A VIRTUAL ENVIRONMENT FOR BUILDING CONSTRUCTION
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Abstract: The constructionindustry hasacknavledgedthat its currentworking practicesarein
needof substantiaimprovementsn quality andefficiency andhasidentifiedthatcomputemodeling
techniquesaindthe useof prefabricatedcomponentganhelp reducetimes, costs,and minimisede-
fectsandproblemsof on-siteconstruction This paperdescribes virtual environmentto supportthe
constructionprocessof buildings from prefabricatedcomponentsiesignedwithin the FutureHome
project. The ervironmentcanimport a library of 3D modelsof prefabricatedmodulesthat canbe
usedto constructa building. Thesemodelswill thenbe usedto representhe dynamicsof the Fu-
tureHomeconstructiorsiteenhancingurrentconstructiompracticeghatusedlat 2D plansandGantt
charts.This work is the first stagein generatingan ervironmentto supportthe constructionprocess
of a building from its initial modulardesignto its on-siteconstructionand maintenanceluring its

lifetime, aspartof the FutureHomeproject.
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1 INTRODUCTION
The constructionindustry has acknavledgedthat its
currentworking practicesarein needof substantiaim-
provementsin quality and efficiency, with the Egan
report[g settingtargetsfor the constructiorindustryto
reducecostsandtimesby 10%, and defectsand prob-
lems with on-site constructionby 20% per yeat In-
formation Technologyand more specificallyvisualisa-
tion hasbeenhighlighted as one of the mostimpor-
tanttoolsfor constructiormanagemertbwardsachies-
ing this goal[5. Suchvisualisationtools could assist
the site managein obtaininga betterperceptiorof the
projectandcould be achievedby integratingthe sched-
ule managementf the projectwith ananimatedvirtual
ervironmentdisplay A 4D simulationof the construc-
tion processouldhelpwith decisionmakingwithin the
projectandalsoactasatool for improvedcommunica-
tion betweerthe projectpartners.This couldleadto an
increasean the quality of the projectmanagemerdnda
reductionin defectsandconstructiortimesandcosts.
This paperwill presentwork conductedwithin the
FutureHomeproject. This is a 3-year 5-million Euro,
EU funded project that brings together 15 partners
in six Europeancountriesand forms part of a global
project under the Intelligent Manufacturing Systems
(IMS) programme. Its aim is to researchhousingfor
Europein the new millenium, to enablethe production
of affordable,high quality homesfor all. FutureHome
will developadaptableandsustainabléuilding system

conceptghatcantake advantageof advancedmanufac-
turing systemsand methods. It will promotethe use
of prefabricatedpartsand assembliesanddevelop the
tools for design,configuration,productionand assem-
bly. Off andon site productionandassemblyprocesses
will bedevelopedthatwill beheavily dependentnthe
useof intelligent automationand an IT infrastructure
involving agenttechnology Overall, the FutureHome
projectintendsto produceleanerdesignand construc-
tion processeghatwill focuson valuefor money, im-
proved productvity, maintainabilityand sustainability
The projectionsof benefitsfrom the project are esti-
matedat 30% in the costof construction35%in con-
structiontime anda reductionof 60%in the numberof
defects.

As part of this researcha prototypevirtual ervi-
ronment has beenimplementedthat allows a model
of a houseto be constructedfrom a library of pre-
fabricatedcomponentslefinedwithin the FutureHome
project. Theconstructiorof themodelrequiresminimal
userinteractionasthe ervironmentsupportsautomatic
constraintrecognitionbetweerthe componentssothat
asthe useris constructingtheir model the systemau-
tomaticallydetectswhetherthe componentshe useris
manipulatingcan be linked. A databasénasbeende-
signedthat holdsthe typesof modulesthatareusedin
the building. As the userconstructsthe building, the
constructioninformationis alsostoredin the database
alongwith the orderof constructiorandary dependen-



cieshetweertasks. Aswell asbeingableto review the

building thatthey have constructedrom within thevir-

tual environment, the constructionorder of 3D model
canbereplayedo provideananimated4D modelof the

constructiomprocess.The databasalsoholdsinforma-

tion relatingto the constructiorsite, suchasstock,re-

sourcesinddeliveryinformationandhasbeendesigned
to be compatiblewith IFC specifications.

This paperwill focuson how avirtual environment
cansupportthe constructiorprocesf buildingsusing
prefabricatedpartsandassembliesThe paperis organ-
isedasfollows: Section2 discusseselatedwork in the
areasof 4D constructionsystemsand virtual environ-
ments. Section3 describeghe implementedsystemin
useusinga conceptuaprototypedefinedwithin the Fu-
tureHomeprojectasa developmentalcasestudy Sec-
tion 4 describeshe systemarchitecturehatis required
for thedevelopmenif avirtual environmentto support
the constructionof buildings. This is followedby Sec-
tion 5 listing the conclusionsandfuture work to be un-
dertalen within the FutureHomeprojectto further en-
hancethevirtual ervironment.

2 RELATED RESEARCHWORK

Virtual Environmentscan offer the areaof computer
aideddesignmary valuableextensionsasit can pro-
vide amoreintuitive meansof communicatiorwith the
computer Much of thework involving virtual erviron-
mentsandconstructiorhasheenrelatedto architectural
walkthroughs.Thesecanallow for suchfactorsasaes-
thetics,e.qg. lighting, acousticsandinternallayout,and
alsothe spatiallocation of the building andits impact
on the surroundingervironmentto be evaluated,e.g.
see[10]. Suchvisualisationgendnot to be dynamic:
the usercannavigatethroughthe ervironmentsbut has
limited or nointeractiorwith theartifactswithin theen-
vironment. Furthermore the modelsof the buildings
themseleswill only be realisticin their appearance,
they will not be realisticasfar asthe actualcomposi-
tion of componentss concernedTheseexamplesonly
dealwith the final stageof the processyisualisingthe
completedbuilding, whereaghe constructiorplanning
and schedulingtasksdeal with the entire construction
procesdrom its conceptionuntil the completionof the
construction.

Researchhas been conductedin the utilisation
of computer graphics in planning and scheduling.
OSCON][2] allows usersto constructbuildings from
partssuchasdoors windows,slabs gtc. OSCONincor-
poratesatime andcostmodelwithin its architectureand
themodelsthatareconstructedanbeviewedin VRML
andqueriegegardingsuchvariablesascost,visualising
theinformationon the 3D model,or time, shaving the
stateof the constructionat ary specifiedtime can be
performed. OSCON providesfurther project manage-

ment capabilitiesover its 3D visualisationsand query
facilities, for full detailssee[3. Adjei-Kumi[1] is sim-
ilar to OSCONIin that it can provide a visualisation
of the constructionprocessat the building site. This
work aimsto supplythe site managerswith visualisa-
tion tools so that they are betterequippedto plan the
constructionprocessastherecurrentactiities rely on
intuition, imaginationandjudgement.Suchtools allow
for 3D visualisationsof the constructionprocessand
can help site plannersorganisetheir activities. Other
systemghat generateand simulatethe procesf con-
structionuse CAD ernvironmentsratherthan VR tech-
nology, theseinclude[3 11].

3 FUTUREHOMECASESTUDY

In this sectionthe currentsystemin usewill be de-

scribedusing someof the demonstratomodulesand
housesthat have beendevelopedwithin the Future-
Home project. Thesehave beendesignedto give an

early overview of the conceptsthat the FutureHome
projectis investigatingand thesemoduleswill be fur-

ther developedand built by the FutureHomepartners.
Figure 1 gives a view of an example building con-
structed within the virtual ervironment using these
modulesandits associatedonstructiorschedule.

Within thebuilding designenvironmenttheusercan
navigatefreely throughthe 3D ervironmentto view the
componentaindthebuilding; selecttomponentsvithin
the ervironmentandapplyrotationsandtranslationgo
these;andconstructa building by bringingcomponents
together The systemautomaticallydetectshow com-
ponentscanbelinkedtogetherand so easeghe taskof
constructiorwithin theenvironment.

Currently the user can either begin constructinga
building from the empty ervironmentor can load a
partially constructeduilding into the ervironmentand
continueconstructioron thatmodel. Interactionwithin
theervironmentis achiezedwith aLogiCAD3D Space-
Mouse. Using the mousethe userhassix degreesof
freedom(6DOF) of movementandcontrol availableto
them. This allows themto move aboutthe environment
freely and usethe buttonson the SpaceMous¢he call
up a menuand make selections. From the menuthe
usercanselectacomponento addto the building. Fig-
ure 2(a) shaws the top level of the rotating menuthat
depictstheinitial breakdavn of the moduletypes. The
usercanrotatethe menuwith the SpaceMousandalso
selectthe moduletype which is shovn foremoston the
screen. This will bring them down the tree menuto
the next level which will displayfurther moduletypes
and/orspecificmodulesfor selection.Whena module
is selectedheusercanthenmovethatmoduleto where
they wishto addit to their currentbuilding. Figure2(b)
shaws a servicemodulethat hasbeenselectedand is
aboutto beaddedo the currentbuilding.
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Figurel: A building constructedn the virtual ervironmentandits constructiorschedule
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Figure2: Selectingacomponent

As the userdragsthe servicemoduletowardsthe
building, the systems collision detectioncomponent
within the environmentdetectssurfacesthatare collid-
ing and highlightsthem (in this caseby alteringtheir
colour),seeFigure 3(a). The usercancontinueto drag
thecomponenuntil they arehappy with thealignment.
The user doesnot have to align the parts exactly—
the systemautomaticallydetectswvhich surfacescanbe
matedtogetherandaligns eachof the componentsx-
actly for the user The userreleaseshe partwhenthey
arehapypy with their alignment(shovn in Figure 3(a)).
Whenthe components releasedthe systemalignsthe
parts exactly as shawvn in Figure 3(b). This is per
formedusingthe constraintmanagemithin the virtual
ervironmentthataidsthe userin aligning partsexactly

within the ervironmentandmaintainsthe relationships
betweereachof the modulesandtheir constructioror-
der (the constraintmanageris definedin Section4.2).
As eachcomponenis addedto the building, informa-
tion on the component,its placement,etc are stored
within thedatabase.

Using this approachand with the import of addi-
tional 3D modelsof the modulesthe building can be
constructed. Figure 1 shows the external view of a
building modeledusingthe virtual designervironment
from the modules.With the completebuilding, the vir-
tual environmentcanreplaythe constructiorprocesf
the building using the knowledge of the components
and their order of constructionto provide a 4D ani-
matedmodel of the constructionof the building. The



(a) Collision betweenthe selected component
andothercomponentsvithin the environmentare
highlighted

(b) Thecomponents releasedndconstrainedp-
propriately

Figure3: Exampleof constraning/constructirgcomponent

constructionscheduleof the building canbe alteredas
thescheduleanbeexportedto aschedulenanagement
software(in this caseMicrosoft Project). The construc-
tion scheduleof the building canbe seenin Figure 1.
The usercanalterthe schedulausingthis softwareand
the new schedulecanbeimportedinto the virtual envi-
ronment.Whenthe building is reconstructeavithin the
ervironment,the orderof constructionwill be accord-
ing to the newly importedschedule.

In this sectionit hasbeenshovn how the current
systemcan import ary previously defined 3D CAD
modelsasallibrary of componentso thevirtual design
ervironment,andallow the userto constructa building
within the ervironmentfrom theseprefabricatedcom-
ponents.The systemarchitecturghatis requiredof the
virtual ervironmentwill now bedefined.

4 SYSTEMARCHITECTURE

The systemarchitecturebuilds uponthe authors’previ-
ousresearctonconstraint-baseshodeling virtual envi-
ronmentinterfacedesign productandobjectdatabases,
andotherrelevantstate-of-the-atiechnologiesseerig-
ure 4. Thefour main componentgo the systemarchi-
tectureare: the virtual ervironment—forimportingthe
CAD modelsof themodulesanddisplayandnavigation
about the ervironment; the constraintmanagerfor
defininghow eachof the modulesare connectedn re-
lation to oneanotherandmaintainingallowable move-
mentsand relationsbetweeneachof the components;
the constructiordatabase—fostorageof the construc-
tion componentsschedulesand resourceinformation;
and the task manager—for handling interactionsand

tasksbetweenthe userandthe interface. The follow-
ing sectionswill discusseachof the maincomponents
of the systems softwarearchitecturedefinedabove.

4.1 \Virtual Environment

The virtual environment is developed around the
OpenGLOptimizerlibrariesfrom SGI. The Optimizer
librarieswerechoserasthe graphicsenginefor the vir-
tual environmentdue to their powerful CAD capabili-
tiesandthe optimisationsavailableto reducerendering
time of the data. A CAD interfacewas developedas
a part of the IPSEAM project[9 for importing CAD
datainto the ervironment. Once the assemblyparts
areloadedinto the ervironmentvia the CAD interface,
the VE interfaceallows the userto selectand manipu-
late objectsin the 3D space,havigate throughthe en-
vironmentandspecifyconstraintbetweercomponents
within the ernvironmentto constructa building.

4.2 Constraint-based Modeling

Theconstraintnanagesupportonstraint-baseitter-
actionbetweerthecomponentsf thebuilding to model
their assemblyanddisassemblyThe assemblyprocess
consistsof a successiorof tasks,eachof which con-
sistsof joining componentso form thefinal assembly
Partsareconsideregoinedwhenthenecessargontacts
and alignmentsbetweenparts have beenestablished.
Thesecontactsandalignmentsarereferredto asassem-
bly relationshipswhich are describedn termsof geo-
metric constraintsand are solved using the Geometric
Constructve approach[ For further informationon
constraint-basethodelingsee[9.



BASELIMNE VIRTUAL ENVIRCNMENT

Constraint Manager

4 OpenGL
Constraint Optimis er

SolveriDcubed DCM)

Relations hip
Graph Manager

!

Constraint
Management
Interface

ScenzIGraph
Virtual Environment

Automatic Constraint

Collision
Detection

L

Database containing
™ modules, resources
and constructions
schedules

Detection

Task Man ager

ﬂ User

Figure4: Softwarearchitectureof the virtual constructiorervironment

Automatic constraint recognition removes the
costlyrequiremenbdf having the userspecifyeachcon-
straintindividually and relies on the systemto detect
the constraintasthe usermanipulateshecomponents.
Bier[4] proposeda 3D snappingechniquefor building
3D models. Theseconceptswere further extendedby
Fernando[8to supportinteractve assemblymodeling.
In this constructiorervironment,constraintsarerecog-
nisedbetweengeometricelementsvhenthe assembly
partscometogetherand full 3D automaticconstraint
detectionis supported.

4.3 Construction Database

The constructiondatabasenanagesll the information
relatingto aconstructiorprojectandhasbeendesigned
to be compatiblewith IFC specificationsThedatabase
storesinformation on each of the building elements
that are available to the userfor construction. As the
userselectstheseelementsand constructstheir build-
ing, the componentuusedand the order and form of
the constructionis alsostoredwithin the databaseThe
databaselso storesinformation on constructionsites,
their stockandresourcesanddeliveriesto thesites.
Using this information the building can be recon-
structedfrom its constituentmodulesaccordingto the
constructionorder and its dependenciesand also ac-
cordingto deliveriesandstocksat the constructiorsite.

4.4 Task Manager

The task managemanagedhe interface betweenthe
userandthe system. Currentinteractie software sys-
temscanbe hardto learnandbaffling to the userseven
with their visualinterfaces.Oneof the majorproblems
is becausahe underlyingsoftware systemhasno con-
ceptof whatthe useris trying to achieve atthe system,

i.e. it hasno internaltask knowledge. The userof the

systemis trying to completea task, e.g.to constructa

building. This in turn may be decomposednto sub-

taskssuchasjoining componentdogether Theseare

thetasksthatthe useris trying to completebut the sys-

temhasnointernalconcepbf thesetasks.If thesetasks
could be built into the systemthenthis could provide

mary benefitso boththe enduserandthe programmer
of the softwaresystem.

For the enduser a systemwith built in knowledge
of the tasksthey aretrying to achieve canprovide cer
tain advantagesuchascontext sensitve helpwhile the
useris performingtheir task. This makesthe interface
easierto learnasthe usercanquerythesystemasto its
currentstate thetasksthatarecurrentlyviableandhow
the usershould proceedduring a task, and provesto
be lessdistractingthanhaving to referto eitherprinted
or online manuals For the programmenf the software
systenthetaskmanagenbffersthe benefitof rapidtask
prototypingasthespecificatiorof taskorderis easilyal-
tered. Also, unlike eventbasedsystemsavherethe pro-
grammerhasto examinethe codeto identify the order
of taskswithin the systemthetasknetworkscaneasily
be visualisedasthey are explicitly definedwithin the
program. For more information on the task manager
see[12.

5 CONCLUSIONSAND FUTUREWORK

This reportdiscussedhe developmentbf a virtual con-
struction ervironmentto allow prefabricatedbuilding
componentgo be usedto modelthe constructionpro-
cesses.The main outcomesof the work presentedare
the developmentof a geometricallyconstraineduild-
ing ervironmentto allow for theassemblyf alibrary of



prefabricatedcomponentsthe objectdatabaséor stor

ageof the constructionconceptsandthe development
of ataskmanagerThebuilding environmentallows for

the import of constructioncomponentsand allows the

userto createa geometricallyconstraineddesignfrom

thesecomponents. The order of constructioncan be

exportedand edited using schedulemanagemensoft-

ware (currently Microsoft Project). This allows the or-

der of constructionto be alteredand, with the import

of the this informationinto the virtual constructioren-

vironment,is reflectedin correspondinghangego the

4D constructionsimulation. The modelscanthenbe

usedthroughoutthe constructionand maintenanceof

the building asa referencetool to aid the construction
siteplanners.Thetaskmanagesupportgheuserof the

systemandalsobenefitsthe programmedesigningthe

virtual ervironmentsoftware.

Furtherdevelopmentof the interfacewill allow it
to be usedin a CAVE and Reality Centretype ervi-
ronmentsthat are housedwithin the Centrefor Virtual
Environments.A cost-orientednodelof the assembly
processess alsobeingintegratedinto the system.This
work is acontinuationof theresearchlevelopedduring
the OSCONproject[2.

This4D modelwill provide moreeffective commu-
nicationof the FutureHomeconstructiorprocessmak-
ing clearthe sequencef constructionandthe utilisa-
tion of intelligent automationand site sensorsat the
constructiorsiteto establisithe constructabilityof pro-
posedsystems.Thevirtual ervironmentwill befurther
enhancedvith prefabricatedccomponentnformationto
provide a mechanismfor exploring cost, quality, and
time trade-ofs. A by-productof the useof virtual real-
ity is thatthe completedmodelcanbe examinedin the
future whenthe building ownersneedto performsome
maintenancer replacement.Insteadof handingover
as-hiilt drawings, FutureHomewill provide an adapt-
able3D modelof the building. Theresearclpresented
in this paperaims to increasethe constructioncom-
pary’s competitvenesshroughthe integrationof tech-
nology, a priority highlightedin arecenteEU paper[7.
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