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Abstract

The daysof specifyingmissionsfor mobile robotsusingtraditionalprogramminglanguagessuchas
C++ andLISP arecomingto an end. Theneedto supportoperatorslackingprogrammingskills coupled
with the increasingdiversity of robot run-timeoperatingsystemsis moving the field towardshigh-level
robotprogrammingtoolsetswhich allow graphicalmissionspecification.This paperexplorestheissuesof
evaluatingsuchtoolsetsasto theirusability. Thisarticlefirst examineshow usabilitycriteriaareestablished
andperformancetarget valueschosen.Themethodsby which suitableexperimentsarecreatedto gather
datarelevant to the usability criteria are then presented.Finally, methodsto analyzethe datagathered
to establishvaluesfor the usability criteria arediscussed.The MissionLabtoolsetis usedasa concrete
examplethroughoutthearticleto groundthediscussions,but themethodsandtechniquesaregeneralizable
to many suchsystems.

1 Intr oduction

The field of mobile roboticshasmaturedto the point whereit is time to move robotsout of laboratories
andinto thehandsof users.However, beforethis transitioncanoccurbettermethodsfor taskingrobotsare
required.Currently, highly skilled roboticexpertshand-craftrobotmissionsusingtraditionalprogramming
languages,suchasC++ andLISP. Thisunnecessarilyexcludespeoplewhoarenotfluentcomputerprogram-
mersfrom functioningasrobotend-users.

Robotprogrammingtoolsetsintendto improvethissituationby providing anintegrateddevelopmenten-
vironmentfor specifying,evaluating,anddeploying robotmissions.Suchatoolsetshouldallow noviceusers
to specifyrobotmissionsusingavisualprogrammingparadigm.Here,avisualeditorallowsusersto graphi-
cally createmissions(complex setsof tasks)by selectingreusablehigh-levelconstructsandrelatedperceptual
activities from menus.Integratedsupportfor evaluatingsolutionsvia simulationandfinally deploying them
on robotsmustalsobeavailable.

The specificationof the components,connections,and structureof the control systemfor a group of
robotswill becalledtheconfiguration. A configurationconsistsof a collectionof agents,inter-agentcom-
municationlinks, anda data-flow graphdescribingthestructureof theconfigurationcreatedfrom theagents

�
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andchannels.Therearetwo typesof agents:atomicandassemblages.The atomicagentsareparameter-
ized instancesof primitive behaviors while assemblagesarecoordinatedsocietiesof agentswhich function
asa new cohesive agent.The configurationreferencesthe low level primitives,but doesnot describetheir
implementations,sincethat is generallyhardwaredependent.A configurationgenerallyis a solutionfor a
particularrobotmission.

This article exploresthe issuessurroundingjust how onebegins to evaluatethe usability of robot pro-
grammingtoolsetsusedto createandmaintainconfigurations.It is necessaryto considerusabilityearly in
the develop cycle[4, 10, 14, 15, 26, 33], but when the applicationis available, it mustbe evaluatedas to
its usabilityby the targetaudience.Therearefour popularproceduresto evaluatetheusability of software
packages[23] in theHuman-ComputerInterfacesliterature.Heuristicevaluation[25, 32] asksinterfacespe-
cialiststo studythepackageandlook for aspectsthat,basedon their experience,will beconfusingfor users.
A processcalledGuidelines[31] hasdevelopersrate their systembasedon a list of good interfacedesign
principles.In Cognitivewalkthroughs, developersperformsoftwarewalkthroughsto evaluatetheactionsre-
quiredby the toolsetbasedon a cognitive modelof how userswill expectthe interfaceto work. Usability
testing[14, 23] attemptsto studyandmeasurehow representative usersinteractwith the systemwhile per-
forming realistictasks.Thepeculiaritiesof applyingUsability testingto a robotprogrammingtoolsetarethe
focusof this article.

Thedesiredcharacteristicsof a RobotProgrammingToolsetarepresentedin Section2. TheMissionLab
system,anexemplartoolsetusedto groundthesediscussions,is presentedin Section3. Section4 presents
specifictechniqueswhich canbeusedto establishusabilitycriteriafor toolsets,with Section5 documenting
the usability criteria establishedfor MissionLab. Designingexperimentsto generatevaluesfor usability
criteriais discussedin Section6 while two specificexperimentscreatedto evaluateMissionLabarepresented
in Section7. Theevaluationof experimentaldatais discussedin Section8 with theresultsfor theMissionLab
experimentsanalyzedin Section9. Thesummaryin Section10 concludesthearticle.

2 Robot Programming ToolsetRequirements

Behavior-basedroboticsystemsarebecomingbothmoreprevalentandmorecompetent[5, 22, 8, 27, 13, 9,
16, 1]. However, operatorslacking programmingskills aregenerallyforced to usecannedconfigurations
hand-craftedby experiencedroboticists.This inability of ordinarypeopleto specifytasksfor robotsinhibits
theacceptanceof robotsinto everydaylife. Evenexpertroboticistsareoftenunableto sharesolutionssince
thereis no commonlanguagefor configurationdescriptions. Indeed,a configurationcommonlyrequires
significantrework beforeit canbedeployedon adifferentrobot,evenonewith similar capabilities.

A robotprogrammingtoolsetshouldattacktheseissueshead-on.Currentmethodsfor specifyingmobile
robotmissionsusingtraditionalprogramminglanguagessuchasC++ or LISP mustbereplacedwith visual
programminginterfacesto supportnovice users.The configurationscreatedmustremainarchitecture-and
robot-independentuntil explicitly boundto the target robots,easingthe transformationfrom one system
implementationto another. This independencecoupledwith supportfor multiple codegeneratorsensures
thata wide varietyof robotscanbesupportedfrom a singlehigh-level toolset.Finally, integratedsimulation
andrun-timesupportarerequiredto easetheprocessof evaluationanddeployment.

Toolsetsshouldclearly separatedevelopmenttasks. Skilled developersarethenableto createlibraries
of high-level control abstractionstailoredto a particulartarget taskdomain. Robotcommanderscanthen
select,parameterize,andcombinecomponentsfrom theselibrariesto performa varietyof missions,without
requiringdetailedroboticsknowledge.
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MissionLab[6], presentedin thenext section,is anexampleof a robotprogrammingtoolsetwhich meets
thesegoals(Anotherexampletargetedto industrialroboticsis Onika[29, 11]). MissionLabusestheassem-
blage[18] abstractionto permittherecursiveconstructionof new coherentbehaviorsfrom coordinatedgroups
of otherbehaviors. This allows developersto build librariesof increasinglyhigher-level abstractionswhich
aredirectly tailoredto their end-users’needs.MissionLab’s supportfor thegraphicalconstructionof state-
transitiondiagramsallows the useof temporal sequencing[3] thatpartitionsa missioninto a setof discrete
operatingstates,with assemblagesimplementingeachstate.

3 Example: The MissionLab Robot Programming Toolset

The MissionLabtoolsethasbeencreatedat Georgia Tech as an integrateddevelopmentenvironmentfor
behavior-basedmobile robots. It providesoperatorswith a graphicalconfigurationeditorwhich allows de-
velopingandvisualizingmulti-agentrobotmissions.An integratedsimulatorallows preliminaryevaluation
of missionconfigurationsbeforethey are deployed. MissionLabalso permitsmixing simulatedand real
robotswithin a singlemissionto allow evaluatingthebenefitsof additionalhardware.

This sectionprovidesan overview of the MissionLabtoolsetto groundthe usability evaluationswhich
will follow. In-depthdescriptionsof MissionLabcanbefoundin theMissionLabuser’smanual[6].

3.1 The SocietalAgent theory

The theoreticalbasisof MissionLabis the Societal Agent theory[20, 21], which describesthe recursive
compositionof agentsin bothnaturalandman-madeorganizations.Minsky proposesanagent-basedstructure
of humanintelligencein “TheSocietyof Mind”[24]. TheSocietalAgent theorybroadensthisagentmetaphor
by proposingthatcoordinatedsocietiesof physicalagentscanbeviewedascoherentagentsin theirown right.

Thisprovidesinsightinto therecursivecompositionof societalagents.Consideraherdof buffalomoving
acrossa plain. Eachindividual animalhasa variety of motor behaviors active, suchasherding,obstacle
avoidance,andeating. Eachof thesemotor behaviors canbe representedasan agent. Eachbuffalo is an
agentconstructedfrom its own individual motor behaviors. Within the herd,a cow andher calvesgroup
togetherandform a cow with calf agent. The herditself is an aggregateof all the societalsubgroups
of which it is constituted.As a whole, the herdhasboth speedanddirectionandconstitutesthe top-level
recursively constructedagent.

Examplesarealsocommonin humancircles,with military organizationsbeingthemostprominent.For
example,squadsof soldierstrain, live, andfight togetherwith the intent to form a cohesive squadagent
which is interchangeablewith othersimilarly performingsquadagents.Therearecertainwell documented
commandsandactionswhich eachsquadmustbe capableof carryingout, independentof their particular
individualsubparts.Thisallowsthelieutenantcommandingtheplatoonto planat thesquadlevel, andignore
the detailsand idiosyncrasiesof individual soldiers. Similarly, the company commanderwill abstractthe
platoonsinto coherentobjects,sinceplatoonsalsoconstitutecoherentagents.

3.2 The Configuration Description Language

TheConfigurationDescriptionLanguage(CDL) capturestheSocietalAgent theoryin a recursivecomposi-
tion languagetailoredfor representingbehavior-basedrobotconfigurations.CDL representsonly themission
configuration, not therobot-andarchitecture-dependentimplementationsof thebehavioral primitives.CDL
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encouragescreationof genericmissiondescriptionsby partitioninghardwarespecificinformationfrom the
bulk of theconfiguration,supportedby anexplicit bindingstep.

CDL specifieshow primitivesareinstantiatedandcoordinated,not how they areimplemented.This is
necessaryto allow configurationsto remainindependentof implementationdetails. Eachprimitive must
have a CDL prototypewhich specifieshow it is invoked. An importantfacetof CDL is its supportfor the
constructionof reusableassemblages.This allows building librariesof high-level primitivesfor later reuse.
AssemblagesaredefinedusingthedefAgent keyword andcanbe usedinterchangeablywith primitives.
Thesyntaxandsemanticsof CDL is formally definedin [20, 21] andtheinterestedreadershouldlook there
for in-depthtreatments.

3.3 The MissionLab Toolset
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Figure1: Block diagramof theMissionLabSystem.

TheMissionLabtoolsethasbeendevelopedbaseduponConfigurationDescriptionLanguage.Figure1
shows a block diagramof theMissionLabsystem.Theuserinterfacecentersaroundthegraphicaldesigner
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(ConfigurationEditor- CfgEdit). Fromheretheusercandevelopconfigurations,bindthemto specificrobots,
andgenerateexecutables.The CDL compilergeneratesarchitecture-specificcodebasedaccordingto the
user’s intentions.Built-in supportfor theAuRA [2] architectureallowsdeploying andmonitoringconfigura-
tionson themultiagentsimulatorand/orrobots,all from within MissionLab.

CfgEdit is usedto createandmaintainconfigurations.It supportstherecursive constructionof reusable
componentsat all levels: from primitive motorbehaviors to entiresocietiesof cooperatingrobots. CfgEdit
supportsthis recursivedesignprocessby facilitatingthecreationof coordinatedassemblagesof components
which arethentreatedashigher-level componentsavailablefor later reuse.It allows deferringcommitment
(binding)to aparticularrobotarchitectureor specificvehiclesuntil theabstractmissionhasbeendeveloped.
This explicit binding stepsimplifies developmentof a configurationwhich may be deployed on different
roboticvehicleswith eachperhapsrequiringuseof a differentbehavioral architecture.Theprocessof retar-
getinga configurationwhenhardwarerequirementschangeis thuseased.

MissionLabcurrentlypossessestheability to generatecodefor eithertheARPA UnmannedGroundVe-
hicle(UGV) architecture[13, 12, 27, 28] or for theAuRA architecture[1, 19, 2]. TheAuRA executablesdrive
bothsimulatedrobots,several typesof Denningrobots(DRV-1, MRV-2, MRV-3), anda roboticHUMMER
all-terrainvehicle. Thebindingprocessdetermineswhich compileris usedto generatetheexecutablecode
andwhich librariesof behavior primitivesareavailablefor userplacementwithin thegraphicaleditor. The
MissionLabsystem[30] is availablein bothsourceandbinaryform at
http://www.cc.gatech.edu/ai/robot-lab/research/MissionLab.

3.4 Illustrati ve MissionLab session

Figure 2 shows a screensnapshotof CfgEdit with a military missionto survey a minefield loaded. This
displayis whereend-userswill normallyinteractwith thesystem.Missionsareconstructedby addingstates
andtransitionsto the workspace.Onceadded,theseobjectsarefurther specifiedby choosingappropriate
behavioral andperceptualactionsto carryout their task. Theselectionprocessusespopupmenusshowing
availablelibrary components,eachwith ashortdescription.Figure3 showsascreensnapshotof theselection
popupusedto choosea new behavior for amissionstate.

Oncean appropriatebehavior is selected,it mustbe parameterizedfor the specificmission. Figure4
shows a screensnapshotof theparametermodificationpopupfor theAwayFrom perceptualtrigger, which
specifieswhenabehavioral transitionshouldoccuratacertaindistancefrom adetectedobject.Noticetheuse
of radio-buttonsfor selectingwhichclassesof objectstheperceptualprocessis sensitive to andtheslider-bar
for settingthetriggerdistance.

Thehigh-level abstractionsavailableto themissioncommanderareassemblagesconstructedpreviously
for othermissions(usingtheeditor)thatweresubsequentlyarchivedto thecomponentlibrary. Figure5 shows
thecomponentsof theMoveTo behavioral assemblage.It is built asacooperatively coordinatedassemblage
of threeotherassemblages:Noise, AvoidObstacles, andMoveToGoal. The recursive construction
of componentsat all levels allows designersto focuson building high-level components,tailored to their
specifictargetdomain,yetdraw uponprevioussolutions.

4 EstablishingUsability Criteria

Usability criteria are necessaryand useful during two stagesof a product’s life cycle. First, they should
serve asdesigngoalsto focusdevelopmentefforts. Secondly, whenthe endproductis available,usability
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Figure2: CfgEditdisplayinganexampleMission(encodedasafinite statediagram)to
survey a minefield.

Figure3: Examplelist of behaviorsavailablefor states.

experimentscanmeasurevaluesfor thesemetrics,providing statisticaldatafor determiningthesuccessand
degreeof completionof the developmenteffort. Table1 depictsan exampletechniquefor presentingthe
usabilitymetrics.

Notice that eachline in the table lists a unique tuple combining an attribute and measurablevalue�
usability attribute � value to be measured � andspecifiestargetvaluesfor thatfeature.Us-

ing a tablesuchasthis, the designercan focushis/herefforts on improving performancein areasthat are
important,insteadof wastingtime on improving insignificantaspects.This tablealsoprovidescriteria to
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Figure4: Examplelist of parametersfor AwayFrom perceptualtrigger.

Figure5: ExampleMoveTo assemblage.

objectively determinewhenthedevelopmentprocessis finished.Onceaproductachievesall of theminimum
acceptablevalues,it canbeconsideredsatisfactory. Wenow defineeachof thecolumnsappearingin Table1.

� Usability Attrib utes
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Table1: An exampleusability criteriaspecificationtablefor someindeterminatetask
(After [14], page223). Notice that Usability Attributes are vague
high-level conceptswhile the Values to be Measured are concrete
performancemetrics.TheCurrent Level shows theaverageuserperfor-
manceon existing systems.TheWorst Acceptable Level, theTar-
get Level, andtheBest Possible Level arepredictionsof theav-
erageperformanceof userson thenew system.

Example Usability SpecificationTable

Worst Best
Usability Valueto be Current Acceptable Target Possible
Attribute Measured Level Level Level Level

Novice
performance

Time to perform ac-
tion A

Hours 30minutes 20minutes 5 minutes

Novice
performance

Time to perform ac-
tion B

20minutes 5 minutes 1 minutes 15seconds

TheUsability Attributes arehigh level conceptsthataredeemedimportantto thecustomers,
suchastheperformanceof new users.Thecarefulselectionof attributesis necessaryto ensurethatall
importantfacetsof thehuman-computerinterfacearecovered.For example,thougha lot of attention
is normallyplacedon improving theperformancefor usersfamiliarwith thesystem,all usersbegin as
novices.Therefore,if thesystemis too painful for new usersto learn,therewill beno expertusersto
consider.

� Value to be Measured

TheValue to be Measured selectsa particularaspectof theattributefor whichwe will specify
performancefigures. A particularattribute may have several relevant valueswhich can be usedto
measureaspectsof it. For example,given an attribute suchas“novice userperformance”thereare
many valueswhich canbe measuredto illuminate aspectsof the attribute. A small subsetincludes
“time to performabenchmarktask,” “time to performaparticularaction,” and“numberof errorswhile
performingabenchmarktask.” Theideais to takeahigh-level conceptlike“noviceuserperformance”
anddevelop concretemetricsthat canbe experimentallyverified andwhich provide insight into the
attributeitself. Of course,a particularvaluemayberelevantto multipleusabilityattributes.

� Curr ent Level

TheCurrent Level representstheaverageperformanceachievedby thetargetclassof participants
usingthecurrentstateof theart. In caseswhereusersof theexistingsystemsareunableto performthe
proposedtask,avalueof not possible canbeentered.It is importantto list thesevaluesto setthe
thresholdthenew productmustcompetewith. Thereis little hopefor acceptanceif a new productis
worsethanwhatthecustomersarecurrentlyusing.

� Worst AcceptableLevel
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Theworstacceptablelevelsetstheminimumsfor thedesignprocess.Any valueswhichare,onaverage,
below this thresholdrequirefurther refinementbeforethe productcanbeconsideredfinished. These
valuesarenormallycloseto thecurrentlevelssincecustomerswon’t switchto somethingclearlyworse
thanwhat they currentlyhave. Thesearethe bestestimatesof the levelsbelow which the customers
will not usetheproduct.

� BestPossibleLevel

The upperboundon the level of performancethat could reasonablybe expectedis calledtheBest
Possible Level. This knowledgeis useful to aid understandingof the significanceof the per-
formancevalues. The valueshouldbe setto the highestlevel that could reasonablybe expected,on
average,from usersof thesystem.A usefulmethodto determinethesemaximumsis to basethemon
theperformanceof membersof thedevelopmentteamusingthesystem.It is unlikely thata userwill
everbeasfamiliarwith thesystemasits designersand,therefore,theirperformanceis likely to beless.

� Target Level

Thetargetlevelsdefinewhatthedesignersshouldbestriving towards.Thesegoalscanbesetbasedon
market surveys,predictedcustomerneeds,andotherrelevantinformation.Normally this valuewould
be set last, after the Best andCurrent valuesareavailable to provide guidance. It is important
that the designerhassomeinput into theselevels to ensurethey arerealisticandachievablewith the
availablelevel of personnelandtechnology. It doeslittle goodto settargetsthatareout of reach.

5 Example: MissionLab Usability Criteria

In this section,using MissionLabas a concreteexample,usability criteria are establishedthat serve as a
preludeto an actualusability evaluationof the toolset. (An exampleof analyzingOnika appearsin [11]).
Two primaryobjectiveswereidentifiedasimportantfor theevaluationof MissionLab:

1. Show that it is significantlyfasterto createrobotconfigurationsby usingtheMissionLabtoolsetthan
by writing correspondingC code.

2. Show thattheMissionLabtoolsetis well suitedto theconfigurationdesigntask.

Giventheseobjectives,thefollowing usabilitycriteriaweredeveloped,usingtheproceduresdescribedin
theprevioussection,to ratetheusabilityof theMissionLabconfigurationeditorfor specifyingrobotmissions:

1. Time to add a mission step
The time requiredto adda new stepto a missionis an importantdeterminerin how long it takesto
constructmissionsfrom taskdescriptions.

2. Time to specialize a step
The time requiredto changethe behavior of a stepin a missionsequenceis a predictorof the time
requiredto modify existingconfigurations.

3. Time to parameterize a step
Thetimerequiredto changetheparametersusedby amissionstepalsoimpactsusabilityof thetoolset.
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4. Time to add a mission transition
Thetime requiredto createa new transitionbetweentwo operatingstatesin a missionsequencegives
anindicationof how easilytheuseris ableto manipulatetheconfigurations.

5. Time to specialize a transition
Thetimerequiredto changetheperceptualeventscausingaparticulartransitionin amissionsequence
is apredictorof thetime requiredto modify existingconfigurations.

6. Time to parameterize a transition
Thetime requiredto changetheparametersusedby a perceptualactivity alsoimpactstheusabilityof
thetoolset.

7. Number of compiles required to create a simple configuration
Thenumberof edit/compilationcyclesrequiredto createbenchmarkconfigurationsmeasuresthelevel
of understandingof theusers.

8. Time to create a simple configuration
Thetime requiredto createbenchmarkconfigurationsservesasa yardstickmetric,giving a handleon
theoverallperformanceof thetestparticipantsusingthetoolset.

9. Ability to create a configuration
A binary metric which catalogsthe ability of participantsto successfullycreateconfigurationsusing
thetoolset.

Table2 lists theusabilitycriteriausingthetabular form developedearlier. TheCurrent Level values
area priori estimatesbasedonparticipantsusingatraditionalprogramminglanguage.Thesepredictionscan
bere-evaluatedusingthedatagatheredfrom experiment2 (presentedin Section7.2).TheWorst Accept-
able Levels werepickedarbitrarily by thedesignerasestimatesof theperformancelevelsbelow which
experiencedprogrammerswill avoid usingthe system.Theselevels areintendedto be slightly lower than
the performanceof programmersusingthe C language.The systemwill be acceptableif experiencedpro-
grammerssuffer only a mild drop in productivity, sincethesystemwill alsoempower non-programmers,as
reflectedin Attribute9. For this classof novice roboticistswearelooking for a clearimprovement,from not
beingableto specifymissions,to thesuccessfulconstructionof robotconfigurations.TheBest Possible
Levels weredeterminedbasedon theperformanceof thedeveloper. Thesevaluesarelikely unapproach-
ableby all but veryexperiencedusers.TheTarget Levels reflectthedesigngoalsof theproject.These
numberswereselectedastargetsfor thedevelopmenteffort to provideaclearbenefitto usersover traditional
programminglanguages.

6 DesigningUsability Experiments

Oncemetricshavebeenspecifiedandthevariousvaluesselected,it is necessaryto determinehow datacanbe
gatheredto allow measuringthelevelsfor themetrics.This is not aneasytaskandrequirescarefulplanning
andexecutionto preventbiasandnoisefrom swampingtheunderlyingdata.

Objective methodsfor datagatheringgenerallyinvolve testsubjectsusingthe systemundercontrolled
conditions[17]. Commonly, the software is instrumentedto gatherkeystroke and timing information that
will allow determininghow theuserperformedcertaintasks.Theexperimentsarebestif administeredby a
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Table2: TheMissionLabusabilitycriteriaspecificationtable.

MissionLab Usability SpecificationTable

Worst Best
Usability Valueto be Current Acceptable Target Possible
Attribute Measured Level Level Level Level

1.
Noviceuser
performance Timeto addamissionstep 1 Min 30sec 10sec 1 sec

2.
Noviceuser
performance Timeto specializeastep 2 min 1 min 30sec 3 sec

3.
Noviceuser
performance Timeto parameterizeastep 1 min 1 min 30sec 2 sec

4.
Noviceuser
performance Timeto addamissiontransition 1 min 30sec 10sec 2 sec

5.
Noviceuser
performance Timeto specializea transition 2 min 1 min 30sec 3 sec

6.
Noviceuser
performance Timeto parameterizea transition 1 min 1 min 30sec 2 sec

7.
Noviceuser
performance

Number of compilesto createa
configuration 4 5 2 1

8.
Noviceuser
performance

Timeto createasimpleconfigura-
tion 20min 20min 15min 5 min

9.
Non-programmer
performance Ability to createconfigurations No Yes Yes Yes

third partyobserver to remove biasandto keepthe developersfrom interjectingknowledgenot commonly
available.Thisobserver is responsiblefor logginginterestingeventsin a journalof theexperiment.Theses-
sionsarealsovideotapedto providea methodfor closerandrepeatedexaminationof interestingdetails(and
asa permanentrecordin caseof disagreementswith participants).Althoughthesesteriletestenvironments
clearlyimpactparticipantperformance,they doallow objectivecomparisonsbetweencompetingtechniques.

It is importantto notethatbeforeconductingexperimentssuchastheseinvolving humansubjects,it is
necessaryto gainapproval at mostinstitutionsfrom an oversightorganization.At Georgia Techthis is the
HumanSubjectsBoard. Theseexperimentswere approved for this project, by that board,contingenton
participantsreadingandsigningtheinformedconsentform reproducedin Figure6.

Gatheringthe datausingobjective methodsis clearly preferable,but not alwayspossible. Certainat-
tributes(i.e., initial impression,usercomfort,etc.) areby naturesubjective andbestgatheredvia question-
nairesandinformaldiscussions.Of course,thequestionsmustbecarefullycraftedto minimizesamplingbias.
TheQuestionnairefor UserInterfaceSatisfaction(QUIS)[7] hasbeendevelopedat theUniversityof Mary-
landasa generalpurposeuserinterfaceevaluationtool andhasundergoneextensive testingandvalidation.
TheQUIS testcanprovideastartingpoint to creatinga customizedtestto extractthedesiredinformation.
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Figure6: Thisconsentform wasapprovedby theGeorgiaTechoversightboardfor use
in theusabilityexperiments(Patternedafter[14], page300).

12



7 MissionLab Usability Experiments

Wenow presenttwo usabilityexperimentswhichweredevelopedto allow establishingvaluesfor theusability
attributesin Table2. In Experiment1 the participantsconstructa seriesof configurationsto achieve writ-
tenmissionspecificationsusingthegraphicalconfigurationeditor. Experiment2 repeatstheprocessfor the
subsetof subjectsin Experiment1 comfortableusinga traditionalprogramminglanguage.Sinceparticipants
conductExperiment2 usingconventionaltext editors,it is necessaryto exercisecarein the experimental
proceduresto ensurethatasmany of theusabilityattributesaspossiblearebeingmeasuredaccurately. Par-
ticipantswereasked a priori if they werefluent in theC programminglanguage.Of thoseansweringyes,
half wererandomlyassignedto completeExperiment1 first andtheremaindercompletedExperiment2 first.
Thiswasintendedto allow measuringthelearningeffectwhich aidedthesecondexperimentperformed.

Theremainderof thissectionpresentsthedevelopmentof theexperiments;theproceduresto befollowed
in carryingthemout,thenatureandtypeof datagenerated,andtheevaluationmethodsfollowedin analyzing
thedata.

7.1 Experiment 1: CfgEdit Mission Specification

7.1.1 Objective

Determine the performanceof noviceand expert usersspecifyingbenchmark robot missionsusing the
Configuration Editor.

Therearetwo targetaudiencesfor MissionLab: Non-programmerswho areableto usethe toolset,and
expertprogrammerswho cansuccessfullyutilize bothMissionLabandtraditionalprogramminglanguages.
Test participantsare drawn from both participantpools for this experiment. This allows testingboth the
hypothesisthatskilled programmerscanutilize theMissionLabsystemwith little drop in productivity after
minimal training,andthat thereexistsa groupof peoplewho cancreatea MissionLabconfigurationbut are
unableto constructthecorrespondingcodedirectly.

To evaluatethis researchproject’s military relevance,an attemptwas madeto include a numberof
U.S. Army Reserve Office Training Corps(ROTC) studentsas test participants. This allows testing the
claim thatmany will beableto modify a MissionLabconfigurationbut unableto manipulatecorresponding
configurationswritten in traditionalprogramminglanguages.If a significantnumberof the ROTC partici-
pantsareableto usetheMissionLabtoolset,it will explicitly show theimpactof this researchfor themilitary
community.

7.1.2 Experimental Setup

An independentthird partyobserverconductsandmonitorstheexperimentsto ensureimpartiality.

TestEnvir onment

1. A smallquietroomwhereparticipantscanbeobservedunobtrusively.

2. Videotapeequipmentto recordthesession.

3. An X Window-basedworkstation(SUN SPARC 10).
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DesiredTestparticipants
Thebroadestspectrumof peoplepossibleshouldberun throughthis experiment.How thesetestpartici-

pantsarechosenaswell astheir numbershave thelargestimpacton thesignificanceof thetestdata.Ideally,
a randomsampleof potentialuserslargeenoughto ensurestatisticalsignificanceshouldbeusedassubjects.

Unfortunately, thenumberof testsubjectsnecessaryto ensurestatisticalsignificanceis dependenton the
expectedvariancein the datato be gathered.Therefore,asa first step,the testpool suggestedbelow will
provideastartingpoint to estimatetheexperimentalparameters.Thedatagatheredfrom thisgroupcannotbe
assuredto bestatisticallysignificanta priori but, evenwithout thoseassurances,it shouldprovideinsightinto
whethertheclaimsaresupportedat all by experimentalevidence.This initial datawill alsobeconducive to
refiningtheseexperimentsandprovide guidancefor a betterselectionof thesubjectpool for similar studies
undertakenby otherresearchers.

Thetime requirementfor eachparticipantis 2 hours.Theactualnumberandskill setsof theparticipants
is generallygovernedby the breakdown of peoplevolunteeringto participate. As an initial guideline,the
desiredtestparticipantsareasfollows:

1. ���
	 ROTC students

2. ���
	 CSstudentsfamiliarwith C

3. ���
	 individualsfamiliarwith theMissionLabtoolset

4. ���
	 participantswith randomskill levels

Software

1. GNU C compilerversion �
��� or newer

2. MissionLabToolsetversion ��� � with loggingenabled

Tasks

1. Deploy a robotto moveto a flag,returnto homebase,andstop.

2. Deploy arobotto retrieveminesonebyone,returningeachto theExplosiveOrdinanceDisposal(EOD)
area.Whenall theminesaresafelycollected,therobotshouldreturnhomeandstop.

3. Deploy a robot to retrieve a specifiedflag while avoiding surveillance.Allow therobot to move only
whenthemissioncommandersignalsit is safe.

4. Deploy a robot to explorea minefield. Eachpossibleminemustbeprobed.If it is dangerousmarkit
asa mine; if it is safe,markit asa rock. Therobotshouldreturnhomewhenall unknown objectsare
marked.

5. Deploy a robot for sentryduty. Chaseandterminateany enemyrobots,thenreturnto guardinghome
base.

Programming Model
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1. All of theconfigurationscreatedby theparticipantsareexecutedin simulationfor thisevaluation.Since
we aregatheringmetricsconcerningthemissiondevelopmentprocessandnot concentratingon their
execution,it is felt thatlittle wouldbegainedby imposingtheadditionalcomplexity requiredto deploy
eachconfigurationon real robots. This alsoallows the simulatedhardwareto be idealizedto reduce
complexity.

2. The simulatedrobotspossessa completeand perfectsensormodel, allowing determinationof the
identity, color, andrelativelocationof all objectswithin rangein theirenvironmentwith asinglesensor
reading.

3. Theenvironmentalobjectsarepartitionedinto four physicalclasses:Fixed,movable,containers,and
robots.Eachobjectcanbeany color although,for theseexperimentsa classificationbasedon color is
createdandenforced.Minesareorange,enemyrobotsarered,flagsarepurple,EODareas(containers
whereminescanbeplaced)aregreen,rocksareblack,treesandshrubsaredarkgreen,homebaseis a
white rectangle,andunknown objects(eithera mineor a rock)arebrown.

4. Whena mine is beingcarriedby a robot or residingwithin oneof the EOD areasit is not visible to
any of the robot’s sensors.This includesthe robotcarryingtheobjectandany otherrobotsoperating
within theenvironment.

5. To simplify thecontrolsoftware,therobotsin thisstudyareidealizedholonomicvehicles.Thismeans
thatthey canmove in any directionandneednot dealwith turningradiusissues.Thesystemdoesnot
simulatevehicledynamics;only themaximumrobotvelocity is restricted.

Theseidealizationsandsimplificationsresult in a straightforwardprogrammingmodelpresentedto the
testparticipants.It becomeseasierto explainandfor themto understandtherequirementswithoutdetracting
from the validity of the missionconfigurationusability experimentsthemselves. Sincethe modifications
applyequallyto eachparticipant,any resultingbiasis eliminatedin thecomparisons.

7.1.3 Experimental Procedure

The participantswere given oral and written specificationsfor a seriesof five tasks,one at a time, and
instructedto createrobot configurationswhich fulfilled thosemissionrequirements.The sameuninvolved
third partywasusedasthe instructorfor all of theexperiments.All interactionsbetweenthe instructorand
theparticipantwerescriptedto ensureconsistency. If any questionswereaskedby participantsafterthey had
beguna task,thatsessionwasmarkedasincomplete.

1. Participantsreadandsignedtherequiredinformedconsentform.

2. Participantsweregivena tutorial introductionto theMissionLabgraphicalconfigurationeditor. This
providedan introductoryoverview of the MissionLabtoolsetandhelpedthe participantsbecomefa-
miliar with usingthesystem.Thetutorialscripthadtheparticipantsconstructasimpleconfigurationin
cooperationwith thepersonmonitoringtheexperiments.Thetaskwasto causearobotto movearound
pickingupmines.Theobserverassistedtheparticipantsin completingthistask,usingit to demonstrate
usageof thetoolset.

3. Repeatedfor eachof the5 tasks:
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(a) Gavetheparticipantsthenext taskdescriptionandaskedthemto constructaconfigurationwhich
achievedit.

(b) At this point, the observer left the room andonly offeredassistancewhenthe testparticipants
askedfor aid. Thispolicy allowedthetestparticipantsto decidefor themselveswhenthey reached
a stumblingblock, andkept the observer from interjectinghelp whenit may not have beenre-
quired.This alsoallowedall helpto beloggedandattemptedto preventbiasfrom creepinginto
theexperimentsfrom unequalamountsof helpbeinggivento certainparticipants.

(c) The testparticipantsusedtheconfigurationeditor to constructa configurationwhich performed
thedesiredtask,compilingandtestingtheirsolutionsusingtheMissionLabcompilationfacilities
andsimulationsystem.

(d) Whentheuser-createdconfigurationcorrectlycompletedthetask,or if theparticipantswerenot
finishedwithin 20 minutes,the testingobserver re-enteredthe room. If theparticipantbelieved
they had completedthe task, they then demonstratedtheir solution in both of the test worlds
provided.Theexperimentwasonly markedassuccessfulif their solutionperformedcorrectlyin
bothtestcases.At thispointany questionswereansweredand,if theparticipants’solutionswere
incompleteor incorrect,they werecorrectedandmissingportionsexplainedbeforethenext task
wasintroduced.

4. After completingasmany of thetasksaspossiblewithin 2 hours,thesessionconcludedwith asurvey.

7.1.4 Natureand Typeof Data Generated

Metricsmeasuringtheperformanceof eachparticipantaregatheredby instrumentingtheMissionLabsystem,
by theexperimentobserver, via videotape,andthroughparticipantsurveys.Theresultsareusedto determine
how theMissionLabsystemperformsagainsttheresultsgatheredin Experiment2,andto evaluateits usability
in general.For bothExperiment1 andExperiment2, at leastthe following datavaluesweregeneratedfor
eachsubjectcompletingoneof the5 tasks:

1. Timeexpendedcreatingeachconfigurationuntil first compile.

2. Log of thedurationsof compilations.

3. Log of thelengthof intervalsbetweencompilations.

4. Numberof compilationsbeforerunningthesimulator.

5. Numberof compilationsafterfirst simulationuntil eachtaskis completed.

6. Time requiredto finish eachtask. If theparticipantfails to completethe task,theobserver estimates
theirprogresstowardsa solution( � , �� , �� , �� ).

7.2 Experiment 2: Mission SpecificationusingC

7.2.1 Objective

Determine the performanceof participants on taskssimilar to Experiment 1 when using a traditional
programming language.
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This experimentis intendedto provide dataallowing a directcomparisonto thedatagatheredin Exper-
iment1. Ideally, thesamesubjectpool shouldperformboth this experimentandExperiment1 in a random
order. Thereshouldalsobe at leasta oneday breakbetweenthe two experiments.Of course,participants
whoarenotprogrammerswill beunableto performthisexperiment.Giventhegoalof duplicatingasclosely
aspossibleconditionsin Experiment1, theproceduresandtasksarethesameasin Experiment1 exceptfor
differencesnotedbelow.

7.2.2 Experimental Setup

SameasExperiment1, with thefollowing exceptions:

DesiredTestParticipants
SameasExperiment1, exceptfor theadditionalrestrictionthat they needto befluentin theC program-

ming language.

Software

1. GNU C compilerversion �
��� or newer

2. Currentversionsof vi andemacs editors

3. MissionLabsimulationsystemVersion ��� �

7.2.3 Experimental Procedure

SameasExperiment1, except that the tutorial alsopresentsa library of behaviors andperceptualtriggers
that canbe calledfrom a traditionalprogramminglanguage.Insteadof presentingthe graphicaleditor, the
mechanicsof editing,compiling,andrunningprogramsarepresented.

TheparticipantsaregiventheexactsametaskdescriptionsasExperiment1 andaskedto constructcon-
figurationsby handto achievethem.Testparticipantsareallowedto usetheir favorite text editorto construct
theconfigurations,andthey evaluatetheir solutionsusingthesameMissionLabsimulationsystemasin Ex-
periment1.

An equivalentsetof motorbehaviorsandperceptualactivities(triggers)areprovidedascallablefunctions.
A sampleC programwhich causesthe robot to simply wanderaboutis given to the participantsasa base
on which to createtheir solutions. Effectively, the subject’s job is to constructby handthe missionstates
andtransitionsthatCfgEdit generatesfrom thegraphicaldescriptions.This is intendedto giveprogrammers
everyadvantagein reproducingtheMissionLabcapabilities.Startingthemoutwith lesssupportwould force
themto take far longerto createasolution.

7.2.4 Natureand Typeof Data Generated

Metrics measuringthe performanceof eachparticipantare gatheredby instrumentingthe build and run
scripts,by the experimentobserver, via videotape,and throughparticipantsurveys. Thereare no event
logging capabilitiesavailableduring the editing processas in Experiment1. Therefore,the datagathered
during this experimentneedsto centeron loggingwhenthey startandstopediting,compiling,andrunning
their configurations.As a minimum,thefollowing datavaluesaregenerated:

1. Timeexpendedcreatingeachconfigurationuntil first compile.
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2. Log of durationsof compilations.

3. Log of intervalsbetweencompilations.

4. Numberof compilationsbeforerunningthesimulator.

5. Numberof compilationsafterfirst simulationuntil eachtaskis completed.

6. Time requiredto completeeachtask. If the participantfails to completethe task, the observer will
estimatetheir progresstowardsasolution( � , �� , �� , �� ).

8 Evaluating Usability Experimental Results

Thepurposeof usabilityexperimentsis to establishvaluesfor certainusability criteria. Although raw data
is gatheredin several forms, themostdetailedinformationis found in event logsgeneratedby thesoftware
while participantsperformthe experiments.A carefuldesignof the event logging facilities is necessaryto
ensurethat thedesiredfacetsareproperlyrepresentedin the logs. A simpleformatrepresentseachentryas
having a time stamp,thekeywordstart, end, or event followedby informationto identify theeventor
actionwhich took place. This type of log file is easyto generateby instrumentingthe software. It is also
straightforwardto generatea parsingtool to computestatisticsfrom theeventlogs.

If we are interestedin establishingthe durationof Action01 basedon the event logs, the parsetool
would extract a list of the durationsof theAction01 events. Theseraw durationscanthenbe correlated
with theclassesof users,visualizedto look for correlations,andmeaningfulstatisticssuchasmode,mean,
andstandarddeviationcanbecomputed.Usingthesestatistics,themeasuredvaluesfor theusabilitycriteria
canthenbedetermined.

9 Resultsof MissionLab Usability Experiments

9.1 Experiment 1 Resultsand Evaluation

Usabilityexperiment1 wasconductedusingtheMissionLabtoolsetin orderto establishvaluesfor thevarious
usabilitymetricsfor novice andexpertusers.Thetaskinvolvedspecifyingbenchmarkrobotmissionsusing
thegraphicaleditor. Thetestswereconductedin theGeorgia TechUsability Lab. The lab is outfittedwith
one-waymirrorsandvideocameraswhich allow monitoringandrecordingtheexperimentsfrom outsidethe
room.A third partyconductedtheexperimentsto ensureconsistency andimpartiality. All experimentswere
videotaped,and logging datawasgatheredboth by the proctorandautomaticallythroughthe MissionLab
software.

Twelve peopleparticipatedin this experimentandareidentifiedwith a numericcoderangingfrom 1 to
12. Theskill setof theparticipantswasasfollows:

� � ROTC student:
Participant12.

� � peoplefamiliarwith theMissionLabtoolset:
Participants2, 5, and6.
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��� peoplewith no programmingexperience:
Participants1, 3, 7, 10,and12 (Notethat12 is alsotheROTC student).

��� peoplewith programmingskills, but no MissionLabexperience:
Participants4, 8, 9, and11.

Figure7: A representativetasksolutionfor Experiment1.

Thisexperimentrequiredparticipantsto constructsolutions,similarto theoneshown in Figure7, for each
of thefivetasksdescribedearlier. Figure8 showsanannotatedportionof aneventlog generatedautomatically
by theMissionLabsystemwhile a userconstructeda configuration.Thelogscanbeusedto reconstructthe
numberanddurationof many typesof eventsoccurringduringtheexperiments.Eventsincludeaddingstates
andtransitions,selectingnew agentsfor tasksandtriggers,parameterizingthoseagents,andcompilationand
executionof theconfigurations.For example,thetimeto specializeastep(Modify Agent)occursin Figure8
from time 58.3to time 61.8in thelog. This interval startedwhentheuserclickedtheright mousebuttonon
state2 to chooseanew taskandendedwhentheuserselectedMoveTo from thepopupmenuof tasks.

A statisticalanalysisof thevariancein themeasuredparametersis necessaryto determinethesignificance
of the datagathered.Computingthis varianceallows researchersto understandto what extent the datais
predictive for future research.ComparisonsbetweenExperiment1 andExperiment2 shouldbe madeas
pairedsampleswhenthesamepersonperformsbothexperimentssincetheperformanceof differentsubjects
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// Information to identify event file //
0.0: start Session
0.1: status StartTime "827354547.5"
0.2: status Task "4"
0.3: status Subject "0"

// A new state was added to workspace //
16.2: start PlaceState "State1"
16.8: end PlaceState

// A state was moved to a new location //
19.9: start Move
20.7: end Move

// A transition was added to connect two states //
21.7: start AddTransition Trans1
22.8: status FirstState
23.6: end AddTransition

// State2 was changed to the MoveTo behavior //
58.3: StartModify Agent State2 "Stop"
61.8: EndModify Agent "MoveTo"

// Unknown objects targeted for MoveTo //
64.3: StartModify Parms State2 "MoveTo None"
67.1: EndModify Parms "MoveTo Unknown objects"

// Transition 1 was changed to Detect trigger //
276.1: StartModify Agent Trans1 "FirstTime"
280.5: EndModify Agent "Detect"

// Transition 1 was changed to detect Mines //
340.9: StartModify Parms Trans1 "Detect None"
343.9: EndModify Parms "Detect Mines"

// Configuration compiled successfully //
538.4: event StartMake
602.6: event GoodMake
605.7: event EndMake

// The Configuration was executed //
607.2: start Run
678.7: end Run
824.2: end Session

Figure8: An annotatedportionof a MissionLabeventlog. Commentsareenclosedin
// // brackets. Thenumbersarethetime theeventoccurred(in seconds)
afterthestartof theexperiment.

likely hasmorevariability thanfor the sameindividual. Thedetailedanalysisof theseexperimentscanbe
foundin [20].

As a concreteexample,considerhow theTime to specialize a step valuewasdetermined.
Whena new stepis addedto a missionit defaults to the Stop behavior. Usually this is not the desired
behavior andthestepmustbespecializedby selectingthecorrectbehavior from a popupmenu.TheTime
to specialize a step attribute measuresthe time it takesfor a userto completethis specialization

20



task.Thisactionis measuredfrom thetime theuserclicks themiddlemousebuttonon thestateuntil theleft
mousebutton is clickedon theOK button in the popupwindow. Thesepointsaredenotedin theevent logs
with theStartModify Agent andEndModify Agent events.

Figure9 graphicallyshowsthelengthof timetakenby eachparticipantto specializesteps.Thegraphsfor
eachparticipantarestackedon top of eachotherfor easeof comparison.Figure10 is a histogramshowing
thedistributionof thisdata.Thehorizontalresolutionof thisgraphis 1 second.Thepeakin thisgraphmarks
themodeat3 seconds.Thissuggeststhatexpertusersrequireabout3 secondsto chooseanew behavior for a
step.Themeasuredvaluefor theTime to specialize a step attributefor noviceusersis computed
astheaverageof the260datapoints.This worksout to 	������ secondswith a very high standarddeviation of
5.86seconds.The30secondtargetvaluewaseasilysurpassedby thesenoviceusers.Theestimatedtimefor a
programmerto modify aC file to invokeadifferentbehavior was2 minutes,showing thebenefitsMissionLab
usersgain.

Thelongright-handtail on thedistributiongraphin Figure10aswell asthevariability in Figure9 appear
to show a consistentdifferencein performancebetweennovice andexpert userson completingthis action.
Looking at Figure9, Participants5 and6 did quitewell on this taskandgeneratedtimesconsistentlyin the
5 secondrange.Comparethoserecordswith Participants7, 10,11,and12who exhibit fargreatervariability
andnumeroustimesin the20 and30 secondranges.Theselong periodsareinstanceswheretheuserswere
confusedaboutwhich behavior to select.This suggeststhatthemethodusedto presentthebehavior choices
is confusingandmayrequirereworking to beusefulto peopleunfamiliarwith robotics.

Valuesfor theremainingusabilitycriteriarelevantto experiment1 wereestablishedsimilarly. Theactual
valuesfor theusabilitycriteriawereestimatedusingtheaveragedurationsmeasuredduringtheexperiment.
Figure11presentstheseresultsin tabular form. Noticethatall timeswerelessthan25%of thetargetvalues,
andmany show far betterimprovements.This demonstratesthat thesystemis quiteeasyfor novicesto use
to constructandevaluaterobotmissions.

9.2 Experiment 2 Resultsand Evaluation

Experiment2 wasusedto provideadirectcomparisonof theperformanceof participantsusingthegraphical
editor versusthe traditionalprogramminglanguageC. Participantsfrom the samesubjectpool performed
both this experimentand Experiment1 in a randomorder. Therewas a several day breakbetweenthe
two experimentsto attemptto minimize the benefitsassociatedwith repeatingthe sametasks. Of course,
participantswho werenot programmerswereunableto performthis experiment.The primarygoal wasto
duplicateconditionsin Experiment1 ascloselyaspossibleexceptfor theuseof theC programminglanguage.

Eachof thepeoplewhovolunteeredfor Experiment1 wereaskedif they werefluentin theC programming
language.Thosewhowereableto programin C wereaskedif they wouldbeableto takepartin two sessions.
Threeparticipants(4,5and6) couldprogramin C but wereunableto participatein morethanonesessionand
only completedExperiment1. Five of the participants(1,3,7,10and12) wereunableto programin C and
thereforedidn’t completeExperiment2.

This left four participants(2,8,9, and 11) who completedboth Experiment1 andExperiment2. The
numericcodesassignedto theseparticipantsmatchthosefrom Experiment1. Two of theparticipantswere
randomlyselectedto completeExperiment2 beforeExperiment1 andtheothersdid Experiment1 first.

A library of C functionswhichreproducedthebehaviorsavailablein thegraphicaleditorwascreatedand
providedto theparticipants.A stubprogramandscriptsto build andexecutetheconfigurationsrequiredthe
participantsonly to createasuitablestatemachineto completethemissions.ThestandardUNIX text editors
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NoviceUser Performance

Target Measured Standard
Valueto beMeasured Level Value Deviation

Time to adda missionstep 10 sec 2.2sec 1.9sec

Time to specializea step 30 sec 6.2sec 5.9sec

Time to parameterizea step 30 sec 4.1sec 2.1sec

Time to adda missiontransition 10 sec 2.6sec 1.5sec

Time to specializea transition 30 sec 4.9sec 5.0sec

Time to parameterizea transition 30 sec 4.0sec 2.9sec

Numberof compilesto createconfiguration 2 2.0 1.7sec

Time to createasimpleconfiguration 15 min 7.4min 2.4min

Figure11: Experiment1 establishedvaluesfor theusabilitycriteria

vi andemacs wereavailablefor theparticipants’use.ThesameMissionLabsimulationsystemwasused
to evaluatetheir solutionsasin Experiment1.

Due to the useof standardUNIX tools, the ability to automaticallylog editing eventswas lost in this
experiment.Thevideotapetakenof theexperimentswasshotovertheshoulderof thetestparticipantsandnot
of sufficientquality to recreatetheir editsession.However, by instrumentingthebuild andrunscripts,useful
informationwasstill gathered.Figure12showsanannotatedeventlog from this experiment.Thecomments
areenclosedin // // brackets.Thestartof theexperimentis logged,alongwith thetasknumber. Thestart
andendtimesfor eachcompilearealsorecorded.Thisallowscountingthenumberof compilationsaswell as
computingthetime theparticipantspenteditingtheconfiguration.Thestartandendtime for eachexecution
of theconfigurationin thesimulationsystemis alsologged.

Figure 13 shows a representative solution for a task in Experiment2. Eachparticipantconstructeda
robot command functionwhich calledthe library of behaviors andperceptualprocessesto completethe
mission.Thissupportlibrary exactlymatchedthoseavailablein thegraphicalconfigurationeditor.

9.2.1 Time to createa simpleconfiguration

Figure14 presentsedit timesfor theparticipantsusingtheC programminglanguage.Figure15 graphsthis
dataandalso the correspondingtime spendediting in Experiment1 for the four peoplewho participated
in both experimentsto allow a closercomparison.Thereare12 instanceswherethe time taken using the
graphicaluserinterface(GUI) is lessthat whenusingC. Thereis oneclearcaseof the GUI taking longer
and4 exampleswherethetimesarequitesimilar. Theseresultsshow usingtheGUI speedsthedevelopment
process.

Noticethatonly Subjects2 and11wereableto dobetterusingC thanwith theGUI (ononly oneof the5
taskseach).This is interestingsinceSubjects2 and11performedtheGUI portion(Experiment1) beforethe
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// Started the experiment //
Wed 10:56:37 AM, Mar 20 1996

Starting task 3
// 1st build of the solution //
Wed 11:03:28 AM, Mar 20 1996

Start make
Wed 11:03:36 AM, Mar 20 1996

End make
// 1st build of the solution //
Wed 11:04:07 AM, Mar 20 1996

Start make
Wed 11:04:11 AM, Mar 20 1996

End make
// 2nd build of the solution //
Wed 11:05:08 AM, Mar 20 1996

Start make
Wed 11:05:23 AM, Mar 20 1996

End make
// 1st run to check correctness //
Wed 11:05:24 AM, Mar 20 1996

Start run
Wed 11:05:54 AM, Mar 20 1996

End run
// 2nd run to check correctness //
Wed 11:06:20 AM, Mar 20 1996

Start run
Wed 11:06:57 AM, Mar 20 1996

End run

Figure12: An annotatedportion of an event log from Experiment2. Commentsare
enclosedin // // brackets.

C session(Experiment2). It appearsthat thereis a speed-upfrom performingthesameexperimentsagain
usingtheothermodality. However, eventheseparticipantsperformedthetasksfasterusingtheGUI for the
othertasks.

Theexperimentwasstructuredto allow a direct comparisonbetweenthe graphicalconfigurationeditor
andtheC programminglanguage.Theresults,summarizedbelow, clearlydemonstratetheadvantagesof us-
ing thegraphicaleditoroverhand-craftingsolutionsin C. For the4 peoplewhocompletedbothExperiment1
andExperiment2:

� In 12instancesparticipantscompletedataskfasterusingtheMissionLabconfigurationeditorthanthey
completedthesametaskusingC.

� In only oneinstancedid aparticipantcompleteataskfasterusingC thanusingtheconfigurationeditor.
Note: Thisoccurredon Task5 andtheparticipanthadpreviouslycompletedtheGUI portion.

� In 4 casestimesweresimilar.
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Vector robot_command()
{

static int status = 0;
if(SigSense(SAFE))
{
switch (status)
{

case 0: /* At start */
status = 1;
return MoveTo(flags);

case 1: /* On way to flag */
if(Near(flags,0.1))
{
status = 2;
return Stop();

}
return MoveTo(flags);

case 2: /* At flag */
status = 3;
return Stop();

case 3:
if (Near(home_base,0.1))
return Stop();

return MoveTo(home_base);
}

}
else return Stop();

}

Figure13: A representative tasksolution

� In general,thetimesrequiredto generatesolutionsusingtheconfigurationeditorweremoreconsistent.

� Theaveragetimerequiredby the4 participantsfor eachtaskwas12.4minutesusingC and5.9minutes
usingtheconfigurationeditor.

� Theaveragenumberof compilationswas4 usingC andonly 2 usingtheconfigurationeditor.

9.3 Summary of Experimental Results

Valuesfor varioususabilitycriteriafor thegraphicaleditorwereestablishedusingeventloggingdatagathered
in Experiment1. Table3 is a reproductionof Table2 with themeasuredvaluescolumnadded.This presents
theusabilitycriteriain tabular form for easeof comparison.Noticethemeasuredvaluesareall farsuperiorto
theexpectedvalues.However, thelargeamountof variancein thetimeusersspentpickingnew behaviorsand
perceptualactivitiespointsoutsomeremainingdifficulty in thatarea.A popupwindow currentlypresentsan
alphabeticallist of choices,eachwith a shortdescription.More effort is neededin bothnaming,describing,
andvisualizingthebehaviorsandperceptualactivities in orderto make their usagemoreapparent.
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Edit time usingC

Participant Task1 Task2 Task3 Task4 Task5� �
547 1383 951 600 630!#"
834 1342 526 766 —$#"
635 626 413 659 538%&%&�

1057 725 407 1269 241
1. PerformedtheGUI tasksfirst.
2. PerformedtheC tasksfirst.

Figure14: Total edit time (in seconds)whenusingthe C programminglanguage.A
dash(—) indicatestherewasn’t time to work on thattask.

10 Conclusions

In order to ensurethe acceptanceof theseproductsby end-users,usability methodsmustof necessitybe
introducedto robotics. This article hasdescribedmethodsand techniquesby which robot programming
toolsetscanbe analyzedalongtheselines. Choosingtarget valuesfor usability criteria providesdesigners
with metricsusefulto determinewhereto focustheir efforts anda yardstickto establishwhendevelopment
is complete.

Themeansby whichusabilityexperimentscanbedesignedandadministeredto generateandanalyzedata
relevantfor thisevaluationprocesshasbeenprovided.It is importantthatsuchexperimentsbewell designed
andimpartiallyadministeredin orderto minimizebiasandvariability in thedata.

Beforerobotscanmoveinto commonuseamongnon-programmersit is necessarythatthey becomeeasier
to task.Missionspecificationmustbestraightforwardandroutine.This articlehaspresenteda foundational
methodologyfor theevaluationof robotictoolsets,hopefully, leadingothersin thefield to considertheneeds
of targetconsumersof this new technologyin anew light.
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Table3: The MissionLabusability criteria with the experimentallymeasuredvalues
included.

MissionLab Usability Criteria

Worst Best
Usability Valueto be Current Acceptable Target Possible Measured
Attribute Measured Level Level Level Level Value

1.
Noviceuser
performance Timeto addamissionstep 1 Min 30sec 10sec 1 sec 2.2sec

2.
Noviceuser
performance Timeto specializeastep 2 min 1 min 30sec 3 sec 6.2sec

3.
Noviceuser
performance Timeto parameterizeastep 1 min 1 min 30sec 2 sec 4.1sec

4.
Noviceuser
performance

Timeto addamissiontran-
sition 1 min 30sec 10sec 2 sec 2.6sec

5.
Noviceuser
performance

Time to specializea transi-
tion 2 min 1 min 30sec 3 sec 4.9sec

6.
Noviceuser
performance

Time to parameterizea
transition 1 min 1 min 30sec 2 sec 4.0sec

7.
Novice userper-
formance

Numberof compiles
to createaconfiguration 4 5 2 1 2.0

8.
Novice userper-
formance

Timeto createa
simpleconfiguration 20min 20min 15min 5 min 7.4min

9.

Non-
programmerper-
formance

Ability to createconfigura-
tions No Yes Yes Yes Yes

10.
User
acceptance Generalfeelingafteruse N/A medium good great good
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