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Abstract

TheSNePSresearchgrouphasbuilt severalimple-
mentationsof an embodiedcomputationalcogni-
tive agentcalled Cassie,basedon the Grounded
Layered Architecture with Integrated Reasoning
(GLAIR). In this documentwe describea new im-
plementation,in whichCassie'sbodyandtheworld
aresimulatedin CrystalSpace,anenvironmentfor
building 3-D games.We describetheimplementa-
tion of Cassiein a CrystalSpaceenvironmentin-
cluding her currentsuite of actionsand her sim-
ulatedvision system. CrystalCassieis a tool for
cognitive modelingandtestingcognitive theories.
Webrie�y discussour �rst useof theresultingsim-
ulatedcognitiveagentandourexperiencesusingan
off-the-shelf3-D productto build acognitiveagent.

1 Intr oduction
TheSNePSresearchgrouphasbuilt severalimplementations
of anembodiedcomputationalcognitive agentcalledCassie
[Shapiro,1998; Shapiroet al., 2000; Shapiroand Ismail,
2001], basedon theGroundedLayeredArchitecturewith In-
tegratedReasoning(GLAIR) [Hexmoor et al., 1993; Hex-
moor andShapiro,1997;ShapiroandIsmail, 2003]. There
hasbeenonemajor hardwareimplementationof Cassie,us-
ing a commercialNomadrobot, andseveral simulatedver-
sionsusingvariousgraphicaluserinterfacesfor herenviron-
ment and to display her behavior to humanobservers. In
this document,we describea new implementation,in which
Cassie's body andthe world aresimulatedin CrystalSpace
[Tybergheinet al., 2002], an environmentfor building 3-D
games.In Section2 we brie�y describethe architecturewe
areusing.In Section3, we discusstheimplementationof the
architectureandhow thepiecesof thesimulation�t together.
In Section4 we brie�y describethe current�rst useof this
simulationasa tool for cognitivemodeling.And in Section5
wediscussourexperiencesusingCrystalSpaceasanoff-the-
shelf3-D gamingenvironment.

2 The Ar chitecture
Thesimulationis basedon theGroundedLayeredArchitec-
ture with IntegratedReasoning(GLAIR) [Hexmoor et al.,

1993; Hexmoor and Shapiro, 1997; Shapiro and Ismail,
2003], a three-layerarchitecturefor cognitive roboticsand
modeling cognitive agents. It consistsof the Knowledge
Level, thePerceptuo-MotorLevel, andtheSensory-Actuator
Level.

The Knowledge Level (KL) is the “conscious” level of
the cognitive agent. It is the location of symbolsaccessi-
ble to reasoningandto naturallanguageinteraction,includ-
ing the “abstract-level representationsof objects”discussed
in [CoradeschiandSaf�otti, 2001a;CoradeschiandSaf�otti,
2001b;ShapiroandIsmail, 2003]. That is, theKL is the lo-
cationof theconceptsthat thecognitiveagenthas,including
its conceptsof objectsin theworld.

ThePerceptuo-MotorLevel (PML) is thelevel of thecog-
nitiveagent'sphysicalrepresentationof objects.At this level,
theobjectsarerepresentedby n-tuplesof their physicalchar-
acteristicssuchasshape,material,andsize, ratherthanby
their KL concepts.ThePML is alsothe locationof thecog-
nitive agent's well de�ned skills, includingnaturallanguage
understandingandgenerationandtheprimitiveactionsof the
KL—thoseskills which do not requireconsciousreasoning
from theagent. In practice,thePML is oftenseparatedinto
three parts [Shapiro,1998; Shapiroand Ismail, 2003], re-
ferred to as the PMLa, PMLb, and PMLc. Details of the
implementationareto befoundin Section3, below.

TheSensory-ActuatorLevel (SAL) is wherethe low level
control of the cognitive agent's motorsandsensors(real or
simulated)is located.

3 The Implementation of a GLAIR-based
CognitiveAgent in a Crystal Space
Envir onment

3.1 The Four Processesof Crystal Cassie

TheCrystalSpaceversionof Cassie(CrystalCassie)is com-
posedof four separateprocesses.Two of the processesex-
plicitly implementpartsof the GLAIR architecture,one is
usedfor naturallanguageinteractionwith a humanuser, and
thefourthcontainsthesimulationof theagent'sphysicalbody
andtheworld itself. Theprocessesareconnectedusingstan-
dardIP sockets.Eachof theseprocessesis describedin more
detailbelow. Figure1 shows thefour processes,their socket
connections,and the partsof the GLAIR architecturethat
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Figure1: A schematicof the four processes,showing how
they communicatewith eachotherandwith theuser, andhow
the variouspartsof the GLAIR architectureare distributed
amongthem.

they implement.The�gure alsoshows theinterfacebetween
CrystalCassieandahumanuser/interlocutor/observer.

ProcessP1 implementsthe KL, and the top two partsof
thePML. It is is written in Allegro CommonLisp. The KL
is identical to the FEVAHR knowledge level describedin
[ShapiroandIsmail, 2003] but with differentdomainknowl-
edge. It is implementedusingthe SNePSknowledgerepre-
sentationandreasoningsystem[ShapiroandRapaport,1987;
Shapiroand Rapaport,1992; Shapiroand the SNePSIm-
plementationGroup, 2002]. Symbols in the KL are im-
plementedas terms in the SNePSlogic [Shapiro, 1993;
Shapiro,2000].

ProcessP1 alsocontainspartsof the PML. The top sub-
level of the PML (the PMLa) is where the agent's well-
de�ned skills (KL primitive acts)areimplemented.It is also
the placewherenatural languageunderstandingand gener-
ation occurs. Natural languageinteractionis implemented
usingaGATN grammar[Shapiro,1982;Shapiro,1989].

The secondsub-level of the PML (the PMLb) imple-
mentstheconnectionbetweenthe PMLa andthe restof the
simulatedagent. In previous simulations,[Shapiro,1998;
Shapiroand Ismail, 2003], the connectionwas madeusing
the Lisp foreign function interface. In Crystal Cassie,the
connectionsaremadeusingsocket connections.The PMLb
hasfour onewayconnectionsto thePMLc (describedbelow).
Theseconnectionseachrepresentoneof theagent'scognitive
modalities[ShapiroandIsmail,2003].

The �rst connectionis a one-way natural language(NL)
input connection(a “hearing” modality), over which sen-
tencesaresentasstrings. Thesestringsarethensentto the
GATN parserat the PMLa level, which translatestheminto
theSNePSKR language.

The secondconnectionis a one-way NL output connec-
tion (the agent's “speech”modality) from the PMLb to the
PMLc. Sentencesandphrasesfrom theGATN generatorare
sentthroughthisconnection.

TheAction connection(themovementmodality)is usedto
sendactionrequestsfrom thePMLb to thePMLc/SAL layer.

TheVision connection(thevision modality) is a one-way

Figure2: Theusersview of theNLI processduringa sample
interaction.

connectionfrom thePMLc to thePMLb, over which is sent
a seriesof n-tupleswith therelevantfeaturesof all of theob-
jectsthatarecurrentlyvisible to theagent's simulatedvision
system.SeeSection3.4 for moreaboutthesimulatedvision
system.

Theremainingthreeprocessesall currentlyusetheCrystal
Spacetools[Tybergheinet al., 2002] andarewritten in C++.

ProcessP2implementsthePMLc andtheSAL. ThePMLc
mediatesbetweenthePMLb andtheSAL. This processcon-
trolsCassie's sensorsandactuatorsandconnectsall theother
processesto eachother. ThePMLc hasthe four socket con-
nectionsto the PMLb discussedabove. The SAL hasthree
moreconnectionsto theremainingprocesses.Eachof these
connectionsandits function is describedbelow in the para-
graphdevotedto theprocessit is connectedto.

The NaturalLanguageInterface(NLI) process(P3) uses
the crystalspaceconsolewindow asa consolethat the user
usesto typenaturallanguagetext to theagent.This process
connectsto theSAL via a socket connectionusingtheCrys-
tal SpaceC++ socket wrappers.TheNLI sendsonesentence
at a time, asa singleline, to theSAL, andlistensto its net-
work connectionfor replies.It prints thefull text of any text
it receivesprependedwith the string “Cassiereplies:” to its
display. Figure2 showstheNLI display.

Thelastprocess,P4,implementsthesimulationof Cassie's
body, andthe simulationof the environmentthat Cassiein-
teractswith. P4 displayswhat Cassiecansee,showing the
resultsof her interactionswith the environment. SeeFig-
ures3 and6 for views of what P4's displaylooks like. The
simulatedbody connectsto the SAL with two socket con-
nections. The Action Connectionis a two-way connection.
The simulatedrobot body receivesactionrequests(requests
to turnmotorsonor off, forwardor backward)from theSAL.
Cassie's bodywill thenacton thoserequests.Theseactions
may or may not producea changein the world. (e.g. ask-
ing Cassieto move forward whensheis up againsta table
will not accomplishanything.) In order to bettermodelac-



Figure 3: The P4 display showing a sampleview of what
Cassiecansee:a computerlabwith two peoplein it.

tual robots,thereis someuncertaintybuilt into thesimulated
robot.Whenthesimulatedbodyreceivesactionrequests,the
actualdistancetraveledmay or may not be the amountre-
questedby thehigherlevels.Whenanactionis �nished (with
eithersuccessor failure)thesimulatedbodysendstheSAL a
short“actioncomplete”messageovertheAction Connection.

The Vision Connectionis a one-way socket connection
from thesimulatedrobotbodyto theSAL. Thebodysendsvi-
sioninformationin theform of astringconsistingof aspace-
deliminated4-tupleof {material, shape,location,size} val-
ues. The SAL translatesthis simulatedsensordatainto the
“physical-level representations”[Coradeschiand Saf�otti,
2001a;CoradeschiandSaf�otti, 2001b;ShapiroandIsmail,
2003] appropriateto thePML.

Cassie's simulatedvisionsystemcanonly seeandsendvi-
sual informationaboutobjectswhich appearwithin her �rst
personperspectiveof theworld. SeeFigures3 and6 for sam-
plesof whatCassiecansee.Cassie's PML only receivesfea-
ture tuplesfor thoseobjectswithin her visual �eld, that is,
thoseshown onP4'sdisplay.

Together, thesefour processesimplementa working cog-
nitiveagentbasedon theGLAIR roboticarchitecture.

3.2 Crystal Cassie's Environments.
Crystal Spaceenvironmentsare de�ned in a Crystal Space
speci�c XML text �le format. The�le de�nes thegeometry
of all of theobjectsin theenvironment,includingtherooms,
andmaterialsassociatedwith thoseobjects.

Objectsare �rst de�ned by a seriesof verticesgiven by
<x, y, z> world-spacecoordinates;thex, y andz valuesof the
coordinatesareeach�oating point numbers.Thesevertices
are then usedto de�ne polygons. In Crystal Space,as an
optimization,only onesideof apolygonis visible: thevisible
side is the one de�ned by the list of verticesin clockwise
order. Polygonsarethengroupedtogetherto form objects—
eitherroomsor objectsin therooms.

In orderto bevisible,eachpolygonmustalsohaveamate-
rial associatedwith it. Materialsareimagesof thevisiblefea-

Figure4: The�oor planof thesmallersuiteof interconnected
rooms.

turesof objectsin theworld. Forexample,in Figure3 “wood”
is amaterialonthetableobject.A materialis generatedfrom
animage�le in a CrystalSpacedatalibrary . Most standard
image�le formatsaresupported.CrystalSpacedatalibraries
areimplementedaszip archivesreferencedin aCrystalSpace
speci�c con�guration �le. The heightandwidth of material
imagesmustbe somepower of two, thoughthe heightand
width neednotbeequal.CrystalSpacewill thentile thema-
terial acrosstheassociatedpolygons.Thesyntaxallows ma-
terialsto bescaledbeforebeingtiled on thepolygon,sothat
userscancreatebetterlooking worlds.

CrystalSpacecalls objectsin roomsmeshes.Meshesare
prototypedonceasa groupof vertices,polygonsandasso-
ciatedmaterials,and can then be usedin any or all rooms
de�ned in the �le. Meshesandroomscanbothhave “keys”
associatedwith them. Thesekeys are ignoredby the Crys-
tal Spaceengine,but canbequeriedby userprograms.This
way objectsin the world canhave customizeduserdataas-
sociatedwith them.Eachobjectin our environmentshastwo
keys associatedwith it, onefor shapeandonefor material.
We usethesekeys in our simulatedvision routinediscussed
in Section3.4.

Most commercialgameengineshave a graphical“world
editor” for usersto designtheir environments.CrystalSpace
doesnot yet have a native world editor, althoughtheCrystal
Spaceprojecthassuppliedseveralprogramsto convert envi-
ronment�les generatedby somecommercialworld editorsto
CrystalSpaceformat.At thetimewe weredesigningour en-
vironment,however, thesetoolsdid notmakeuseof many of
theCrystalSpacefeatures,sowe built our environment�les
usinga text editor.

We did usetheautomatedtools in oneinstance.Thevery
complex shapesof the robotsandpeoplein the world (See
Figures3, 6, 7, and8) weregeneratedfrom public domain
andfreely availableQuake II model�les. Thesemeshesare
eachcomposedof severalhundredtriangles.We usedCrys-
tal Spaceconversiontools to convert theQuake II format to
crystalspaceformat and thenmergedthe resulting�le into
ourenvironmentde�nition �le.



Figure5: The �oor planof the largersuiteof rooms,with a
garageattachedat thebottom.

Wearecurrentlyusingtwo differentenvironmentswith the
CrystalCassiesimulation. The �rst is a small suiteof four
interconnectedroomswhose�oor plan canbe seenin Fig-
ure 4. The secondenvironment is a much larger suite of
roomswhose�oor plancanbeseenin Figure5.

Theroomsin thesmallersuitecontaintables,chairs,drink-
ing glasses,bottlesandsometimesrobots.Thelargersuiteis
intendedto resemblea wing of an academicbuilding. It in-
cludes:two classroomswith chairs,tablesandwhite boards;
a computerlab with chairs,tables,computers,monitorsand
keyboards;a loungewith a stove, tableandPepsimachine;
and a secondlab with bulletin boards,a table with a large
machineon it, anda �ling cabinet. The larger suite is con-
nectedto a parkinggaragewith a singlecarin it. Eithersuite
canalsohavepeopleor robotswanderingthroughit. Figure3
shows a view of the computerlab in the larger suite, con-

tainingsomechairs,tables,computersandmonitors,andtwo
people.Figure6 showsaview of a roomin thesmallersuite,
containinga tablewith a bottleandseveralglasseson it, and
two robotsroamingabout.

3.3 Crystal Cassie's current suiteof actions
Currently, CrystalCassiehasa small repertoireof primitive
actswhich shecanuseto build morecomplex behavior by
reasoningandplanningat theKL. At themostbasic,Cassie
canbetold to turn left or right, or to go forwardor backward.
Essentially, in this way shecanbetele-operatedthroughnat-
ural language. Cassiealso hasa primitive act for looking,
whichis usedto invokethesimulatedvision(seeSection3.4).

Findinganobjectthatis in thecurrentroomis alsoaprim-
itive act. Cassiewill look andthenturn andthenlook again,
repeatingthis sequenceuntil either she�nds the object, or
completesa360degreerotation.If shecannot�nd theobject
in this room,shemustreasonat theKL abouthow to look for
it in anotherroom.

Currently, Cassie's �nal primitive act is to go to an ob-
ject. In orderto go to an objectshehasto be looking at it,
which meansthatshehasfoundit. Whengoingto anobject,
Cassieusesthe locationandsizevaluesin thevision 4-tuple
(seeSection3.4) of thePML descriptionof theobject. The
locationis theobject's centerof gravity. The sizeis theob-
ject's largestradiusin the <x,z> plane. WhenCassiegoes
to anobject,sheplotsa straightline coursefrom hercurrent
positionto a positioncloseto the object. This new position
is calculatedusingthe locationvaluefor the objectand the
sumof thesizevalueanda small constant.Cassiewill then
movealongthis straightline until shereachesthenew point.
(Obstacle-avoidanceis plannedfor thenearfuture.)

Unlikepreviousversionsof Cassie,followingamovingob-
ject is notaprimitiveactin CrystalCassie.In orderto follow
a moving object,Cassiemustreasonthrougha seriesof �nd-
ing andgoing-toacts.

3.4 SimulatedVision.
ProcessesP1, P2, andP4 of CrystalCassieall play partsin
thesimulatedvision system.Vision informationis only sent
by the simulatedrobot body when it receivesa look action
request.Cassiebeginsthesimulationnot lookingatanything,
andwill only consciouslylook at theworld if her reasoning
at theKL triggersanactionthatrequireslooking. Whenshe
doesthePML actof looking, the requestis sentto theSAL,
which askstheroboticbodyto look at theworld andinform
it of theobjectsthatarecurrentlyvisible.

At the level of the simulatedrobot body, the objectsvisi-
ble to Cassiearethosealsovisible to the userviewing P4's
display. (seeFigures3 & 6) Oneexceptionto this is thatbe-
causeof a peculiarityin how CrystalSpacemarksthingsas
visible,Cassiecannotseethroughdoorsinto adjacentrooms.
This limitation is discussedfurtherbelow. Cassiehasaview-
ing angleof about60 to 70degreesin a singledirection.The
view is similar to whatis visible in mostcommercialimmer-
sive3-D computergames.

The look act, at the level of the simulatedrobot body, is
implementedasa P4methodwhich is calledfrom theCrys-
tal Spacelibrariesvia the C++ callbackmechanism.When



Figure 6: A view of the smallerenvironmentfrom the P4
display, showing a room containinga table, on which is a
bottleandseveralglasses,andtwo robots.

requested,CrystalSpace's renderingalgorithmwill call this
methodfor every objectthatCrystalSpacemarksasvisible.
This includesboththemeshesthatarevisible,andthevisible
rooms:thecurrentroomandnearbyvisible rooms.For each
object,theshapeandmaterialkeys (seeSection3.2) areex-
tracted. We areusingthe key valuefor materialratherthan
thenameof theactualmaterialfor two reasons.The�rst rea-
son is a limitation of the Crystal SpaceAPI in the version
we areusing.Thenameof thematerialis not availablefrom
thepolygonobjectassociatedwith it. Thesecondreasonfor
usinga materialkey (shouldthe �rst issuebe resolved) is a
simpli�cation of thesimulatedvision. Someobjects,suchas
the glasses,table,andbottlesin Figure6 have a singlema-
terial on all of their polygons.However, otherobjects,such
asthecomputermonitorsin Figure3 have multiple different
materials;somepolygonshave onematerialandotherpoly-
gonshave another. In orderto simplify thesimulatedvision
algorithm,wechosethematerialthatwefelt wasmostsalient
asthematerialkey value.Thiseliminatestheproblemof rec-
ognizinganobjectfrom differentviewing angles.

In additionto theshapeandmaterialkeys, thevision call-
backalsoretrievestheobject's currentcenterpoint in world
coordinatesandcalculatestheradiusof theobject.Thesedata
points form the 4-tuple{material, shape,location,size} for
thecurrentobject.Whenthecallbackhas�nished with all of
thecurrentlyvisible objects,the4-tuplesof thoseobjectsare
sentto theSAL in P2.

The simulatedsensorcontrolsin the SAL currentlysend
the4-tuplesfrom thevisionsystemunchangedto thePML.

At thePMLa in P1,a vision tuple is “parsed”to seewhat
kind of thing it is. In thePML thereis a datastructurecon-
taininga list of “alignments”between{material,shape}pairs
andCassie's conceptsof the categoriesof thingssheknows
about(for example,the category of woodentables). Once
this kind of basicobjectrecognitionis doneat thePML, the
KL mustbe invoked to reasonaboutexactly which speci�c
objectCassieis looking at. The KL usesthe locationinfor-

mationfrom the4-tupleto reasonaboutwhich objectCassie
is lookingat. It is impossibleto distinguishbetweenmany of
theobjectsin theenvironmentusingonly theirshapeandma-
terial. The glassesin Figure6 cannotbe distinguishedwith
only shapeandmaterialnorcantherobotsin thesame�gure.
However, Cassiecanreasonabouttheidentityof theglassshe
is looking atby reasoningaboutits location.

The Crystal Spaceteamrecentlyreleaseda new version
of the Crystal Spacegraphicstools. The original callback
methodthatweusedfor doingsimulatedvisionwasremoved
in this new version.Theoriginal versionusedto returna list
of objectsvisible in thecurrentroomonly. Thereplacement
mechanismthatweareusingnow, will returnall thoseobjects
markedas“probablyvisible” by thesystem.Objectsmarked
probablyvisibleareall thosewith at leastpartof theirbound-
ing box within the view frustumof the P4 andeither in the
currentroomor in a nearbyroom. Unfortunatelythis canin-
cludeobjectsthatarecompletelyoccludedby thewalls sepa-
ratingadjacentrooms.As asimplewayof correctingthis,we
cull outall meshesthatarenot in thecurrentroom.However
doorsandtheadjacentroomsthemselvesarestill visible. In
orderto seeobjectsin anadjacentroom,Cassiewill have to
�nd a doorwayandgo throughit.

4 The First Useof Crystal Cassie.
The�rst useof CrystalCassieis asa test-bedfor developing
a computationaltheoryof identifying perceptuallyindistin-
guishableobjects[SantoreandShapiro,2002]. Two objects
areperceptuallyindistinguishableto a cognitive agentif the
agentcannot�nd any differencein their appearanceby using
its sensors.By identifying perceptuallyindistinguishableob-
jectswe meanthe following: whenan agent�nds an object
thatis perceptuallyindistinguishablefrom oneit hasencoun-
teredbefore,theagentidenti�es theobjectif it successfully
decideswhethertheobjectis thesameoneit encounteredpre-
viously, or if it is anew object.If theobjecthasbeenencoun-
teredbefore,and the agenthasencounteredmore thanone
suchobjectbefore,theagentshouldalsoknow which oneit
is currentlyencountering.

We are developinga computationaltheoryof identifying
perceptuallyindistinguishableobjectsbasedon humanper-
formanceat the task. We have usedthe sameenvironment
thatCassieoperatesin to performa protocol-analysisexper-
imentwith 69 subjectson a seriesof tasksthat requirethem
to identify perceptuallyindistinguishableobjects. The data
from theseexperimentsarecurrentlybeinganalyzedandwill
bereportedin [Santoreet al.,Forthcoming].

Thetasksperformedby thehumansubjects,whichCrystal
Cassiewill alsohaveto perform,arecountingperceptuallyin-
distinguishablestationaryandmoving objects,andfollowing
moving objects. The countingtasksaredonein the smaller
suite of rooms. The following tasksare donein the larger
suiteof rooms.

Thereare two conditionsin eachof the countingexperi-
ments.Whencountingstationaryobjects,in the �rst condi-
tion, the roomsthemselvesall have a differentmaterial,and
soareperceptuallydistinguishable.In thesecondcondition,
theroomsdiagonallyoppositeeachotherhave thesamema-



Figure7: A robotusedin thetasksthathumansubjectsper-
formed,andwhichCassiemustperform.

terial andarethereforeperceptuallyindistinguishablethem-
selves. Thereare also two conditionsin the experimentin
which the subjectmust count moving objects. In the �rst
condition,all of theobjectslook like therobotshown in Fig-
ure7. In thesecondcondition,someof theobjectslook like
therobotin Figure7 while therestlook like therobotin Fig-
ure8.

Thereare threeconditionsin the following experiments.
In the �rst, the object to be followed looks like the robot in
Figure7 andthereareseveralperceptuallyindistinguishable
robotswanderingrandomlyin the suite. In the secondfol-
lowing condition,the objectto be followedagainlooks like
Figure7 andseveralperceptuallyindistinguishablerobotsare
following their own pathsin the suite. The third condition
requiresthesubjectto follow a personwhile severalpercep-
tually distinguishablepeoplefollow their own pathsthrough
thesuite.A view from thislastconditionis shown in Figure3.

The largesuiteof roomsis complicatedenoughfor future
experimentswith othertasksfor CrystalCassie.

5 ExperiencesusingCrystal Space
Whenwedecidedto useanexisting3-D graphics/gamingen-
gine for the next simulatedrobot to be built on the GLAIR
architecture,we neededa tool with a publishedAPI. We also
wanted,if possible,anenginewith publicly availablesource
code,sowecouldbuild theengineourselvesfor differentop-
eratingsystems. We had two possibilities,we could usea
commercialgameenginethat had releasedthe sourcecode
for its gameundera public license,or we could usea pub-
licly availableenginebuilt by a groupof hobbyistsfor their
own enjoyment.

At thetime,id Software1 hadreleasedthesoftwarefor their
original Quake gameengine; they have since releasedthe
softwarefor someof their newerQuakeenginesaswell. The
bene�t of usingthistypeof enginewasthattheAPI wouldbe
well de�ned and�x ed. Thedrawbackwasthat thecompany

1http://www.idsoftware.com/

Figure8: A secondrobotusedin thehumansubjects'andin
Cassie's tasks.

wasno longersupportingthe product,so we would have to
�x any bugsor addany new featureswe needed.

The3-D enginesproducedby hobbyistshadacomplemen-
tary set of bene�ts anddrawbacks. Bugs arealways being
�x ed,andnew featuresarebeingadded.However, this can
make the API quite unstable.On the otherhand,the origi-
nal designersareavailableto answerquestionsandprovide
support.

Given theseconsiderations,and the tools availablewhen
thisprojectstarted,wechosetheCrystalSpaceengine,which
is a hobbyistproject. BecauseCrystalSpacedevelopmentis
ongoing,we have to adjustour codewith every releaseto re-
�ect API changes.TheCrystalSpacedevelopersincludealist
of mostof thenecessarychangeswith eachrelease.Recent
releaseshave reducedthenumberof necessarychangesdra-
matically. The communityof hobbyiststhat designanduse
theCrystalSpaceenginesupportsprojectsbuilt usingCrys-
tal Spacetools by quickly answeringmost questions. The
chancesarefairly goodthatsomeonewill know whichof the
hundredsof C++ classesthatcomposeCrystalSpacewill be
thebestto usefor a particularneed.

We have usedCrystalSpacewithout modi�cation asa set
of sharedlibraries, on both Linux andSolarisplatformsas
anoff theshelfsolutionto our 3-D engineneeds.It provides
enough�e xibility in building environmentsto allow areason-
ablycomplex environmentfor ouragentto explore.

Crystal Spacehasperformedadequatelyas a library for
developinga simulatedcognitive agent. CrystalSpacestill
hasafew holesin itsAPI, andtheCrystalSpaceDesignersare
working to �x them,andarecommittedto doingsowithout
creatingtoo many incompatibilitieswith previous versions.
Overallwe havebeenableto useCrystalSpacesuccessfully.

6 Conclusions
Crystal Cassie is a simulated cognitive agent, built on
GLAIR, an existing architecturefor representingthecontrol
of cognitive agents,SNePS,a knowledgerepresentationand



reasoningsystem,andCrystalSpace,anoff theshelf3-D en-
gineproducedby a communityof hobbyists.CrystalCassie
canunderstandandgeneratesentencesin a fragmentof En-
glish,andhasasmallsuiteof primitiveactswhichshecanuse
to performalargerrepertoireof actionsthroughtheinterven-
tion of her reasoningsystem.GLAIR is a three-layerarchi-
tecture,themiddlelayerof which is separatedinto threesub-
layers. These� ve layersareimplementedin two processes,
written in different computerlanguages,that communicate
over four socket connectionsrepresentingthe modalitiesof
speech,hearing,vision,andaction.ThelowestGLAIR layer
communicateswith two additionalprocesses,implementing
Cassie's sensorandeffector organs,over two two-way, and
oneone-way socket connections,for naturallanguageinter-
action (two-way), action (two-way), and vision (one-way).
The processthat containsCassie's vision organ and action
effectorsalsocontainsa programthatoperatesthesimulated
world thatsheoccupies.A humanuser/interlocutor/observer
cantalk with Cassieusinga keyboardanddisplayconnected
to hernatural-language-interactionprocess,andcanobserve
thesimulatedworld “throughCassie's eyes”via a displayat-
tachedto theworld simulator.

CrystalCassiewasdesignedandimplementedin orderto
develop a computationaltheory of identifying perceptually
indistinguishableobjects. We have designeda numberof
tasksthat shewill have to performto demonstratethis abil-
ity, and have recordedprotocolsfrom a numberof human
subjectsperformingthe sametasksusing the keyboardand
world-simulationdisplayto “drive” throughtheenvironment.
The data from theseexperimentsare currently being ana-
lyzed,andthetheoryis currentlybeingformulated.

We have found Crystal Spaceto be a satisfactory set of
toolsfor implementingareasonablycomplex environmentfor
a simulatedcognitive agent.We arewilling to sharethis en-
vironmentwith otherinterestedresearchers,whoshouldcon-
tactthe�rst authorof thispaper.
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