
November1993 TechnicalDocumentPPG93/10

Parallel implementation of a Virtual
Reality Systemon a Transputer

Architecture.

ShaunBangay

Parallel ProcessingGroup
Departmentof ComputerScience
RhodesUniversity
P.O. Box 94
Grahamstown
6140RSA

Telephone: (+27) (461) 22023
Telefax: (+27) (461) 25049

Internet: cspc@alpha.ru.ac.za



Parallel Implementation of a Virtual

Reality Systemon a Transputer

Architecture.

Submitted in fulfilment of the

requirements for the degreeof

Master of Science

of RhodesUniversity

by

Shaun DouglasBangay

July 1993



Abstract

A Virtual Reality is a computermodelof anenvironment,actualor imagined,presentedto a user
in asrealistica fashionaspossible.Stereogogglesmaybeusedto providetheuserwith a view
of themodelledenvironmentfrom within theenvironment,while a data-gloveis usedto interact
with the environment.To simulatereality on a computer,the machinehasto producerealistic
imagesrapidly. Sucha requirementusuallynecessitatesexpensiveequipment.

This thesispresentsan implementationof a virtual reality systemon a transputerarchitecture.
Thesystemis general,andis intendedto providesupportfor thedevelopmentof variousvirtual
environments.The threemaincomponentsof thesystemaretheoutputdevicedrivers,the input
devicedrivers,andthevirtual world kernel.This lastcomponentis responsiblefor thesimulation
of the virtual world.

The renderingsystemis describedin detail.Variousmethodsfor implementingthe components
of the graphicspipelinearediscussed.Theseare thengeneralisedto makeuseof the facilities
providedby thetransputerprocessorfor parallelprocessing.A numberof differentdecomposition
techniquesareimplementedandcompared.Theemphasisin this sectionis on thespeedat which
the world canbe rendered,andthe interactionlatencyinvolved. In the bestcase,wherealmost
linear speedup is obtained, a world containing over 250 polygons is rendered at 32
frames/second.The bandwidthof the transputerlinks is the major factor limiting speedup.

A descriptionis given of an input devicedriver which makesuseof a powerglove.Techniques
for overcomingthe limitations of this device,and for interactingwith the virtual world, are
discussed.

The virtual world kernel is designedto makeextensiveuseof the parallelprocessingfacilities
providedby transputers.It is capableof providingsupportfor multiple worldsconcurrently,and
for multiple users interacting with theseworlds. Two applicationsare describedthat were
successfullyimplementedusingthis system.

The designof the systemis comparedwith other recently developedvirtual reality systems.
Featuresthat are commonor advantageousin eachof the systemsare discussed.The system
describedin this thesiscomparesfavourably,particularly in its useof parallelprocessors.
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1. Introduction

This chapterintroducestheconceptof virtual reality anddescribesthepurposeanddesigngoals

for a virtual reality systemimplementedon a parallelarchitecture.The first sectionprovidesa

motivation for the useof virtual reality. Descriptionsof other virtual reality systemsand the

transputerprocessorare then presented.A descriptionof the purposeand requirementsof the

systemis deferredto the endof the chapter.

1.1. Introduction to Virtual Reality

A personusing a computeris typically confrontedwith someform of user interface,be it a

prompton amonitorrequiringa responsewith input from a keyboard,asetof menusfrom which

optionsmay be selectedor a windowing systemcompletewith buttonsand scrollbars.While

someof thesearecomfortableto use,theyimposea restrictionon themannerin which inputmay

be providedandthe way that the outputmay be displayed.

In contrast,the 'user interface' to conventional(physical)reality allows accessto a degreeof

freedom far exceedingthat of a computer.Manipulation of objects can be done in three

dimensionsby reachingout andgraspingthe object.Vision is unhampered,and is independent

of the physicaldimensionsof a pieceof hardware.Even when working on a two dimensional

surface,it is possibleto reachup to adjusta light or turn aroundto pick up a pencil.

Clearly there is a differencebetweenthe current (pre-virtual reality) rangeof computeruser

interfacesandtheonethatmostpeopleareaccustomedto using.Theseuserinterfacesareatmost

two dimensional.Thevirtual reality paradigmseeksto createthreedimensionalwork areaswith

concomitantinteractiontechniques.

In practice,eachuserwould don a pair of gogglesand a glove to entera computergenerated

world. Stereoimagesprovidedby a pair of displaysin thegoggleswould causecomputermodels

of objects to appearin three dimensionsaround the user. The glove would allow similar

interactiontechniquesto thosenormally found in physicalreality. In its ultimate form, all the

sensesof theuserwould besuppliedwith stimuli from thecomputerandall his responseswould

be monitoredandusedto control their situationin the virtual world.
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Formally, virtual reality can be defined as "... real-time interactive graphics with three-

dimensionalmodels,whencombinedwith a displaytechnologythatgivestheuserimmersionin

the modelworld, anddirect manipulation"[46].

1.2. Project goal

Virtual Reality is an applicationwell suited to implementationin a parallel environment.To

simulatereality on a computer,the machinehas to producerealistic imagesrapidly. Such a

requirementnecessitateseitherexpensiveequipmentor a compromiseon thepartof theviewer.

This situation has resultedin the prominentdichotomy currently evident, where two clearly

distinguishablecampsmaybefound.Thefirst relieson sophisticatedhardwarerenderingat great

expense;the other usesmore readily availablepersonalcomputersand acceptsslower, less

realistic images.

An openingis thusavailablefor mid rangeequipment,with inexpensiveprocessorsthat canbe

connectedin parallelto provideasystemof somepower.Thetransputer,describedin section1.3,

satisfiesthe requirementsfor sucha processor.

The intentionof this thesisis to investigatethe implementationof variousvirtual realitieson a

clusterof transputers.A descriptionis given of a systemthat can supportthe developmentof

various virtual reality applications.Examplesof the types of virtual reality application that

currentlyexist aregiven in section1.4.

A detaileddescriptionof the requirementsfor sucha systemis given below in section1.5.

1.3. The Transputer

TheIMS T800transputeris advertisedasa32bit microprocessorwith a 64bit floating pointunit

and graphics support [23]. The instruction set is efficient and supports inter-processor

communicationaswell asefficient switchingbetweenmultiple processeson eachprocessor.The

floating point unit operatesconcurrentlywith the processorandis ratedat 2.2 Mflops whenthe

processoris runningat 20 MHz.

The graphicssupportconsistsof a powerful block moveinstructioncapableof transferringdata
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asa two dimensionalarray.Versionsof the block moveexist that transferonly zero-valued,or

non-zero-valuedbytes.

The transputercontains 4 bidirectional communicationslinks allowing a number of these

processorsto be connectedand to work in parallelasa MIMD machine.Eachlink operatesat

20 Mbits/s for 20 MHz transputers,and a single bidirectional link can transfera theoretical

maximumof 2.35 Mbytes/s,or 1.74 Mbytes/sif communicationis only in onedirection.Link

communicationis performedby DMA, thusallowing computationto proceedconcurrentlywith

communication.

1.4. Virtual Reality Applications

Thissectiondescribessomevirtual realityhardwareandsoftwarethathasbeenimplementedwith

currenttechnology.A brief overviewis given of the type of equipmentavailable,andthe range

of applicationsto which virtual reality hasbeenapplied.

1.4.1.Hardware usedfor Virtual Reality

This section describessome of the hardwaredevices used in virtual reality systems.The

descriptionsareintendedto illustratesomeof thetechniquesthathavebeenusedfor overcoming

the interfacingobstaclesinvolved in creatinga naturalcomputer-humaninterface.

1.4.1.1.Polhemustracker

The Polhemus3SpaceIsotraksystemis a devicecapableof sensingpositionandorientationin

space[24]. It comprisessourcesthat generatea magneticfield, andsensorsthat are locatedon

theobjectbeingtracked.Thesensorscontainperpendicularcoils which areusedto determinethe

orientationof an object throughmeasurementof the magneticfield.

1.4.1.2.VPL

VPL producesboth hardwareand software for virtual reality. The VPL eyephones(a head

mounted display) and Dataglove are standardcomponentsin most high-end virtual reality

systems.
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The Eyephones(seeFigure1) area colour stereodisplaysystemworn on the head.The stereo

Figure 1 VPL Eyephones Figure 2 VPL Dataglove

imageis displayedon two liquid crystal screensand viewed throughwide angleoptics.Each

screenhasa resolutionof 720x 480pixels.Headpositionandorientationmaybemeasuredusing

theattachedPolhemus3Spacetracker.Stereoheadphonesmayalsobe included.TheEyephone,

togetherwith a Polhemustracker,wasselling for $9,150during August1991.

The Dataglove(seeFigure2) hasoptical fibre sensorson the backsof the handandfingers to

measureflexing and extensionof the fingers. A magneticsensor(Polhemus3SpaceIsotrak)

measuresthe position and orientationof the hand. In August 1991, the Datagloveincluding

Polhemustrackercost$8,800.

1.4.1.3.The Powerglove

ThePowerglove(seeFigure3) wasdevelopedto providea cheaperalternativeto theDataglove.

Straingaugesreplacethefibre opticsfor measurementof finger position,andultrasonicsreplace

the Polhemustracker for position sensing.The powergloveis capableof measuringabsolute

position in space,wrist rotationandfinger bend.Originally developedfor the computergames

market,thepowerglovehassincebeentakenout of production.Surplusunitsarebeingcollected
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by low-endvirtual reality enthusiastsfor about$50.

1.4.2.General Virtual Reality systems

Figure 3 The Powerglove

Descriptionsof a numberof existing virtual reality applicationsfollow. The intention of this

sectionis to illustratesomeof the vast rangeof applicationsfor virtual reality that are feasible

with currenttechnology.This sectionalso describessomeof the hardwareand softwarebeing

usedto supporttheseapplications.

The renderingspeedof the varioussystemsis given wherepossible.Thesevaluesmay be used

for a rough indicationof the performance,but direct comparisonmay be unreliableas the size

andcomplexityof the sceneis often not specified.

1.4.2.1.The Walkthrough Project

An architecturewalkthroughenablesa viewerto explorea building by simulatingawalk through

a model. For virtual reality purposes,the model is in electronicform, and the simulation is

performedby the computer.

Thewalkthroughprojectat theUniversityof North Carolinaat ChapelHill [8] hasbeenevolving

for a numberof years,improving both the rate at which imagescan be producedand their

realism.Thecurrentversion,Walkthrough5.2canachieveanupdaterateof 25 stereoframesper

secondon modelsof 30,000polygons.Models are illuminated via radiosity calculationswith
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Gouraud-shaded1 patches.Walls, floor, ceilings and furnishings may be textured. Sound

appropriateto eachlocation is playedasthe usermovesaround.The usercaninteractwith the

model to the extentof openingdoors,carryingobjectsandpushingfurniture.

Theuserwearsa stereohead-mounteddisplay,andcanbe trackedwithin a 12'x10' areaandso

can move naturally around in this space.The systemruns on a Pixel-Planes5, a machine

developedat ChapelHill. The Pixel-Planes5 is ratedat 2 million Phong-shaded2 polygonsper

second.

1.4.2.2.Reality Built For Two

This systemis a developmentplatformfor designingandimplementingvirtual realities[6]. The

systemconsistsof asolidmodellingpackageandananimationcontrolpackagerunningonaMac

II which is usedfor world design.The completedworld is thenpassedto Silicon GraphicsIris

workstationsfor rendering.The systemis ableto renderworlds of 1400polygonsat interactive

ratesof 10 Hz or higher.

The one or two usersare equippedwith VPL eyephonesand Datagloves.A Polhemus3Space

Isotrak is usedto gatherdataaboutthe users'positionsandactions.

In designingthe virtual reality, the userspecifieslighting, object shapes,colours,mechanical

linkagesandmotionconstraintswith themodellingtool [45]. Objectbehaviour,interactionand

animation can then be controlled by the animation package,which combines the world

descriptionwith the userdata,andbroadcaststhe result to the renderers.

1.4.2.3.Integrated Simulation for Autonomous Underwater Vehicles

AutonomousUnderwaterVehiclesare submarinesdesignedto operateunattended.Testingthe

controlsoftwarefor suchdevicesis complicatedby the inability to monitor themdirectly during

operation,difficulty in recoveryif anaccidentoccurs,andthecomplexityof thedifferentcontrol

1 Gouraudshading:A methodof colouringa polygonto approximatethe smoothchangein
shadefound in curvedsurfaces.

2 Phongshading:A more realistic form of shadingthan Gouraudshading1 but also more
computationallyexpensive.
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modules.

An integratedsimulatoris beingdevelopedat the Naval PostgraduateSchoolin Monterey[9].

Here the submarinecontrol systemis networkedto a three-dimensionalgraphicsworkstation

which simulatesthe underwaterenvironmentand allows monitoring of the responsefrom the

vehicle.The submersibleis effectively beingplacedin a virtual reality.

The simulatorsoftwaresimulatesdetailsof vehicle interactionby providing the varioussensor

information and modelling some simulated components(e.g. control surfaces,propellers,

gyrocompass).An external view of the simulatedworld in three dimensionswith real-time

responsemust be provided. Various componentsof the vehicle may be simulatedas well,

allowing softwaretestingto occurevenif theentirevesselis not available.Telemetrydatamay

be easilycollectedduring simulation.

The graphicalsimulationsall run on Silicon GraphicsIris workstations.

1.4.2.4.Medical Imaging

Work is beingdoneat theUniversityof North Carolinaat ChapelHill on real-timerenderingof

3D ultrasounddata[5]. The applicationbeingcreatedis a virtual environmentthat displaysthe

ultrasoundimagesin placewithin the patientsanatomy.The overall effect is that of beingable

to seewithin the patient.

Thesystemusesa Sun4 with real time videodigitizer to collect theultrasounddataandtransfer

it to thePixel Planes5 graphicsmulticomputer.Polhemussensorstrack thepositionof thehead

mounteddisplay (HMD) and ultrasoundsensor.The renderedimagesare combinedwith the

views from head-mountedTV camerasanddisplayedon the HMD.

Othersuggestedapplicationsfor combiningcomputergeneratedimageswith real world objects

includehighlighting nearbyarteriesduring surgery,seeingthroughsmokein burningbuildings,

andshowingservicingdatafor complicatedmachinery.

1.4.2.5.Visualization

Scientific visualization is the use of a computerto producea visual representationof some

physicalphenomena.It is particularlyusefulwhenphysicaldatais too complexto beunderstood
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easily.A visual analogis often morecomprehensible.

An exampleof the useof scientific visualizationis the virtual wind tunnelbeingdevelopedat

NASA AmesResearchCenter[10]. It is designedto visualisethree-dimensionalfluid flows. The

userscan pick up and move smokesourcesaroundusing datagloves.They can move around

within the flow viewing it from any anglewithout disturbingthe system.

The systemusesa Binocular Omni OrientationMonitor (BOOM) to display the images.This

consistsof a pair of high resolutioncathoderay tubesmountedon a yoke. Positiontracking is

performedby measuringthe anglesof the joints in the yoke. Computationof the flow is

performedon a Convex3240,with renderingperformedby an Iris 380 GT/VGX system.The

systemattemptsto run at 10 frames/sor higher.

1.4.3.Transputer basedVirtual Reality systems

Somesystemsthat usetransputersfor interactivegraphicaltasksarementionedin this section.

1.4.3.1.The INMOS multi-player flight simulator

This system was developedas an illustration of the real-time graphics capabilities of the

transputer[4]. The simulationsoftwareruns on a numberof transputerscorrespondingto the

numberof players.Thesimulationprocessorsarelinked andeachis connectedto a joystick and

to a network of transputersusedfor rendering.A separaterenderingnetwork is usedfor each

player. The renderingnetwork consistsof a pipeline to perform the requiredtasksof hidden

surfaceremoval,transformation,clipping andpolygonshading(seeFigure4). A framerateof

17 framesper secondis obtainedfor the few hundredpolygonsbeingrendered.

1.4.3.2.ProVision

TheProVisionsystemdevelopedby a Bristol basedcompany,Division, is a virtual reality server

thatcanbehostedby a machinesuchasa PC,SunSparcstationor a VAX. Thesystemconsists

of a parallelprocessingrenderingenginewith accompanyingsoftware[32].

Thehardwareconsistsof a box holdingup to 20 processingcards.TheprocessorsmaybeT805

and T425 transputersusedfor data transfer,Intel 860's for floating point and ToshibaHSP
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polygon processorfor rendering. VPL Eyephones,Dataglovesand Polhemustrackers are

Figure 4 Transputernetworkfor INMOS Flight Simulator

supported.

The softwareprovidessupportfor the parallelprocessesthat areusedto implementthe virtual

reality.

StereoscopicProVision systemswere selling for around£30,000in October1991. This price

excludedthegogglesandgloves.The systemis estimatedto renderbetween60,000and80,000

polygonsper second.In theory this would correspondto about3500 polygonsa frame at 20

framesper second.

1.5. DesignCriteria

This sectiondiscussesthe designcriteria for a generalvirtual reality system.

Somespecialisedterminology is usedto describecertainconcepts.In this documentthe term

'application' refersto a particularmodelof a reality. A 'world' is the environmentin which a

virtual reality may be modelled.The term 'object' is usedfor the individual componentsof a

world. A 'user' refers to a humanparticipantin the virtual reality. For example,in a simple

virtual reality applicationwhich modelsa solarsystem,the world could consistof a collection

of cubesrepresentingplanetsanda 'celestial' sphereactingasa boundaryfor the model.Each

of the cubesis an object as is the sphere.A world may have 'laws', for exampleall objects

attractall otherobjectswith a force proportionalto theproductof their masses.The massof an
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object is an 'attribute' of that object. The intention is that thesetermshavesimilar meanings

whenappliedto both the physicalreality andto the virtual reality.

A certainparallelmaybedrawnto object-orientedterminology.Theoverlappingtermswill have

the meaningsdefinedaboveunlessit is explicitly statedotherwise.

1.5.1.The Virtual Reality

Thesystemsmentionedabovehavebeendesignedfor a specificpurpose.Therearefew systems

that are suitablefor use in creatinggeneralvirtual realities.At the time that this project was

started,nonewereknown of that werefreely availablefor researchpurposes,andthat could be

usedwith inexpensiveequipment.

In a reporton researchdirectionsin virtual environments[46], availablesystemswereclassified

as commercial,supportinga particularvendor's hardware,or as researchsoftware.Tools that

accompanyproprietaryhardwareareorientedmore to the supportof that hardwarethan to the

developmentof virtual environments.The tools createdfor researchpurposesalso show this

tendency,althoughthey tendto be lesshardwarespecific.

The systemdescribedin this thesiswas intendedto overcometheseproblems.It wasdesigned

to be ableto supporta wide rangeof applications.In essenceit was intendedasa platform for

thedevelopmentof anygivenreality.As suchthesystemconcentratesonprovidingfunctionsone

would expectto usewhencreatinga virtual reality.

1.5.2.Parallelisation of the virtual worlds

Many peopleand objectsmay interact in physical reality. The sameshould be possiblein a

virtual reality. A given virtual reality applicationmay usemore than one world, or it may be

useful to run more than one applicationat one time. Thus the virtual reality systemshould

providesupportfor multiple usersandobjects,andfor multiple worlds runningconcurrently.

Modelling a reality may require considerableprocessingpower, as will support for multiple

objectsandworlds.Thesystemshouldtakeadvantageof theparallelprocessingfacilities offered

by a transputerclusterin orderto distributetheload.Thesystemmayeventuallybespreadacross

different architecturesvia a networkor someothersimilar medium,andshouldbe designedto
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providefor this asa future development.

1.5.3.Support for external connections

In additionto allowing manyusersto exist in eachworld, thesystemshouldprovidesupportfor

theseusersto exist at remotesites.This would reducethe interfacingrequirementson the host

machine,andallow easyutilization of the system.

1.5.4.Attributes

In the real world, objectshavecertaincharacteristicswhich determinethe way in which they

behave.For example,the massof the object influencesthe sizeof the gravitationalforce on it.

In anarbitraryreality, differentrulesmayapply.Theserulesareoftenbasedon certainattributes

of the object.The systemshouldsupporta meansof assigningsucharbitrary attributesto the

variousobjects.

1.5.5.Object Manipulation

Themostimportantpartof thevirtual reality simulationis theability to interactwith theobjects

asif they werereal.The facilities providedby the systemshouldmakesuchinteractioneasyto

incorporateinto an application.

1.5.6.Graphical Support

In orderfor the 'reality' effect to be realistic the scenemustbe renderedrapidly, typically 20 -

50 framesa second.A goal of this project is to use the parallel processingabilities of the

transputerto producethe requiredimagesat acceptablespeeds.

1.5.7.Gesture Recognition

Theinteractiontechniquesusedin a virtual reality shouldresemblethoseusedin physicalreality.

The systemshould be capableof sensingthe position of the user and reactingaccordingly.

Interactionwith objectsshouldbenatural.In general,the time takento learnto interactwith the

virtual reality should not be much more than the time taken to gain familiarity with the
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interfacinghardwarebeingused.

1.6. Summary

Theintentionof this chapterhasbeento introducethefield of virtual reality andtheapplications

thatcurrentlyexist.A proposalfor a virtual reality systemusinga parallelarchitecturehasbeen

given. Future chapterswill give a more detailed breakdown of the system, and discuss

implementationoptionsin the light of empiricalmeasurementsof their effectiveness.
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2. Designfor Virtual Reality Systems

This chaptergives the top level breakdownfor the virtual reality system.The development

environmentfor this project is alsodescribed.

2.1. Systemrequirements and design

The implementationof virtual realitieshasonly recentlybecomefeasiblewith the improvement

in computertechnology.As such,few generalsystemshavebeendevelopedandtheir designis

still a corporatesecretin manycases.A few descriptionsof the varioussystemscanbe found

in publishedliterature, such as those describedin section 1.4. These,however,are mostly

dedicatedto oneparticularapplication.The sectionsbelow detail the reasoningusedto produce

the top level breakdownof a generalvirtual reality system.

Around the time that developmentof this systemstarted,other researchersalso recognisedthe

needfor a generalvirtual reality system.A numberof othersimilar systemshavebeendeveloped

during the lifetime of this project. A comparisonwith the design of thesesystemswill be

presentedtowardthe endof this thesis.

2.1.1.Systembreakdown

Many of the known virtual reality systems,for exampleProVision and Reality Built for Two,

make use of hardwarerendering to obtain high speedgraphics.Others, for example, the

University of North Carolinaat ChapelHill, useparallelprocessingin a specialistmachinefor

this purpose.The intention of this systemis to attemptfast renderingusing a non-specialised,

parallelarchitecture.The INMOS flight simulatorusesa similar approach,dedicatinga number

of transputersspecifically for rendering,andothersfor the simulationitself.

The use of renderinghardwareimplies a separationbetweenthe managementof the world,

entailing interactionwith the objects,and the viewing of the world, involving drawing of the

objects.It thereforemakessenseto separatethe graphicsfrom the world management.Using a

standardprotocol, the descriptionof the world can be passedfrom the world managerto the

renderingroutine. This would also allow renderinghardwareto be easily substitutedfor the
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softwarerenderer.

The advantagesof separationof the routinesproducinggraphicaloutput from the virtual world

managersuggestsasimilar separationfor theinput routines.With thewide rangeof inputdevices

currently availablesuchas keyboards,mice and gloves,easysubstitutionof one for the other

requiresa degreeof separationfrom the restof the system.

The top level breakdownof the systemis summarisedin Figure 5. The input device drivers

Figure 5 Top Level breakdown

gatherand translatethe raw datafrom the hardwareand transferit in somestandardformat to

the virtual world manager.For virtual reality, a suitableformat would be a gesturesuch as

MOVING LEFT or POINTINGFINGER.Thisabstractsoverthedifferentcharacteristicsof each

deviceandjust returnsthesalientinformationrequiredby thevirtual world manager.An output

driver will takea descriptionof theobjectsin theworld andtheir positionsandrenderthem.The

virtual world managermay operateat a high level working with worlds andobjects.The actual

threedimensionaldescriptionof theobjectsandthephysicalcharacteristicsof input devicescan

be safelyabstractedto the devicedrivers.

2.1.2.The Virtual Reality Operating System

The specificationfor the systemrequiresthat it be ableto supportdifferent applications.These

applicationswill differ in the way objectsinteractwith eachother and with the world. Each

applicationwill howeverneeda world containingobjectsand somemeansof controlling the

objects.It would makesenseto groupthefunctionalitycommonto all applicationsin a common

core. A higher level application layer can then selectively use these functions to createa

Page14



customisedworld.

The systemwith the applicationlayer included is shown in Figure 6. The resemblanceto a

Figure 6 Virtual Reality OperatingSystem

conventionaloperatingsystemmay be seen.The virtual world kernelmanagesthe resourcesof

thevirtual world in muchthesameway as,for example,theUNIX kernelmanagestheresources

of the machine.Similarly the devicedrivers provide a deviceindependentmeansof accessing

variouspiecesof hardware.Theapplicationprogramsmakeuseof thefunctionsprovidedby the

kernel.

2.1.3.DesignSpecifications

The specificationsfor the systemgiven earliergive the following requirementsfor the various

sectionsof the system:

The applicationlayer must:

· Supportthe developmentof different virtual realities.

The virtual world kernelmust:

· Supportmultiple worlds.

· Supportmultiple usersin eachworld.

· Supportconnectionsfrom othermachines.

· Useparallelismto reducethe load on individual processors.

· Providethe ability to associateattributeswith objects.
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· Allow objectmanipulationroutinesto be easilycreated.

The outputdevicedriver must:

· Renderan imageof a world.

· Useparallelismto attemptto reducerenderingtime.

The input devicedriversmust:

· Interfacewith the input devicebeingused.

· Determinewhich gestureis beingmadeandpassthis informationto the virtual world

manager.

2.1.4.Data structures

At this point it is appropriateto decideon the principal data structuresfor the system.The

essentialstructuresfor a virtual reality systemareobjectsandworlds.

Theobjectsarerequiredto haveattributesassociatedwith them.While thesetof attributesis not

completelydefined,someattributesare requiredfor the operatingof the system.For correct

display,object position and orientationmust be known. In order to supportgeneralattributes,

provision must be made for extra fields that can be specified at run time. The structure

representingan objectwill thenhavethe following fields:

· position(position in space).

· orientation(direction in which the object is facing).

· name(or type of the object).

· scale(sizeof the object).

· list of otherattributes.

A world consistsof a collectionof objects.

2.1.5.Designof modules

Thefour areasdescribedabovecannowbedesignedandimplementedindependently.Thisdesign

andimplementationwill be detailedin the following chapters.
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2.2. The Implementation environment

Certain design decisionsare influenced by the need to work efficiently on the transputer

architecture.The sectionsbelow describethe working environment.

2.2.1.Hardware

Two transputerclusterscontaining16 processorseachwereavailablefor the implementationof

the system.Eachclusterconsistedof a motherboardequippedwith cross-barswitchesallowing

theexternallinks on the transputerto beconnectedin anyconfiguration.Thecross-barswitches

weresoftwareswitchable.Eachtransputerwasmountedon a separateworkerboardthatplugged

into one of the 20 connectorson the mother board. Each worker board containeda T800

transputeraswell asbetween2 and8 Mbytesof RAM.

Threeof thetransputerboardswerespecialised.Two containedG300videocontrollersandcould

Figure 7 Hardwareusedfor implementation

be usedfor the displayof graphics.The third wasequippedfor communicationover ethernet.

The two clusterswere linked by a buscapableof carrying16 links. Theselinks could alsobe

controlledby the cross-barswitches.
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Externally,eachclusterwasconnectedto a PCvia a RS422interface.Configurationinformation

and programswere downloadedvia this link. Other workstations,both PCsand Sparcstations,

could communicatewith the clustersvia the ethernet.

A powerglovewas interfacedto one of the host PCs.This devicecould measurefinger bend,

wrist rotationandthepositionof thehandin space.Datafrom theglovecouldbetransmittedvia

the PC to programsrunningon the transputers.

The hardwareusedis summarisedin Figure7.

2.2.2.Software

The transputeris capableof functioning as a conventionalsequentialprocessorand, with its

floating point unit, is well suitedto suchapplications.It alsocontainsa numberof instructions

suitedto parallelprogramming.Thesectionbelowdetailstheprogrammingenvironmentusedfor

the virtual reality systemand someof the detailswhoseunderstandingis crucial to successful

transputer programming. These details are also necessaryto understandsome of the

implementationdecisionsmadein this project.

2.2.2.1.The developmentenvironment

Severaldifferentdevelopmentoptionsareavailablefor softwaredevelopmenton transputers.The

programming tools available when developing this system were the Occam programming

language,the Helios OperatingSystem,and a PC basedC cross compiler. Unfortunatelya

compiler for an object-orientedlanguagewasnot accessible.

2.2.2.1.1.Occam

The Occam programminglanguagewas developedfrom David May's EPL (Experimental

ProgrammingLanguage)and Tony Hoare's CSP(CommunicatingSequentialProcesses)[22].

Occam'sdevelopmentby INMOS Ltd was closely linked to the designof the transputerchip.

Occaminstructionsthusmapto transputerassemblerinstructionsvery easily.

Occamcode supportsprogramswritten as a collection of processes,communicatingthrough

channels.The Occamminimalist philosophyhasproduceda languagethat is not much more
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expressivethan the transputerassemblylanguage.Certain programmingtechniquessuch as

recursioncannot be easily implemented[4]. Theseconsiderationsresulted in Occam being

rejectedin favour of a higher level language.

2.2.2.1.2.Helios

Helios is an operatingsystemdesignedfor transputerarchitectures[47]. The systemis similar

to UNIX, andincludesa UNIX compatibility library with functionslargely compatiblewith the

POSIX standard.It is capableof runningon a networkof processors.

Use of this systemindicatedthat the overheadof the operatingsystemon the transputerlinks

produceda noticeabledelay in the system,making it unsuitablefor fast graphicsapplications.

The operating system also had a tendency to fail frequently making it unsuitable as a

developmentenvironment.

2.2.2.1.3.TransputerCross-compiler

The stand-alonecrosscompilerwasfound to be the mostsatisfactoryof the threeoptions[44].

The compiler is an ANSI C compiler with supportfor the extra transputeroptions.The extra

optionsare in the form of library calls that arecompiledto inline code,makingthemeasyand

efficient to use.Completecontrol of the transputerlinks is given making it possibleto extract

maximumbandwidth.

Thecompilerhasa networkloaderthatdownloadsanexecutablefile from a PContoeachnode

in the cluster.It then runsa serveron the PC making it possibleto accessthe disk on the PC

from theroot nodein theclusterusingstandardC file functions.Theservermaybemodified to

allow informationfrom otherperipheralsto be transferredto the transputers.

2.2.2.2.Transputer characteristics

As with all devices,the transputerhascertaincharacteristicsthat influencethe way in which

programs are constructed.This section points out the constraintsthat are placed on the

programmerof the device.

The memorymapof the transputeris a 4 Gbyte linear addressspace.The T800 processorhas
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4 Kbytesof fast on-chipRAM startingfrom address8000000H.The first few addressesof this

memoryare usedby the processorto control the externallinks and other processorfunctions.

Conventionalsystemmemorynormally occupiesaddressesdirectly after the on-chipmemory.

Communicationon the transputeris by meansof messagepassingover channels.Passing

dynamic data structuresis difficult, especiallywhere the data containspointers which are

processordependent.The tendencyis to allocate contiguousblocks of memory for those

structuresthat will needto be passedbetweenprocesses,andto avoid the useof pointers.

Sincechannelsarememorymappedandthe transputerhasno built-in run-timestackchecking,

processesareresponsiblefor eitherallocatingsufficientstackspace,or for performingtheir own

overflow checks.The optimal areato usefor stackspaceis the on-chip RAM due to the low

accesstime.Howeverstackoverflow in thisareacancauseoverwritingof processorcontroldata.

Thusstackcontrol is an areafor carefulconsideration.In particular,recursionis almostalways

undesirable.

Anotherpotentialproblemareais channeluse.Therearetwo typesof channel,thephysicallink

implementedas a wire joining processors,and a softwarelink for messagepassingbetween

processeson thesameprocessor.No distinctionneedbemadeby theprogrammerandbothtypes

of channelscanberegardedasanaddressin memory.Synchronizationoccursby placingcertain

valuesin theseaddresses.Communicationwill occur successfullyonly if thereis one process

readingfrom thechannelandonewriting to it. An easilymademistakeis to havetwo processes

readingfrom thesamechannelsimultaneously.In this casethe resultis unpredictable,but often

oneprocessmay erroneouslysucceedin reading.

An alternationmechanismis built into the transputerto control accessto commonresources.

Eachprocessis assigneda channel,andall the channelsarepolled to find out which processes

arerequestingpermissionto usethe resource.The channelsmustoccupya contiguousblock of

memory.This makesit difficult to allow new processesto join thoserequiring accesswhile a

programis running. In practice,a maximum is usually defined and this is fixed during the

runningof the system.
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2.2.2.3.Support software

While a stand-alonecompilerprovesuseful in removingall the extraoverheadof an operating

system,it doeshavethe disadvantagethat manyuseful facilities areunavailable.To copewith

this shortcoming,a numberof supportmoduleswerewritten. Thesearenot of direct relevance

to the functionality of a virtual reality system,but areessentialto the operatingof the system.

Oneuseful facility is the ability to routemessagesbetweenany two processors.Normally this

would requireexplicit routingof thedata,andprocessesonall intermediateprocessorsto forward

the data.A communicationmodule was built that allowed communicationbetweenarbitrary

processors.The moduleis given a representationof the externallink network,and it designsa

routing tableusingthe shortestpathbetweennodes.It createsprocessesto monitor eachof the

externallinks of eachtransputerandto forwardmessagesdestinedfor transputersfurtheron.The

appearanceof the function calls for this interprocessorcommunicationresemblethe original

channelfunction calls, with the additionof a field for the numberof the destinationprocessor.

No buffering is doneby this module,buffering must be performedby the receivingprocessif

link congestionis to be avoided.

Thefunctionsprovidedby thecompilerareonly capableof accessingthePCserverfrom theroot

nodeof the transputercluster.The servermay be usedto print messageson the screen,to read

keystrokes,to readandwrite to files andto interfacewith any otherattachedperipherals,such

as the powerglove.The restrictedaccessis a problemwhen thesefacilities are neededby the

othernodes,especiallyfor debuggingpurposes.The link modulementionedabovewasusedto

extendthe facilities.

Libraries were also constructedto preventcontentionbetweenprocesseson one processorfor

resourceson that processor.The transputercanrun high priority processesthat arenot subject

to normal context switching. This was usedto implementsemaphoreswhich can be usedto

ensureexclusiveaccessto somedeviceor sharedmemory.No restrictionis placedon thenumber

of processesthat cancontendfor somesharedresourcewith this method,unlike the technique

mentionedin section2.2.2.2.A setof functionsto implementa sharedbuffer werethenadded.

The transputerethernetcardwasonly suppliedwith driversfor useunderHelios.The low-level

drivers were portedto run underthe stand-aloneC, and a partial TCP/IP implementationwas
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addedto this. The implementationof a standardprotocol allows other operatingsystemsto

communicateeasilywith the transputercluster.

2.3. Summary

This chapterhas presenteda top-level breakdownof the systembeing implemented.Further

chapterswill explore each of the sectionsmentioned in greater detail, and will describe

implementationconsiderationsfor each.
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3. Output DeviceDrivers

This chapterstartsby presentingthedesignfor theoutputdevicedrivers.Implementationissues

are thenconsidered,with the emphasison the implementationof the renderingsystemrunning

on the transputercluster.Techniquesfor producingfast graphicson a singleprocessorare first

considered,followed by detailsof extendingtheseto multiple processors.A brief mentionof the

other implementedoutputdrivers is thenmade.

3.1. Designof an output devicedriver

3.1.1.Requirements

The requirementsfor the outputdevicedriver werethat it must:

· Renderan imageof a world.

· Useparallelismto attemptto reducerenderingtime.

The renderingrequirementis not a novel application.Many systemshavebeencreatedwhere

three-dimensionalsceneshaveto be rendered.The useof parallelismis not particularlyunique

either,a numberof systemshaveattempteda measureof parallelrendering.In general,however,

thesesystemshavenot beenintendedfor a virtual reality application.

Thetwo principaldifferenceswherevirtual reality applicationsareconcernedarethattheimages

must be renderedvery rapidly, in real time, and that the delay betweena user input and the

correspondingchangein the renderedoutput, the latency,must be small. In working virtual

reality systems[30] [1], frame rates of 6 frames/secondand a latency of less than 200

millisecondsarementionedasminimum requirementsfor the illusion of reality.

Sincespeedandgeneralityareoften contradictoryrequirements,onemustusuallybe sacrificed

for theother.In this casethecomplexityof theobjectsto berenderedwill bereducedto improve

renderingtime. The following are limitations that will be accepted:

· Objectswill be madeof polygons.

· Polygonswill be convex.

· Objectswill not intersect.
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The first two limitations are reasonable,and are not uncommon.Curved surfacescan be

approximatedto anylevel of detailby usinga sufficiently fine polygonmesh.Concavepolygons

can be createdby usinga numberof convexpolygons.The third limitation seemsexcessively

strict in a virtual reality systemthat is concernedwith objects that will be interacting.This

limitation doesremovethe necessityfor a largeamountof computation,andso will be retained

for the present.Futureversionsof the renderermay attemptto overcomeit.

3.1.2.Design

Renderersaretypically constructedby creatingapipelineof severalstandardoperations(Figure8

[18], Figure 9 [14]). Theseoperationsinclude clipping, transformation,projectionandhidden-

surfaceremoval.The descriptionof the sceneto be displayedis fed into the pipeline which

eventuallyproducesa sequenceof primitives(two dimensionallinesandpolygons,for example)

to be drawn. The pipeline typically endswith someroutinescapableof producinga visual

representationof theseprimitives.

Theclipping stageslicesoff thepiecesof theobjectthatshouldbedisplayed.Thetransformation

Figure 8 Logical Operationsin three-dimensionalviewing

operationstranslate,scaleandrotateobjectsso that they appearin the correctposition relative

to the viewer. Projectionis necessaryto display a three-dimensionalrepresentationto a two-

dimensionaldisplaydevice.Hiddensurfaceremovalcausesonly thevisible partsof objectsthat

areobscuredby othersto be drawn.

Therequirementfor therendererstatesthat it mustbeableto renderan imageof theworld. The

world consistsof a collectionof objectsasdefinedin section2.1.4.The pipelineusedto render
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a world is shownin Figure10.

Figure 9 Conceptualmodelof the 3D viewing process

Figure 10 Graphicspipelinefor outputdevicedriver

Thefirst stageis thehiddensurfaceremovalroutinefor theobjectsin theworld. This determines

which objectsareobscuringothersallowing eachobject to be drawnappropriately.The object

clipping stageeliminatesthoseobjectsnot visible from the currentviewpoint.

Therestof thepipelineworksat a polygonlevel for eachobject.Thepolygonsaremovedto the

appropriatepositionrelativeto thecurrentviewpoint.At this stagetheymaybegivenappropriate

colour valuesto simulatethe effect of light sourcesin the world. Next, correctionsaremadeto

takeinto accountpolygonsthat areobscuringothers.Polygonsarethenclippedso that only the

sectionsthat areto appearon the displaydeviceremain.Finally eachpolygonis drawn.

3.1.2.1.Data structures

Thedatastructureusedto representeachpolyhedralobjectis a standardone.It consistsof a list

of the verticesin the object,anda list of the polygonsin the object.Eachpolygonis described

asa list of vertices,eachvertexspecifiedby its index in the vertex list. This representationis

similar to theObjectFile Format(OFF)usedfor interchangeandarchivingof threedimensional
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objects[33].

In manythreedimensionalcomputergraphicssystems,rotationmatricesareusedto control the

orientationof objects.Matrix multiplicationis usedto combinedifferentrotations.An alternative

to the rotation matrix is the quaternion[31]. A quaternionmay be representedby a four

componentvector,encodinga vectorandan angleof rotationaboutthat vector.

Quaternionsare equivalentto rotation matriceswhen representingthe orientationof a three

dimensionalobject,but canbecomposedmoreefficiently sincerotationmatriceshaveredundant

entries.Thesinglerotationangleabouta vectorhasbeenfound to bemoreintuitive to usethan

the Euler anglesusedin a rotationmatrix.

Quaternionswere thus selectedto representorientation.They are easily convertedto rotation

matriceswhentransformingpoints.

3.2. Implementation of the graphics pipeline

A numberof techniquesexist for implementingthevariouscomponentsof thegraphicspipeline.

This sectioncomparessomeof the moreappropriate.

3.2.1.Rendering

This sectiondealswith the conversionof the polygonrepresentationfrom an abstractcollection

of coordinatesto an areaof colour on the screen.

3.2.1.1.Line drawing

Oneof thesimplermethodsof renderingthreedimensionalobjectsis by generatingtheoutlines,

producinga 'wireframe' image.Efficient line drawingis alsorequiredwhendrawingsolid areas.

Therearea numberof acceptedmethodsfor generatinglines, themostcommonis Bresenham's

line algorithm. The following sectionspresentthis algorithm and somealternativesthat were

found to be superior.
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3.2.1.1.1.Bresenham'salgorithm:

This routineusesa decisionfunction to selectwhich oneof two adjacentpointsis to be plotted

next [29]. The decisionfunction usesonly shift, additionandsubtractionoperationson integer

values.It canthusbeimplementedefficiently. Pseudo-codefor this routineimplementedfor lines

with positiveslopelessthanone,is shownin Figure11.

The Bresenhamalgorithmhasseveralproblems.It works pixel by pixel, evenwhenthe 'jaggy'

Figure 11 Bresenham'sline-drawingalgorithm

For a line: (x, y) to (x + Dx, y + Dy) where
0 £ Dy £ Dx,
0 £ Dy, 0 £ Dx

f = 2 * (Dy - Dx)
h = 2 * Dy
e = 2 * Dy - Dx
for i := 0 to Dx do

plot (x, y)
if e > 0 then

y := y + 1
e := e + f

else
e := e + h
x := x + 1

end if
end for

natureof the representationof the line on a rasterdisplaypermitsthe useof a singleoperation

to fill a numberof adjacentpixels. Secondlyit requiresa comparisonat eachpixel.

3.2.1.1.2.Segmentedline drawingalgorithm:

A greatproblemwhendrawinglines is thefact that theslopeis usuallysomenon-integralvalue.

Thuseitherfloating point arithmeticmustbeusedto representit, or someintegralapproximation

is required.The latter caseis the oneoften chosensincefloating point operationsarenormally

slow.
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Displaydevicesarenormallydiscrete,displayingpointsasquantisedpixels.Linesdrawnonsuch

displaysappearjagged,constructedof a numberof smallerhorizontalor vertical segments.If it

werepossibleto calculatethesizeof thesesegments,a singleblock fill instructioncouldcolour

manypixels at once.

The lengthof a singlehorizontal'jag' canbe found by calculatingthe changein the horizontal

(x) coordinatecorrespondingto a unit changein the vertical (y) coordinate.This changein x is

typically a non-integervalue,namelythe quotientdx / dy. Sincethe displaydeviceis discrete,

only the integerpart is of interest.The fractionalpartmaynot bediscardedsincethis will result

in roundingerrors.The fractionalerror termmustbeaccumulatedandusedto makecorrections

whennecessary.

The error term may be storedin integerform by keepingit asthe numeratorof a fraction with

dy asdenominator.Thusthe changein x is:

dx DIV dy (DIV = integerdivision)

anderror term is:

dx MOD dy.

The valueof the changein x canbe usedto fill in severalpixels simultaneously,speedingup

drawing if a block move instruction is used.The error term can be kept as a measureof the

fractionof theline thatwaslostdueto rounding,andincorporatedinto thecalculationof thenext

segmentof the line.

A procedureimplementingthis techniqueis shownin Figure12. The error term is initialised to

give an extra half pixel initially to provide a balanced appearanceto the lines. The

FillHorizontalSegment(x, y, l) functionis assumedto drawa horizontalline of lengthl from the

point (x, y).

Whenimplementationson the transputersarecompared,the speedof the Bresenhamalgorithm

doesnot vary much from that of the segmentedroutine. This is due to the MOD and DIV

instructionsthatareslower(39 clock cycles)thanaddition(1 clock cycle).Anotherfactor is the

block move that takesa relatively long time to start, althoughit transfersdata rapidly once

underway.Theblock moveoperationis thusonly suitablefor caseswith long segments,namely

lines with a small gradient.
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A moreefficient versionof the segmentedline-drawingroutineusessubtractionto simulatethe

Figure 12 Segmentedline-drawingalgorithm

For a line: (x, y) to (x + Dx, y + Dy) where
0 £ Dy £ Dx,
0 £ Dy, 0 £ Dx

error := Dx / 2
i := 0
end:= x + Dx

while i < Dy do
length:= (error DIV Dy) + 1
error := (error MOD Dy) - Dy
error := error + Dx
FillHorizontalSegment(x, y + i, length)
x := x + length;
i := i + 1;

end while
FillHorizontalSegment(x, y + Dy, end- x)

MOD and DIV operations.It also only invokesthe block move oncethe gradientis below a

certainvalue.This routinemay be found in Figure13. This routineusesthe block move if the

slopeof the line is lessthan1/10.This valuewasfound to maximisethe effect of the tradeoff.

3.2.1.1.3.DDA algorithm:

TheDDA (Digital Differential Analyzer)algorithmplotspixelsby makingunit incrementsalong

oneaxis, while incrementingthe otheraxis by the slope[18]. The problemwith this routine is

that it makesuseof floating point valuesto representthe slope.

It is possibleto usethe fasterintegerarithmeticon thesefloating point valuesasshownin [4].

The floating point numberis storedin two integers,the integralpart of the numberis storedas

an integerandthe fractionalpart is multiplied by 232 andstoredasan integer.

Thealgorithmis shownin Figure14. In this casesincetheslope< 1, only the fractionalpartof

theslopeis necessary.They coordinateis representedby thevariabley holdingthe integralpart

of this coordinateandyfraction holding the fractionalpart in the mannerdescribedabove.The
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fractionalpartsof y andslopeareaddedandplacedin the fractionalpart of y. The carry from

Figure 13 Modified segmentedline-drawingalgorithm

For a line: (x, y) to (x + Dx, y + Dy) where
0 £ Dy £ Dx,
0 £ Dy, 0 £ Dx

error := Dx / 2
i := 0
end:= x + Dx

if Dy * 10 > Dx then
for i := 0 to Dy do

while error > 0 do
error := error - dy
Plot (x, y + i)
x := x + 1

end while
error := error + dx

end for
else

for i := 0 to Dy do
length:= 0;
while error > 0 do

length:= length+ 1
error := error - dy;

end while
error := error + dx;
FillHorizontalSegment(x, y + i, length)
x := x + length

end for
end if
FillHorizontalSegment(x, y + Dy, end- x)

this addition is thenaddedto y.

3.2.1.1.4.Comparisonof line drawingtechniques

A comparisonof the variousline drawingroutinesis shownin TableI. The implementationof

Bresenham'salgorithm,the two segmentedroutinesandtheDDA routineall useapproximately
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the samelevel of optimization.Speeddifferencesin thesecasescanbe attributedto the nature

Figure 14 DDA algorithm

For a line: (x, y) to (x + Dx, y + Dy) where
0 £ Dy £ Dx,
0 £ Dy, 0 £ Dx

slopefraction:= dy / dx * 232

yfraction := 0

for x := x to x + Dx do
Plot (x, y)
yfraction := yfraction + slopefraction

(using32 bit integeraddition)
y := y + carry from aboveaddition

end for

Table I Lines of varying lengthdrawnper secondby eachroutine

Line
Length/[pixels]

Bresenham Segmented Optimised
Segmented

DDA Optimised
DDA

11 15939 15789 17396 19297 21464

114 1748 1816 1964 2436 2866

229 879 916 987 1236 1460

344 587 612 659 828 980

458 441 460 495 623 737

573 353 368 396 499 591

of the algorithm.The optimisedDDA routine consistsof handoptimisedtransputerassembler

code,andgivesan ideaof the capabilitiesof the graphicssystemitself.

Many graphicssystemsareratedon thenumberof vectorsdrawnpersecond,but not manygive

the length of the vectorstested.The table showsthe speedof line drawing togetherwith the

averagelengthof line drawn.Thelinestestedhadslopesvaryingbetween0 and1. Theoverhead

involved in taking the measurementshasbeensubtractedfrom the timing values.
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Thecorrespondencebetweenthetime takento drawtheline andthe line lengthmatchesa linear

Table II Characteristicsof Line drawingroutines

Bresenham Segmented Optimised
Segmented

DDA Optimised
DDA

Clock
Cyclesper
pixel

98 94 87 69 58

Clock
Cyclesfor
setup

145 205 144 253 271

function very closely.The coefficientsfor the lines testedare shownin Table II, given in 20

MHz transputerclock cycles.It canbe seenthat thereis a tradeoff betweenthe time takento

setupthevaluesrequired,andthetime takento plot eachpixel. For exampletheshift operations

requiredwhenstartingtheDDA takelongerthanthesimplearithmeticinvolved in Bresenham's

algorithm,eventhoughlesstime is requiredto plot eachpixel. Comparingthetwo extremes,the

optimisedsegmentedroutineandtheoptimisedDDA showsthat the former is superiorfor lines

of lessthan4 pixels length,while the latter is fasterin the othercases.

3.2.1.2.Polygon rendering

Variousalgorithmsexist for drawingpolygons.They generallyfall into two classes[18]. This

first classdraws the outline of the polygon and startscolouring from a point on the inside,

checking that it stays inside the boundary while doing so. The other class calculatesthe

boundariesof the polygonandcoloursthe interior regionat the sametime.

The first classof fill algorithmis not suitablefor fast polygonrenderingdueto the complexity

of pixel plotting.For eachpixel plotted,checksmustbemadeon theadjacentpixelsto determine

whetherthey areon the boundaryof the areabeingfilled.

The secondclassis moresuitablesinceit canbe usedto fill blocksof pixels at a time, rather

thanby working on an individual pixel basis.Sincethe polygonsto be renderedareall convex,

the fill canbe performedby traversingthe polygonfrom top to bottom(in screencoordinates),
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calculatingtheleft andright boundariessimultaneouslyandfilling in thehorizontalline of pixels

betweenthem.The boundarypointscanbe calculatedusingoneof the line drawingalgorithms

describedabove.

The following discussionis limited to the considerationof a triangle fill routine. A general

convexpolygoncaneasilybedecomposedinto triangles,andanyroutinesdescribedherecanbe

extendedto polygonswith morethanthreesideswithout muchtrouble.

3.2.1.2.1.TriangleFill Routine

A generaloutline for the triangle fill routine is shown in Figure 15. This algorithm is just a

formal versionof the idea describedearlier.The DDA line drawing algorithm can be usedto

calculatethe points on the boundary.A block move can be usedto draw the horizontal line

segments.

3.2.1.2.2.Optimisationsto the TriangleFill Routine

There are a numberof ways to make the fill routine faster. While a descriptionof coding

techniquesis not often consideredrelevantto the descriptionof the algorithms,in this casean

exceptionis made.The optimisationsto improverenderingspeedsareoften mentioned,but are

rarely describedin detail in computergraphicsliterature.Sometechniquesdescribedhereare

specifically for the transputer,but shouldalsohavea moregeneralapplication.

Use of macrosinsteadof procedurecalls is a useful technique.Apart from avoiding the time

takenin thecall itself, theoverheadof passingparametersis removed.With theaid of a suitable

macropre-processor,the appearanceof the codeis not greatlyaltered,andthe programretains

a structuredappearance.

Relatingspecifically to the transputer,the horizontalfill canbe optimisedby useof the block

move.The block moveon the transputeris very powerful, beingableto copy two-dimensional

blocks of data.The instructionrequiressix variablesbeforestartingwhich is a high overhead

whenjust copyinglinear arrays.A simplercopy canbe used,which is fasterbut limits someof

the extensionsto the fill routinedescribedin section3.2.1.2.4.

Referringto Figure15, it maybeseenthat theexpressionx2 - x1 occursa numberof times,but
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Figure 15 Trianglefill algorithm

For a trianglewith vertices:(xa, ya), (xb, yb) and(xc, yc)

Sort andrelabelthe verticesso that ya £ yb £ yc

if xb < xc then

for y := ya to yb do
x1 := point suchthat (x1, y) is on the line segmentjoining (xa, ya) and
(xb, yb)
x2 := point suchthat (x2, y) is on the line segmentjoining (xa, ya) and
(xc, yc)
FillHorizontalSegment(x1, y, x2 - x1)

end for

for y := yb to yc do
x1 := point suchthat (x1, y) is on the line segmentjoining (xb, yb) and
(xc, yc)
x2 := point suchthat (x2, y) is on the line segmentjoining (xa, ya) and
(xc, yc)
FillHorizontalSegment(x1, y, x2 - x1)

end for

else
for y := ya to yb do

x1 := point suchthat (x1, y) is on the line segmentjoining (xa, ya) and
(xc, yc)
x2 := point suchthat (x2, y) is on the line segmentjoining (xa, ya) and
(xb, ybc)
FillHorizontalSegment(x1, y, x2 - x1)

end for

for y := yb to yc do
x1 := point suchthat (x1, y) is on the line segmentjoining (xa, ya) and
(xc, yc)
x2 := point suchthat (x2, y) is on the line segmentjoining (xb, yb) and
(xc, yc)
FillHorizontalSegment(x1, y, x2 - x1)

end for

end if
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x2 neveroccursalone.The differencex2 - x1 is the differencebetweentwo linear expressions

andis thusitself linear.This meansthat the line drawingalgorithmcould equallywell be used

to calculatethedifferenceterminsteadof thesecondboundary.This removestheneedto perform

the subtractionrepeatedly.

Theuseof anefficient line drawingroutineto calculatetheboundarieshasbeenmentioned.For

caseswherelargenumbersof very small polygonsaregoing to be drawn,increasedspeedcan

be obtainedby usinga routinewith a smallersetuptime.

The displaydeviceis memorymappedinto an areaof memory.The addresscorrespondingto a

pixel at (x, y) canbe found with the expression"StartOfDisplayMemory+ y * DisplayWidth+

x". Ratherthanrepeatthis calculationfor everynew pixel, the offset from the previouspoint is

addedto the previouslycalculatedaddress.Only additionis usedwhich is generallyfasterthan

the multiplication.

3.2.1.2.3.Performanceof Fill Routine

Performancefiguresobtainedfor the trianglefill routineareshownin TableIII. Measurements

areaveragedover a numberof trianglesof different shapes.The boundaryfigure is the sumof

the vertical componentof the boundaries.

The time takento fill a triangleis dependentbothon theperimeterof the triangle,andthearea.

Table III Performanceof TriangleFill Routine

Boundary
[Pixels]

Area
[Pixels]

Speed
[Triangles/ second]

16.65 16.5 7617

174 1825 1158

348 7303 491

523 16433 278

709 30193 176

884 46876 124
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The former affectsthe amountof boundarycalculationandthe latter determinesthe numberof

pixels to be plotted.Sincethe line drawing algorithmmovesonestepat a time in the vertical

direction,thetime canbeexpectedto havea lineardependenceon theverticalcomponentof the

perimeter.The area determinesthe number of pixels plotted and can also be expectedto

contributeto the time in a linear fashion.

Fitting the datato (1) givesthe following valuesfor the coefficients:

(1)

a = 3.41 x 10-6 second/pixel

b = 1.06 x 10-7 second/pixel

c = 7.62 x 10-5 second

The constantc gives a measureof the time to set up the variablesrequiredby the routine,

correspondingto 1524 cyclesof a 20 MHz clock. This setsan upper limit for the numberof

trianglesthat may be drawn in onesecond,about13100.The coefficientb givesan indication

of the time taken to plot one pixel, just over 2 clock cycles. The block copy operationis

specified as taking 2 clock cycles per byte with a small extra initialisation overhead.The

coefficienta gives the time takento calculateoneboundarycoordinate,about68 clock cycles.

This is slightly higher than the valuegiven in Table II, sincethe versionfor the fill routine is

generalisedto lines of any slope,andcould not be optimisedto the samelevel.

3.2.1.2.4.Extensionsto the Fill Routine

Whenrenderingred/greenstereoimageson a singlemonitor,a horizontalinterlacingsystemcan

easily be implemented.Every evennumberedpixel is allocatedto the left eye and every odd

numberedpixel is allocatedto theright eye.This is implementedverysimply by usingadifferent

stepsize in the block moveinstructionthat drawshorizontalline segments.For stereoviewing

a stepsizeof two is used,allowing everysecondpixel to be skipped.

Polygonrenderingis dependenton the hiddensurfaceremovaltechniqueused,aswill be seen

later. Somehiddensurfaceremoval routinesrequiredepthcomparisonsto be madefor every

pixel, requiringrenderingto be handledon a point by point basis.In others,comparisonsonly

needto be madeonceper polygonallowing block movesto be used.
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3.2.2.Hidden Surface Removal

The hidden surfaceremoval problem has no optimum solution in computergraphicsas yet,

althougha numberof commonly usedalgorithmsdo exist. Every applicationmust choosea

techniquesuitableto theproblem.Someroutineswork reliably but slowly, otherswork fasterbut

fail in specialcases.

A taxonomyof a numberof differenthiddensurfaceremovalalgorithmswasdevelopedin [38].

A brief descriptionof the variouscategoriesfollows in the next section.

In thecaseof a virtual reality wherespeedis important,four algorithmswereconsideredworthy

of a trial implementation.The four arediscussedbelow togetherwith their relativemeritsand

demerits.The term 'depth' will beusedto refer to componentof thedisplacementof a polygon

from the viewer in the directionthat the viewer is looking.

3.2.2.1.Categoriesof hidden surface algorithms

The categorizationof different hidden surfaceremoval techniquescan be basedon various

criteria.

Finding out which surfacesare hidden involves sorting the points in the object in order to

determinethose that are in front. Since the objects occur in three dimensionalspace,each

algorithm can be classifiedaccordingto the order in which eachcoordinateaxis is searched.

Generallythe X andY axesare takenashorizontalandvertical respectivelyand the Z axis is

usedto representdepth.Examplesof the ordersusedin variousroutinesareZYX andYXZ.

Thealgorithmsalsocanbeclassifiedaccordingto whethertheyoperatein imagespaceor object

space.Object spaceroutines perform to arbitrary precision, usually that of the data type

representingthe object. Imagespaceroutineswork at a resolutiondeterminedby the display

device.A ray tracing procedureis an exampleof an object spaceroutine. Someimagespace

routinesaredescribedin the next section.

Finally algorithmscan be categorisedaccordingto the natureof the algorithm.The remainder

of this sectiondescribessomeof the different methodsavailableat the time of [38].

The list-priority categoryof algorithm involves assigninga priority to eachface.The relative
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priorities of two facesarebasedon the way in which the two facesobscureeachother.Much

of thepriority informationis independentof theanglefrom which theobjectis viewed,andcan

be calculatedbeforehand.Separationof the sceneinto disjoint clusterssimplifies the priority

calculation. Dynamic list-priority algorithms assign priorities to the faces basedon depth

information.Correctionsmay be madefor overlappingfaces.

The depth-priorityalgorithmsconsistof two categories,area-samplingandpoint-sampling.The

area-samplingalgorithm attemptsto divide the screeninto areasthat can be given the same

colour. Areascontainingtwo or morevisible facesaredivided until this condition is satisfied.

Thepoint-samplingalgorithmsdecomposethepolygonalfacesinto a setof horizontalscan-lines.

As the screenis traversedfrom top to bottom, only the relevantscan-linesfor eachlevel are

considered.Depth calculationsneed only be made where a scan-linestarts or stops.These

routinesmakeuseof coherence,the tendencyfor adjacentpixels to havethe samevalue.The

area-samplingworks on areacoherence,the point-samplingon the coherencepropertiesof the

segments.

3.2.2.2.Implemented Hidden Surface Removal Algorithms

Four hiddensurfaceremovalroutineswerechosenfor implementation.The Z buffer andScan-

line routines were chosenbecauseof their popularity in computergraphics literature. The

Painter'salgorithmandthe BSPtreetechniquewerechosendueto their apparentsuitability for

high speedrendering.

3.2.2.2.1.Z buffer hiddensurfaceremoval

The Z buffer algorithm is an image spacehidden surfaceremoval technique.A pseudocode

descriptionof the algorithmis given in Figure16.

Eachpixel is associatedwith thedepthvalueof the last point plottedthere.The pixel may only

be overwrittenif the new point beingplotted is closerto the viewpoint than the previousone.

Plotting the pixel updatesboth the pixel colour andits associateddepth.The depthinformation

is normallystoredin a two dimensionalarray,theZ buffer, whosesizecorrespondsto the limits

of the displaydevice.
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With theZ buffer method,thepolygonrenderingandhiddensurfaceremovalarecloselylinked.

Figure 16 Z buffer algorithm

zbuffer [x, y] := -¥ , " (x, y) on the display

for eachpolygonin the scene
for eachpoint in the polygon

let (x, y) be the positionof the point on the display
let z be the depthof the point (x,y)
if z > zbuffer[x, y] then

Plot (x, y)
zbuffer[x,y] := z

end if
end for

end for

Rasterisationof eachpolygonoccursfirst andthe Z buffer is thenconsultedfor everypixel to

be drawn.

Thedisadvantageswith this methodarethelargeamountof memoryrequiredto storethematrix,

andthe largeamountof computationrequiredperpixel. A depthcomputationanda comparison

needbe performedfor everypixel in everypolygon.

A furtherdisadvantageis theinability to usea singleinstructionto fill a horizontalline segment,

aseachpixel requiresindividual consideration.Thusthe full speedof the fill routinecannotbe

obtained.

Someimprovementin speedcanbeobtainedby usingoneof theline drawingalgorithmsfor the

depthcalculations.Acrossa scan-line,depthcanbe linearly interpolatedbetweenthe valuesat

thetwo boundaries.Thedepthalongtheboundariesmaybesimilarly calculatedfrom thatof the

vertices.A furtheroptimisationcanbemadeby just calculatinga singledepthvaluefor anentire

horizontal line segment.This last optimisationwill causethe routine to fail for polygonsthat

penetrateothers,however.

Clearingthe Z buffer canalsobe a time consumingtask.Insteada floating offset canbe used

for caseswherethe total depthof thesceneis somefinite valuemuchlessthanthe rangeof the

type to representdepth.This offset holds the maximumvalueput in the buffer in the previous
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frameand is addedto the depthvaluecomputedfor eachpixel. This ensuresthat the pixels in

the currentscenearealwaysin front of, andthusunaffectedby, thosefrom the previousframe.

Whenthe limit is reached,the buffer canbe clearedandthe offset reset.

3.2.2.2.2.Scan-linehiddensurfaceremoval

This routine is a YXZ image space,point-sampling,hidden surface removal algorithm. A

pseudocodedefinition is given in Figure17.

The scan-lineroutine traversesthe display from top to bottom. It usesan active edgetable to

Figure 17 Scan-linealgorithm

Sort all polygonson their leasty coordinate.

for y := ScreenTopto ScreenBottomdo

Sort all horizontal segmentsof polygons on scan-line y on their least x
coordinate.

for x := ScreenLeftto ScreenRightdo

Sortall pixelsat horizontalpositionx on therelevantscan-lineson their
depth.

Plot the pixel that is closestto the viewer.

end for

end for

keeptrackof thepolygonspresenton thecurrentscan-line.By sortingthepolygonsinitially, the

new polygonsthat arecoming into view on eachscan-linecanbe found easily.The sorting is

doneby a bucketsort allowing simplelookup of the polygonsstartingon a particularscan-line.

A sortedlist of the horizontalsegmentsvisible on a particularscan-lineis maintained.While

traversingthe scan-linefrom left to right, a list of thosehorizontalsegmentsthat overlapthe

currentpoint is kept. Depthcomparisonscanthenbe limited to thosepolygonsthat overlap.If

the assumptionis madethat no polygonsintersecteachother,thendepthcomputationsareonly
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requiredwhenenteringa new polygonor leavingan obscuringone.

Thepolygonrenderingis againembeddedin thehiddensurfaceremovalroutine.Theactiveedge

tablestoresthe endpositionsof the horizontalline segmentsandcomputesthe pixel positions.

Plotting the point canoccuroncethe depthcomparisonhasbeencompleted.

The disadvantagewith this techniqueis the relatively (to the other hidden surfaceremoval

techniques)complex data structurethat it uses.Maintaining thesestructuresentails a certain

overhead.This method also performs a large number of comparisonsper polygon, both in

determiningdepth and in maintaining the edge list in ascendingorder. The routine is more

complicatedthan the Z buffer routinedue to the needto handleall the polygonsconcurrently.

This results in the need to perform an operation,similar to context switching, betweenthe

polygons,saving the state of the renderingprocessfor one and starting with another.This

contributesto an extraoverhead.

3.2.2.2.3.Painter'salgorithm

The painter'salgorithm is a ZYX imagespacedynamiclist priority algorithm.A brief formal

descriptionis given in Figure18.

This routineinvolvessortingthepolygonsaccordingto their depthandthenrenderingfrom back

Figure 18 Painter'salgorithm

Sort all polygonalfaceson their depthvalue

Draw polygonsfrom backto front

to front. Any polygon that is in behind anotherwill be overwritten,appearingas if it were

obscuredby that polygon.

The hiddensurfaceroutineandthe renderingcanbe completelyseparated.The hiddensurface

routinefirst performsthesort,working only with polygondata.This is followed by thepolygon

rendererthat canoperateasdescribedin a previoussection.

This techniquehasthedisadvantageof sometimesfailing to operatecorrectlywhentwo polygons
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intersector overlapin both depthandarea.The sortingstageis also time consuming,although

a significantspeedimprovementis notedwhenusingthe previoussortedlist asa startingpoint

for the next sort. In onetest,this techniquereducedthe sortingtime by a factor of 8.

The advantageof this methodis the speedimprovementresultingfrom the reducedamountof

computation,since the routine works at a polygon level as opposedto the pixel level of the

previousroutines.

3.2.2.2.4.Binary SpacePartitioning(BSP)trees

The BSP tree algorithm is a developmentof list-priority algorithms.Actual priority valuesas

sucharenot calculated,insteadthe mannerin which onepolygonobscuresanotheris encoded

in a binary treestructure.The tree is generatedby a pre-processingstage.Whenrenderingthe

object,all that is requiredis a traversalof the tree.

An algorithmfor the treegenerationphasein given in Figure19 [15]. Given a setof polygons,

Figure 19 BSPtreegenerationalgorithm

procedure maketree(pl : list of polygons): tree

FrontList := Æ
BackList := Æ

Let k be the index of a polygonin pl

for i := 1 to lengthof pl do
if i <> k then

Split polygoni on polygonk to get FrontPartsandBackParts
Add FrontPartsto FrontList
Add BackPartsto BackList

end if
end for

return a binary treewith polygonk asroot,
maketree(FrontParts)as left subtreeand
maketree(BackParts)asright subtree

{p1, p2, ... pn}, chooseonepk. The planein which pk lies partitionsspaceinto two half spaces.
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A front sidefor pk canbefoundby calculatingthenormalby someconsistentmethod.Theother

polygonsin the set theneither fall into the front half spacefor pk, the backhalf spaceor both.

By splitting thosethat lie in bothhalf spaces,two setsof polygonscanbeobtained,onethat lies

totally in front of pk, and one that lies totally behind.From any viewpoint in front of pk, the

polygonsin front will obscureit, and pk will obscurethe polygonsbehindit. For a viewpoint

behindpk the reversewill apply. The binary spacepartitioning treecanbe constructedwith pk

asthe root, andthe treesproducedfrom the front andbacksetsassubtrees.

The routine for generatingan image using a BSP tree is shown in Figure 20. The BSP tree

Figure 20 BSPrenderingalgorithm

procedure drawtree(eye: viewpoint, tree: BSPtree)

if tree is not emptythen
if eye is in front of root polygonof treethen

drawtree(eye,backbranch(tree))
DisplayPolygon(root polygonof tree)
drawtree(eye,frontbranch(tree))

else
drawtree(eye,frontbranch(tree))
DisplayPolygon(root polygonof tree)
drawtree(eye,backbranch(tree))

end if
end if

method is similar to the Painter's algorithm in that it works by drawing the polygons in a

particularorder,andpaintingover thosethat areobscured.As with the Painter'salgorithm,the

hiddensurfaceremovalandrenderingstagesareseparate.

The disadvantageof this method is the sometimeslarge numbersof sub-polygonsproduced

duringtheclipping process.A furtherproblemis thatthetreestructurecannoteasilybemodified

andis thusnot suitablefor situationswhereobjectsmay moverelativeto oneanother.

The advantages,however,are that the tree traversalcan be performedrapidly and that the

algorithmsuccessfullyrenderssceneswherethe Painter'salgorithmwould fail.
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Implementing these algorithms on transputersrequires some special considerations.Both

algorithmsare recursive,which posesa problemfor the transputerarchitecturewhereno stack

overflow protectionexists.The recursionmay be removedby explicitly simulatinga stack,in

which caseoverflow protectionmay be included.

3.2.2.3.Comparison of the different routines

Timing valuesallowing comparisonof the four different hiddensurfaceremoval routinesare

shown in Table IV. Thesetimes were taken for one particular test scene.Differencesin the

relativevaluesoccurfor differentscenes,thesecanbeexplainedby thetendencyof eachroutine

to perform better in different situations.For example,the scan-linealgorithm would perform

better for an image with few overlappingpolygons,whereasthe Z Buffer routine would be

unaffectedby overlap.

Theinterdependencyof thehiddensurfaceremovalalgorithmandthepolygonfill in someof the

Table IV Timing valuesfor the different hiddensurfaceremovalroutines

Z Buffer Scan-line Painter's BSPTree

Time / [s] 1691 7836 225 229

casesmakesit difficult to isolatethe effectsof eachdifferent hiddensurfaceremovalapproach.

An effectthatdoesremainconsistentacrossall but themostexceptionalscenarios,is therelative

orderingof the routines.

GenerallythePainter'salgorithmproducesthefastesttimes.It consistsof little morethana loop

to draw eachpolygon.It doeshavea disadvantagein that it occasionallyproducesan incorrect

image.Theseerrorscan occur when polygonsintersector overlap.The Painter'salgorithm is

unableto correctly rendercyclic overlapping,as is shownin Figure21.

TheBSPtreeroutinecomesa closesecond,alsodoing little morethanjust filling eachpolygon.

The addedoverheadof performingthe tree traversal,maintaininga stackfor backtrackingand

calculatingtheorientationof eachpolygonmakesthis techniqueslightly slowerthanthePainter's

algorithm. The orientationcalculationcan form part of the back face removal,however(see

section3.2.2.5).This routine doeshave a disadvantagewith regard to complex objects.To
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generatethetree,manypolygonshaveto besplit, furtherincreasingthecomplexityof theobject.

Figure 21 Cyclic overlappingof polygons

TheZ buffer routineis thenextmostsuccessful,althoughstill far slowerthanthetwo techniques

just mentioned.The needfor a point by point depthcalculationand comparisonis the major

factor in slowing this routine.

Thescan-lineroutineis theslowestof thefour. While theboundarycalculationswereperformed

usingfloatingpointoperationsfor conveniencein theimplementationof thisalgorithm,thiscould

slow down the routine by a maximum factor of 2. Although the data structuresusedin this

routine improve the efficiency of the routine, the cost of maintainingthem is high. Dynamic

memorymanagementhasits cost,asdoesthesortingstepsrequiredwhenmergingsegmentlists.

Coherencedoesnot provide much assistancein sceneswith small polygons,and the needfor

manydepthcalculationsper polygonis alsoexpensive.

3.2.2.4.Using the hidden surface routine

Given the aboveresults,the two hiddensurfaceremoval techniquesthat are bestsuitedfor a

virtual reality applicationare the Painter'salgorithm and the BSP Tree method.The Painter's

algorithm tendsto fail on occasion,destroyingthe illusion of reality. For this reason,the BSP

Treemethodwaschosenasthe hiddensurfaceremovaltechniqueto be used.

BSPTreeshavethedisadvantageof not beingableto adapteasilyto changesin thescenebeing

rendered.This problemcanbepartially overcomeby addinganintermediatelevel betweenscene

andpolygon.The polygonscanbe clusteredaccordingto the object to which they belong.The

shapesof the objectsarenot going to change,only the positionsof the objectsrelativeto each
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other.ThePainter'salgorithmcanbeusedat theobjectlevel to ensurethatobjectsobscureeach

othercorrectly.TheBSPtreeroutinecanbeusedwithin eachobjectto ensurethat thepolygons

obscureeachothercorrectly.Therearestill casesin which the Painter'salgorithmwill produce

the incorrectoutput,but thesearedecreasedby disallowingobject intersection.

Theideaof sortingat anobjectlevel first is notunique.Hiddensurfaceremovalusingavariation

on the scan-linemethod to sort the objects reportsa significant decreasein the numberof

comparisonsrequired[12]. This methodordersthe boundingboxesof the objectsby y values.

The objectsassociatedwith a particularscan-lineare kept in an active object list, sortedby x

value.This allows the objectsthat may be visible on a particularportion of the scan-lineto be

easilyfound.Thedatastructuredescribingtheobjectkeepstrackof whichpolygonsadjoinwhich

others,allowing adjoiningcoherenceto be used.Whenthe edgeof onepolygonis reached,the

next polygonwill be oneof the neighbours.

Theotherhiddensurfaceremovalroutinescouldalsobeextendedto work at anobjectlevel.The

BSP routines,being the most successfulat a polygon level, could be extendedinto a spatial

partitioningsystemat anobjectlevel. However,sinceobjectsarenot stationary,thepartitioning

would have to be revisedperiodically. For this methodto be viable, an efficient partitioning

algorithmwould haveto be devised.

The completesystemthushastwo levelsof hiddensurfaceremoval,oneat objectlevel andthe

otherat polygonlevel for eachobject.

3.2.2.5.Additional ways to simplify hidden surface removal

While thehiddensurfaceremovaltechniquesaresufficient for mostapplications,thereareways

to decreasetheamountof work needingto bedoneif thescenecanbeconstrainedin someway.

A classicalexampleis theflight simulatorwherethelandscapeis alwaysbehindeverythingelse,

andso may alwaysbe drawnfirst andpaintedover.

A similar situationoccursin otherscenarioswhenall objectsareconstrainedto be insidesome

object.In thesecases,the outerobjectcanbe specifiedasa boundaryobjectandalwaysdrawn

first. In addition,if thereareseveralboundaryobjectsthatdo not overlap,or thatalwaysoverlap

in a particularsequence,thesecanalwaysbe drawnfirst in somefixed order.
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An easyway to removeup to 50%of thepolygonsrequiringconsiderationduringhiddensurface

removal,is to removethosepolygonsat the backof the object [19]. For opaquesolid objects,

thesebackfacesarenot visible. By prearrangingthat the surfacenormalto eachpolygonin the

objectpointsoutward,thosepolygonsthatarenot facing theviewercaneasilybedistinguished.

It doeshavethe disadvantageof making the object invisible when the viewpoint is inside the

object.For this reason,it is usedselectivelyin this system.

3.2.2.6.BSP tree generation

The algorithmfor generatinga BSPtreeis given in section3.2.2.2.4.Mathematicallyit is quite

correct,but problemsarisewhenattemptingto implementit.

The limited rangeand accuracyof the numberrepresentationon a computermakesit difficult

to split polygonsaccuratelywith an arbitraryplane.Polygonscontaining4 or morepointsmay

no longerbeperfectlyflat. This requireseithercomplicatedmathematicsto find the intersection,

or triangulationof the polygon.Calculationof the intersectionpoints of planeand polygon is

difficult, particularlywhenthesepointsarecloseto vertices.There,a small roundingerror can

placea point that is insidea polygonon theoutsideandvice versa.Thepolygonsresultingfrom

the split may haveslightly different orientationsthan the original, which may causethem to

intersectotherpolygonswhich would previouslyhavebeenuntouched.

Oneapproachto solving this problemis to take this error into account[28]. Insteadof testing

if a numberis greateror equalto zero,it is testedto seewhetherit is greaterthan-e, or in the

range[-e, e] for somesuitablee. This doesmake the algorithm more complexas previously

impossiblesituationsmustnow be detectedandcorrected.Our approachwasto makeuseof an

infinite precisionrational type for all calculations.This sacrificesspeedagainstreliability, and

simplifies the logic.

A similar limitation arisesfrom thedatafiles thatareusedto storetheobjects.Firstly, only finite

precisionis usedin the storage,so accuracyis lost, andpolygonsthat wereonceparallelmay

now be at someother angle to eachother. In somecaseswhen many sided polygonswere

triangulated,the planescontainingthe trianglesareno longerparallel.This may result in more

of the trianglesbeingsplit by othersduring BSPtreegeneration.This problemis worsenedby
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some object generationpackageswhich do not properly produce closed objects. Adjacent

polygonsnot only do not sharevertices,the verticeswhich shouldbe commonactually have

slightly different positions.This resultsin thin fragmentsbeingslicedoff polygonsduring tree

generation.

A more seriousproblemwith respectto the generationof BSP treesis the large numbersof

polygons that may be split, increasingthe complexity of the object. Since the relationship:

polygonA splitspolygonB is not alwaysreflexive,rearrangingtheorderin which thepolygons

areplacedin thetreecanaffectthenumberof splitswhich occur.In anearlypaper[15], theroot

polygonswere selectedso that the numberof splits of thosebelow was reduced.A conflict

reductionstrategywasalsoemployedwhich selecteda root polygonso that possiblesplits are

now placedon oppositesitesof the root. Later work usedheuristicsto reducesplits andalsoto

producea balancedtree[40].

Our work usedheuristicsdependenton both split reductionand conflict reductionto produce

Table V PolygoncountswhengeneratingBSPtrees

Object Original Naive Conflict
reduc.

Split
reduc.

Conflict =
Split

Conflict
Split

Dodecahedron 36 52 53 36 50 36

Epcot 96 249 199 128 130 127

Glass 138 378 268 299 253 298

Hang-glider 117 652 283 251 284 243

Lamp 145 363 321 299 308 294

Pawn 304 1207 766 608 689 609

minimal splitting. Usedindependently,both gaugesreducedthe numberof splits over a naive

ordering,asshownin TableV. Thesplit reductionwasgenerallythemosteffective.Combining

thesetwo, so that they both contributedequalweightsproducedan intermediatesaving.The

optimumresultswereobtainedusingsplit reductionwith the conflict reductionusedto resolve

the caseswhensplit reductionheuristicgaveequalvaluesfor a numberof polygons.
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3.2.3.Perspectiveprojections

3.2.3.1.Standard perspectiveprojection

The transformationstageof the graphicspipeline (Seesection3.2.5) arrangesthe objectsand

transformsthe coordinatesystemso that the viewer is looking down the Z axis, with the X-Y

planeat Z = 0 correspondingto the displayscreen.The viewer is situateda distanced behind

this plane.

The perspectivetransformationthat projectsthe points on the objectsonto the screenis well

(2)

documented[18][19] andis shownin (2).

3.2.3.2.Stereoperspectiveprojection

Producinga stereoimageinvolvescreatingtwo separateimages,onefor the left eye,the other

for the right eye,and combiningthe two. The two imagesmay be displayedon two separate

displays,for examplein a headmounteddisplay, or on one display using somemethod to

separatethe two images.The techniquecurrentlyin useinvolvescolouringthe left imagegreen

andinterleavingit with the right imagewhich is colouredred.Red/greenfilter glassesareused

to separatethem.

Thedifferencebetweenthe two imagesis createdin theprojectionstage.Thestereoperspective

(3)

projectionis anextensionto thestandardprojectiondescribedabove[20]. Thedifferenceis that
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insteadof theviewpoint lying on theZ axis,the left eyeviewpoint is takenasa distancee to the

left of theZ axisandtheright eyeviewpointasdistancee to theright of theaxis.Theprojection

equationsareshownin (3).

3.2.4.Clipping

Regionsof the polygonsthat will not appearon the displaydevicemustbe removedor clipped

beforean attemptis madeto draw them.Plotting non-existentpoints,particularlywith memory

mappeddevices,canhavedisastrouseffects.

Clippingcanbeperformedatapixel level,checkingthateachpoint correspondsto avisiblepixel

on the screenbeforeplotting it. As may be evident from discussionin previoussections,this

would adda sizeableoverheadto the fill routines.A moresatisfyingalternativeis clip off the

piecesof eachpolygonthat do not fall into the visible areaof the display.

While a numberof generalpolygon clipping techniquesexist [39], [25], [41], the specialcase

of a convexpolygonbeingclippedagainsta rectangulardisplaywindow is not well documented.

While this specialcasecan be clipped by thoseroutines,no advantageis madeof the extra

constraints.

The clipping algorithmusedin our implementationis a developmentof the techniquedescribed

by Sutherlandand Hodgmanin [39]. The algorithm traversesthe polygon, consideringeach

successiveedge.Eachedgeis clipped againstthe boundaryand the points inside and on the

boundaryareusedto constructa new clippedpolygon.The edgeclipping routinemakesuseof

the line clipping routinepresentedin [7], which combinesa numberof well knownline clipping

algorithms.

The order in which clipping and perspectiveprojection is performedis important. Dividing

throughby thedepthvalueresultsin a lossof informationneededfor clipping.Thisaffectspoints

in front of the displayscreenin particular.A possiblesolutionto this problemis to clip before

projecting.This requiresclipping againstthe pyramidal shapethat is the pre-projectionview

volume.An alternativeis to clip awaythe points in front of the display first, project,and then

clip againsta rectangularview volume.

Clipping is doneagainstpairsof boundaryplanesata time,avoidingthecomplicationof catering
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for turningpoints,asin [25]. Z clipping is performedfirst. This is thenfollowed by perspective

transformation,andclipping againsttwo Y andtwo X boundaries.

The position occupiedby the clipping stagein the graphicspipeline varies accordingto the

hiddensurfaceremovalmethodused.For Scan-lineandZ buffer it occursbeforehiddensurface

removalandpolygonfill. For BSPtreeandPainter'salgorithm,it occursbetweenhiddensurface

removal and polygon fill, as the unclipped polygon data is required by the hidden surface

removalroutines.

Clipping is alsodoneat an object level. This correspondsto a simple rejectionif the object is

entirely non visible. Partially visible objectsarepassedon to the polygon level routineswhere

moredetailedclipping is done.

3.2.5.Transformations

Thetransformationsperformedinvolvepositioningeachobjectin theworld, shadingeachobject,

andtransformingthe coordinatesystemso that the viewer is placedat a convenientpoint.

The initial transformationstransformthe object from the objectspaceto the world space.Each

objectis scaled,translatedto thepositionit occupiesin theworld, androtatedto facethecorrect

direction.

The next stepis to calculatethe shadingfor eachpolygon.The directionof the normal vector

for eachpolygon is comparedwith the direction to a light source,giving an indication of the

brightnessof the polygon. This value determinesthe colour with which the entire polygon is

painted.

The whole world is thentransformedto viewpoint coordinatesasdescribedin section3.2.3.1.

Thetransformationsareall performedusing3x3 matrices.Theaddedgeneralityof homogeneous

coordinateswas not considerednecessary.The calculationsare performedusing floating point

values.This was found to be about5% slower thanusing fixed point, but the greaterrangeof

the valuespossibleis a compensatoryadvantage.
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3.2.6.Performance of the pipeline

Theproportionof processortime thateachof thecomponentsof thepipelineoccupiesis shown

in TableV. Thesefiguresaregiven for a certainsetof viewpointsinto a simpleworld andare

not alwaysconstant.Thecomplexityof theenvironmentcaninfluencetherelativetimesof each

component.Wherenot specified,measurementsweretakenwhenusingtheBSPTreemethodfor

hiddensurfaceremoval.

A point worth noting from thesefigures,is that thepolygonfill time dominatesthatof theother

Figure 22 Performanceof the componentsof the graphicspipeline

components.Thus finding a faster fill methodprobablywould havethe greatesteffect. Many

othergraphicssystemsmakeuseof specialisedhardwarefor this function.

Theamountof thetimespentclearingthescreenbetweenframesis alsounfortunatelysignificant.

Speedsfor therenderingsystemaregivenin TableVI. Thesimpletestworld contains30 objects

amountingto about250 polygons(eachwith 4 or moresides).The complexworld consistsof

Page52



a singleobjectwith over 1650triangularpolygons.The resolutionof the screendeterminesthe

Table VI Speedof the renderingsystemin frames/s

Framesrates: Simpleworld Complexworld

512 x 512 resolution 4.17 0.87

320 x 200 resolution 5.67 0.88

size of the window into the world, no attemptis madeto scalethe sceneto the window size.

Thereis not a lot more to be drawn for the single object at different resolutions,so rendering

speedis not significantly affected.

3.3. Parallelisation of the graphics pipeline

All of theaboveimplementationwascarriedout on a singleprocessor.Furtherimprovementsin

speedcan possiblybe obtainedby making useof more processors.This sectiondescribesthe

resultsof addingparallelismto the graphicspipeline.

A numberof different paralleldecompositionstrategiesfor polygonrenderingaredescribedin

a paper by Whitman [43]. The next section describesthe taxonomy. Four decomposition

strategieswere implemented,andaredescribedin the following sections.

3.3.1.Parallel Decompositiontechniques

The upperlevelsof the taxonomyproducedby Whitmanis shownin Figure23, which classify

paralleldecompositiontechniquesinto four main categories.

Level I.A. partitionsthe sceneaccordingto the polygons.The polygonsaregroupedaccording

to somescheme,possiblytheobjectto which theybelong,or accordingto their positionrelative

to someotherpolygon.

Level I.B. decomposesthe sceneamongst3D spatial regions.This option is consideredmore

appropriateto ray tracingapplicationsthanpolygonrendering.

The imagespacepixel basedroutines,II.A., involve dividing the imageamongstprocessors.In

the'worst' casethis involvesplacingthecomputationfor eachpixel on a separateprocessor.The

morecommonapproachis to placethe computationfor areasof the screen,suchashorizontal
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or vertical strips,on separateprocessors.

Figure 23 Paralleldecompositiontaxonomy

The polygon methodsfor image space,II.B., divides the scan-linesof the polygon amongst

different processors.

Whitman considersthe object spacealgorithms to be less efficient than the image space

algorithms.Thereasongivenwasthatobjectspaceroutinesconsideredcouldonly parallelisethe

hidden-surfaceremovalandscan-conversionwasignored.

3.3.2.Pipeline parallelism

The mostobviousstepwhenconsideringthe diagramof the graphicspipeline is to placeeach

componentof thepipelineon a separateprocessor.Theconnectionsbetweencomponentscanbe

constructedusing transputerlinks. Thereare two factorsworthy of considerationwhen setting

up a pipelineconfigurationfor virtual reality on a transputerarchitecture.

Firstly, greater bandwidth is obtained from the transputerlinks when larger messagesare

transmitted.Thereis lessoverheadfrom theprotocolused,andthereis lessdelaywaiting to each

of thecommunicatingprocessorsto synchronise.Thefew bytesrepresentingapointarenotworth

transmittingalone,it is betterto wait until a numberof pointsare readyto be transmittedand

thensendthemall together.Forconvenience,all thedatacorrespondingto anentireobjectis sent

in onepacket.

Thesecondconsiderationis the latencyproblem,thedelaybetweeninput andthecorresponding
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output.Lots of datais held in long pipelines,evenwith a limited amountof dataat eachnode.

All of this mustbeprocessedbeforenewdataenteringthenodecanhaveanyeffecton theimage

beingdisplayed.Sincethereis a certainoverheadassociatedwith the communicationbetween

pipeline components,the delay betweendataenteringthe pipeline and it reachingthe output

increaseswith pipelinelength,eventhoughthe rateat which imagesareproducedis increased.

This may be illustratedby example:Considera pipeline in which eachnodesharesequally in

theworkload,andthe time takenfor oneprocessorto processa pieceof datais 10 seconds(see

Figure24). The datais arriving asfast aspossible,but takes1 secondto transmitacrossa link.

For 5 nodes,eachworks on a datumfor 2 seconds,andresultsareoutputevery2 seconds.The

time betweena pieceof databeing input and the correspondingoutput is at least16 seconds.

With 10 nodes,outputoccursonceeverysecondbut at least21 secondspassbetweeninput and

correspondingoutput.

In generalfor N processors,for work taking T secondson oneprocessor,capableof arbitrarily

Figure 24 Illustration of latencyin pipelines

parallelism,andwith communicationtime C betweenprocessors,thedataoutputrateis T/N. The

latencyis at least(N+1)C + T seconds.Thelatencyincreaseswith numberof processorsfor non

zerocommunicationtime. For zerocommunicationtime it remainsconstant,independentof the

data output rate. For this reasonpipeline parallelismis better suited to systemsthat require

computationallyintensiverenderingwith limited userinteraction.

A limited pipeline with three nodes was implemented.The processorlayout is shown in

Figure25.Speedupfiguresaregivenin TableVII. Thedifferencein speedupsat differentscreen

resolutionsis due to changein the load balance.The rendererhasto do more work at higher
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resolutions.

Figure 25 Processorlayout for pipelineparallelism

3.3.3.Coarsegrained parallelism

Table VII Frameratesfor pipelineparallelism

Framesrates: Simpleworld Complexworld

512 x 512 resolution 6.99 1.09

320 x 200 resolution 10.00 1.11

The coarsegrained parallel decompositionstrategy renderssuccessiveframes on separate

processors.Thetransputernetworkis arrangedto allow a numberof independentpipelinesto be

created,as shown in Figure 26. Each pipeline rendersone frame in memory which is then

transferreddirectly to the graphicsnode.This techniquepromisesthe greatestspeedupsinceit

requiresno loadbalancing.Eachprocessorcanstartwork onanotherframeassoonasthecurrent

one is finished.The load is also approximatelyequalfrom one frame to the next, so they are

likely to stay in step.Thereis thusno waiting for otherprocessorsto catchup.

The delaybetweeninput andoutput is still the time takenfor the pipeline to renderthe frame.

No decreasein this time occursevenwhen the numberof parallel pipelinesis increased.The

latencyis thusconstantandindependentof the numberof processorsused.
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Values for the speedupobtained from an implementationof this techniqueare shown in

Figure 26 Processorlayout for coarsegrainedparallelism

Table VIII. As may be seen,linear speedupis obtainedfor most of theseexamples.The only

factor preventinglinear speedupin all casesis the bandwidthrestriction on the links to the

graphicsnode. With each link capableof 1.7 Mbytes /secondand four links, this allows a

maximumof 26.6 frames/secondat 512 x 512 resolutionor 108 frames/secondat 320 x 200

resolution.The examplewith the simple world at 512 x 512 is using about half of the total

bandwidthavailable.

Thereis a generaltendencyfor a drop in thespeedupwhenmorethanfour processorsareused,

especiallyin high traffic situations.This tendsto occurwith all the parallelismstrategiestried.

It can be ascribedto the necessarydoubling of the traffic on one of the links to the graphics

node.

3.3.4.Fine grained parallelism

The pipelineapproachusesa numberof transputersconnectedin series.It hasthe disadvantage

of high latency.A more suitableparallel decompositionfor interactivegraphicsapplications

would havetheprocessorsconnectedin parallel,andall working on thesameframe.In this way
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the delaybetweeninput andcorrespondingoutputwould be shortened.

Table VIII Speedupvaluesfor coarsegrainedparallelism

Theprofile of thegraphicsroutinesrunningon a singleprocessor(TableV) revealsthat thebulk

of theeffort is spenton thestageinvolving hiddensurfaceremovalandpolygonrendering.Thus

thebulk of theeffort in parallelisationhasgoneinto decreasingthetime spenton this stage.The

otherstagesof the graphicspipelineare left asa shortpipelineon separateprocessors.

The fine grainedparallelisationtechniqueis an imagespacepixel basedparalleldecomposition

strategy.Thedisplayareais partitionedinto horizontalstrips,andthehiddensurfaceremovaland

renderingfor eachstrip occurson a separateprocessor.The stripsarerenderedin memoryand

transferredto the graphicsnodewhich fits eachblock into the correctareaof screenmemory.
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Theamountof datathatis transmittedto thegraphicsnodeis thesameaswith thecoarsegrained

Figure 27 Processorlayout for fine grainedparallelism

parallelism.Themessagesareshorterbutmorefrequent.Theprocessorlayoutusedto implement

this techniqueis shown in Figure 27. The shadedprocessorsrepresentone possiblegraphics

pipeline for renderinga single strip. The sametransformationsneed to be done for all the

pipelines,so it is sufficient to usea singleprocessorfor the transformationstageanddistribute

the resultsto eachrenderingnode.

Considera simplified versionof the graphicspipeline,consistingof K stageseachtaking equal

time T to completetheir task.By usingN processorson oneof the stagesandassuminglinear

speedupwill resultin that stagetaking time T/N. The total time takento traversethepipelineis

(K - 1)T + T/N. The latencydecreasesasthenumberof processorsis increased.Therestrictions

given abovecanbe relaxed,andas long asspeedupis obtained,latencywill decrease.

The speedupvaluesobtainedfrom implementationsof this strategyareshownin TableIX. The

timesmeasuredarefor theentiregraphicspipeline,andnot just thehiddensurfaceremovaland

polygonrendering.This latter part of the pipelinedoesmostof the work however,andcontrols

theoverallspeed.This techniquedoesnot producelargespeedups,nor doesthespeedupincrease

very muchwith the numberof processorsused.Two factorswere found to contributeto these
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effects.

Table IX Speedupvaluesfor fine grainedparallelism

Whenrenderingthehorizontalstrips,thepolygonsthat fall partially outsidethesestripsmustbe

clipped.As thenumberof stripsbecomesincreaseswith eachstrip becomingsmallerthenumber

of polygonsneedingto beclippedincreases.In onetestwith thescreendivided into 4 stripsthe

time takenfor clipping increasedfrom about25 % of the time takenfor renderingto about500

% of therenderingtime. Therenderingtime did decreaseby a factorof 4 dueto theparallelism,

but theclipping overheadis still significant.Theclipping wasa significantfactorwith thesingle

objectin thecomplexworld with its manypolygons.Theclipping limited thespeedupthemost

for that case.
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Thesecondfactor involvesloadbalancing.Thepictureis not alwaysevenlydistributedover the

screen.Sometimesall the objectsclusterin oneregionof the screen.In this caseoneprocessor

is requiredto rendermost of the objectswhile othersrenderalmostnothing.This situationis

almostequivalentto a singlepipeline.The effect of this canbe seenin the speedupvaluesfor

thecomplexworld with 512x 512resolution.Thesingleobjectoccupiedthemiddlehalf of the

screen.Thus for threepipelines,the processorsrenderingthe top and bottom sliceshad little

work to do andtheprocessorrenderingthemiddleslicedid mostof therendering.This explains

thedropin speedupoverthetwo pipelineversionwheretheloadwasmoreevenlybalanced.The

objectfilled thescreenin the320x 200resolutionandclipping limited thespeedupin this case.

Alternativetechniquesfor distributingsectionsof the displayareaover N processorsinclude:

· Placingsuccessivescan-lineson different processors.

· Dividing the screeninto N2 horizontalslicesandplacingsuccessivesliceson different

processors.

The secondalternativewould solve the load balancingbut at the expenseof worseningthe

clipping.

Theframeratesobtainedwith this methodwerenot high enoughfor bandwidthlimitationsto be

a constraint.

3.3.5.Object-oriented parallelism

This techniqueis an objectspacehiddensurfaceroutine.Renderingfor different objectsoccurs

on differentprocessors.For thecaseof N processors,theobjectsaresortedinto N groupsbased

on their depth.This is easilydoneaspartof thedepthsort involvedin thehiddenobjectremoval

routine.Eachgroupis thenrenderedon oneof the processors.The imagesproducedaresentto

the graphicsnodewherethe imagesarecombined.The combinationtechniqueis similar to the

Painter's algorithm where images correspondingto nearer objects are painted over those

belongingto more distant ones.The transputerhas a specialisedblock move instruction that

allows this to be done relatively quickly and easily. Both the transformationand hidden

surface/polygonrenderingstagescanbe donein parallelwith this method.

Thetransputernetworkusedto implementthis strategyis shownin Figure28.Theshadednodes

show the graphicspipeline for one group of objects. This parallelisationstrategyhas one
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immediatedisadvantage.If thesceneconsistsof only oneobject,thenthereis little point in using

Figure 28 Processorlayout for objectorientedparallelism

more thanoneprocessor.Consequentlya world containing16 objects,eachwith 276 triangles

wasusedinsteadof the complexworld usedfor previoustests.

Valuesobtainedfor the speedupfor an implementationof this strategyareshownin TableX.

The bandwidthlimitation is particularly severein this case.In the casewhere the numberof

processorsusedis lessthanfive, anentireimageneedsto besentdowneachof the transputer's

links. This placesan upper limit on the frame rate of 6.6 framesper secondfor 512 x 512

resolutionor 27 framesper secondfor 320 x 200 resolution.The speedupvaluestend to level

off asthis barrier is reached.Adding a fifth processorjust worsensthe situation.

A further problemwith this techniqueis load balancing.Someobjectsaremorecomplexthan

others,and just distributingequalnumbersof objectsmay result in someprocessorshaving to

do morework. A finer, morebalancedapproachwould be to distributeon a polygonbasis.This

could be implementedrelatively easilyby taking advantageof the BSPtreestructure.However

suchan approachis not worth exploringuntil higherbandwidthsystemsareavailable.

Theparallelismwould alsosufferwhenthenumberof visible objectsis lessthanthenumberof
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processors.Polygondistributionwill be valuablefor this situationaswell.

Table X Speedupvaluesfor objectorientedparallelism

Considering the simplified version of the graphics pipeline used in the previous latency

calculation,gives the total time takento traversethe pipeline as (K - 2)T + 2T/N, since two

stagesof the pipeline are parallelised.The latency is less than that for the fine grained

decompositionandalsodecreasesasthe numberof processorsis increased.

3.3.6.Further parallel implementation features

The polygon lists for all objectsin the currentworld are distributedto every nodewhen the
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object is first used.The polygon list specifiesonly the interconnectionof the verticesand is

unchangedthroughoutthe graphicspipeline.The vertex list, containingthe threedimensional

pointsin the objects,is transmittedfrom onenodeto the next throughthe graphicspipeline.At

eachstageit is modified andpassedon to the next node.

3.3.7.Optimisations and speedimprovement techniques

Thoroughanalysisof the run-timeprofiling informationshowedthat processortime wasbeing

wastedin waiting for otherprocessorsto catchup. Processorswereblocking,waiting for others

to communicate.This problem was overcome by adding extra processesto monitor the

communicationlinks and to buffer severalmessages.In this way wastedtime was reduced.A

notablespeedupin the frameratewasachieved.

This solutionhada correspondingdisadvantage.Adding extraprocesseson the communication

links hastheeffectof lengtheningthepipeline.This increasesthelatency.Thesizeof thebuffers

on eachlink alsoaffectsthe latencyadversely.

In orderto get themaximumbenefitfrom this techniquethesizeof thebuffersshouldberelated

to the complexity of the scene.Small buffers are bettersuitedfor sceneswith a few complex

objects,while largeronessmoothover the delaysfor largenumbersof simpleobjects.

3.4. Other renderers

A numberof otherrendererswerecreatedto testthemulti-usercapabilitiesof thesystem.These

weresimplerprogramswhich produced'wire-frame' images.

Thedesignof theserendererswassimilar to thetransputerversiondescribedabove.Thegraphics

pipelineconsistedof fewerelementssincehiddensurfaceremovalis unnecessaryfor wire-frame

images.

The world descriptionwasobtainedfrom the transputerclustervia the ethernet.

3.5. Future additions

In order to make the transputerrenderercomparablewith the hardwarerenderers,further
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extensionswould needto be made.In particular,mosthardwarerenderersprovide supportfor

GouraudandPhongshading.

Anotherrequirementfor therendererwouldbeto enableeasyuseof text in thethreedimensional

world. Theability to readdocumentsor usemenusmaybea usefulfeature.At present,any text

would haveto be convertedto polygonformat,makingit bothslow to useanddifficult to read.

It may be betterto merelyoverlaytext on top of the image.

Developmentof therendererhasconcentratedon increasingspeedof renderingwhile minimizing

latency.Other techniquesfor improving speedarepossible.For example,a lessdetailedmodel

of an objectcanbe usedwhenthe object is far awayfrom the viewer.Anotheralternativeis to

producelessdetailedimageswhenmoving,andrefinetheimagewhentheviewpointis no longer

changingas is donein [8]. This techniquecan also be usedto maintaina constantrendering

speedby decreasingthe imagequality whenthe frameratestartsdropping[21].

3.6. Summary

This chapterhas describedthe designand implementationof a fast rendererfor polyhedral

objects.Each stageof the graphicspipeline was consideredand alternativetechniqueswere

comparedin terms of speed.An efficient polygon fill routine was described.The BSP Tree

hiddensurfaceremovalmethodwasfound to be fast andgaveaccurateoutput.

A numberof differentparallelisationstrategiesweretestedin anattemptto increasetherendering

speedanddecreasethe interactionlatency.A frameper processorapproachgavealmostlinear

speedup,but left the latencyunaffected.Strategieswhich distributedthecalculationsfor a single

frame over a numberof processorsresultedin latencydecreasingas the numberof processors

increased.Thesetechniquesdid, however,havelesserspeedups.Thefactor thatmostlimited the

speedupwasthe limited bandwidthof the transputerlinks. Fastercommunicationis essentialif

real-timeimagesareto be produced.
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4. Input DeviceDrivers

Thischapterdescribestheinputdevicedriversthatwereimplemented,anddescribesobservations

that weremaderegardingthe useof the variousdevices.

4.1. Designof Input DeviceDriver

4.1.1.Requirements

The input devicedriversmust:

· Interfacewith the input devicebeingused.

· Determinewhich gestureis beingmadeandpassthis informationto the virtual world

manager.

Input may be takenfrom a numberof physicaldevices.Traditionalinput devicesarekeyboards

andmice.Virtual reality applicationsgenerallyusea glovecontainingsensorsto measurefinger

bendandhandposition.

Thegogglesusedto displaytheworldsoftencontainsensorsto measureheadposition,allowing

the view to be changedaccordingto the direction in which the user is looking. Suchsensors

would alsobe classifiedas input devices.

The device driver is required to control the physical hardwareand convert the data into a

standardform.

4.1.2.Design

The devicedriversshouldideally convertthe datafrom the variousinput devicesinto gestures

that are independentof the natureof the hardware.For example,the 'g' key pressedon the

keyboardor a clenchedfist detectedby a glovecouldcorrespondto a 'GRAB' gesture.Someof

the devicesprovide information that canbe useddirectly; the threedimensionalcoordinatesof

the handmay be useful in directly positioningthe handobject in the virtual world. Providing

visualfeedbackto theuseralsorequirestheproductionof animageof thehandwith fingersbent

appropriately.
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For this reasonit was decidedto allow the applicationwriter direct accessto the raw data

returnedfrom eachdevice.Higher level routinesprovidedas part of the virtual world kernel

would performthe conversionof this datato gestures.

A descriptionof theseconversionroutineswill be includedaspart of this chapter.

4.2. Implementation of the powerglovedevicedriver

TheNintendopowerglove,describedin section1.4.1.3,is usedby manyvirtual reality researchers

as an inexpensiveinput device.It containsfour strain gaugesfor measuringfinger bend.The

strain gauges,madefrom plastic coatedwith a resistiveink, are found in the thumb and first

threefingers.A pair of ultrasonictransmittersmountedon thebackof theglovearedetectedby

threereceiversmountedin anL shapedconfiguration.Theseallow measurementof theposition

of thehandin space.Positionis measuredto about3 mm in theX andY directions,andto about

14 mm in the Z (depth)direction.The glove is operablewithin a pyramidalvolume limited to

about4 m from thereceivers,with resolutiondecreasingwith distance.Thetwo transmittersalso

makeit possibleto detectwrist rotation.A keypadcontaininga numberof keysis mountedon

the backof the glove.

The glove was intendedonly for usewith Nintendosystem,beingequippedwith a proprietary

Nintendoconnector.A recentarticlegaveinstructionsfor interfacingit to a standardparallelport

[13]. Usageof the glove was limited to emulatinga joystick due to the encryptionof the data

streamfrom theglove.This wasrecentlydecryptedanddriverswerereleasedto allow accessto

all the glove functions.

This glove is not particularly reliable, the ultrasonicsecho off walls and other furniture and

introducespuriousvaluesinto the position data.The fingers needto be flexed occasionallyto

recalibratethe A/D convertorsattachedto the straingauges.The glove driver includesroutines

to removemostof this noisein the data.The glove needsto be manuallycentredoccasionally

to define the origin of the coordinatesystemthat it uses.The position of the powergloveis

thereforerelativeto a randomposition in space,which may not alwaysbe constant.

With thesedriversfor thepowerglovealreadyavailable,implementationof thedevicedriver was

simplified. Since the glove worked through a parallel port, and none were available for the
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transputercluster,the glove wasconnectedto oneof the hostPCs.The devicedriver, running

on oneof the transputers,polls the PC regularly to get the latestglove data.The datais in the

form of 8 bits for eachof the x, y andz coordinates,a valuefrom 0 to 11 giving wrist rotation,

2 bits per finger for finger bendanda byte giving the key pressedon the keypad.

4.2.1.Converting glove data to gestures

It is difficult to measurethebendof the finger, the transitionalpositionsbetweenfully openand

fully closedareclosetogether.Theonly statesthatcanbemeasuredwith anydegreeof certainty

arethe two extremes.

The gestureswhich canbe interpretedare limited by a numberof constraints.The fingerscan

only be bent in a limited numberof ways. Certain configurationsare difficult to achieveor

maintainfor a long periodof time. The sensorson the powergloveareunableto measureother

values such as the angle betweenthumb and forefinger. Thus other possible gesturesare

eliminated.

For new usersof the system,the interfaceshouldbe easily to learn and intuitive to use.The

gestureusedshould fit the action. The numberof gesturesusedfor principal tasksshouldbe

limited, andshouldbe useful for othersimilar tasks.

A numberof simple finger andwrist configurationswereselectedasbasicgestures.Theseare

listed in Table XI. Use of theseto control motion is discussedin section6.1.1.1.The GRIP

gesturewaschosenasreversesincethis closestto the 'inverse' of thePOINT gesturethatcould

be comfortablyachieved.

Furtherglove control is slightly morecomplicated.Not only it is necessaryto avoid reactingto

the occasionalglitch in the datafrom the glove,but glove actionsneedto be interpretedover a

periodof time. Parsinga motion suchaswaving requiresrecordsof glove position in the past.

Thefirst problemcanbeminimisedby requestingconfirmationfor critical operations.Thelatter

problemcanbeaddressedby usingstatetransitiondiagrams,triggeredby thedifferentgestures.

Sucha statetransitiondiagramsareshownin Figure29.

Gesturessuch as POINT and GRIP are immediately implementedas movement.The use of

history information is illustratedwhen turning. When the TURN gestureis madein the FREE
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state,thecurrentglovepositionis memorised.Whenthis gestureis madein theTURN state,the

Table XI Glove configurationsfor variousgestures

Gesture Thumb 1st
finger

2nd
finger

3rd
finger

Wrist Intendeduse

FIST >1 >1 >1 >1 X Graspingobjects

FLAT £1 £1 £1 £1 X No operation

YES £1 >1 >1 >1 between50æ
and160æ

Confirmationof operation

NO £1 >1 >1 >1 between230æ
and340æ

Cancellationof operation

POINT >1 £1 >1 >1 X Move

TURN £1 £1 >1 >1 X Rotate

GRIP >1 >1 £1 £1 X Reverse

(Fingers:0 - open,3 - closed.Wrist: 0æhasright handthumbhorizontalandpointedleft, 90æhasthumb
pointedupward.)

Figure 29 Statetransitiondiagramfor glove control

offsetof theglove from this previouslymeasuredpositionis calculatedandtheuseris turnedin

the correspondingdirection.Any othergesturereturnsthe systemto the FREEstate.

Confirmationis requiredwhenpicking up andreleasingobjects.A FIST gestureis madeandif

an objectis presentthenthe statewill changeto GRASP.A 'thumbsup' YES gesturewill then

pick the object up, a 'thumbs down' NO gesturewill cancelthe operation.The sameroutine

occurswhenreleasingobjects.Possiblya more intuitive alternativeis to hold the objectwhen

thefist is closedandreleaseit whenthehandis open.This wasrejectedbecauseholdingfingers

bentfor long periodsis physicallytiring whenwearingapowerglove.Thisalternativealsowould

makeit impossibleto control movementwith the glove while holding objects.

Page69



Thekeyson thekeypadareconvertedto a sequenceof numberedgestures.Thepurposeof these

is undefined,andit is left to theapplicationwriter to definethefunctionscorrespondingto these

gestures.

4.3. Implementation of the keyboard devicedriver

A devicedriver using a keyboardwas createdfor a numberof reasons.Firstly the numberof

powerglovesis limited, andkeyboardinput wasusefulfor testingthesystemwith multiple users.

Secondlykeyboardsareuseful for precisecontrol, andareuseful for doing finer manipulations

thatmaynot bepossiblewith a powerglove.Also keyboardshavemoredegreesof freedom,and

aremoreappropriateto somefunctions,suchasenteringtext.

Thekeyboarddriver is implementedin asimilarmannerto thepowerglovedriver.A processruns

on oneof the transputers,polling the keyboardwheneverinput is requested.This polling may

be over the link to the hostPC or over the ethernetto a remotemachine.

The device driver returnsall the keys pressedbetweenthe current and previouscalls to the

driver.This allowstheprocessreadingthekeyboardto eitherdiscardextrakey strokes,or better,

to act on all the keypressesbeforeupdatingthe display.The latter policy allows movementat

constantspeedevenwhenthe frameratevaries.

4.3.1.Converting keys to gestures

Whenusinga keyboardseveralof the limitations of a glove deviceare removed.Lots of keys

areavailableandthesecanbe clearly markedwith their function.This makesit possibleto use

a different setof gesturesthat aremorecomprehensive.A limitation is imposedin that thereis

no positionsensing.Also all input is digital and limited to binary or unary,no analogueinput

is possible.The keyboardis better suited for navigationin the virtual world than for object

interaction.

The limited rangeof valuesthata singlekey mayreturnmeansthata numberof key strokesare

requiredto perform the samefunction as a single movementusing a position tracking device.

Keyboardsarethusnot ideal as input devicesfor virtual reality applications.

The gestureschosenfor the keyboardperform movementor rotation in variousdirections,for
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exampleMoveUp andRotateLeft. The numberkeysareconvertedinto numberedgestures,as

for the glove keypad.

4.4. Summary

Discussionin this chapterhasbeenlimited to the availabledevices.Comparisonsof otherhand

input devicesandtheir relativeadvantagescanbe found in [37].

Havingvisualfeedbackon thestateof theglovehasmadeuseof theglovemucheasier.Initially,

when developingthe system,only numericalvaluesdescribingthe configurationof the glove

wereavailable.Producingthecorrectgesturewasdifficult sincethestatebeingmeasuredby the

glove was not immediately obvious. Once a visual representationof a hand was created

limitations in the glove could quickly be compensatedfor by changingthe bend of various

fingers.

The powerglovewith its threedimensionalmovementability is well suitedto interactionwith

objects,while its limited numberof gestureslimit its usefulnessfor movementin a virtual world.

The keyboardis limited to navigationalfunctions.This suggeststhat a combinedkeyboard(or

joystick) and glove systemis well suited for inexpensivevirtual reality applications.More

advancedsystemsusetrackersbuilt into the headmounteddisplaysto performthe navigational

tasks.
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5. The Virtual World Kernel

5.1. Designof the Virtual World Kernel

The virtual world kernel is the modulethat will supportthe virtual reality applications.It must

assistin modellingrealities.The designsectiondescribesthe choicesmadewhencreatingsuch

a modellingsystemon a parallelarchitecture.

While a numberof specificvirtual reality applicationsdid existwhendesignof thevirtual world

kernelwasstarted,documentationof generalvirtual reality systemswasscarce.Howeversimilar

systemswere being constructedat the sametime as this one. Versionsof thesesystems,or

reports are about them started becoming available as this project reachedcompletion. A

comparisonof the designsof thesevirtual reality systemsis given in a later chapter.

5.1.1.Requirements

The requirementsfor the virtual world kernelstatethat it must:

· Supportmultiple worlds.

· Supportmultiple usersin eachworld.

· Supportconnectionsfrom othermachines.

· Useparallelismto reducethe load on individual processors

· Providethe ability to associateattributeswith objects.

· Allow objectmanipulationroutinesto be easilycreated.

Theserequirementsfall into two classes.Therearethosethat dealwith the layout of the kernel

and its support for multiple processors,worlds and users.The secondset of requirements

concernsthe functionality of the kernel, and the services it will provide to support the

developmentof virtual reality applications.

In order to give an ideaof the relativescaleof operations,the systemis expectedto run on 10

to 20 processorsandsupportabout15 worldsand150objectsat anyonetime. Thesevaluesare

not constraintsbut may be usefulparameterswhenvisualisingthe following discussion.
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5.1.2.Design

Thedesignof thekernelis shownasthreestages.Thefirst describesthemannerin which worlds

andobjectsarerepresented,andhow they will be distributed.This is followed by a description

of the functionality of the kernel.Finally the designof the communicationsystemsupporting

interactionbetweenworlds,objectsandusersis given.This laststageshowsthemannerin which

the functionality of the kernel is implementedon the distributedsystem.

5.1.2.1.Representingworlds and objects

A world is requiredto storedetailsaboutits objects.It must thereforecontaina datastructure

of the typedescribedin section2.1.4.Beyondthat it couldbeeitheractiveor passive.An active

world would controlall its objects,implementingall thephysicallawsfor that reality. A passive

world would simply serve as a central data store, each object would be responsiblefor

constrainingitself to the laws of the reality.

The designthat is chosenis requiredto makeefficient useof multiple processors.While the

active world is the closestto the mannerin which physical reality works, it suffers from the

disadvantagethat mostof the complexity is confinedto the world module.Modification to the

lawsof theworld would involve working with a largecomplexprogram.Most of theprocessing

is doneby the oneprocess.This could be parallelisedby placingcomputationsfor eachobject

on separateprocessors,but thenthis reducesto the passiveworld case.

A third approachthat doesnot usea world datastructure,but distributesthe dataover each

object was rejectedbecauseof the high communicationoverhead.One of the most common

operationsin a virtual reality systemis likely to be the displayof the world. Having to gather

object datawheneverthe world needsto be redrawnis likely to placetoo high a load on the

system.

The passiveworld approachis the one implemented.Each world consistsof the world data

structureanda simpleserverto supplydataandupdatethe world in responseto requestsfrom

objects.Theobjectsareactive,consistingof anobjectdatastructure,togetherwith aprocess.The

objectdatastructuresarecomponentsof theworld datastructure,andsotheobjectprocessmust

querytheworld serverto accesstheobjectdata.Thedatafor eachobjectconsistsof its attributes
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as describedin section2.1.4. The object processmust supervisethe actionsof the object to

ensurethat the laws of the virtual world areenforced.

This approachalso allows the creator of the virtual reality application a greaterdegreeof

freedom.Objectsarepermittedto ignoresomeor all of the laws governinga particularworld.

This doesincreasethepossibilityof accidentallyleavinganinconsistencyin theworld, however.

This possibility may be lessenedby providing a default routine to control the objectaccording

to the attributesof the object and of the world, i.e. to make the object obey the laws of the

world.

Oncethe ideaof an autonomousobject is accepted,thenthe distinctionbetweena user,where

a humancontrolsthemotionof anobject,andanobject,which controlsits own motion,becomes

blurred.The only differenceis that userstakemotion control informationfrom an input device

and display their views on an output device.Suchsystemcalls can easily be included in the

control routinefor anobject.Thereis no longera needto distinguishbetweenobjectsandusers.

The parallelisationstrategyinvolvesdistributingall the objectsandworlds acrossall the nodes

in the system.Sincethe transputerclustercontainsa relatively small numberof quite powerful

processors,this level of decompositionis adequate.The numberof objectswill generallybe

greaterthanthenumberof processorsavailable,soseveralobjectswill coexiston oneprocessor.

5.1.2.2.Functionality of the kernel

Thedesignof virtual worlds is a new field andthe requirementsarenot completelyestablished.

Severalclassesof functionsareproposedasa basicset for the manipulationof virtual worlds.

Eachobject in the world mustbe able to control its own attributes.This is a necessitysinceit

hasbeendecidedthat eachobjectmustcontrol its own responseto the laws of the world. Thus

a setof functionsto get andset the valuesof theseattributesis required.

In thephysicalworld, theattributesof otherobjectscanusuallybemeasured.Onecangenerally

measureposition and size of other objects.This shouldbe the casefor virtual worlds as well.

This requiresa setof functionsto get the valuesof the attributesof otherobjects.

Controlling other objectsintroducesa measureof complexity. In the physicalworld, there is

usuallyno difficulty involved in picking up a ball anddroppingit. Considerableoppositionmay
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be experiencedif anotherpersonis the subjectof this action.Somemechanismis requiredto

distinguishbetweenthetwo cases.This shouldbedynamic;theremaybetimeswhenpicking up

anotheruser is appropriate.The notion of ownership is proposedas a meansfor avoiding

contention.Objectsmay eitherbe ownerless,or ownedby a specificobject.Ownerlessobjects

may only be controlledby their correspondingprocess.Ownedobjectsmay only be controlled

by the processcorrespondingto their owner.To control anotherobject,ownershipmustfirst be

acquired.Ownershipmay thenbe relinquishedat a later stage.This techniquealsoprovidesthe

advantageof eliminatingcontentionfor objects.Only oneobjectcancontrolanotherat anytime.

Ownershipcanbemadehereditary.If objectA gainsownershipof objectB who happensto own

object C, then A can be consideredas the owner of C. This could lead to problemswith

contentionbetweenobjectsA andB to control C. The approachtakento dateis to allow only

singlegenerationcontrol, A would control B, B would thenhaveto changeC accordingly.An

exceptionis madein thecaseof transferbetweenworlds.Whenanobjectmovesfrom oneworld

to another,all directly andindirectly ownedobjectsmustbe transferredaswell.

Changingtheattributesof otherobjectsrequiresa setof functionsthat implementtheownership

concept.

Since the intention of the systemis to supportimplementationof virtual reality applications,

functions are neededto support this. In particular functions to support interactionsamongst

objects,andbetweenobjectandworldsarenecessary.Implementingvirtual worlds is not yet an

exactart andthe functionsto bestsupportapplicationdevelopmentarenot well known. While

someof the neededfunctions may be guessedat, someothersmay be found useful by the

applicationprogrammerandaddedat a later stage.

Theuserobjectswill needto be interactive,gettingdatafrom somedevicesandoutputtingdata

to others.Device drivers havealreadybeenmentionedin an earlier chapteras a techniqueto

providea standardinterfaceto the physicalhardware.A setof functionsto communicatewith

the devicesis necessary.

5.1.2.3.Communication betweenworlds and objects

Communicationbetweenobjectandworld is necessaryfor a numberof purposes;to locateother
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objectsin the world, to changepositionandotherattributesor to displayall the objectsin the

world. For eachworld therecanbe manyobjects.Objectsneednot remainin oneworld. They

can,especiallyif they correspondto users,movefrom oneworld to another.

A limited interaction between objects is also necessary,particularly with regard to the

implementationof ownership.Owned objectscan be forcibly transferredfrom one world to

another.The objectprocessshouldbe notified of this to allow it to keeptrack of whereit can

find the objectdata.

Ratherthanexposetheapplicationwriter to theproblemsof thecommunication,anintermediate

communicationlayer is used.This will keeptrackof which objectis in which world, anddirect

communicationsaccordingly.When the object changesworlds, only the routing table needbe

updated;the objectprocessis not affected.

Communicationwith the devicesalsocanmakeuseof a communicationlayer.Deviceswill be

identifiedby a singledevicenumber,all otherdatawill bekeptat a lower level. This will allow

the devicesto be usedwithout the objectprocessneedingto know the addressor natureof the

device.

Communicationwith othermachinescanbeincludedin thedesignwithoutmuchtrouble.Support

for objectsrunning on other machinescan be addedby placing an object processon the local

machine that relays data to and from the remote machine.To support deviceson remote

machines,a devicedriver canbe createdlocally that alsofunctionsasa datatransferprocess.

The simplified view of the overall structureof the virtual world kernel is given in Figure30.

5.2. Implementation of the Virtual World Kernel

Thefunctionsrequiredfor supportingvirtual reality applicationsarenot overly complexandcan

be implementedwithout much trouble.The areaof interestwith respectto the implementation

of thevirtual world kernelis theparallelprocessingandsupportfor multiple worldsandobjects.

This sectiondealswith the implementationof theseaspects,particularlywhereit is affectedby

the messagepassingarchitectureof the transputers.
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5.2.1.Object Processes

Figure 30 Summaryof kerneldesign

Creatingseparateprocessesfor theobjectsis not difficult whenusingtransputers.Theprocessor

provides support for concurrent processes,and performs context switching quickly and

automatically.

5.2.2.Kernel Functions

The descriptionof thevariouskernelfunctionswasgiven in thedesignsectionpreviously.This

sectiongivesa few examplesof the functionsthat fall into eachsection.The list is not complete

but may assistin understandingthe functionality intendedfor the system.

This first classof functionsis intendedto getandsetthevaluesof theattributesbelongingto the

current object. Theseattributesinclude position, orientationand size as well as other more

general characteristics.Functions in this category include GetPosAndOri, SetPosAndOri,

GetScaleandSetScale. The generalattributesarestoredin a nonspecialiseddatastructureand

may be accessedby functionssuchasGetAttributes andSetAttributes.

The secondclassof functionsis for manipulatingotherobjects.Getting the attributesof other

objects can be done by calls such as GetOtherPosAndOri, GetOtherScale and

GetOtherAttributes . Settingtheattributesof otherobjectsfirst requiresownershipof thatobject.

This may be acquired through the ClaimOwnership function and forfeited with
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ReleaseOwnership. Once the object is owned, the attributes may be set with

SetOtherPosAndOri, SetOtherScaleandSetOtherAttributes.

A third classof functionsupportsinteractionbetweenobjectandobject,andbetweenobjectand

world. Among the functions found in this class are FindClosestObject and

FindClosestFreeObject, to find the nearestneighbour.The latter function finds the closest

neighbour that does not yet have an owner. Functions such as MoveToWorld and

MoveOtherToWorld supportthe transferof objectsfrom oneworld to another.

Thefunctionsto controldevicedriversaresimilar to thoseusedto controldevicedriversin other

operatingsystems.TheyincludeanOpenDeviceto gaincontrolof thedeviceanda CloseDevice

to releasecontrol. There are also functions to read and write to devices, in this case

ShowObjectsto displaya world andReadGestureto get datafrom a device.

Functions to create and remove objects and devices are also useful, although the current

implementationalso allows a configurationfile to createtheseautomaticallywhen the system

starts.

Detailsof the implementationof someof thesefunctionsfollows later,aftera descriptionof the

implementationof the otherpartsof the systemhasbeengiven.

5.2.3.The Communication layer

The communicationlayer is responsiblefor routing messagesbetweenthe objectprocessesand

world servers.The messagesarenot generateddirectly by the objectprocess,but indirectly by

oneof the kernelfunctionscalledby sucha process.The communicationsystemthenperforms

the routing of the communicationbetweendifferent nodes.

The presenceof multiple processorsshouldnot affect the kernel functionsor objectprocesses.

This layer of the kernel is only necessaryto make the rest of the systemindependentof the

parallelimplementationdetails.It is not relevantto theconstructionof virtual reality systemsin

general.

5.2.3.1.Communication betweenobject and world

Eachnodeneedsto maintaina routingtablegiving detailsof whichobjectsbelongto eachworld.
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Messagessentfrom the objectprocessesareaddressedto the nodecontainingthe correctworld

by meansof this table.

Someform of schedulingcontrol is neededto allow all objectprocessesanequalopportunityto

communicatewith their world. Allowing all processesto communicatesimultaneouslywill could

lead to situationswhere some processesrarely get accessto external links. The ability to

implementa fair schedulingpolicy is a requirement.

Sincethetransputerarchitecturerequiresthatonly oneprocessuseeachchannel,andeveryobject

canconceivablycommunicatewith any world, the numberof channelsrequiredis the product

of the numberof worlds andnumberof objects.While this is a largenumberof channelsit is

not entirely inconceivable.Eachof thesechannels,however,requiresa buffer. If messagesare

not buffered, the routing processeswill block, replies cannot be sent, and the systemwill

deadlock.

The schemedescribedabove could be implementedbut it would be expensivein terms of

memory.Schedulingproblemscan also arisein gaining accessto the externalcommunication

links of the transputers.An alternativeschemewasimplementedthat usesfewer links, andthat

enforcesa schedulingpolicy. Eachnodecontainsa communicationsmanagerthatmultiplexesall

messagesfrom that nodeonto the externallinks of the transputer.Messagesarequeuedso that

eachprocessgetsa chanceto communicate.Eachmessagefrom an objectprocessis forwarded

to the appropriateworld server,andthe reply returnedto that processbeforethe next message

can be serviced.This method could exhibit reducedperformance,by restricting the object

processesso thatonly oneperprocessorcancommunicateat a time. This problemcanbeeasily

overcomeby addingmorecommunicationsmanagerspernode,allowing a numberof objectsto

communicatewith theirworldssimultaneously,butstill limiting thenumberof channelsrequired.

Thecommunicationwith theworld serveris designedto beasshortaspossibleto minimiseany

delay.

The extraprocesslayer for communicationalsowould be usefulwhenexpandingthe systemto

run over a networkof heterogeneousmachines.Herethe routing will be morecomplicated,and

protocolconversionmay needto be includedalongwith the routing.

Eachworld requiresachannelfor eachprocessor.Eachobjectrequiresachannelto communicate
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with its local manager.The total numberof channelsrequiredis the sum of the numberof

objects,N, andthe productof the numberof world, W, andprocessors,P, i.e.

Channels= N + W x P.

This is less than required with the previous scheme,namely N x W, since the number of

processorsshouldbe lessthanthe numberof objects.

The structureof the communicationlayer at this point is shownin Figure31.

Figure 31 Structureof communicationlayer

5.2.3.2.Communication betweenobject and object

Userscantransferotherobjectsfrom oneworld to another.Objectscancreateotherobjects.This

requiresthat the communicationmanagersbe able to communicate,to allow the necessary

updatingof routing information.

Extra channels can be added to the communication manager process for this type of

communication.Deadlockcanarisewith this sort of communicationwhentwo managerstry to

communicate,eachwaiting for theotherto replybeforereplyingitself. A solutionto thisproblem

is to separate the communications manager process into two separate processes.A

communicationsmanagerwill still handle communicationwith world servers.An object

coordinatorwill beaddedto controlcommunicationwith othermanagers.Theroutingtablemay

be shared between the two processessince they are present on the same node. The
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communicationsmanagercan sendmessagesand receivereplieseither to world servers,or to

objectcoordinators.As long asno objectcoordinatorthentriesto senda messageto, andreceive

a reply from a communicationsmanagerdeadlockis prevented.

If greaterbandwidthis required,thenmorecommunicationsmanagerprocessescanbe added.

5.2.3.3.Communication betweenobject and devicedriver

Communicationbetweenobjectsand devicesis simplified by the restriction that at most one

object can operatea deviceat any time. A single channelcan be allocatedfor eachdevice.A

simple routing table can be usedto direct messagesto the appropriatedevice,indexedby the

devicenumber.

Someform of arbitrationschemeis requiredto preventdifferentobjectsfrom openingthesame

device.This canbe implementedby creatinga singledeviceserverprocess,which fits into the

samecategoryastheworld servers.Objectprocessesissuerequestsfor devicesthatareforwarded

throughthecommunicationmanagers.Thedeviceserverhandlesonerequestata time,andissues

the devicesto the requestingprocess.Oncea device is issued,it cannotbe given to another

processuntil it is releasedby the oneto whom it wasissued.

Figure 32 Completeplan of communicationlayer
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The completecommunicationlayer is shownin Figure32.

5.2.4.The Servers

Therearethreetypesof serverprocessusedin the system.Eachprocessconsistsof a loop that

repeatedlypicksup anincomingrequest,servicesit, andreturnstheresultbeforecontinuingwith

the next message.In this way, contentionis avoidedon the sharedresource.Buffers areplaced

on theincominglinks andpreventblockingin theprocessesthatperformthedatarouting,leading

to eventualdeadlock.Eachmessagerequiresanacknowledgement,which allows thebuffer size

to be limited to one.

The serverspresentin the systemconsistof the objectcoordinatorsthat allow accessto objects

on remotenodes,theworld serversthatcontrolaccessto theobjectdatafor eachworld, andthe

singledeviceserverthat preventscontentionfor the variousdevices.

5.2.5.Function Implementations

This sectiondescribesthe implementationsof someof the functionsdescribedin section5.2.2.

Thealgorithmsin this sectionareintendedto illustratethemannerin which thecommunication

with theworldsis handled.Theapplicationprogrammerusesthesefunctions,andis not required

to understandany of the detailspresentedin this section.

The implementationof the functionsis intendedto begeneralandnot imposerestrictionson the

mannerin which theycanbeused.It is hopedthat theycouldevenbeusefulfor applicationsnot

yet envisioned.Theyareintendedto assistin keepingthevirtual reality consistent,not to impose

restrictionson the way in which a systemcanbe modelled.

An objectmay be uniquely identified by threedifferent values.Theseare:

(1) the world that it occupiesandthe objectnumberin that world,

(2) the nodeon which its processrunsandan objectnumberlocal that node,and

(3) a uniqueglobal identificationnumberallocatedwhenthe object is created.

Eachobjectprocesscanbe identified by a valueof type (2). This needsto be translatedinto a

valueof type(1) to accesstheobjectdata.To accessanotherobject,it is mostconvenientto use

valuesof type (3). The routing tablefor thecommunicationlayer relatesall threeallowing easy
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conversionfrom oneform to another.The routing table is kept on all nodesof the kernel,and

updatedwhenrequired.

5.2.5.1.Getting object position and orientation

Most of the functionsare involved with transferringdatato and from the world servers.They

typically consistof a singlecall to theserver.An exampleof sucha function is GetPosAndOri

that retrieves the position and orientation of an object. This function, together with the

correspondingfunction to setpositionandorientation,is useful for moving objectsaroundthe

world.

5.2.5.2.Creating objects

Oneof themorecomplicatedfunctionsis theoneto createnewobjects.It containsexamplesof

callsto theworld serverandobjectcoordinators.A pseudocodedescriptionis givenin Figure33.

Thedeviceserveris usedasasourceof objectidentificationnumbers.Sinceonly onesuchserver

exists,uniquenessof suchnumberscanbe guaranteed.

Figure 33 Pseudocodedescriptionof objectcreationfunction

function CreateObject(Attributes, ProcessProcedure, World)

call deviceserverto get a new global identificationnumber

for i := 1 to numberof processorsin kerneldo
call objectcoordinatoron nodei to get numberof objectson that node.

end for

let n be the nodewith the leastobjects

call world serverto addAttributesto World

call objectcoordinatorfor eachnodeandupdatethe routing tableentry for the
new object

call objectcoordinatoron noden to run the ProcessProcedureon that node
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This routinealsoimplementstheloadbalancingtechniqueusedby thesystem.This assumesthat

all object processesare likely to require the sameamountof processortime. The objectsare

distributedso that equalnumbersof objectsarefound on eachprocessor.

5.2.5.3.Moving from one world to another

This is alsooneof themorecomplicatedfunctions.It is unlike mostof theotherfunctionsin that

it imposesa predefinedpolicy on how objectsmaymovefrom oneworld to another.Most of the

otherfunctionsaregeneral;policy is definedby theapplicationcreator.Therule for movingfrom

oneworld to anotherrequiresthat all ownedobjectsmustbe transferredaswell. Eachworld is

intendedto be self contained,andownershipacrossworlds is undesirable.The pseudocodefor

this function is given in Figure34.

The codefor the MoveOwnedObject is similar to the codefor MoveObject. It alsocontainsa

Figure 34 Pseudocodedescriptionof object transferfunction

function MoveObject(DestinationWorld)

call world serverfor sourceworld to get objectdata

call world serverfor DestinationWorldto addobject to that world

loop
call world serverfor sourceworld to get identification numberof an
ownedobject

if no ownedobjectexiststhen
exitloop

end if

MoveOwnedObject(DestinationWorld)
end loop

call world serverfor sourceworld to removethe object from that world

call objectcoordinatoron eachnodeto updaterouting tables

recursivecall to MoveOwnedObject to transferany objectsbelongingto the alreadyowned
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objects.

5.2.5.4.Finding neighbouring objects

Somefunctionsinvolve a reasonableamountof computation.An exampleof this is the function

to find the distanceto the closestobject.The approachwith functionsof this sort is to havethe

computationsincludedas part of the function. This way the calculationsare performedby the

object process.The alternativeis to havethe serverperform the calculation.This would both

limit the advantageof the parallelism,andtie up the serverslowing communicationwith other

objectprocesses.

TheFindClosestObjectfunctionfirst calls theworld serverto getthepositionsof all theobjects

beforecalculatingthe distanceto eachobjectandreturningthe minimum.

5.3. Kernel Performance

The effect of the parallel implementationof the virtual world kernelwasmeasuredfor a simple

simulation.This simulation modelledgas particlesin a sealedcontainer.Each particle could

collide with the containerwalls andwith all otherparticles.

The main loop of the objectprocesscontrolling eachparticle is relatively simple.It first looks

for the closestobject to itself. If that object is closer than a critical distance,then it changes

direction to indicatea collision. The particleprocessthenchecksthe world attributesto locate

any boundaries.If collision with a boundaryis imminent, then a direction changeis made.

Finally, the objectcalculatesits new positionandstoresthis in the world database.

Threeversionsof thesimulationweretested.Thefirst used32 particlesandeachparticleprocess

wasgivenextrawork to do soasto just preventsaturationof thecommunicationlinks in the16

processorcase.Thesecondused4 worlds,eachidenticalandeachcontaining32 particles.Extra

work wasgivento eachparticleprocessbut muchlessthanfor thefirst testcase.This simulation

wastoo complexto run on only two nodes.Thelastsimulationagainhad4 worlds,but with only

8 particlesin each.No extrawork wasadded.Timing figuresmay be seenin TableXII.

The processorswere configured as a hypercubeof order log2N where N is the number of

processorsused.The communicationstime limits the speedupparticularly in the last two test

Page85



caseswheremuch of the time usedby eachobject processwas spentwaiting to messagesto

Update rate for particle processors

32 objs, 1 wld 128 objs, 4 wlds 32 objs, 4 wlds

2 4 8 16
Number of processors
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 / 
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128 objects, 4 worlds128 objects, 4 worlds

32 objects, 4 worlds 

32 objects, 1 world  

128 objects, 4 worlds128 objects, 4 worlds128 objects, 4 worlds

0.72

    

3.15

1.45

1.12

7.53

2.65

2.04

10.21

4.89 

2.41

14.15

Table XII Updateratefor particleprocesses

arrive.Thecollisiondetectionis aparticularlyexpensiveoperationwith regardto communication,

sinceit requirestransferof about7 Kbytespercall. An estimateof theamountof datatransferred

per world serveris shown in Table XIII, given that eachparticle processtransfersabout7.5

Kbytesper iteration.

For the first test case,increasein speedis due to the increasein the numberof processors

availableto do thework. For theothersimulations,bandwidthseemsto bethedominantfeature

in determiningthe speedup.In thesecasesthe speedupis closer to log2N, which is also the

numberof links usedper transputerin constructingthe N processorhypercube.

The greaterthan linear speedupwhengoing from 2 to 4 processorsin the final simulationcan

be attributedto the presenceof multiple world serverson a singlenodein the 2 processorcase.
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Each server is a high priority processand would normally act immediately to an incoming
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Data transferred per world server

128 objects, 4 worlds

32 objects, 1 world  

128 objects, 4 worlds

32 objects, 4 worlds

173 
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182 436 612 848 

Table XIII Datatransferredper world serverin Kbytes/second

messageif aloneon the processor.When sharing,it may haveto wait for the other serverto

finish processingbeforeit is ableto run. Thusdelaysareremovedwhenincreasingthe number

of processorsin this case.

5.4. Summary

The systemdescribedaboveallows the manipulationof a variety of virtual worlds. All objects

are controlledby their own processes.Data for all objectscorrespondingto a particularworld

arestoredin a singledatastructurefrom wherethey may be accessed.The systemattemptsto

makemaximumuseof parallelism,by distributing eachworld and the objectsin them onto a

networkof processors.
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A communicationsystemexiststo routedatabetweenobjectprocessand world database.The

mannerin which the communicationsystemis implementedprovidesa limit on the speedof

communication,but allows a fair schedulingschemeto be implemented.It alsowould assistin

extendingthe systemto includeotherdifferent processors.No problemshavebeenexperienced

with this methodof implementation,mostobjectprocessesrequiredelays.

A numberof functionsexist for usein creatingvirtual world applications.Thesefunctionsallow

theobjectprocessesto readandupdatetheworld databaseentries,both for their own objectand

otherobjectsthat areowned.Functionsarealsoprovidedto performothercalculationsneeded

by virtual reality applications.

Measurementsof the performanceof the kernel show that the use of parallelism provides

improvedperformance.
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6. Virtual Reality Applications

This sectiongivessomedetailsof thetechniquesusedwhencreatingvirtual worlds.Descriptions

of the implementationof two virtual reality applicationsare included.

6.1. Techniquescommon to all applications.

This sectiongives the descriptionof functionsthat were found useful in implementingvirtual

worlds, but that are a level above the functionality required by the kernel. Theseroutines

combineseveralof thekernelfunctionsinto commonlyusedfunctions.Theyarelessgeneralthan

the kernel routinesand may be useful only in certaintypesof virtual realities.In the analogy

where the virtual world kernel is comparedto a UNIX kernel, theseroutineswould be the

equivalentof the C standardlibraries.

6.1.1.Movement in a virtual world

Variousfunctionsarepresentto controlmovementof a user,basedon considerationsmentioned

in the following sections.

6.1.1.1.Movement in a virtual world

Movementis generallymorecontrollableandpredictablewhenperformedrelativeto the frame

occupiedby themover.Theconceptsof up, down,left, right, in andout arefamiliar, asareturn

left, turn right, turn up turn down, turn clockwise,andturn anticlockwise.

To implementthis, onemust find the displacementsandrotationsin the untransformed(world)

coordinatesthatwill causeunit displacementon-androtationaround-theaxesof thetransformed

(screen)coordinatesystem.The view is producedby shifting the sceneso that the view point

becomesthe origin, andthenrotating it aboutthe origin accordingto the directionof view.

Let R be the rotationmatrix in the viewing transformation.

To producemovementalongoneof theaxes(saythex axis) in theaxesof thefully transformed

system.
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· Invert the matrix to get R-1 (inverting quaternionsis not complex).

· Projectalongthe axis ([1 0 0] R-1).

· The projectioncorrespondsto the unit displacementin the fully transformedsystem.

A motivationfor this is shownby (4) wherethe variableOriginalPointis the transformedpoint

beforethe displacementoccurred.

(4)

To producerotationaroundoneof the axes(saythe x axis) in the axesof the fully transformed

system:

· Let A correspondto the desiredrotationaboutthe axis in the screencoordinatesystem.

· Createa newrotationmatrix R' = A.R which representstherotationto beappliedin theworld

coordinatesystem.

Themotivationfor this maybeseenin (5), whereit maybeseenthattherequiredrotationoccurs

on the point in the screencoordinatesystem.

6.1.1.2.Navigation

The rangeof the movementtrackingdeviceis usuallynot sufficient to allow the userto reach

everypart of thevirtual world. Thevolumewith which theusercaninteractmustbecapableof
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moving to different regionsof the virtual world. The techniqueemployedin the walkthrough

(5)

project at the University of North Carolina at Chapel Hill used buttons to fly forward or

backwardin thedirectionof gaze[8]. This is copied,usingtwo gestureswith thepowergloveto

control forward andbackwardmotion.

In order to make this sort of movementefficient, it must meet two requirements:Rapid

movementis requiredwhen going long distancesto avoid unnecessarydelays.However,fine

control is still neededwheninteractingwith nearbyobjects.

Onesolutionto thisprobleminvolvesselectingthetargetobjectandmovingtowardit with speed

proportionalto the distancefrom the object [27]. A systemof logarithmic movementwithout

selectionof a destinationobjectwas tested,wherespeedis increasedas the movementgesture

is repeated.This doesmakemovementeasier,althoughanupperlimit wasplacedon thevelocity

to preventmovementbecomingunmanageable.

Thelatencyin thesystemcouldbereducedat theinput devicestageby predictingthenextinput.

Reactingbeforea movementis madewill reducethedelaybetweenthetime at which themotion

actually occursand the time at which the result is displayed.Positioncan be predictedfrom

velocity and acceleration.Sucha systemis alreadyin use in the powerglovedriver to detect

errorswhenthe glove is too far from whereit is predictedto be. Predictionfor the purposeof

latencyreductionhasnot yet beenattempted,however,andremainsa future goal.

6.1.2.Implementation of attributes

The kernel providessupport for the storing, getting and setting of attributesbut ignoresthe

semanticsof theseattributes.Evaluationof theseattributesis left to theapplicationwriter. Code

to usea numberof attributeshasbeenassembledinto a library routine.
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Attributeshavebeenassignedto all theobjectsin theworld, andto theworld itself. For example,

whensimulatinggravity,eachobjectwill haveanattributecorrespondingto its air resistance,and

the world will havean attributegiving the accelerationdueto gravity.

Attributesarean entirely voluntaryfeature.It is up to the applicationwriter to ensurethat each

objectin theworld evaluatesits attributes.This is asatisfactorysolutionwhenprototypingvirtual

reality operatingsystems,but may becomea problemwhentrying to maintainconsistencywith

multi-user systems.A future version of the system may compel objects to satisfy this

requirement.

Someof theattributesusedin theapplicationsdescribedin thefollowing sections,arementioned

below.

6.1.2.1.Boundaries

A boundaryis a world attributeusedto keepan objectwithin a specifiedarea.This is useful if

the useris supposedto be insidesomeobject to preventwalking throughwalls.

Theboundarysystemcurrentlyusedrestrictsobjectsto a cubicalvolumeof space.If morethan

oneboundaryis used,the useris constrainedto the union of all the volumes.This allows more

complicatedrestrictionvolumesto be constructed.

6.1.2.2.Portals

With multiple worlds, someform of transportmechanismis necessary.The conceptof a portal

hasbeenfrequentlymentionedin virtual reality discussions.By enteringsomeareaof space,for

examplea doorway,the useris magically transportedinto a new world.

The portals currently implementedconsistof a rectangularareaof spaceand an associated

destinationworld. When the motion of an object intersectsthis rectangleautomatictransfer

betweenworlds occurs.Portalsareoneway, to returnthe destinationworld mustalsobe given

the appropriateportal attribute.

Portalsare invisible, usuallyobjectsareplacedon themto indicatetheir location.
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6.2. Implementations of virtual worlds

The object control routinesarewritten in C, and linked in with the restof the system.All the

processcreationand messagepassingfunctionsprovidedby the compiler and the systemare

availablewhencreatingtheseroutines.The only restrictionplacedon the objectroutinesis that

the nodeon which the objectprocesswill run cannotbe predicted,it is determinedby the load

balancingin the kernel.

The standardmethodof building a world is throughcreationof a configurationfile. This gives

detailsof all theobjectsin theworld, includingtheir objectprocesses,positions,orientationsand

other attributes.Thesefiles are readin when the systemstartsand the internal representations

of the worlds arecreated.Extra objectsmay be createdat run-timeif necessary.

A descriptionof two virtual reality applicationsthat run on this systemis given below.

6.2.1.Architecture walkthrough

Thearchitecturewalkthroughapplicationwasdevelopedto evaluatetheeffectsof someproposed

changesto a sectionof theComputerScienceDepartmentat RhodesUniversity.A corridorwas

to beremovedandreplacedwith anopen-planlayout.Theapparentspaciousnessof theareawas

of more interestthanrepresentingthe detailsof eachroom.

The first stagein the developmentof this applicationwas the constructionof two objects,the

building asit wasoriginally andthe building incorporatingthe proposedchanges.Theuserwas

permittedto navigatethrougheachof the buildings,flipping betweenthemwith the pressof a

button.In this way, a comparisonof the views from any point could easilybe made.

Theresultsof this initial implementationwereencouraging.Thebuildingconsistedonly of walls,

without furniture.Thecolourschemewasonechosento aid in distinguishingthedifferentwalls,

ratherthantheconventionalwhiteusedin reality. In spiteof theseflaws,everybodyfamiliar with

the departmentsoonbecamecomfortablewith the illusion oncea few familiar landmarkshad

beenpointedout. Onceoriented,theycouldkeeptrackof their positionanddirectionrelativeto

the real building. Even the ability to walk through walls did not discourageanybody.Those

unfamiliar with the departmenttendednot to know wheretheywere,but did feel the illusion of

moving througha building. The monitor usedfor this demonstrationwas a large 19" monitor.
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Therewasa tradeoff betweenusinga higherresolutionandslowerframerateversusa smaller

imageandfasterupdate.It wasfound that the largerpicturewith the greaterfield of view was

the more realistic.The size of the monitor permittedviewersto sit in front of it and havethe

virtual representationof theceiling appearabovethem,with the floor below.Thesmallerimage

where everything was in front was less acceptable.The diminished frame rate did not

substantiallylessenthe effect of reality.

The secondstepof the walkthroughwasan attemptto improve the speedandadd furniture to

the building. The problemwith addingfurniture wasthat placingobjectsinsideotherscauseda

failure in the hiddensurfaceremovalroutines.The hiddensurfaceremovalroutineswork on an

objectby objectbasis,only sortingthe polygonsfor a singleobjectat a time. While the hidden

surfaceremovalroutinescould haveeasilybeenextendedto sort all the polygonsin the scene,

this would haveincreasedthe time takenby the routine. In particular,a new BSP tree would

needto begeneratedeverytime anobjectwasmoved,a processtakingseveralsecondsevenfor

simplescenes.

A solutionto this problemcanbe found by consideringthebuilding asa boundaryto the world

(Seesection3.2.2.5).Thefurnitureandusersareconstrainedto exist insidebuilding.This solves

thehiddensurfaceremovalproblemfor theouterboundariesof thebuilding,but objectsin other

roomsarestill paintedover the internalpartitionsinsidethe building.

A bettersolutionto this problem,anda methodof increasingtheframerate,involvesmakinguse

of separateworldsfor eachroom.In this way, theinternalpartitionsbecomeboundariesfor each

world. Only the objectsinsidea particularroom exist in that world with the result that hidden

surfaceremovalworkssatisfactorily.Adjoining roomsmaybeaddedaspartof thebackground,

allowing a view throughthe doorway.The worlds are linked by providing a portal attributeto

theworld, sothatmovingthroughadoorwayresultsin automatictransferto thenextworld. Thus

movementis unchanged.Theonly differenceis thesuddenappearanceof furniturein aparticular

room when one enters,and the inability to seeinside other roomswithout moving into them.

Thesedrawbacksareconsidereda reasonabletradeoffagainstthe obviousadvantages.

A numberof sampleimagesproducedwith this applicationcanbe seenin Figure36, Figure37

andFigure38.
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6.2.2.Virtual Checkers

Thevirtual checkersapplicationwasanattemptto createanapplicationrequiringinteractionwith

the world. The boardgameof checkers(or draughts)requirespiecesto be movedaroundon a

board. The correspondingscenario in virtual spacehas the board defined as part of the

background.The piecesand the playersare constrainedto move about in the areaabovethe

board.Thepiecesarecolouredredandblueaccordingto theplayerto which theybelong.A red

anda blueconearepresent,oneon eachendof theboard.Theconecorrespondingto theplayer

aboutto makea move,rotatesslowly.

A simulatedgravity is usedto keepall the piecesat the samelevel, evenwhenthey aremoved

andplacedat different levels.Thecontrolling routinefor eachpiecemovestheobjectif it is not

at thecorrectheight.Theobjectis acceleratedsmoothlyto thecorrectlevel.For variety,theblue

objectssimulatean inelasticcollision with the boardandstopabruptly, the red objectscollide

elasticallyandbounce.

The ownershipconcept is used to prevent contention for an object. The object is initially

ownerlessand so can only be controlled by the correspondingobject process.This process

monitorsthe positionof the objectandattemptsto restoreit to the correctlevel if it is moved.

A usermay claim ownershipof the object, which allows only that userprocessto move the

object.Whenthe userrelinquishesownership,the objectprocessregainscontrol andcanmove

the object to the correctlevel.

Implementingthe rulesof a gameof checkersis a problemthat canbesolvedwithout requiring

any useof the virtual reality operatingsystem.This aspectof the simulationis thusconsidered

irrelevantto this discussion.

A number of sampleimagesproducedwith this application can be seenin Figure 35 and

Figure36.

6.3. Summary

This sectionhasoutlined someof the higher level routinesusedin controlling virtual worlds.

Detailsof two virtual realitiesthatwereimplementedusingthis systemweregiven.Thecreation

of the realitiesshowshow the various facilities providedby the virtual world kernel may be
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applied.
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Figure 35 Views of applications(SeeTableXIV for details)
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Figure 36 Views of applications(SeeTableXIV for details)
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Figure 37 Views of applications(SeeTableXIV for details)
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Figure 38 Views of applications(SeeTableXIV for details)
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Table XIV Descriptionof the scenesin Figure35 - Figure38

PictureIndex Description

1 View of the completecheckersboard

2 View of blue piecesat boardlevel

3 View of red pieces,with red conein the background

4 Carryinga blue piece,gestureis FLAT

5 Placinga blue piece,gestureis YES

6 View of red pieces,gestureis FLAT

7 Moving amongstthe red pieces,gestureis TURN

8 Moving a red piece,gestureis GRIP

9 Droppingthe red piece,gestureis FLAT

10 Outsideview of walkthroughmodel

11 Moving virtual furniture in oneroom, gestureis FLAT

12 Roomafter the chair hasbeenplaced,gestureis FLAT

13 Planof original building, with viewpointsmarked

14 Planof building with proposedalterations,with viewpointsmarked

15 View of entranceof original model,from viewpoint 1

16 View of entranceof modified model,from viewpoint 1

17 View of passageof original model,from viewpoint 2

18 View of the modified model from viewpoint 2

19 View of interior of original model,from viewpoint 3

20 View of the modified model from viewpoint 3

21 View from an office in original model,from viewpoint 4

22 View from the office in modified model from viewpoint 4
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7. Comparisonsand Conclusions

During the lifetime of this project (January1992 to July 1993), the field of virtual reality

developedfrom a subjectknown to a few selectresearchersto a householddiscussiontopic.

Researchinto the subjectover that period has increasedthe availablesoftware from a few

systemsrunning on expensivemachinesto systemsthat can give reasonableresults on an

inexpensivePC.

Many of the newersystemsare intendedto allow the developmentof diverseapplicationsand

arenot restrictedto oneapplication.Thesesystemsaremostly university researchprojects,not

commercialproducts,and,asa resultsourcecodeand/ordesigndocumentationfor thesesystems

is morewidely available.

The next few sectionspresentsomeof the detailsof thesesystems,concentratingin particular

on the extentto which they compareto the systemdescribedin the previouschapters.Practical

experiencewith thesesystemsis limited since many require specialisedhardware,both for

computationandfor interaction.For this reason,thediscussionwill concentratemainlyondesign

issuesratherthanperformanceissues.To simplify the comparison,the acronymVROS (Virtual

Reality OperatingSystem)will refer to the systemwhosedevelopmentis the subjectof this

document.

Conclusionsthat have beenreachedas a result of the researchinto the developmentof this

systemarepresentedat the endof this chapter.

7.1. AVIARY

TheAdvancedInterfacesGroupat theUniversityof Manchesteris working on thedevelopment

of a generalframeworkfor advancedinterfaces,which theyarecalling AVIARY [42][35]. This

systemis intendedto supporta broadrangeof Virtual Reality environment.

The model of reality usedin developingthe AVIARY systemis similar to that usedin the

VROS.Many of the sametermsareused,but subtledifferencesexist in the meaningsascribed

to thesewords.'Worlds' arecollectionsof attributes(eg.mass)andlaws(eg.gravitation)rather

Page102



than the datastructurecontainingcollectionsof objectsand a few attributesas for the VROS.

Applications are distinct processesthat manipulatethe objects in the world. Many of the

applicationscan exist in a single world, controlling the variousobjects.An applicationin the

VROS is a moreabstractconceptconsistingof oneor moreworlds,a collectionof objects,and

the mannerin which they interact.

The problemof supportingthe rangeof featuresnecessaryto implementany reality is present

in AVIARY as well. The solution implementedis to provide a basic world that may be

customisedto the purposerequired.This results in a conflict betweenthe need to provide

assistanceto theapplicationwriter while still allowing sufficientgenerality.Thesolutionfor the

VROS is to provide library routinesto handlethe most commoncaseswith the hopethat few

additionswill be neededfor more esotericfunctions.The approachtakenfor AVIARY is far

morerigid. The setof all possibleworlds is structuredasa hierarchy.The top of the hierarchy

containsall possibleworlds. Further down theselaws are more refined. For example,some

worlds may havegravity, while othersdo not. This informationmay alsobe usedto restrictthe

typesof objectsthatmaybe movedfrom oneworld to another.Consistencymaybemaintained

by making surethat the object is capableof obeyingthe laws of the new world. A systemof

portalsis usedto link different worlds.

As with the VROS, objectsare also permittedto be bound to processeswhich control their

behaviour.An extraform of control is present,however,from usersor applications.This differs

from that found in the VROS, where the only interaction betweenobjects is through the

ownershipconcept.A userunderAVIARY combinescharacteristicsof objects,in that it alsohas

a visible manifestation,andof applications,in that it is alsosubjectto controlbeyondthatof the

physicallaws of the world.

AVIARY is segmentedinto processesthat canrun in parallel.A communicationsystemsimilar

to that usedin the VROS is presentto allow communicationbetweenprocesses.The processes

in the systemconsistof:

· Input processes(coincidingwith input devicedrivers).

· Outputprocesses(coincidingwith outputdevicedrivers).

· A Virtual EnvironmentManager(wherethe VROS hasmultiple world servers).

· EnvironmentDatabasethat providesspatialmanagementsuchascollision detection.
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· ObjectServers(correspondingto the objectprocesses).

· Applicationsto control usersor manipulatethe virtual environment.

Thecommunicationandparallelstrategiesdiffer betweenAVIARY andtheVROS.In theVROS

objectscommunicateonly with the servers,andsupportfor communicationbetweenobjectsis

minimal. The world serversmaintain a central data basefor eachworld, and computational

workloadis limited to theobjectprocesses.With AVIARY, thevariousprocessescommunicate

extensively.Eachobjectkeepsthedatarelevantto it, andupdatesaretransmittedwhenchanges

occur. Much of the computationis containedin the applications,and in the Environment

Databasewhich may limit the degreeto which parallelismcanbe used.

TheAVIARY systemcurrentlyrunson transputersandSUN workstations.Thecommunications

systemis the module most affectedby different architectures.Versionsare implementedfor

transputernetworksand SUNs connectedby ethernet.Graphicsare producedby a hardware

renderer.

A strengthof the AVIARY design lies in the ability to implement physical laws without

excessiveinvolvementon thepartof applicationwriter. Theobjectorientednatureof thesystem

with the useof inheritanceto control attributesfor different worlds is well suitedto the design

of a supportenvironmentfor implementingvirtual worlds.

7.2. Cyberterm

This systemis intendedto implementa singlevirtual world, a cyberspacethat allows multiple

usersto sharea commonvirtual area[34]. The single world is distributedover a numberof

workstationswith eachmachineactingasa serverfor a portion of the world. Movementfrom

one 'sector' of the world to anotherrequiresconnectingto a different server.A similar system

could be implementedin the VROS usingmultiple worlds to representthe varioussectors.The

difference,however,lies in the fact that the different processorsin Cybertermareseparatedby

greatergeographicaldistances.

The positionof objectsis kept by the serverdatabase.Whenan objectentersa sectorit makes

a local copyof this data.Velocity informationis usedto updatethepositionof otherobjects,and

updatesareperiodicallyissuedwhenanotherobjectchangesdirection.This is appropriatewhere
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communicationis over long distancesandover limited bandwidthconnections.With theVROS,

it is acceptableto poll the servereachtime dueto the fast transputerlinks.

Theserversmustissuepermissionfor variousactions,suchasmovement.Privateareasof space

canbe createdwhererulesdecidedon by the ownerareenforced.This is the oppositepolicy to

that taken with the VROS where such rules must be voluntarily obeyedby the objects.The

boundingbox attributeunder the VROS is one way of defining a boundary,but if the object

processdoesnot implementthe attribute,no further actionwill be taken.This relaxedattitude

is reasonablefor a prototype system,but may need to be more rigorously enforced in a

commercialsystem.

Thesystemis currentlybeingimplementedon PCsandSUNs.Graphicsareproducedby public

domainrenderinglibrariessuchasVOGLE andREND386.

7.3. Distributed Interactive Simulation (DIS)

DIS andits predecessorSIMNET arestandardsfor distributedinteractivesimulations[26]. They

arespecifically intendedfor battlefieldsimulations.The simulationsmay involve thousandsof

objectsandtakeplaceover a wide areanetwork.

Communicationoccursover a relatively low bandwidthmedium,suchas ethernet.Eachhost

machinecontrolsits own vehicleandkeepstrack of othersby deadreckoning.Eachhostkeeps

track of its deadreckonedpositionand,whenthis differs significantly from its actualposition,

it transmitsan updateto all otherhosts.

This approachis quitedifferent to theVROSwhereall objectdatafor a world is maintainedby

a singleserverprocess.

7.4. DIVE

DIVE (Distributed Interactive Virtual Environment) is a loosely coupled heterogeneous

distributedvirtual reality systembasedon UNIX andrunningover local andwide-areanetworks

using Internet protocols [2][3]. It providessharedmemory over a network and controls the

sendingof signalsto processes.
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The DIVE systemconsistsof a setof processeseachcapableof manipulatingthe world andits

objects.The processesconsistof visualizerprocessesthatallow usersto interactwith theworld

andapplicationprocessesthat operateon objectsor introduceapplicationsin the virtual world.

The world consistsof a set of objectsand variousparameters.It is a datastructure,as in the

VROS. Processesare capableof moving from one world to anotherby intersectinggateway

objects.The implementationof a sharedworld differs from the serverapproachusedby the

VROS.UnderDIVE theworld is maintainedasa replicateddatabase.Eachprocesshasits own

copyof thestructure.Functionsareprovidedto allow updatingof entriesin eachcopyfor all the

processesin the world. If all processesleavea world, the databaseis discarded.

An eventhandlingsystemis presentin DIVE allowing processesto registerfor certaintypesof

event. The processcan be notified when objects are created,removed,changed,or when

interactionbetweena user and an object occurs.A timer event allows certain tasks,such as

object movement,to be called periodically. Objects may be given primitive behaviourby

specifyinga statemachinewhich performscertainactionson variousevents.A limited number

of actionsarepossible,including moving, sendingsignals,andchangingappearance.

A numberof high level tools are availablefor creatingapplicationsin DIVE. Thesefunctions

supportthe selectingand graspingof objects.A vehiclesmoduleexistswhich usesthe users

actionsto control the virtual environment.This is similar to the gestureinterpretationunderthe

VROS.

7.5. Division

TheProVisionsystemproducedby a Bristol basedcompany,Division, is a virtual reality server

thatconnectsto a numberof hostmachines[32] (seealso1.4.3.2).Thesystemis basedon T425

and T805 transputers.Various supportsoftwareis available,including the DistributedVirtual

EnvironmentSystem(DVS).

This system provides real time control and distributed event handling. All activities and

environmenthandling under DVS are performedby processescalled actors.Sharingof data

betweenthe actorsis controlledby DVS.

Parcelsof datacanbesharedbetweenvariousactors.Eachactormakesa local copyof thedata.
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In order for oneactor to updatethe data,it mustsendan updaterequestto a specialactor, the

director,which will thenpropagatetheupdateto otheractorsholding thatdata.Updatingcanbe

donein exclusivemodewhich ensuresthatall actorprocesseshaveconsistentcopiesat onetime.

The alternative is general mode which is faster, but actors separatedby low bandwidth

connectionsmay experiencedelayin receivingthe update.This is the oppositeapproachto that

usedin the VROS, whereonly onecopy of the datais kept by a world server.

The actorscontrol everythingfrom 3-D input devicesto geometrydatabases.This approachis

more general than that used in the VROS, where specialisedprocesseswith customised

communicationinterfacesare usedfor eachparticular task.The approachtakenby DVS may

makecreatingapplicationsmorecomplex,with greaterunderstandingof the systemrequired.

In order to copewith real time constraints,eachactor can maintainits own local time. When

communicating,the directorwill comparethe different timesof eachactorandadjustthemso

thattheyarein step.This is usefulin synchronizingdifferenthardwaredevicesthatareoperating

at different speeds.

Renderingis donein hardware,usingToshibaHSPpolygonprocessors.A rendererprocesscalled

Pazconvertsa high level scenedescription,similar to theworld datastructureusedin theVROS,

to thepolygonequivalent.Callsto Pazcanbemadeto altertheposition,motionandillumination

of the objects.

7.6. Minimal Reality (MR) Toolkit

The MR toolkit is a library of functions for supportingthe developmentof Virtual Reality

interfaces[17]. It providessupportfor a numberof peripheraldevicesusedfor Virtual Reality.

It alsoprovidesfacilities for distributingthe Virtual Reality over multiple workstations.

Thesystemprovidesthebasicservices.Supportfor creatingvirtual reality applications,asfound

in the VROS, will be providedby high level tools still beingdeveloped.

The toolkit consistsof three levels of functions. The first level consistsof device support

functions.Theseareimplementedasa client-serverpair,with theservercontinuouslypolling the

deviceso the client can haveaccessto the most recentvalue without delay. The serveralso

performsthe low-level processingof the datasuchasfiltering. This approachis the sameasis
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usedin the powerglovedevicedriver in the VROS.

The secondlevel convertsthe datafrom the devicesinto a convenientform for the application

programmer.This correspondsto the gesturerecognitionstagein the VROS.

Thethird level of functionsprovidesservicesfor theapplicationprogrammer.Theseincludethe

maintenanceof distributeddatastructures.This levelwouldcorrespondto thevirtual world kernel

in the VROS.

The processesin an MR applicationcanhavethreeroles.Onemustbe a masterto control the

applicationandstarttheotherprocesses.Therecanbea numberof slaveprocessesthatareused

to producegraphicaloutput.Theremayalsobea numberof computationalprocessesthatreceive

input from themasterandreturnresultsto it. Datasharingis doneby keepinglocal copiesof the

data with eachprocess.The data structuresmust be periodically synchronisedto ensureall

processeshavethecorrectvalues.Theapplicationprogrammeris responsiblefor specifyingwhen

this updateoccurs.This contrastswith theapproachtakenin theVROS.Heredatais not shared,

and the mechanicsof updatingthe singlecopy of datastructureis hiddenfrom the application

programmer.

Communicationis possiblebetweenseparateMR applications.The masterprocessesof each

application can send device and application-specificdata to other master processes.Slave

processesmustcommunicatevia the master.

7.7. Multiverse

Multiverse is a multi-userX-Windows basedVirtual Reality system[16]. The systemis based

on a client-servermodelandconsistsof serversthatmodelthevirtual world, andclientsthatare

usedfor userinterfaces.Eachclient andeachserveris a separateprocess,andeachmay run on

a different machine.

The clientsconsistof a singleprogramthat performsroughly equivalentfunctionsto the input

andoutputdevicedriversundertheVROS.Theclientsaregeneric,andindependentof theworld

being modelledby the server.They consistof a loop which rendersthe world, and sendsany

input from the userbackto the server.
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A serverprocessis the equivalentof a world serverand its correspondingobjectsunder the

VROS. The main functions of managinga virtual world are taken care of transparently;the

applicationwriter is requiredto supplyonly a few functions.Thesearemostly trivial, the one

of interestbeing the animateWorld function that definesthe natureof the world. It is called

from the main serverloop andis usuallyusedto movethe objectsin the world.

The objectsmay havespecialcodeto control their movement.Objectsinteractwith eachother

andwith the world usingan eventhandlingmechanism.TheseeventsincludeMOVE_EVENT

that shouldcausethe object to move, COLLISION_NOTIFY_EVENT for when objectshave

collided andTERM_NOTIFY_EVENTfor whenan objectceasesto exist. The objectsarenot

separateprocessesaswith the VROS, but haveto be calledas part of the serverprocess.The

objectcontrol routinesaregenerallyinvokedwhenaneventoccurswhich affectsthem.This sort

of inter-objectcommunicationmustat presentbe createdby the applicationprogrammerwhen

usingthe VROS.

The breakdownis similar to that of the VROS. The principal differenceis the degreeto which

parallel processingis done. Simulation of the world in Multiverse usesa single thread of

execution,asopposedto themultiple processesunderVROS.However,themachinesthatwould

supportMultiverse typically containa single processor,and so creatingmore processeswould

be redundant.

7.8. Rend386

Rend386is a polygonrenderinglibrary for 386and486basedsystemswith VGA displays[36].

The systemis designedfor speedrather than photo-realism.Support for a numberof input

devicesincludingthepowergloveis provided.This library performssimilar functionsto theinput

andoutputdevicedriversunderthe VROS.

The rendereris provided with a list of objectsand a viewpoint from which to draw them.

Transformationcalculationsare performedusing 32 bit integer arithmetic, with accuracyis

maintainedby multiplying the floating point valueof eachnumberby 216 andstoringthis asthe

32 bit integer.Thusthe leastsignificant16 bits storethe fractionalpart of the value.A similar

trick is used in line drawing in the VROS (see section 3.2.1.1.3).The coprocessorin the

transputersmakesthe useof floating point valuesfor transformationsviable for the VROS.
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The objectsin Rend386can haveseveralrepresentationscorrespondingto different levels of

detail. Figuresthat consistof a hierarchyof objectscan also be defined.Objectsare stored

relativeto the parentobject in the hierarchy.For example,in a humanfigure the armsandlegs

may be madechildrenof the torsoobject.This makesit easyto animateobjects.

Hidden surface removal is done using the Painter's algorithm. This has recently been

supplementedby addingbinary treesof splitting planes.This is similar to the BSPTreehidden

surfaceremovalmethodusedby the transputerrendererfor VROS,althoughit is not carriedout

to the samedegree.Only a limited numberof splitting planesareused,andobjectsintersecting

the planesarenot split, but placedon onesideor the other.

A few refinementsaremadeto the polygonrendering.Polygonscanbe flat shadedasdonein

the VROS, or paintedin a rangeof shadesto simulatea metallic effect. Transparentpolygons

canbe createdwherealternatingrows of dotsareusedinsteadof solid colour.

7.9. The Virtual Environment Operating Shell (Veos)

Veos is an environmentfor creatingdistributedapplicationsfor Unix [11]. It is designedfor

prototypingdistributedVirtual Reality applications.

The processesrequiredto implementa virtual environmentare known as entitiesand can be

distributedacrossa numberof Unix workstations.A datatypeknownasthe 'grouple' is usedas

the standarddata structure.The grouple is an extensionto the 'tuple' used in the Linda

programmingparadigm.Grouplesconsistof nestedtuples.Lisp is usedas the programming

interfaceto Veos.

EachVeosentityconsistsof adistinctUnix processthatcontrolsinterpretationof thetaskwritten

in Lisp. Each entity has associatedgrouplespacesfor which pattern matching facilities are

provided.Asynchronousmessagepassingof grouplesbetweenentitiesis supported.

The useof interpretedLisp makesthe systemflexible andeasyto use.It alsoallows evaluation

of programstubspassedas messages.This howeverwill often limit the performanceof the

system.

TheVeossystemprovidessupportfor generaldistributedapplications.Creatinga Virtual Reality
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application still requiresa great deal of work on the part of the programmer.The pattern

matchingfacilities for the grouplespacescanassistin the modellingof virtual worlds.

Eventhoughthegrouplespacesmaysuggestuseof sharedmemory,processcommunicationstill

involvesmessagepassing.

7.10.Conclusion

A virtual reality systemhasbeenimplementedthat providesa frameworkfor the development

of various virtual environments.The transputer-basedsystem does not require the use of

dedicatedhardware,yet still achievesa reasonableperformance.

The input/outputroutinesareseparatedfrom thevirtual world simulationfunctions.This allows

new hardwareto be quickly and easily integratedwith the system.Hardwaredetails,and the

visual appearanceof objects,are isolatedfrom the modellingof the realities.

The renderingsystemis capableof displayingpolyhedralrepresentationsof virtual worlds. A

numberof alternativetechniquesfor the rapid generationof the imageson a single processor

were testedand compared.A hiddensurfaceremovaltechniqueusing BSP treeswas found to

have the best performancein terms of speedand reliability. The use of parallelism was

investigated,anda numberof differentdecompositiontechniquesweretested.Thesediffered in

the speedat which imageswereproducedandthe interactionlatencyinvolved. In thebestcase,

wherealmostlinear speedupwasobtained,a world containingover 250 polygonswasrendered

at 32 frames/second.The maximumframe rate was obtainedwith the parallel decomposition

techniquewhich rendersseparateframeson different processors.The techniquegenerallyused,

however,rendersdifferentstripsof theimageon differentprocessors.This techniqueyieldedthe

bestresultsin termsof the tradeoffbetweenspeedandlatency.The factor that mostlimited the

speedupwasthebandwidthof thetransputerlinks. Fastercommunicationis essentialif real-time

imagesareto be produced.

Intuitive interactionwith thevirtual world is providedby interpretinggesturesmadeby theuser

while wearinga powerglove.The limitations of the input devicewere overcomeby providing

visual feedback,andby requiringconfirmationof certaingestures.

The virtual world kernel providesa developmentplatform for virtual reality applications.It
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provides intrinsic support for multiple worlds existing concurrently,and for multiple users

interactingwith theseworlds.Thekernelmakeseffectiveuseof multiple processors.Thesystem

canalsomakeuseof deviceson separatemachinescommunicatingvia ethernet.The designof

thekernelwith its distinctcommunicationlayercouldallow thesystemto beextendedto operate

on othermachines.

A meansis providedof attachingarbitrary attributesto objects.This permitsa wide rangeof

applicationsto be created.Numerousfunctionsexist to supportinteractionwith a virtual world.

Two testapplicationsweresuccessfullyimplementedusingthe facilities providedby thekernel.

The systemwas successfullydemonstratedto a number of people with varying degreesof

computerliteracy. Therewas an intuitive understandingof the virtual world; conceptssuchas

up anddown were translatedautomaticallyto the computermodel. Interactionwith the virtual

world by usingthevirtual handcontrolledby thepowerglovealsorequiredlittle explanation.The

control gestureswereeasilylearntafter theyhadbeendemonstratedonceor twice. Thegreatest

challengeexperiencedwas that of getting the glove to producethe correctgesture,a difficulty

which wasnotedin only a few of thetestsubjects.This could,however,beascribedto theglove

not fitting properly in somecases.

A powerful virtual reality systemhasbeendevelopedwhich runson a generalpurposeparallel

computer,and which doesnot needexpensiveor dedicatedhardware.The systemis general

purposeandis suitablefor the creationof diversevirtual reality applications.New applications

can be addedwith ease;with this system,virtual worlds have been createdin a matter of

minutes.Modelsof variousphysicalphenomenahavetakenonly a few hoursto implement.

Successfulusehasbeenmadeof the parallelprocessingfacilities offeredby the transputer.The

bottleneckin both the graphicssystemand the virtual world kernelwas the limited bandwidth

of the inter-processorcommunicationchannels.Greaterbandwidthwill be moreimportantthan

fasterprocessorsin future systems.

A comparisonwith otherrecentlydevelopedgeneralvirtual reality systemsshoweda numberof

commonfacilities,althoughthesehavebeenimplementedin differentways.Thesystemthatwas

describedin this thesislacks facilities for inter-objectcommunicationat present,this must be

doneby the applicationprogrammer.However,it makesgreateruseof parallelismthanany of
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the others,andachievesa moreevendistributionof the computationalload.
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