelled
asanaccumulatorthatis chargedby thepresenceof annoying signals,anddischarged
over time. A modellike this behaveslikea short-timememory.

To modeltheprocess,two signalhandlersarerequired:theobviousannoying signal
handler, anda tick signalhandler. Figure9.3 shows how thehandlerfor annoying
signalsmight look.

-- Signal handler for the "annoying" signal
function handle_annoying(strength, source)

-- Store a local shortcut to the attribute for later use
local annoyed = my.attributes.example.annoyed

-- Update annoyance level
annoyed.setValue(strength * 5)

-- See if a evasive manoeuvre is needed
if(annoyed.getValue() > annoyed.getTolerance()) then

my.behaviours.avoid_annoying(source)
motivate(annoyed, -1.0)

end
end

-- Signal handler for the "tick" signal
function handle_tick(strength, source)

my.attributes.example.annoyed.addToValue(-0.1 * strength)
end

Figure9.3: Examplesourcecodefor thesignalhandlersof theannoyed process.

Theexamplehandlerhastwo distinctcodeblocksthatboth relateto theannoyed at-
tribute:

1. Theattributeis updatedto re�ect thesignalstrength.

2. If theattributeis outsideits tolerance,a behaviour is engagedto restoreit. The
behaviour is motivatedby theexpectedchangein annoyed level.

The tick handleris simpler, andjust decreasesthe annoyed level over time. (tick
signalsarecontinuouslyreceivedduringthesimulation,andtheir strength parameter
indicatesthetime interval betweenthelasttwo tick signals.)
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9.6 The avoid_annoying Behaviour

Theavoidancebehaviour only knowsthatit hasbeenengagedto avoid aspeci�c target.
To do this it requiressomeinformationaboutthedirectionanddistanceto the target.
Fromthis informationa new directionandspeedof movementis proposed.Figure9.4
showsanexamplebehaviour thatdoesthis. It will suggestdifferentactionsdepending
ontherelativepositionof theannoying targetandtheresultingbehaviour will normally
bea circulardetour.

-- Control function for the "avoid_annoying" behaviour
function avoid_annoying(target)

-- Get direction and distance to target
local angle = my.angle_xy(target)
local dist = my.distance_xy(target)

-- Calculate the sign of the direction away from the target
local anglesign = -1
if(angle < 0) then

anglesign = 1
end

-- Calculate a suitable direction away from the target
local awaydir = angle + anglesign * PI/2

-- The default action is to slow down and turn 90 degrees away
my.actions.move.setTurn(awaydir, PI)
my.actions.move.setSpeed(1,0.5)

-- Handle some special cases:
if(abs(angle) < 1) then

-- Almost straight ahead, try to stop and turn on the spot
if(dist < 3) then

my.actions.move.setSpeed(0,0)
end
my.actions.move.setTurn(awaydir, 1)

elseif dist < 3 and angle > 2 then
-- Almost behind me. keep moving as fast as possible
my.actions.move.setSpeed(3,0.5)

end
end

Figure9.4: Examplesourcecodefor theavoid_annoying behaviour.

In its currentform, the examplebehaviour is reusableto avoid any single obstacle.
MindEditorcomeswith anotherbuilt-in avoid behaviour thatworksa little differently.
That behaviour canbe usedinsteadof avoid_annoying to testanotherapproachto
obstacleavoidance.

9.7 Assemblingthe Replicants

A replicantblueprintis basicallya list of therequiredcomponents.Sincethescenario
consistsof two typesof replicants,two replicantblueprintsareneeded.
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9.7.1 The annoying Replicant

This replicantis simpleandstandson onespotbeingannoying. To do this, only the
example mind domainis required. But to make the replicantseemalive, the look
processhave beenadded,which makes it move its headnow and then. The look
processrequirestheminddomainmind/look andageneratorof thesignaltick , which
alsohavebeenadded.

Oneway of makingthe replicantannoying is to overridethe example/annoying at-
tribute settingits default value for this kind of replicant to 1.0 . This is not donein
theexamplesincethedemonstrationis betterservedby makingthereplicantannoying
duringa runningscenario.

9.7.2 The mundane Replicant

This replicant has got the annoyed processaddedto it. It also has the process
wander_back_and_fo rth thatmakesthereplicantwanderbackandforth alongapath
thatbringsit closeto theannoying replicant.Therequireddomainsandsignalgenera-
torsareaddedandlike theannoying replicantthis hasnooverriddenattributes.

Since we now have several competingprocessesit is a good idea to adjust the
weightof the example/annoyed attribute so it works well togetherwith wandering.
wander_back_and_fo rth usestheattributedemo/goal for motivation,andtheweight
of thatattributeis 1.0 . Thedriveto decreaseannoyanceshouldbemoreimportantthan
thedrive to reachthegoal. A weightof 4.0 for example/annoyed makesbehaviours
decreasingannoyancefour timesasimportantasbehaviourstrying to reachthegoalof
thewalk.

9.7.3 Running the Simulation

With nofurtherchanges,runningthesimulationshouldresultin theannoying replicant
standingstill outsidea shoppingmall. A numberof mundanereplicantswanderback
andforth acrossthetown squarecompletelyignoringit.

Activatingthevisual tool replicantpathswill clearlyshow which pathsthemundanes
chooseto get to their destinations. It shouldalso be evident that if the annoyer's
annoying attribute is increasedthey start avoiding him, making detoursfrom their
originalpaths.Figure9.5show how mundane replicantsreactto annoying .

9.7.4 Increasingthe Complexity

A closeexaminationof therunningsimulationrevealsthattheonly thing thereplicants
try to avoid is the annoying replicant. Whendoing that, they walk into walls, over
benchesandthroughfences.All thesethingsareconsideredobstaclesby the world,
anddo indeedemit obstacle signals.

Thecomponentlibrary hasabuilt-in avoid processthatstrivesto avoid theseobstacles.
Adding that to themundanereplicants'blueprintmake themstartavoiding obstacles.
Doing thatwill alsorevealtheoneof thebig problemswith thecurrentversionof the
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Figure9.5: Simulationsillustrating theeffectof theannoyed process.On theleft, the
centredreplicantis not annoyingat all, andis not regardedasa problemby theother.
In thesimulationto theright, thesamereplicanthavean annoyingvalueof 1.0 . The
effecton thepathsof theannoyedreplicantsasvisualisedby thelinesis dramatic.

replicanttoolkit andthe componentlibrary. Whenseveral processesstartcompeting
abouthow andwhereto walk it mightleadtounsolvablecon�icts. Thiscanbeobserved
asreplicantsstuck in cornersor in narrow passagesthat they want to pass,but their
obstacleavoidanceprocesswill notallow them.

MindEditor 50 2003-06-18



Chapter 10

SystemAr chitecture

Internalsof code
explainingautomata

revealingdesigns

This chapteris an overview of the MindEditor architecture. We will brie�y describe
howit �ts togetherwith therestof ReplicantToolkit, anddescribethemostimportant
classesin detail.

10.1 Modules

TheoriginalReplicantToolkit consistsof two mainmodules,DanielSjölie'sReplicant
Mind andPeterSunna's ReplicantBody. Thesetwo moduleswork separately, but are
alsoeasyto integratewith eachother. If anapplicationusesReplicantMind to simulate
humanbehaviour it is simpleto addReplicantBody'ssimulationof humanmotion.

The groundwork for MindEditor wasmadeasan extensionto ReplicantMind. The
�rst part is the introductionof “dynamiccomponents”– genericcomponentsthatcan
bede�ned andcreatedduringprogramexecution1.

The most advancedof thosecomponentsare LuaProcessand LuaBehaviour, which
executeLuacodeinterfacingwith themainReplicantMind API.

TheReplicantMind extensionis designedfor reusein otherapplicationssuchassim-
ulation playersor gamesandhave few additionaldependenciesexceptfor Lua. Any
applicationthat wishesto make useof Lua componentsonly hasto be linked to an
extra library and call a loaderfunction beforestarting. Figure 10.1 illustrateshow
MindEditor usesthenew andold libraries.

MindEditor combinesthe power of ReplicantToolkit anddynamiccomponentswith
anintegrateddevelopmentenvironmentfor replicants.

1ReplicantMind originally requireseachnew componentto bewritten asits own C++ class.
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Replicant Mind Replicant Body

Dynamic
Components

Original Replicant Toolkit

Lua
API

Lua
Components

Extended Toolkit

MindEditor

Figure10.1:Thedifferentmodulesof MindEditor andtheReplicantToolkit. Theorig-
inal toolkit hasbeenextendedwith dynamicallyloadablecomponentsandLua-driven
components.MindEditor is simply an editor that also usesthe extendedtoolkit for
simulation.

A more detailed system architectureis outside the scope of this report. API
and general class documentationcan be found on the project's web site at
http://www.vrlab.umu .se .

10.2 SimpleBehaviour

TheBehaviour classin ReplicantToolkit is quitecomplex to usebecauseof its three-
phasedinterfaceto behaviours. Thethreephasesrequiredfor a Behaviour areinitiali-
sation, nominationandvoting. Initialisationis not alwaysrequired,but canbeusedto
improve performanceby precalculatingsomevaluesthatareusedmany timesduring
theotherphases.Nominationis thephasewherethebehaviour nominatesa preferred
action.It cansometimesbeskippedif a goodactionis alreadynominated.Thevoting
phaseinspectsbehavioursnominatedby otherbehavioursandvoteson them.

To remove the needof implementingat least threeseparatefunctionsfor eachbe-
haviour, SimpleBehaviour wascreatedasa layerabove theoriginal Behaviour. Sim-
pleBehaviour worksin a declarativewayandhasonly onephase:initialisation.

DuringtheSimpleBehaviour initialisationall decisionsaremade,andpreferredactions
andparametersaredeclared.Theactionsandtheir parameterswill beusedlaterin the
hiddennominationandvoting phasesof SimpleBehaviour. Togetherwith eachaction
parametera toleranceandaweightis chosen.Theseareusedduringthehiddenvoting
phasewhenconsideringhow “good” anotheractionmight be for this behaviour. The
betteranactionis for a behaviour, thehighervoteit gets.

Whenvoting for an actionnominatedby anotherbehaviour, SimpleBehaviour com-
pareseachparameterof thenominatedactionwith thecorresponding“optimal” values
selectedin theinitialisationphase.A scorebetween0.0and1.0 is calculatedfor each
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parameterandthescoresfor all parametersarethenweightedtogetherinto thevote.

Thescoreis calculatedby a linearfalloff functionfrom theoptimalvalueasdescribed
in �gure 10.2.

0.0

Preferred
value

ToleranceTolerance

0.5

1.0
Vote

nominated
Vote on 

value

value
Nominated

Figure 10.2: Illustration on how SimpleBehaviourvoteson an action with a single
parameter. If a nominatedvalueis outsidethetoleranceit will get a voteof zero. Oth-
erwisethevoteis calculatedusinga linear falloff functionfromtheoptimalpreferred
value.

Exactknowledgeof theinnerworkingsof SimpleBehaviour is not importantfor basic
useof it. Sensibledefault valuesof toleranceand weight are automaticallychosen
unlessthey aredeclared.Theonly detailsrequiredarewhichactionsto nominate,and
whattheir parametersshouldoptimallybe.

The trade-off with this simpli�ed methodis less�e xibility andthe inability to handle
actionswith non-numericparameters.However, it is still possiblefor C++ program-
mersto usetheoriginalBehaviour classif more�e xibility is required.
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Chapter 11

Resultsand Discussion

A tool cameto life
youngcodemakesmany mistakes

whenwill it mature?

In this chapterwewill evaluatetheeaseof useof theMindEditor prototype, andhow
well it achievesthe original goals. We will identify the weakpointsof the software,
discussthemostimportantof theseandhoweach canbeaddressedby futurework.

11.1 Intr oduction to CognitiveDimensions

GreenandBlackwell summarisethepurposeof Cognitive Dimensions(CDs) in Cog-
nitive Dimensionsof InformationArtefacts:a tutorial [29] :

Cognitive dimensionsarea tool to aid non-HCI specialistsin evaluating
usabilityof information-basedartefacts.

CDs areusedto broadlyevaluatean informationartefactamonga total of 13 dimen-
sions. The resultingpro�le determinesusability for differenttasks. Therearemany
goodfeaturesin CDs. They aresimpleandquick to apply. They give a broad-brush
analysisthat is usefulat any stageof softwaredesign,evenin anearlyprototypesuch
asMindEditor. Finally, they differentiateamongdifferentkindsof activity. Oneweak-
nessis thatCDsdonotdeliveraprecisemetricof how “good” aninterfaceis,but rather
indicateits suitability for differenttasks.

CDs werechosenasthe evaluationmethodfor MindEditor userinterfacebecauseof
their simplicity andrelevanceto anun�nishedprototype.Sincethey evaluatetheprin-
ciplesof the interfacetheresultswill berelevantevenwith majorchangesto theGUI
aslong asthebasicprinciplesarethesame.

Themaingoalof this thesisis to �nd usefulinteractionmethodsfor thekind of com-
plex systemsthatcanbeconstructedwith theReplicantToolkit. CDsarethereforean
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importanttool to evaluatetheprinciplesintroducedin MindEditor. This evaluationis
documentedin thenext few sections.

Green'sandBlackwell's tutorial [29] describessix of the13dimensionsin detail.The
dimensionsmore “psychologicalin character”areclaimedto requiredeeperknowl-
edgeof cognitive psychologyandareleft out from thetutorial 1. In theevaluationof
MindEditor, thedecisionwasmadeto follow Green's andBlackwell's leadandcon-
centrateon the six well-documenteddimensions.The following list brie�y explains
thesedimensions:

Viscosity. Resistanceto change:thecostof makingsmallchanges.

Hidden Dependencies.A relationshipbetweentwo componentssuchthatoneof them
is dependenton theother, but that thedependency is not fully visible. In partic-
ular, aone-wayreference.

PrematureCommitment. Constraintson theorderof doingthingsforcestheuserto
makea decisionbeforetheproperinformationis available.

Abstraction. An abstractionis a classof entities,or a groupingof elementsto be
treatedasoneentity. It is eitherto lower the viscosityor to make the notation
more like the user's conceptualstructure. Systemsare abstraction-hungry, -
tolerant, or -hating; they requiretheuserto de�ne abstractions,make it optional
to de�ne abstractionsor donotallow user-de�ned abstractionsrespectively.

SecondaryNotation. Extra informationcarriedby othermeansthantheof�cial syn-
tax.

Visibility . Theability to view componentseasily. Juxtaposability, theability to place
any two componentssideby side,is relatedto visibility.

11.2 Usability Evaluation

CDsdistinguishamongfour typesof useractivity: incrementation, transcription, mod-
i�cation andexploratory design[29]. The usercategoriesintroducedin section2.1
mapquite well to the last two, asnovice usersmainly modifyexisting components;
experienceduserswork with exploratorydesign.

Eachactivity hasits own preferredvaluealongthe dimensions.MindEditor should
be optimisedfor modi�cation of existing componentsandexploratorydesignof new
components.Thetwo activity typeshavequitesimilarrequirements,but atsomepoints
trade-offs will have to bemadeto favouroneoveranother.

We want to avoid CDs that areharmful to our activity types,andembracethosethat
areimportant.Table11.1detailseachCD's relevanceto theactivity types.

1The other seven dimensionsare closenessof mapping(closenessof representationto domain),con-
sistency(similar semanticsareexpressedin similar syntacticforms), diffuseness(verbosityof language),
error-proneness(notationinvites mistakes),hard mentaloperations(high demandon cognitive resources),
progressiveevaluation(work-to-datecanbecheckedat any time) androle-expressiveness(thepurposeof a
component,anactionor asymbolis readilyinferred)
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modi�cation exploration
viscosity harmful harmful
hiddendependencies harmful harmful
prematurecommitment harmful harmful
abstractions useful harmful
secondarynotation veryuseful harmful (if it introducesadditionalviscosity)

visibility important important

Table11.1:Desirabledimensionpro�les for modi�cation andexploration.

In the casesof abstractionsandsecondarynotationtherearecon�icts betweenmod-
i�cation andexploration. Abstractionsaswell assecondarynotationcanhinderex-
ploratorydesign.Thereforewe shouldtry to minimisetheimpactof thesedimensions
onexploratorydesign,while still keepingthemrelevantfor modi�cation.

Thereis not muchwe cando abouttheabstractions,asmostabstractionsarealready
de�ned by theReplicantToolkit.

If secondarynotationis optionalanddoesnot interferewith development,it will not
havea negative impactonexploratorydesign.

In thefollowing sectionsMindEditor will beanalysedwith regardsto theCDs. In the
analysiswe take abroadview of thewholeapplicationexceptthesimulationview.

11.2.1 Viscosity

Most minor changesto components,suchascommentsor attributeweightsareeasily
done.

Makingminormodi�cationsto signalhandlersor behaviourstakesaminimumamount
of worksincethereis noneedto loador save�les. Indentationishandledautomatically,
sothereis norepetitionviscositycomingfrom theneedto re-indentchangedblocksof
code.

Oneweakpoint is therenamingof components.Theonly way to changethenameof a
componentis to �rst cloneit in thelibrary window andthendeletetheold component.
Signalhandlernamesshow similarproblems,while behaviour parametersdonot.

The renamingproblemis also tied to a problemwith dependencies;if the nameof
a componentchanges,all componentsreferringto it alsohave to be modi�ed. This
kind of viscosityis calledknock-onviscosity. It canberemediedby addinga rename
functionthatautomaticallymodi�es all referringcomponents(seealsohiddendepen-
dencies).

11.2.2 Hidden Dependencies

Themainideaof theReplicantToolkit is thateachcomponentis independentof other
componentsof thesametype, i.e. addingor removing a processdoesnot changethe
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way otherprocesseswork. In reality processesdo dependon eachotherbecauseof
their respectiveweights2.

Whencreatinganew processits weighthasto becarefullyadjustedto allow it to work
togetherwith existingprocesses.If its weight is toohigh, thenew processwill gettoo
muchcontrolandmightstarveotherprocessesfrom executing.If it is too low, thenew
processmightgetstarveditself. Theinterdependenciesof theweightsof theprocesses
areveryhardto �nd outby any othermeansthanrunningsimulations.

Anotherhiddendependency is theuseof namesbetweencomponenttypes.Changing
acomponentnamedoesnotupdateall componentsreferringto it.

A third weakpoint is connectedto thenameproblem.In thereplicantblueprinteditor,
mind domainsandsignalgeneratorsneededby theprocessesmustbeadded.It is not
obviouswhich generatorsanddomainsa processrequires.Theuserhasto checkthe
sourcecodeor the library informationabouttheprocessto know which othercompo-
nentsto addto thereplicantblueprint.

11.2.3 Premature Commitment

Therearefew problemswith prematurecommitmentin MindEditor. Componentscan
bedesignedandtestedseparatelyandit is easyto modify designs.Theone(but non-
critical) exceptionis thenamingof components,asdiscussedin theabovesections.

A novice replicantdesignermight have dif�culties knowing how to turn an ideaof a
complex behaviour into processesandbehaviours.A well thoughtoutanddocumented
designprocesswill beof valuefor initial development.

11.2.4 Abstraction

MindEditor hasa high abstraction barrier requiring a new userto learn many new
ideasbeforedesigningreplicantblueprints.It is alsoabstractionhating, meaningthat
it doesnotallow userde�ned abstractions– all abstractionsarealreadyde�ned.

In theembeddedlanguageit is alsoimpossibleto addabstractionssuchasnew func-
tions.However, reallyadvanceduserscanuseanundocumentedfeatureandaddfunc-
tion de�nitions to theLuastartupcode.

11.2.5 SecondaryNotation

Secondarynotationis cateredfor, both in theembeddedlanguageandon component
level.

At the componentlevel, the comments�eld allows designersto add extra informa-
tion to components.The visual representationsof replicantsshow dependenciesand

2Actually processesdo not have explicit weights. The implicit weightof a processis a functionof the
weight, tolerance, valueandexpectedchange of oneor moreattributesastheresultof behaviours engaged
by theprocess.
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groupingsamongcomponentsin a way that the classicreplicantblueprintview does
not.

In the language,automaticindentingandsyntaxhighlightingclari�es theformal syn-
tax without requiringextra work. One-linecommentscanalsobe usedto clarify the
semanticsof theprograms.

11.2.6 Visibility

MindEditor hasmany partswith poor visibility. Finding a speci�c componenttakes
time, sinceit requiresscanningthrougha long list in the library window. In the list,
dependenciesarenot obviousandtheusermight have to inspectseveralcomponents
to �nd theoneof interest.

Juxtaposabilityis alsopoor. In thecurrentimplementationof MindEditor it is impos-
sible to view severalcomponentsat the sametime. This makesit hardto view other
componentsasexamplesor to work with aspeci�c process/ behaviour pair.

11.2.7 Summary

It seemsthat most problemsare with hiddendependenciesand visibility. Both di-
mensionsare importantfor explorationandmodi�cation. Therefore,they shouldbe
addressedassoonaspossiblein a futureversion.

Thehigh abstractionbarrieris a problemfor end-users,but it is inherentfrom theuse
of theReplicantToolkit. We seeno easysolutionto this, exceptgooddocumentation
andplentyof examples.

11.3 Complianceto RequirementsSpeci�cation

VRlab's formal requirements(seesection1.1) on this projectwerevery broadlyde-
�ned. We will discusseachoneof thembelow.

11.3.1 Find User-oriented Metaphors and DesignMethods

We believe thebasicinterfaceof MindEditor to besoundandworkablefor end-users.
With somedevelopmentof the moreimportantconceptssuchasthe visual replicant
representationit might becomea truly powerful end-userdevelopmenttool.

11.3.2 PrototypeDevelopmentEnvir onment

MindEditor is a working prototype.While someimportantfunctionalitiessuchassce-
narioeditingaremissing,it is still a usefulplatformfor evaluationanddemonstration
of theconceptsinvolved.
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By evaluationof the prototypewe have shown which ideasareimportantandwhich
needrethinking.This meansthattheprototypehassuccessfullyful�lled its purpose.

11.3.3 Visual Tool for Toolkit Developers

MindEditor is very usefulasa testingandprototypingplatformfor thecurrentRepli-
cantToolkit. By doingprototypedesignin theembeddedlanguage,developmenttimes
canto a greatextentbereduced.

Even though it lacks somefunctionality that would be useful when debugging the
toolkit or components,MindEditor is still a good platform to add more interactive
debuggingtoolsto.

A drawbackwith agraphicalenvironmentsuchasMindEditor is theneedto updatethe
interfaceandAPI supportif theunderlyingtoolkit is changed.Thedevelopmentenvi-
ronmentwill quickly becomeobsoleteif it is not updatedtogetherwith theReplicant
Toolkit.

11.4 Limitations and Futur e Work

Wehaveidenti�ed afew importantlimitationsthatneedto beaddressedin futurework.
Therearealsoa few otherareasthatshouldbeinvestigatedfurther. Below wemention
themostimportantwork left to do.

11.4.1 Poor Visibility and Juxtaposability

As mentionedin theevaluationabove, visibility of componentsis poor. For end-user
work it is very importantthatthis is improved.

To improve visibility it mustbe madeeasierto follow a componentreferenceto its
editor window or library view, even if the componentis referredsomewhereoutside
thelibrary view. Componentdependenciesshouldalsobemademoreobvious,perhaps
by usingsmallgraphs(partsof thereplicantvisualisation).

Juxtaposabilitycanbeimprovedby implementinga smartermultiple documentinter-
facein whichseveraleditorviewscanbeopenat thesametime.

11.4.2 Hidden Dependencies

The problem with interdependentprocessweights can be remediedby developing
guidelinesor heuristicsfor processweightsand a visual tool for examiningthe rel-
ativeweightsof all concurrentprocesses.

The two otherproblemswith hiddendependencieswererelatedto componentnames
anddependencies.By usingautomaticcomponentdependency analysis,it is possible
to makedependenciesmoreobviousin theuserinterface.Automaticdependency han-
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dling canalsobeusedto updatedependentcomponentsif a componentis renamed,or
warntheuserif a componentthatis usedby someotheris deleted.

11.4.3 Performance

MindEditorhasbeentestedonlywith ahandfulof replicantsin arelativelysmallworld.
A world with morethantenreplicantswith a few Lua-basedprocessesandbehaviours
eachdropsthe simulationbelow 10Hz on a high-endPC.Using only C++ processes
andbehaviours,theoriginal toolkit is ableto drive100replicantswith animatedbodies
at 30Hz[1].

Many areasof the Lua interfaceneedsoptimisation,but it will of coursealwaysbe
slower to run that kind of codethanC++. Lua is oneof the fastestembeddedlan-
guagesavailabletoday[30]. Futureversions(Lua 5.1) promiseeven betterreal-time
performancewith improvedgarbage-collectionalgorithms.

Onesolutionto theLua speedproblemis to make it easyto convert a Lua processor
behaviour into a compiledC++ class.This shouldbedonewhentheexperimentation
phaseis over. The conversionmight eitherbe madeby hand,or automaticallyby an
advancedcompileror translator.

11.4.4 Undo

Onevery importantfeaturethatwasleft out from theprototypewasthepossibility to
undochanges.This is evenmoreproblematicsinceit is not possibleto make “backup
saves” from within MindEditor. Lack of undo will make usersafraid of changing
anything[35]. It will alsocertainlyleadto thelossof importantwork eventually, evenif
theuseris careful.Thecurrentsolutionis to keepthecurrentwork in acoderepository
with versioncontrol,suchasCVS [26].

11.4.5 Dir ect Manipulation

Anotheruserinterfacefeatureleft out from theprototypebecauseof lack of time was
editingusingdirectmanipulation.In thepreliminarydesign,almostall typesof com-
ponentsandobjectsweredraggableandi.e. droppinga processon a replicantwould
haveaddedthatprocessto thereplicant.Thiswouldbeespeciallyusefulwhenworking
with theoverview diagramof a replicant.

Thereis no reasonto not implementdirectmanipulation.It is a goodmethodto make
thedesignwork moreconcretly[35]. Drag-and-dropis alsowell supportedby Gtk+.

11.4.6 Lua API

The API availablethroughLua hasa few specialfeaturesfor behaviour creationand
motivation in processesand action nominationin behaviours. Thesefeatureshave
uniquesemanticsthatarenot consistentwith therestof theAPI. Theuserhasto learn
thatit is theway it is. Thismightnotbesuchabig problem,asNardi [4] notesthat“...
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matchingtasksanddomainsemanticsbecomemoreimportantthanblind impositionof
consistency rules”.

The prototypesoftware wrapsthe C++ API using a tool called LuaSwig [27]. Lu-
aSwig was never completely�nished. Its biggestproblemis that it hasvery little
type-checkingbuilt in. For example,it will gladly acceptan Emitter parameterto a
methodthatrequiresa Vec3object.This is undetectableoutsidethewrappercodeand
will causeaninstantcrashof theprogram.

11.4.7 Scalability of Development

Onepoint thathasbeendiscussedseveral timesis how well thedevelopmentprocess
suggestedby MindEditor works in real life. We do not believe that it will scalewell
whenmany componentsareaddedand/orseveraldevelopersareworkingwith thesame
components.Somesolutionshavebeenproposed.Componentsmightbehierarchically
groupedinto librariesfor differentpurposes.A simplesearchenginecouldquickly �nd
a wantedcomponent.Personalisedcomponentpaletteswith often usedcomponents
canbeusedto optimiseusability. Thesesolutionsareinspiredby electricschematics
editorsthathavehugelibrariesof componentsto choosefrom.

11.4.8 ComponentLibrary

An extensive library of useful componentsfor basicbehaviours is requiredto have
somethingto build on. Somebasicprocessesandbehavioursexist for demoandtest
purposes,but they lack both functionality andscope. Componentsdesignedfor fre-
quentreuseshouldbe implementedin C++ for ef�ciency. Still, at leastsomeLua
examplesshouldalsobeavailableasexamplesanda basefor modi�cation.

11.4.9 SignalGeneratorsand Scenarios

In thecurrentprototypeit is not possibleto createor modify signalgenerators.This
limits theuseof thetoolkit to whateversignalsareavailablein theC++ API. A future
versionshouldallow editingof signalgeneratorsin someway.

Scenariosarealsonoteditablefrom within MindEditor. It is possibleto manuallyedit
the .rworld �le thatdescribesa scenario.However, it is cumbersometo do by hand
andthe �le format is not documented.It might be a good ideato createa separate
applicationfor scenarioeditingsinceit is not reallywithin thescopeof MindEditor.

The lack of thesetwo functionsmakesit nearlyimpossibleto createa completesce-
nariowithout building C++ codeandeditingtext �les.

11.4.10 Debugging

Thesimulatorneedsmoretoolsfor visualisationof theinternalworkingsof replicants.
Thenegotiationprocessvisualisationfrom EASE[5] canbeusedasinspirationfor a
similar tool to visualisethevotingprocessof a replicant.
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Anothertool thatwasproposedin theoriginal designwasa simplehistorygraphthat
displaysa replicant'sattributesover time. Accessto historicaldataandthepossibility
to “rewind” thesimulationto aspeci�c timemightbeinvaluablefor largersimulations.

11.4.11 Programming Support

Programmingusing the embeddededitor is supportedby syntaxhighlighting, auto-
matic indentingandsyntaxcontrol. Novice non-programmersmight needmoresup-
port to easilycreatecomponents.On-linedocumentationis oneimportantfeature.Au-
tomatictype-aheador word completitioncould alsobe valuableto relieve short-time
memoryandreducecognitive load.

11.4.12 Other Programming Methods

Theuseof Lua andtextual programmingshouldbeseenasa limitation of the imple-
mentationonly, notof thearchitecture.It is simpleto useany programminglanguage,
evena visual,with thedynamiccomponents.Futurework might evendesignaplug-in
architecturefor MindEditorto makeit possibleto chooseprogrammingmethodsfreely.

11.4.13 DesignGuidelines

To facilitateef�cient andconsistentdesignof components,especiallyamongmultiple
developersit is importantto haveguidelines.Themostimportantissuecurrentlyseems
to behow to chooseappropriateweightsfor theattributes.Theweightshave a central
role in thedecisionprocessbecauseof their high impacton which actionsarechosen.
Somesortof visualisationof therelativeweightsof all usedprocessesmight beuseful
when�ne-tuning attributesandcompetingprocesses.

To avoid redundantimplementationsof behavioursandprocesses,it might alsobeim-
portantto write guidelinesof how to nameanddescribecomponents.
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