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The purposeof this thesis was to examine the di�eren t alternativ es for replacing the

rendering equipment in the Experimental Virtual Environment (EVE) at Helsinki Uni-

versity of Technology (HUT). The work was divided into three parts, starting with the

analysisof di�eren t hardware alternativ es, then building the chosensystemand �nally

choosingand evaluating the most suitable software architecture for the system. A clus-

ter of commodit y hardware PCs using software-genlocked active stereo was chosenas

the basisof the new system.

In consequence,the work concentrated on setting up a cluster of commodit y hardware

PCs and installing that systemto the virtual environment. The video signalsfrom the

rendering PCs were synchronized using Open Sourcesoftware (SoftGenLock) and the

polygon data was transferred through a Gigabit Ethernet network with a particular

software library that was developed for this purpose,namely Broadcast GL (BGL).
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uusittaessa Teknillisen korkeakoulun Experimental Virtual Environment (EVE) -
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Chapter 1

In tro duction

The concept of Virtual Reality has beenheavily dominated by the presenceof pro-

prietary rendering hardware. In the past few yearsthe increasingperformanceand

low price of commodit y graphics hardware has brought up new potential in the

designof virtual reality environments.

To meet the rendering performancerequirements, the commodit y graphicshardware

is built up into a cluster, a 
exible con�guration of multiple computers. Although

the low-cost hardware solution might initially seemoptimal for several applications,

there are plenty of issuesthat needto be tackled.

1.1 Motiv ation

At the current rate of increasein the requirements for rendering hardware, constant

upgrading of a high-end rendering platform has becometoo expensive for the pur-

posesof the Experimental Virtual Environment (EVE) (seeFigure 2.1) at Helsinki

University of Technology (HUT). This study was set out to �nd out if the same

functionalit y could be achieved with a low maintenancecost solution.

1



1.2 Ob jectiv es

The �rst objective of this study was to �nd out the hardware solution that is most

suitable for the EVE. The following criteria were given to outline the new system:

1. To ensurethat the current active stereo(seeSection2.2.2) environment could

be e�cien tly utilized.

2. To ensurethat the systemwill not causeunnecessaryburden for the application

developer.

3. To ensurethat most of the currently usedapplications can be usedin the new

systemwithout an excessive workload in porting the software. In other words,

there should be a de�ned way to transfer the applications to the new system.

4. To enableshort and preferably low-cost upgrade cycles.

5. To o�er competitiv e performancecomparedto the current solution with lower

operating costs.

The �nal objective was to analyze the chosen hardware platform and design the

standard software architecture to be usedon it. The chosensoftware was expected

to meet the following requirements:

1. To o�er a compact environment for commonly neededfunctions, such as cal-

culation of the wall projections and navigation support.

2. To o�er full utilization of the rendering capabilities of the hardware.

3. To o�er a user-friendly Application Programming Interface(API) for graphics

calls and external libraries.
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1.3 Research Problem

The main issuesin the construction of the rendering environment wereperformance,

upgradeability and software support. In respect to performance, the new system

should exceedthe rendering speedof the current Silicon Graphics (SGI) Onyx2 sys-

tem. Measuring this performanceis not trivial, as it dependson several factors, like

structure of the renderedscene,network usageand user interaction. Furthermore,

both the software and the hardware in the new system should be easyto upgrade

when needed.

Software support was also taken into consideration. Given that the old systemuses

the IRIX operating system,all software needsto be recon�gured if this environment

changes.

1.4 Organization of the Thesis

The goal of the theoretical part of this project was to study the di�eren t hardware

alternativ es for real-time rendering in virtual environments and �nd out the most

suitable option for the HUT EVE. The �rst two chapters present the theoretical

background and the third chapter comparesthe di�eren t hardware solutions and

presents the chosensolution.

In the practical part, we constructed, documented and benchmarked a cluster ren-

dering environment using specializedsoftware and commodit y hardware. The em-

phasishere is on the fourth chapter, which presents the evaluation of di�eren t soft-

ware frameworks and the reasoningbehind the chosensoftware platform. The last

two chapters present the outcomeof the project and the possiblefuture development

of the system.
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Chapter 2

Background

This chapter presents someof the Virtual Reality (VR) -related conceptsthat are

neededto understand the later parts of the book. The chapter begins with the

relevant historical data and later introduces the di�eren t hardware and software

systemsthat apply to building clustered rendering environments.

2.1 History of CA VE-lik e Environmen ts

The Cave Automatic Virtual Environment (CAVE) (Cruz-Neira, Sandin & DeFanti

1993) is a cubical construction of four to six projection surfaces.Thesesurfacesare

usually back-projected, so that the image comesfrom behind, but the surfacecan

still be viewed from the front. Often due to spacelimitations in the facilities, the

imagesfrom the projectors have to be re
ected through mirrors. As an exampleof

a CAVE-lik e environment, the EVE setup showing the projectors, mirrors, tracker

and audio system is presented in Figure 2.1.

4



Figure 2.1: Model of the Experimental Virtual Environment at HUT (Image cour-
tesy of Seppo •Ayr •av•ainen)

The history of the CAVE dates back to the beginning of 1990s,when a research

group at University of Illinois, led by Dr. Carolina Cruz-Neira, started developing

an immersive projection-basedvirtual room. The system was built to o�er a com-

petitiv e alternativ e for workstation-based scienti�c visualization and an intriguing

showcasefor the SIGGRAPH conferencein 1992. (Cruz-Neira et al. 1993)

Furthermore, the CAVE took advantage of a construction of walls, wherethe projec-

tion planesneedednot to be perpendicular to the viewer. This allowed the projec-

tions on the cube to be constructed into a sphericalapproximation, thus dissipating

the cubical room from the viewer. (Cruz-Neira et al. 1993)

After the design of CAVE was presented, it quickly gained wider popularit y in

di�eren t research projects around the world. Currently there are dozensof CAVE-

like installations, someof which are deliveredascommercialproducts and somethat

are built by the users. CAVE is now a registered trademark of FakespaceSystems

Inc., which is the reasonwhy the virtual environment at HUT is called EVE rather

than CAVE.
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2.2 Virtual Realit y

Virtual Reality is usually consideredasa computer-generatedmedium for presenting

arti�cially createdsensationsto the user. Sometimesthe conceptof VR is extended

with the concept of Augmented Reality (AR) that mixes the physical world with

the computer generatedvirtual information (Sherman & Craig 2004). This section

presents the conceptsrequired to understand VR in the way it is commonly used.

The term virtual reality has several di�eren t de�nitions. One of the more com-

prehensive of them is the one presented by Sherman& Craig (2004), where VR is

divided into four key elements: virtual world, immersion, sensory feedback and in-

teractivity . Other similar de�nitions are available, for example, in Kalawsky (1993)

and Burdea & Coi�et (2003).

A virtual world is a simulated, usually 3D, environment that presents the virtual

objects and their interdependencyto the user. In a wider sense,almost any imagi-

nary spacecan be considereda virtual world, although when associated with virtual

reality, we usually want to de�ne it as a collection of virtual objects and their rela-

tionships.

Immersion describesthe user'smoreor lessstrong feelingthat they arepresent in the

virtual world. In respect to VR, immersion is usually achieved with a stereographic

imageover a large �eld or view (FOV), but this is not necessaryby de�nition. Even

an everyday experience like reading a book can be consideredimmersive, but the

level of immersion is usually the stronger the more sensesare being stimulated.

Furthermore, immersion can be divided into mental and physical immersion, where

the mental immersion is used to describe the suspensionof disbelief and the phys-

ical immersion to describe the stimulus of the physical senses,which is most often

achieved through sensoryfeedback.
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Sensoryfeedback is the most crucial element of virtual reality. All equipment that

create sensationsto any human senseare consideredsensoryfeedback devices. A

typical VR environment produces at least visual and auditory feedback, but also

motion-based(producing stimuli for senseof balance),haptic (producing touch stim-

uli) and even gustatory (producing taste stimuli) feedback solutions have beensuc-

cessfullyutilized. The visual feedback is usually given as a stereographicimage, so

that the view between the eyes di�ers slightly. The auditory feedback is usually

three-dimensional, so that the user can sensethe direction and the distance of the

sound source.

To provide the interactivit y, a VR systemis usually equippedwith motion tracking to

receive the movements of the userasan input to the rendering system. Tracking the

position and orientation of the user'sheadis usedto calculateand render the correct

wall projections from the supposedviewpoint. Tracking at least one of the user's

hands is used to provide an input interface. Although much more comprehensive

motion tracking systemsare available, theseare usually minimum requirements for

a usableVR installation.

2.2.1 Stereoscopic Vision

Most humans have the abilit y of seeingthe world in three dimensionsthrough the

use of stereoscopicvision, also known as stereopsis. The 3D vision is created in

the brain from the two separateimagesthat are seenby the eyes. The Figure 2.2

shows how the two separate
at imagesare combined into a singlethree-dimensional

stereoscopicimage. The stereopsis,however, is not the only depth cue that a�ects

the stereoscopicvision. For example, the relative positioning and movement of

the objects and the focus of the vision can be used to increase the stereoscopic

perception.
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Figure 2.2: Human StereoscopicVision. On the left sideof the �gure, both the eyes
separately seea slightly di�eren t image of the target. The right side of the �gure
shows, how the target is perceived with the help of stereoscopicvision.

2.2.2 Stereographic Displa ys

The stereographicprojection of images is one of the most crucial elements in VR

installations. This section describes di�eren t types of displays for creating three-

dimensional illusions for the user.

Sherman& Craig (2004) categorizethe stereographicdisplays under three di�eren t

paradigms: stationary displays, head-based displays and hand-based displays. The

�rst category is further divided into �shtank VR and projection VR and the second

category into occlusive HMDs (Head Mounted Displays) and nonocclusive HMDs.

Our interest here is directed towards traditional VR setups, not so much towards

nonocclusive HMDs or hand-baseddisplays, which are usually associated with aug-

mented reality.

Fishtank VR stands for a stationary, usually autostereoscopic display. This means

that the usersdo not need to wear any additional equipment to sensethe stereo-

graphic image. These systemsare usually well suited for workstation-based tasks,

such as Computer-aided Design (CAD). Such installations are relatively inexpen-
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sive, but often also limited only to provide the image for a single user and o�er a

FOV limited by the edgesof the monitor (Sherman & Craig 2004).

A HMD is a special helmet or glassesthat the usersneedto wear to seethe virtual

environment. The stereoscopicvision is created by installing two small displays

inside the helmet. HMDs work best in solutions where the FOV must be unlimited.

However, HMDs usually have fairly low resolution and can only support oneuserat

a time.

The projection display systems are typically large VR installations, such as the

CAVE. To clarify the problem of calculating the correct projections to the projec-

tions surfaces,the Figure 2.3 shows an exampleof a four-sided CAVE-lik e environ-

ment with correct projections. The projections for each wall are presented in the

left sideof the �gure and the actual setup is shown in the right. In this example,the

position of the viewer is represented by the coloredsquaresin the middle of the cube

and the projections are calculated using that viewpoint. Note that the �gure only

shows the correct projections for a single eye. In a real life application, a four-wall

CAVE would require eight di�eren t projections to be calculated.

The two basic methods for creating a stereoscopicprojection is with active or with

passiveequipment. In activestereorendering, the projected imageis rapidly changed

between the imagesfor the left and right eyes. This switching rate of the images

is then synchronized with shutter glassesthat only show one of the two images

at a time. The largest limitation in this system is the problem of producing high

quality imagesat a su�cien t rate. The minimum vertical refresh rate for a 
ic ker-

free image is around 50 Hz but a rate of 60 Hz is usually the preferred minimum.

In an active-stereoenvironment, the projectors have to be capable of displaying

consequent imagesat double the speedof a single-eye refresh rate, resulting in the

desiredminimum vertical refresh rate of around 120 Hz.
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Figure 2.3: Surface Projections on a Four-wall CAVE (Image courtesy of Samuli
Laine)
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The projector technology usedin activestereorenderinghastraditionally beenCath-

ode Ray Tube-based(CRT). Only projectors with fast enough phosphoruscan be

used with active stereo. This meansthat the projected image must not remain in

the display for longer than the single frame delay, as too slow image decomposition

will causeunwanted artifacts in the image. Liquid Crystal Display (LCD) projec-

tor technology is natively too slow to reach the high refreshrates required by active

stereo. On the other hand, in Digital Light Processing(DLP) projectors, the desired

vertical refresh rate is only supported in the high-end models.

Passivestereomeansthat the separateimagesfor the left and right eyesaredisplayed

simultaneously. When projected to the display, the passive stereo imagesmust be

separatedfor each eye. Most commonly this is doneby installing linear (perpendic-

ular) polarization �lters to the projectors and by using glasseswith matching linear

polarizations. This method allows one projector to display vertically polarized and

the other one to display horizontally polarized image on the samescreen.As these

projectors neednot reach high vertical refreshrates, there is much more freedomin

the selectionof projectors. Therefore passive stereocan be doneeven with inexpen-

sive LCD projectors (Woods 2001). In this case,however, the projection walls need

maintain the polarit y of the light.

The linear polarization method discussedabove has a slight drawback. When the

viewers tilt their headsothat the two polarizations are no longer parallel, the stereo

e�ect disappears. This problem has been solved with circular polarization. This

method �lters the incoming light in a spiral pattern, where the left and the right

eye have a di�eren t directions on the orbicular path. With this technology, tilting

the head has no e�ect to the stereo.
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2.3 Exp erimen tal Virtual Environmen t at HUT

The establishing of the Telecommunications Software and Multimedia Laboratory

(TML) in 1995 and an explicit demand from Finnish industry in 1997 were the

driving forcesbehind the creation of the Experimental Virtual Environment (EVE,

formerly known as HUTCAVE) project at Helsinki University of Technology. Orig-

inally the systemconsistedof a single wall, but after the systemwas moved to new

premisesin 1999, it was extendedto a four-wall setup. (Jalkanen 2000)

2.3.1 Curren t EVE Hardw are

The rendering hardware used in the EVE was built in 1997upon SGI Onyx2 plat-

form. This system is highly scalable,in theory allowing up to 128 CPUs and up to

16 In�niteRealit y2 (IR2) graphicssubsystems,alsoknown aspipes. Initially the sys-

tem, later namedHermit , wasequipped with oneIR2 and four CPUs running at 195

MHz. Three years later, in late 2000, Hermit was extended to carry two IR2s and

8 CPUs running at 250 MHz. Currently this is the maximum that can be installed

into a single Onyx2 rack, making further upgrading of Hermit require additional

racks, a more spaciousserver room and a new cooling system. (Jalkanen 2000)

2.3.2 Curren t EVE Soft ware Arc hitecture

The software used in Hermit can be roughly divided into three categories,that is,

commercial software packagesand plug-ins, third party open sourcesoftware and

software written in the EVE research group. The Figure 2.4 depicts the main com-

ponents in the current software architecture and their main fuctions. The �gure also

depicts the two tracks for building software in the EVE. The components involved

in the FLUID track are marked with white background and the components using

the Performer track are marked with gray background.
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The architecture is sharedinto four levels that are marked with yellow boxeson the

left sideof the �gure. The �rst level is reserved for the applications that areexecuted

in the system. The secondlevel is for special controller software, in this caseEPIC

(seeSection 2.3.2), that add certain useful high-level functions to the application.

The third level is for input or output (I/O) software that control the userinteraction

and graphic and sound output. The fourth level represents the hardware parts, i.e.

the actual input and output devices,such as displays and sound hardware.

The following sectionscontain a description of the software products that are com-

monly usedin the Onyx2-basedsystem.

FLUID

FLexible User Input Design (FLUID) (Ilmonen & Kontkanen 2002), is an open

sourcesoftware developed at the EVE research group. The software is constructed

as a lightweight library, designedto processdata from a variety of input devices.

FLUID has becomethe de facto method for handling of input device events in the

EVE, so it is bound to be used regardlessof the underlying rendering hardware.

FLUID Performer

EPIC2. Controller level

3. I/ O level

1. Applicat ion level

4. Hardware level

Applicat ions

Inpu t Devices Render ing Hardware

OpenGL

Mustajuur i

Sound System

VR Juggler

Figure 2.4: Current EVE SoftwareArchitecture. The two softwaretracks aremarked
with white and gray backgrounds.
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FLUID was primarily designedfor Linux, but was ported for IRIX for the purposes

of the EVE.

In Figure 2.4 the components on the FLUID track are marked with white back-

ground. Generally the applications that use FLUID, do not depend on the com-

ponents marked with gray background, although they may optionally use the ones

marked with both colors.

Musta juuri

The audio signal processingapplication and toolkit Mustajuuri (Ilmonen 2001), is

also an open sourceproduct, designedfor creating three-dimensional sound envi-

ronments. Mustajuuri has beendesignedwith portabilit y in mind, so the software

is available for a variety of platforms, including SGI IRIX and Linux. In the EVE,

Mustajuuri is running in a separatePC systemfor controlling the entire audio signal

processing,so it has no interaction with the other software components. Hence,in

Figure 2.4 Mustajuuri is presented asa separateentit y controlling the soundsystem.

VR Juggler

VR Juggler is a complete software toolkit for handling almost all aspects related

to designingVR software (Cruz-Neira, Bierbaum, Hartling, Just & Meinert 2002).

In the EVE, however, VR Juggler has beenusedmainly for calculating the correct

projections to each of the projection surfaces. VR Juggler is further described in

Section2.7.5. SinceVR Juggler canbeusedwith both FLUID and EPIC/P erformer,

in Figure 2.4 it is presented in shaded gray. However, the abilit y of VR Juggler

to control the input devicesis mutually exclusive with FLUID. Another common

solution to control the input devicesand projections in SGI-basedVR installations

is the CAVELib (Pape 1997), but it is not used in the EVE.
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Op enGL Performer

SGI OpenGL Performer (Eckel, Jones& Domeier 2004), later referredasPerformer,

is an application toolkit for designingOpenGL applications. In the EVE, Performer

has beenusedfor creating and executing scene graphs for several interactive appli-

cations. Scenegraphs are data structures that hold more or less complex sets of

polygon structures and their properties but also instructions or code for polygon

and object interaction. Essentially , the scenegraph implementation in Performer

supports polygon setups, light sources,textures and engines that can be used to

perform more complex actions.

Currently the most usedfeature in the software is the abilit y to load polygon models

in several formats. Many of the most commonly usedapplications in the EVE have

had their 3D models stored in either OpenFlight or OpenInventor format, both of

which are supported by Performer.

SGI o�ers Performer also for Linux and Windows platforms, but the software has a

policy that doesnot allow transferring the licensefrom oneoperating systemto the

other. The currently usedIRIX versionof Performer would therefore be uselessin a

commodit y cluster-basedenvironment. The software is alsoavailable asa free demo

version, but that has someunwanted features that make it unusable in production

use. Recently, most of the features o�ered by Performer could also be provided by

other software, such as OpenSG, but in the EVE, Performer was the solution of

choice.

EPIC

Extendable Phased Interaction Controller (EPIC) is a toolkit for creating inter-

action and navigation in a virtual environment. EPIC was designedin the EVE

research group by Matti Gr•ohn, Iikka Olli, Markku Mantere, Jukka R•onkk•o and

Seppo •Ayr •av•ainen. In addition to the basicnavigation, EPIC wasdesignedto meet
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a variety of user interaction methods, like controls and menus. EPIC was designed

to act as a front end for the functions o�ered by Performer, such as changing tex-

tures and materials. Unlike FLUID, EPIC is built upon VR Juggler and Performer

and cannot be usedseparately(seeFigure 2.4). Nevertheless,EPIC wasdesignedto

be portable and it should be easyto port on top of a working VR Juggler/Performer

installation in someother than an IRIX environment.

2.4 Hardw are Status

Traditionally , visualization of large datasetsfor scienti�c purposeshasrequired spe-

cial high-end hardware based on shared memory. Shared memory is a block of

random accessmemory (RAM) that can be accessedby several central processing

units (CPUs) simultaneously. VR solutionsusually require substantial bandwidth to

render the data from the memory, which tends to favor a genuinely sharedmemory

systemover a clustered systemusing the distributed memory concept. This section

presents both the high- and low-end hardware as they are currently available in the

market.

In 1965Gordon Moore madehis famousdiscovery, now known as the Moore's Law,

which states that the number of components in an integrated circuit doublesevery

12 months (Moore 1965). Later, Moore's Law was adopted into a form that the

processingpowersof computerswill double every 18 months. This development has

contin ued to the present day and will especially well take place within commodit y

hardware. According to Intel (In tel Inc. 2005) the trend will contin ue in the fore-

seeablefuture, at least through the end of this decade. In such an environment it

is economically feasible to support short upgrade cycles for inexpensive hardware

rather than long cyclesfor expensive equipment.
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2.4.1 SMP Hardw are Status

Symmetric Multipro cessing(SMP) is a shared memory architecture where all the

CPUs sharean accessbus to a singlechunk of RAM. The next two sectionsevaluate

the current hardware status from the perspective of this project.

Traditionally the rendering supercomputers, such as the SGI Onyx2, have been

equipped with CPUs built with the RISC (ReducedInstruction Set Computing) de-

sign philosophy accordingto the MIPS (Micropro cessorwithout InterlockedPipeline

Stages)architecture. These systemswere natively built for SMP and could easily

outrun the x86 processorsin computing performance. Currently SMP computing

has becomea consumermarket and the two major players, Intel Corporation and

AMD (AdvancedMicro DevicesInc.) both have their own line of CPUs designedfor

SMP. Both Intel and AMD are also pursuing to the supercomputing market with

their highly scalableItanium 2 and Opteron product lines.

The low-end CPUs, such as the Intel Pentium 4, are equipped with Simultaneous

Multithreading (SMT) (Tullsen, Eggers& Levy 1995),called Hyper-Threading. The

technology is actually nothing more than a systemfor better utilizing the functional

units of the CPU when running threaded applications. In practice, the operating

system seesthe Hyper-Threading implementation as a two-processorSMP system,

although the optimal processscheduling betweenSMP and SMT di�ers considerably.

Due to the fact that it hasbecomeincreasingly di�cult to increasethe clock speeds

of the CPUs, the next, more sophisticated method of bringing SMP to the low-end

CPUs is to add a secondcore to the processor. Such a dual-core CPU would be

natively SMP, although both the cores could be further equipped with an SMT

solution.
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2.4.2 PC Hardw are Status

The Accelerated Graphics Port (AGP) bus has been the most common intercon-

nection method between graphics adapters and the system bus. Essentially , the

architecture only supports a single AGP card per system, making clustering the

only e�ectiv e way to increaseperformance. In 2003, the Peripheral Component In-

terconnect Special Interest Group (PCI-SIG) introduced a new bus system called

the PCI Express. PCI Expressis a serial local bus implementation that is expected

to replaceboth PCI and AGP busesin the near future. At the time of writing, major

graphics card manufacturers have already adopted PCI Express into their service

o�ering, but currently there is no substantial performance increasebetween AGP

and PCI Express. Nevertheless,the PCI Express architecture allows architecture

of several high-speed busesfor graphics cards in a single PC system, which might

be a useful feature when building parallel rendering systems. In January of 2005

there were already ScalableLink Interface (SLI) mainboards available, which allow

a setup of two parallel graphics cards connectedto the PCI Expressbus.

2.4.3 PC Net working

Transferring polygon data over a cluster of PCs generally requires a high-speed,

low-latency local area network. Such network solutions at an a�ordable price range

are not common, leaving only a few viable alternativ es.

The IEEE 802.3z Gigabit Ethernet standard is slowly replacing its predecessor,

the 100 Mbps Ethernet that has becomethe de facto Local Area Network (LAN)

standard all over the world. In September of 2004, the Gigabit Ethernet Network

Interface Cards (NIC) were available in retail for as low as 15 euros per card, and

low-end 8-port switchesstarting from 70 euros.

The upcoming IEEE 802.3ae10 Gigabit Ethernet standard is bound to becomean

appealingalternativ e for the current gigabit networks, but the price point is currently
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too high for a commodit y hardware solution. In March of 2004,the technology was

still priced beyond consumermarket, to about 10,000eurosper port (Reardon2004),

but the pricesare decreasingand in January of 200510 Gigabit NICs wereavailable

for around 3,000euros.

In scienti�c visualization and computation clusters, the Myrinet (Myricom 2004)

network has becomea viable alternativ e for Ethernet networks. Compared to the

Ethernet solution, the Myrinet o�ers an extremely low-latency connection with

transmission speeds up to 7 Gbps (Boden, Cohen, Felderman, Kulawik, Seitz,

Seizovic & Su 1995). In September of 2004 the starting price for the NICs was

at 600 eurosper card and 4,000eurosfor an 8-port switch.

An important issue with the network performance is the switch's backplane data

transfer rate. Under heavy tra�c, the bandwidth of low-end Gigabit Ethernet

switches can become the whole system's bottleneck. The backplane bandwidth

of gigabit-class switches varies from a couple of gigabits per secondto dozensof

gigabits per second.

2.4.4 PC Graphics Hardw are

The commodit y graphics hardware has undergonea great increasein performance

during the last decade. Nowadays, the PC graphics hardware can be divided into

two rough categories:the low-end hardware designedespecially for gaming, and the

high-end hardware designedfor advancedvisualization solutions.

In the highest end of graphics cards, NVIDIA is o�ering Quadro FX cards with

hardware-generatedgenlock. In September of 2004 they had two models espe-

cially designedfor rendering clusters, namely Quadro FX 3000G and Quadro FX

4400G. The web-basedlist price for the 3000G is currently around 2,000 euros

(Monarch Computer.com 2004), whereas the 4400G is a slightly more advanced

model and becauseit was only recently released,it is still lacking online price infor-
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mation. Also 3Dlabs has a genlock-enabled adapter, the Wildcat I I 5110-G, in the

sameprice group. In October of 2004NVIDIAs strongest competitor, ATI (Arra y

Technology Inc.) had no product with hardware genlock capability.

Within the low-end cards, the selection is broader and the prices vary from under

100 to nearly 1,000euros. For the last few years,top-notch cards with a reasonable

price-performanceratio havebeenpriced around 500euros. When choosingbetween

commodit y graphics cards, the key issueis the pure rendering performance. This is

usually proportional to the price of the card, although the newest models tend to

have a slightly worseprice-performanceratio.

During the year 2004, the newly introduced mainboards and PCI Expressgraphics

cards have becomea viable alternativ e for the traditional AGP solutions. NVIDIA

statesthat their Linux drivershave included a support for PCI Expresssinceversion

1.0-6106from June 30, 2004 (NVIDIA.com 2004b). Since the hardware and the

driver are at a relatively early stage of development, it can be assumedthat there

will be compatibilit y issuesfor months to come.

2.5 Polygon Data Transfer Levels

Before examining the di�eren t software used for polygon data transfer within a

cluster, it is worthwhile to notice that the di�eren t methods function on di�eren t

levelsof the software architecture. This review is especially useful for understanding

the events that take place when rendering in a cluster environment. The four basic

levels are presented here in detail.

2.5.1 Input Event Level

Data transfer on input event level meansthat each renderingcomputer (later referred

as a node) simultaneously runs the same application. In other words, each user
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input event that a�ects the model, must be transferred to each node. This method

becomesmost useful when the network bandwidth is an issue, while the amount

of transferred data is usually low. This method is in usee.g. with Cluster Juggler

(Olson 2002)and Net Juggler (Allard, Gouranton, Lecointre, Melin & Ra�n 2002b).

2.5.2 Scene Graph Level

Data transfer on this level is usually strongly accompaniedwith the so called re-

tained rendering mode. In this mode, the nodes hold an instance of the rendered

sceneand the transferred data only includes changesin it. While the system must

maintain several instancesof the samedata, the data betweenthe nodesneedto be

synchronized (seeSection2.6.3). OpenSG(Reiners,Vo�& Behr 2002) is an example

of software using this method.

2.5.3 Graphics Primitiv e Level

Data transfer on graphics primitiv e level meansthat each node receives the set of

polygons to be rendered. This method can be further divided into two common

methods. The sort-�rst rendering is the most common and functions by culling

unwanted polygonsfrom the polygonsetsthat are transferred to the renderingnodes.

In the sort-last rendering each of the nodes is given a di�eren t set of polygons to

render and after the imagesare rendered, they are composedtogether. Chromium

(Humpreys, Houston, Ng, Frank, Ahern, Kirc hner & Klosowski 2002) is likely the

best-known solution that can utilize either one of thesemethods of data transfer.

2.5.4 Pixel Level

In pixel level transfer, the data contains imagebitmaps that arealready rendered. In

this model, the actual drawing of the imageis extremely straightforward, thusgiving
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a performance advantage over the other methods. On the other hand, pixel level

transfer takes hardly any use of the graphics rendering capabilities on displaying

nodes,so the trouble of rendering the image is transferred to the sourcenode. This

level canbeconsideredmore likea referencelevel whencomparing the network usage

of di�eren t rendering methods.

2.6 Synchronization Requiremen ts

In a cluster-basedenvironment, the data stream between nodes has to be strictly

controlled and synchronized. This task is characterizedby three required lock steps,

namely genlock, swaplock and datalock. (Maxwell, Bryden, Schmidt, Roth & Swan

2002)

2.6.1 GenLo ck

The term GenLock is usedto describe the method of synchronizing the video frames.

This meansthat the separatevideo projectors controlled by the di�eren t nodes in

the cluster must produce their images in the samephase. In other words, all the

projectors start to draw a new imageaccordingto the genlock signal and the vertical

refresh rate that it de�nes (video retrace synchronization). (NVIDIA.com 2004a)

Genlock can be achieved either with a speci�c hardware or software solution. Some

specially madehigh-end graphics cards, such as the onespresented in Section2.4.4,

natively have a method of sharing the genlock signal. Due to the high price of these

cards, there are also somesoftware solutions to synchronize the nodes.
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2.6.2 SwapLo ck

SwapLock is required to adjust the bu�er swap of the nodesso that noneof them is

able to advancefurther than the others, even though it could render the data more

quickly. SwapLock can be achieved with special graphicshardware that supports it,

such as the genlock-enabled cards described in Section 2.4.4, or with software that

handlesthe synchronization, such as Net Juggler (Allard et al. 2002b). If the nodes

are not swaplocked, there is a risk of considerablelag appearing on the screenthat

takesmost time to render.

2.6.3 DataLo ck

DataLock becomesan issueespecially when using the aforementioned retained ren-

dering mode. While each node has locally stored information about the data to

be rendered, there is a risk that this will eventually produce inconsistent images

(Maxwell et al. 2002). The locally saved data must also contain all the information

required to render the view, for examplethe userposition and headorientation. Dat-

aLock cannot be achieved with hardware, so the clustering software must support

it.

2.7 Soft ware

There are several piecesof software on the market that contribute to enabling a

clustered rendering environment for commodit y hardware. This chapter introduces

someuseful software packagesthat have gained a shareof the market.
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2.7.1 Lin ux Kernels

The Linux software architecture is built upon the kernel. The kernel is the core

of the operating systemand it controls low-level operations, such as load-balancing

and multi-tasking. Of the software presented in this chapter, SoftGenLock is the

most demanding, requiring a speci�c real-time patched kernel.

At the moment, the most commonly used kernel families are the 2.4 series,intro-

ducedin 2001,and the 2.6 seriesfrom 2003. A 2.4 serieskernel shouldbe suitable for

SoftGenLock, but the developers of the software are expecting a real-time patched

2.6 serieskernel to o�er better scheduler accuracy.

2.7.2 SoftGenLo ck

SoftGenLock is a Linux software package that provides genlock and stereo within

a cluster of PCs (Allard, Gouranton, Lecointre, Melin & Ra�n 2002a). The stereo

provided by SoftGenLock is page-
ipped, which meansthat the XFree86windowing

systemis givena virtual desktop,double the sizeof the renderedscreen.This system

provides a canvas that enablesthe application to draw separateimagesfor the left

and the right eye on the samedesktop. SoftGenLock, as genlock in general, is only

neededwhen using active stereo.

The operation of SoftGenLock dependson timing the VGA (Video Graphics Array)

signal. The VGA signal consistsof a set of horizontal pixel strips, called scanlines.

The hidden area in the display, which allows the cathode-ray beam to move from a

scanlineto the next is called the overscan (Vorozcovs 2002). The overscanmakesit

possibleto slow down or speedup the drawing of the image by adding or removing

pixels located in this area. The synchronization betweennodesis achieved through

a parallel port interface. This systemworks according to the master-slave architec-

ture, where the master sendsa synchronization signal at the end of a frame. The

slave nodes then measurethe di�erence between the incoming signal and the end
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of their own frame and proceedby adding or removing pixels accordingly (Allard,

Gouranton, Lamarque, Melin & Ra�n 2003). This method of using VGA registers

is later referred as the timer-based solution.

The alternativ e method for synchronizing the signal is using pixel clock access.

According to Allard et al. (2003), pixel clock is the hardware component used to

activate the output of each pixel in the video signal. It is possible to slow down

or speedup the image by altering the speedof this clock. This is done during the

period of vertical blanking, that is, between the frames. However, the pixel clock

implementation is usually hardware speci�c, so a di�eren t method must be used

for di�eren t graphics hardware. The current version of SoftGenLock only supports

NVIDIA hardware. This method of using the pixel clock is later referred as the

IRQ-basedsolution. This is due to the fact, that the pixel clock is activated using

the Interrupt Request(IRQ) that is given for the graphics card.

2.7.3 GLX

The X Window System, commonly known a X, is the standard graphical interface

in Unix-lik e systems,such as Linux. The most commonly used implementation of

X is the XFree86, which is available as an Open Sourceproject.

GLX is the solution for delivering OpenGL instructions to be rendered to an X

window. The normal X windowing system controls the screenoutput as an array

of pixels in two dimensions,whereasusing OpenGL and GLX makes it possibleto

usesophisticatedmethods for handling the capabilities of the frame bu�er. (Kilgard

1994)
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Using a built-in wire protocol of GLX, the OpenGL instructions can be transformed

into a stream of commands. This stream is considereddistinct from the stream

of normal requeststo the X window system, allowing direct accessto the graphics

pipeline (Womack & Leech 1998). This process,calleddirect rendering, considerably

increasesthe polygon throughput performance.

2.7.4 Chromium

Chromium is an Open Source,graphicsprimitiv e level cluster rendering framework,

basedon the Wir eGL project at Stanford University. Chromium supports an ex-

tensive subset of OpenGL instructions and both sort-�rst and sort-last rendering

methods. In addition to transferring the polygon data, Chromium has a variety of

options for handling the data. The most distinctiv e feature in the Chromium ar-

chitecture is the useof Stream ProcessingUnits (SPUs) that are piecesof software

designedfor a speci�c purposein handling the stream of rendering instructions, thus

providing particular e�ects, such as turning the stream into grayscaleor inverting

its colors.

Chromium works according to client-server architecture. Each of the rendering

nodeshas a special Chromium server running to handle the incoming instructions.

In addition, there is a separate client, called the mothership, which connects to

each of the servers and generatesthe rendering commands. The normal OpenGL

application is executed through the mothership so that it uses the Chromium's

replacement OpenGL library instead of the one supplied by the system.
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The Chromium systemwasoriginally designedto support tiled display walls, which

di�er from CAVE-lik e systemsmainly in that the projection is essentially the same

for all the tiles. This design also causesa 
a w that only allows Chromium to

handle a single projection matrix per con�guration (Humpreys 2004), which makes

it impossibleto �nd a con�guration that would calculate the correct projections in

all applications.

2.7.5 VR Juggler

VR Juggler is an Open SourceVR platform, originated from Virtual Reality Appli-

cations Center (VRA C) at Iowa State University. The project was largely basedon

the fact that most application libraries for VR applications were available as com-

mercial products (Cruz-Neira et al. 2002). Nowadays VR Juggler is supposedlyone

of the most popular comprehensive VR toolkits mainly becauseit hasbeenadopted

by the growing Open Sourcecommunit y.

VR Juggler functions asa software layer betweenthe application and hardware in a

VR system. The layer is built upon generic interfacesthat abstract the underlying

Input-Output (I/O) devices,which makes the application unaware of any possible

changes in the con�guration of the hardware. Furthermore, the architecture of

VR Juggler is based on a microkernel that mediates the instructions between so-

called managers. The two most important managersare the vjDrawManager and

the vjInputManager , of which the former handles the API calls for example with

OpenGL, OpenSGor Performer, and the latter controls the input devices,such as

motion tracker, data glovesand joysticks. (Cruz-Neira et al. 2002)
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Although VR Juggler is often consideredasan all-inclusivepackage,it canco-operate

with third party software. A good exampleof this is the VR Juggler cluster support,

which can be set up in various ways. Depending on the application, VR Juggler can

be con�gured to work with nearly all data transfer methods described in Section2.5.

VR Juggler is known to work at least with OpenSGand Chromium.

2.7.6 Cluster Juggler

Cluster Juggler is an input event level cluster extensionto VR Juggler, developed at

VRA C. The systemis designedespecially to facilitate the migration from a high-end

VR Juggler solution to a commodit y cluster environment. The system architecture

is designedto be so 
exible that the nodes in the cluster do not even needto have

a similar operating system. (Olson 2002)

2.7.7 Net Juggler

Net Juggler is an input event level cluster support addition for VR Juggler, de-

veloped by the SoftGenLock team. Contrary to Cluster Juggler, Net Juggler is

based on a speci�c protocol called the MessagePassing Interface (MPI) (Allard

et al. 2002b). MPI (Forum MPI 1994) has becomea popular communications pro-

tocol in distributed computing and Net Juggler supports both of the most common

implementations, MPICH and LAM-MPI .
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Chapter 3

Hardw are Implemen tation

This chapter presents the di�eren t options that were consideredto replacethe cur-

rent rendering hardware in the EVE. The options are comparedbasedon the avail-

able information, but somerough estimation had to be made when the information

was unavailable.

3.1 New Rendering Hardw are Considerations

The two fundamental ways to construct the renderingenvironment for the EVE were

either with a high-end Symmetric Multi-Pro cessor(SMP) server or with a cluster of

multiple low-end computers. This section presents the options that we considered,

the criteria to e�ectiv ely comparethem, and the results of our comparison.
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3.1.1 SMP Solutions

The traditional way to construct a visualization systemis using high-endSymmetric

Multi-Pro cessor(SMP) server hardware with a sophisticated graphics subsystem.

Such solutions are widely available mainly for scienti�c visualization purposes.This

section presents a couple of solutions utilizing such hardware.

SGI

While the SGI Onyx2 has served well in its use in the EVE, it would be natural to

update it using a more current version of the samehardware. From the software

point of view, an IRIX-based option would be the most straightforward, as all or

most of the existing software could be directly used in the new system.

The straight descendant of the Onyx2 would be the Onyx4 UltimateVision platform.

This system is designedfor high-end scienti�c visualization and it is available from

the smallest form factor with 2 CPUs and 2 graphics pipesto a systemof 64 CPUs

and 32 graphics pipes (Silicon Graphics Inc. 2003). The Onyx4 is an IRIX-based

system and is basedlargely upon SGI hardware, although it usesMIPS CPUs and

ATI Graphics ProcessingUnits (GPU). The list prices for Onyx4 con�gurations

start at approximately 50,000euros.

On the other hand, SGI seemsto be gearedeven more strongly towards third party

hardware in its most recent rendering solutions. The SGI Prism is a visualization

system utilizing the Altix supercomputer platform that is basedon the Linux OS,

Intel Itanium 2 CPUs and ATI FireGL GPUs (Silicon Graphics Inc. 2004). The list

prices for a Prism con�guration start at approximately 25,000euros.
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The price di�erence betweenthe Onyx4 and the Prism can largely be explainedwith

the di�erence of technology. The Prism consistsmainly of o�-the-shelf hardware,

while the Onyx4 is mostly equipped with proprietary SGI hardware. In addition,

the starting price for the Prism is set relatively low to better compete with other

similar setupson the market.

Other SMP Solutions

Also other major hardware providers have SMP-basedsolutions that could serve as

a rendering platform. For example, such solution could be the Sun Microsystems

Fire 880 server with two or more graphics pipes. Nevertheless,since the system

would not run IRIX, but Solaris, the applications would still needto be ported. The

task would not, however, be as demanding as porting for Microsoft Windows. The

list price for such a systemwas estimated to start at around 40,000euros.

3.1.2 Cluster Solutions

Somemajor hardwareproviders are o�ering precon�gured solutions for visualization

clustersthat could alsobeusedfor equipping the EVE. For exampleHewlett-Packard

(HP) o�ers a cluster solution basedon their PCs and hardware genlocked NVIDIA

FX 3000Ggraphicscards. The HP systemincludessomeproprietary clustering soft-

ware that is built on the Microsoft Windows Operating System. This was generally

considereda drawback sinceall of the EVE applications were designedfor a Unix-

like OS. The list price for such a system was estimated to start at around 40,000

euros
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Hardw are Synched Cluster

The obvious solution for commodit y hardware active stereo would be to equip the

cluster with genlock-enabledgraphicsadapters. As described in Section2.4.4, there

is a variety of products available. The price for such a systemis estimated to start at

around 20,000euros,roughly half of which is contributed by the renderinghardware.

Soft ware Synched Cluster

Recently someresearch groups have studied software-generatedgenlock. The best-

known open sourcesolution for doing this is called SoftGenLock, which was better

described in Section 2.7.2.

While there is an obvious requirement for speci�c synchronization software, the

hardware can be selectedmore freely. The current versionof SoftGenLock runs only

on Linux and hasa more comprehensive support only for NVIDIA GeForcegraphics

adapters. In addition to that, there are no strict limitations to the hardware.

As described in Section2.5, there are various ways to handle the distribution of the

polygon data. Especially, someof the methods have a larger inter-node bandwidth

requirement, which increasesthe needfor high-speednetwork infrastructure.

3.2 EVE Hardw are Decision

Although commercialsolutions seemto o�er clear advantagesover building a cluster

from scratch, after the initial tests we had high hopesfor our cluster. Therefore we

decidedto go for the softwaresynched PC cluster and try to overcomethe remaining

problems as the project proceedsfurther.
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While virtually free of operating expenses,the software-genlocked solution lacks the

reliabilit y associated with the more sophisticated systemsthat are usually bundled

with a servicecontract. Nevertheless,the current hardware upgrade cycle of seven

years is clearly too long to keep the environment up to date for newest VR appli-

cations. With o�-the-shelf hardware it is possible to upgrade either the rendering

hardware, or the whole systemat relatively low cost { every two years,for example.

To fully understand the cost of a PC cluster, we constructed a model for the total

cost of ownership (TCO). The largest issuehere is the number of man-hoursneeded

to get all the required applications running tolerably on a cluster. This can only

be roughly estimated, but the cost will be considerable. A cluster can also be

consideredto causesomeoverheadfor systemadministration, as there are multiple

separatesystemsto be maintained. Furthermore, there are somehidden expensesin

cluster environments that might incur in the future. For example, licensepolicies in

somesoftware products might require a separatelicensefor each node, or hardware

upgradesmight turn out to be more di�cult and therefore more costly than in a

commercial solution.

The following cursory model estimates the TCO incurred by di�eren t hardware

solutions. This model only takes into account the following:

a. Initial investment.

b. Approximation of workload. The estimate is in full man-months of 4,000e

each.

c. Cost of a minor upgrade. This is an estimate of the replacement of the ren-

dering hardware in the system.

d. Cost of a major upgrade. This cost is estimated to be equivalent to the initial

investment.
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e. Maintenancecost. This cost is estimated both by the work neededfor system

support, and by the needfor spareparts. The valuefor HP and SGI systemsin-

cludesthe price of a servicecontract. Furthermore, accordingto conversations

with the maintanencesta�, the price of the upkeepworkload wasestimated to

be around 50 eurosper node per month in the cluster systemsand 150 euros

for other than Linux-basedsystems.

f. Discounting the net present value (NPV) of the investments to year 2016on

an interest rate of 5 percent.

The �v e di�eren t solutions that were compared according to the TCO model are

listed in the Table 3.1. The given valuesare mostly estimates, including the invest-

ment and upgrade costs. The upgrade interval is estimated so that the hardware

would constantly o�er enoughrendering power to exceedthe performancerequire-

ments. The upgrade costsare estimatesof the price of the rendering hardware and

the whole hardware system. For high-end solutions, the upgrade interval is 50 per-

cent longer than for the low-end clusters. The estimate on the workload was based

on several estimateson the amount of time neededto get both the neededhardware

and the software running smoothly on the new platform. The workload was only

consideredfor the initial con�guration, setup of hardware and porting of software,

while further costswere included in the maintenancecost, asdescribed in Table 3.2.

Solution Investment Workload Cost of a Minor Upgrade Interval
Cost Cost Upgrade (Minor / Major)

PC Software Cluster 10,000e 16,000e 2,000e 2/4 years
PC Hardware Cluster 21,000e 4,000e 8,000e 2/4 years

HP Cluster 40,000e 4,000e 8,000e 2/4 years
SGI Prism 25,000e 4,000e 8,000e 3/6 years

SGI Onyx4 50,000e 0e 20,000e 3/6 years

Table 3.1: Annual Investment and Upgrade Costs for Di�eren t Hardware Options

A graph visualizing the data of the TCO model is presented in Figure 3.1. The same

data is available in form of yearly expensesin Table 3.3. Note that the expensesfor

the years 2004{2016are given without discounting, while the total is a sum of all
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Solution Number Service SystemAdmin. Software Total
of Nodes Expense Expense/ Node Support Maintenance

PC Software Cluster 5 1,200e 600e Linux 4,200e
PC Hardware Cluster 5 1,200e 600e Linux 4,200e

HP Cluster 5 3,000e 1,200e Linux/Windo ws 9,000e
SGI Prism 1 6,000e 600e Linux 6,600e

SGI Onyx4 1 12,000e 1,800e IRIX 13,800e

Table 3.2: Annual MaintenanceCosts for Di�eren t Hardware Options

the expenses,including the yearly interest rate of 5 percent. This time scalewas

chosenbecausethe development of the industry would be impossibleto predict on

a longer scale. On the other hand, the twelve-year period is long enoughto give an

impressionof the trends related to the expenses.

Solution 2004 2005 2006 2007 2008 2009 2010

PC Software Cluster 27,000e 4,200e 6,200e 4,200e 19,200e 4,200e 6,200e
PC Hardware Cluster 25,000e 4,200e 12,200e 4,200e 25,200e 4,200e 12,200e

HP Cluster 44,000e 9,000e 17,000e 9,000e 49,000e 9,000e 17,000e
SGI Prism 29,000e 6,600e 6,600e 14,600e 6,600e 6,600e 31,600e

SGI Onyx4 50,000e 13,800e 13,800e 33,800e 13,800e 13,800e 63,800e

2011 2012 2013 2014 2015 2016 Total (NPV)

PC Software Cluster 4,200e 19,200e 4,200e 6,200e 4,200e 19,200e 178,877e
PC Hardware Cluster 4,200e 25,200e 4,200e 12,200e 4,200e 25,200e 221,873e

HP Cluster 9,000e 49,000e 9,000e 17,000e 9,000e 49,000e 402,562e
SGI Prism 6,600e 6,600e 14,600e 6,600e 6,600e 31,600e 250,338e

SGI Onyx4 13,800e 13,800e 33,800e 13,800e 13,800e 63,800e 513,211e

Table 3.3: Annual Expensesfor Di�eren t Hardware Options
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Figure 3.1: Total Cost of Ownership Model for the Di�eren t Hardware Solutions
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The chosensolution meets relatively well the �v e hardware-related objectives pre-

sented in Section 1.2. From these objectives we derived the following criteria that

were the most signi�cant when we decided to go for the software-genlocked com-

modit y hardware cluster.

1. High performance with low investment cost. According to the TCO model

the chosensolution was clearly the most a�ordable. The amount of e�ort put

into the work for porting the software can only be estimated, but that will

be a major part of the investment. This corresponds to the �fth objective

presented in Section 1.2.

2. Short and low-cost hardware upgrade cycles. Again according to the TCO

model, the chosensolution seemsthe most a�ordable in the long run. This

corresponds to the fourth objective in Section 1.2.

3. Easeof utilization of the existing software. Sincesomeof the most important

software packagesused in the EVE, such as FLUID, were already available

for the Linux platform, they could be easily moved to the new system. This

corresponds to the secondobjective in Section 1.2.

4. Good support for Open Source software. Since the Open Source software

supply for Linux canbeconsideredbetter than for Irix and Microsoft Windows,

choosinga Linux-basedsystemwasseenmore asan investment for the future.

Furthermore, although migrating into Linux platform was bound to create

compatibilit y issueswith the existing software, it was seenas an important

move in the long run. Although the work neededto port the old softwareto the

new systemcan be considerable,also the third object presented in Section1.2

can be consideredat least partially achieved.

5. Possibility to better research the cluster environments. As an academic in-

vestment, a lot of value was given for the fact that the investment itself could

be consideredas a stepping stone for new �elds of research.
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In light of these criteria and the result of the TCO model, the software-genlocked

PC cluster seemedsuperior. Nevertheless,the most important aspect was the low

price, which would enableus to avoid the pitfall of getting locked-in to a singlehigh-

end solution without the possibility of an inexpensive upgrade. The solution was

also consideredsafe, in that it could be easily upgraded to the hardware-genlocked

solution if necessary.

3.3 Hardw are Buildup

The original three-PC cluster hardware wasacquired in July of 2003with a purpose

of expanding it into a complete �v e-PC con�guration, when the system was fully

tested and operational. One of the original PCs wasdesignedto function as the ap-

plication node, and wasthereforeequipped with a bit di�eren t hardwaresetup. This

section describes the constructed cluster in detail. An overview of the architecture

and the connectionsis available in Figure 3.2.

The basic setup for each of the nodes was a Gigabyte GA-8KNXP (i875P) Socket

478 motherboard with an Intel Pentium4 2.8 GHz HT (800 FSB) CPU and 2 x 512

MB Kingston HyperX PC-3200 CL2 memory, and an integrated Gigabit Ethernet

NIC. The graphicshardware for the rendering nodeswasCreative GeForceFX 5900

Ultra with 256 MB of memory. In July of 2003,they were the highest performance

commodit y cards available o�-the-shelf.

Since the application node will not participate in the rendering process, it was

equipped with a low-end PNY Verto GeForce FX 5200graphics adapter, and with

an additional Gigabit Ethernet NIC to connect the cluster to an outside network.

The application node is denoted as A, and the rendering nodesas 1, 2, 3 and 4 in

Figure 3.2.
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Figure 3.2: Architectural Overview of the EVE PC Cluster

The cluster was networked with an Edimax ES-5800R+ Gigabit Smart Switch (de-

noted as GBE in Figure 3.2). Although this switch is a low-end model, it was

consideredto be fast enoughfor most of the applications.

In addition, the Figure 3.2 shows the synchronization network connection box (de-

noted as BB ), which is further described in Section 4.1.3, and the parallel port

genlock signal connectionsdenoted as a dotted line. Furthermore, the RGB com-

ponent video signal is denoted as a dash line. The image also depicts the Video

Switcher that controls the video inputs and outputs. With the help of the switcher,

we can easily have both the PC cluster and the Onyx2 system connected as the

inputs and choosewhich input we want to send to the projectors. Somephotos of

the system are available in Appendix D.
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Chapter 4

Implemen tation of the Soft ware

This chapter presents the steps taken in designing and implementing the software

architecture for our rendering cluster. The chapter beginsby presenting the process

of building the system and later presents the used software and benchmarks the

di�eren t solutions.

4.1 Cluster Setup

This section describes the manual processneededfor installing a working cluster.

The basic con�guration of our cluster consistsof �v e PCs: one application PC and

one rendering PC for each of the four display surfacesof the EVE.

4.1.1 Lin ux Install

The installation of the cluster started with choosing a Linux distribution. We chose

Fedora Core 1 (FC1) as most of the required binaries were available in Red Hat

Package Manager (RPM) format, and at the time, FC1 was the most current ver-

sion of that distribution. RedHat was also the distribution used in someprevious
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projects utilizing SoftGenLock, for exampleby Maxwell et al. (2002) and by Voroz-

covs (2002), so it wasa safechoice. It wasalso important that the author had most

experienceworking with that distribution.

4.1.2 Real Time Lin ux Kernel Setup

SoftGenLock version 1.0 was designedto support both RTLin ux and Realtime Ap-

plication Interface for Linux (RTAI) real time kernels. However, the latest version

SoftGenLock-2.0-alp ha3 only supports RTAI, so we started out by testing the

RTAI patch. Furthermore, RTLin ux is available alsoasa commercialversion,which

implies that the free version appearsmerely as an unsupported demo for the actual

product.

The RTAI versionwechoseto install was2.4.25-adeos , which wasthe most current

2.4 kernel at the time. For the compilation of the custom kernel, we tried to include

only the modules that were neededby the setup. SoftGenLock installs itself as a

kernel module into /dev , so support for devfs was needed. Since our Pentium 4

processorssupported the Hyper-Threading technology, we also compiled the SMP

support into the kernel.

4.1.3 Parallel Synchronization Net work Setup

To test the feasibility of software-genlocked stereo, a synchronization network uti-

lizing parallel port connectionswas built. The SoftGenLock team basically o�ers

two options for such a network: a ParaCable network and a TTL PAPERS net-

work (Ra�n 2002). The ParaCable network was chosenbecauseit is slightly more

straightforward to construct. Also, the increasein scalability and the suggested30

percent decreasein synchronization delay using the TTL PAPERS network were

not consideredsigni�cant for the purposesof this project.
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The ParaCable connection box was built according to the instructions by Ra�n,

except that the Mini Din 3 connector to the glasseswasreplacedby a DB-9 connec-

tor, used by our StereoGraphicsemitters. The 12 V DC required by the emitters

was taken directly from the PC power supply. The combined cost of the system,

including the connection box and the cables,was under 50 euros.

4.1.4 SoftGenLo ck Install

Basically, installing SoftGenLock to a real-time patchedkernelshouldbevery straight-

forward. Nevertheless,we encountered several problems when setting it up. At the

time of writing, the latest versionof the softwarewas2.0-alpha3,soour tests focused

on that.

SoftGenLo ck as a Kernel Mo dule

The installation of SoftGenLock asa kernelmodule consistsof two separatemodules,

namely sgl_kernel.o and sgl_rtai.o . The former is a kernel module to run the

software, and the purposeof the latter is to enablethe real-time mode.

The two basic methods for setting up the module are IRQ-basedand timer-based

solutions, as described in Section 2.7.2. We were �rst trying to get the timer-based

solution to work but it turned out eventually to drop frames and lose synchro-

nization, regardlessof the functioning of the 3D application. The almost entirely

undocumented IRQ-basedsolution was stable but useless,as the processconsumed

all available CPU cycles. This problem is further explained in section 5.1.2.

SoftGenLo ck as a User Pro cess

In addition to the kernelmodule, the softwarecontains a separateuser-level program

to enablegenlocking. This program, calledsgl_user , canbe forcedwith a command
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line parameter to function in real-time mode. At any rate, we noticed that the

program is badly designedand, for example,contains a counter over
o w that causes

it to stop functioning after about an hour from the execution. The original code and

the �x are presented below. However, according to the authors, this program is not

even meant to be used for extended periods of time, but rather merely to quickly

test that the systemworks.

static __inline__ sgl_time sgl_get_current_tim e_rdts c( )
{

sgl_time st;
rdtscll(st);
return div6432((st-sgl_sy ste m_user_t 0)<<8,sg l_s yst em_user_ tdi v) ;

}

This code createsan over
o w becausethe quotient of the division (div6432 ) will

not �t into the 32-bit target. For increasedprecision the numerator is switched 8

bits to the left which makes it unnecessarilylarge even for the 64-bit space. The

following listing presents a quick hack to overcomethe problem.

static __inline__ sgl_time sgl_get_current_tim e_rdts c( )
{

sgl_time st;
rdtscll(st);
sgl_time st2 = st - sgl_system_user_t0;
st = div6432((st2) << 6, sgl_system_user_tdi v);
return st<<2;

}

Instead of switching 8 bits to the left we choseto switch only 6 bits with a small

cost of the precision. Nevertheless,this had no visible e�ect to the functioning of

the program, but allowed the program to run four times as long (approximately 6

hours) without interruption.

This usermodeSoftGenLock becamethe best-working solution for our system. How-

ever, this is far from optimal, sincethe processconsumesaround 50 percent of the

available CPU resourcesaccording to the top utilit y. As mentioned by Vorozcovs
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(2002), SoftGenLock is designedso that the resourceconsumption should be min-

imal. Therefore, there is still work to be done to make the system run as it was

intended.

4.2 Polygon Data Transfer Metho ds

To benchmark the performanceof the rendering cluster, we tested a variety of meth-

ods for transferring the polygon data between the nodes. Some of the described

methods turned out to lack the performance required to run interactive software,

but they are still presented for completeness.

4.2.1 Serialized GLX Metho d

Starting from the most trivial construction, our �rst attempt to transfer the polygon

data was to use a serialized program sending the GLX data. This program had a

single loop that successively sent the data to each of the rendering nodes. The basic

structure of the program is presented below.

#include <stdlib.h>
#include "glx_wrapper.h"
#include <GL/gl.h>

/* Numberof nodes */
#define N 4

int main(void)
{

int quit=0,n;
char *displays[]={"10.0.0 .1: 0" ,"1 0.0 .0. 2: 0", "10.0. 0. 3:0 "," 10. 0. 0.4 :0" };
GLXwindow[N];

for(n=0;n<N;n++)
GLX_Open(&window[n], dis pla ys[n] ,0, 0,1 024,7 68, GLX_LOCAL|GLX_NODECOR);
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while(!quit)
{

for(n=0;n<N;n++)
{

GLX_SetActive(&win dow[n] );

/* GL content here ... */

}
for(n=0;n<N;n++)

quit+=GLX_Swap(&window[n]) ;
}

for(n=0;n<N;n++)
GLX_Close(&window[n] );

return(0);
}

The drawback of this solution turned out to be bad sequencingof commands.While

information was fed to a single node, the other two nodes were idle. This caused

unnecessarylag throughout the system,and 
ic ker in video output.

4.2.2 Threaded GLX Metho d

After the poor performanceof the serializedmethod, the GLX softwarewasimproved

by adding a separatethread for each of the streams. This method turned out to be

superior to the previous implementation and could be used to successfullyrender

complex scenesin the cluster. The outline of the implementation is presented in

Appendix C.

4.2.3 Broadcast GL Metho d

For the best possible network performance, a UDP/IP (User Datagram Proto-

col/In ternet Protocol) broadcast method was constructed to transfer the polygon

data. The system,later namedBroadcastGL (BGL), encapsulatesOpenGL instruc-
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tions into UDP chunks and delivers the sameset for each of the rendering nodes.

While UDP is a connectionless protocol, it can be con�gured as a broadcast setup.

Furthermore, comparedto a solution using connection-oriented TCP (Transmission

Control Protocol), the UDP packet parameterscan be relatively freely adjusted, and

the overheadfrom the headersis relatively small.

The system supports a UDP/IP multicast or broadcast to send a binary encoded

stream of OpenGL API calls to the rendering nodes,which then have a return chan-

nel over a TCP/IP connection to acknowledge the instructions. Since the system

must encapsulatethe information into a speci�c non-standard form, only a subsetof

the OpenGL API can besupported. Especially functions that would return informa-

tion from the rendering node to the application can not be e�cien tly implemented.

(Ilmonen, Reunanen& Kontio 2005)

In respect to network load, it is useful to support UDP to transmit the OpenGL

calls. While UDP is unreliable, it will not require similar packet acknowledgement

as TCP does,which is especially useful when a large amount of data is transferred.

With no acknowledgements whatsoever, the BGL would quickly drift into a chaotic

state, so the occasionalconnection-oriented TCP acknowledgements are required to

keepthe systemstable.

4.2.4 Chromium

For the purposesof this project, Chromium o�ers a good deal of functionalit y.

Compared with the GLX methods, it has the sort-�rst rendering algorithm that is

able to cut down the transferred data according to the view renderedby the node.

This culling can considerablydecreasethe polygon data transfer requirements.
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4.2.5 VR Juggler with GLX

The most straightforward way to get VR Juggler (seeSection 2.7.5) software run-

ning on a cluster, is to forward the XFree86displays to the rendering nodes over

GLX. This method is especially useful when a VR Juggler-basedapplication must

be quickly ported to a PC environment. However, this method has an explicit

performancedrawback.

4.2.6 Cluster Juggler

The newest version of VR Juggler is equipped with speci�c software architecture

for rendering clusters, called Cluster Juggler (Olson 2002). At the time of writing,

however, this version (2.0-alpha4) was in alpha development state and did not give

a good impression of the quality of the software. Cluster Juggler was tested, but

using the alpha version was consideredtoo di�cult and incomplete for building the

cluster upon it.

4.2.7 NetJuggler

NetJuggler (Allard et al. 2002b) was also tested to determine its suitabilit y for our

cluster setup. The software was successfullycompiled, but we were not able to get

the current version (1.0.3) running on the cluster. Sincethis systemwas developed

before there was a competing solution included in the VR Juggler, it is likely that

the solution will not be supported for long.

4.2.8 VR Smuggler

VR Smuggler is a small pieceof software to handle the OpenGL display and context

management previously done with VR Juggler (Ilmonen & Reunanen2004). This
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software is included in the FLUID packageand allows us to run software that was

using VR Juggler for context management, without having VR Juggler installed.

4.3 Rendering Benchmark Tests

The di�eren t rendering tests that wererun in the cluster arepresented herein detail.

Generally, the test setupsfollow the tests conductedby Ilmonen et al. (2005) where

applicable. This chapter presents thesetests and their results.

4.3.1 Test Setups

To measurethe performanceof the PC cluster we constructed three test cases.The

caseswere chosenso that they would correspond to the actual software that would

be executedon the cluster.

1. The �rst test setup includesa static 100,000polygon scene.The 3D scenecon-

sistsof an architectural model of a newauditorium at HUT, calledMellin Hall.

The whole sceneis loaded into display lists before rendering. A screenshotof

a part of the sceneis depicted in Figure 4.1

2. The secondtest usesthe samemodel as the �rst tests, but without display

lists. This test givesan exampleof how the systemwill function under a highly

dynamic, constantly deforming, dataset.

3. The third test is designedto examine the functioning of the system under a

heavy texture stream. The model consistsof a singlewall that hasa constantly

changing texture. A screenshotof a part of the sceneis depicted in Figure 4.2
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Figure 4.1: Screenshotof the 3D SceneUsed in Tests1 and 2

Figure 4.2: Screenshotof the 3D SceneUsed in Test 3
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4.3.2 Test Platforms

Each of the three benchmarks was tested with �v e di�eren t platforms. The �rst

three platforms were di�eren t software setups on the PC cluster, and the last two

were referencesetupson the PC and SGI Onyx2 platforms. Furthermore, the three

cluster tests wereconductedboth using a 100 Mb and a 1 Gb Ethernet networks to

better evaluate their functioning in a saturated network environment. The platforms

were the following:

1. Threaded GLX renderer, as presented in Section 4.2.2.

2. BGL renderer, as presented in Section 4.2.3.

3. Chromium renderer, as presented in Section 4.2.4.

4. Local mode rendering with a single node of the PC cluster.

5. Local mode renderingwith the SGI Onyx2 platform presented in Section2.3.1.

4.3.3 Test Metrics

The following metrics were monitored for each of the three test cases. In addition

to thesethree, the picture quality wasestimated visually, but there wereno notable

di�erences betweenthe test setups.

1. Frame rate in frames per second(FPS). Frame rate was measuredusing a

frame counter in the launcher script. However, in the caseof Chromium, we

used a frame counter provided with the software. The value is the average

frame rate throughout the time the test was running, loading time excluded.

2. Network throughput. The load on the network was monitored by running a

GKrellM network monitor on the application node. The value is the average

network throughput measuredin megabytes per second. Although the pure
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network load will not give us very speci�c information about the functioning

of the software, we can e�ectiv ely comparethe solutions and alsocalculate the

data rate requirement on a per-frame basis.

3. CPU load. The load on the CPU was measuredonly on the application node,

sinceall the tests weremost CPU intensive on that node. Sincethe computer

was basedon a Hyper-Threading Pentium 4 CPU, it is shown as a dual-CPU

SMP machine for the operating system. Even so, we decidedto usethe Linux

utilit y top to measurethe load, by monitoring the averagepercentage of idle

CPU resources. The load was calculated by deducting this value from 100

percent.

4.4 Test Results

This sectionpresents the results from the rendering tests coveredabove. The results

from each of the tests are presented in a separatetable.

Method Frame Rate CPU Load Network Load
(FPS) (%) MB/s

Threaded GLX (0.1 Gb) 1.7 6 0.38
Threaded GLX (1.0 Gb) 2.8 44 25
Broadcast GLX (0.1 Gb) 15 2 0.47
Broadcast GLX (1.0 Gb) 19 2 0.48

Chromium (0.1 Gb) 46 20 5.3
Chromium (1.0 Gb) 37 20 4.0

Local, PC 16 - -
Local, SGI 1.3 - -

Table 4.1: Comparison of the Data Transfer Methods (Test 1: Static Dataset)

4.4.1 Analysis of the Results

First of all, it is noteworthy that the PC cluster is clearly superior to the SGI Onyx2

system. In fact this is not surprising, sincethe Onyx2 hardware is outdated and can
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Method Frame Rate CPU Load Network Load
(FPS) (%) MB/s

Threaded GLX (0.1 Gb) 0.10 10 12
Threaded GLX (1.0 Gb) 0.87 70 95
Broadcast GLX (0.1 Gb) 0.82 2 12
Broadcast GLX (1.0 Gb) 4.2 35 55

Chromium (0.1 Gb) 0.32 10 12
Chromium (1.0 Gb) 2.4 45 87

Local, PC 24 - -
Local, SGI 1.8 - -

Table 4.2: Comparison of the Data Transfer Methods (Test 2: Dynamic Dataset)

Method Frame Rate CPU Load Network Load
(FPS) (%) MB/s

Threaded GLX (0.1 Gb) 3.1 6 6.4
Threaded GLX (1.0 Gb) 7.5 6 7.5
Broadcast GLX (0.1 Gb) 24 5 9.0
Broadcast GLX (1.0 Gb) 105 18 29

Chromium (0.1 Gb) 1.8 8 11
Chromium (1.0 Gb) 10 24 46

Local, PC 150 - -
Local, SGI 20 - -

Table 4.3: Comparison of the Data Transfer Methods (Test 3: Texture Stream)
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hardly be compared with the modern-day rendering hardware. However, the used

PC cluster did not have SoftGenLock running during the tests. While SoftGenLock

currently consumesmore CPU cycles than would be necessary, it was considered

best to leave it out of the tests. If it would work correctly, having it running would

only marginally a�ect the results.

In the �rst test (seeTable 4.1) with a static polygon set, BGL delivereda high frame

rate with the lowest network and CPU load. Chromium di�ers from the two other

platforms in that it hasa special systemfor culling the unneededpolygonsfrom the

data sent to the nodes. This turned out to give Chromium an advantage especially

in the �rst test, where the measuredFPS even exceededthat of the locally rendered

benchmark on a single PC.

In the secondtest (seeTable 4.2) without display lists, BGL reached the best frame

rates with lowest network and CPU load. The culling abilit y used in Chromium

lowered the network load only marginally so both GLX and Chromium reached

closeto the saturation level of even the 1 Gb Ethernet.

In the third test (seeTable4.3), BGL performedbestasexpected. The fact that both

GLX and Chromium had to sendthe texture data twice to all of the four rendering

nodes slowed them down considerably. The performanceof the GLX solution was

surprisingly low, especially in this test. There was still unused bandwidth in the

network, but that obviously was not the bottleneck.
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4.5 EVE Soft ware Arc hitecture Decision

According to the results of the tests, the BGL-based solution is highly competitiv e

compared with any one of the tested platforms. Figure 4.3 depicts the main com-

ponents of the chosen software architecture and their main fuctions. This model

should be especially comparedwith the current Onyx2-basedarchitecture presented

in Section 2.3.2.

If we think of the software-related objectivespresented in Section 1.2, we can state

that the objectives have been ful�lled reasonably well. The �rst objective was to

have a compact software environment. The new architecture has only one possible

path for programming the applications, so there is no confusion between choosing

the most suitable way. Also, sincethe functions provided by VR Juggler weremostly

unusedin the old system, it simpli�es the software environment in that VR Juggler

is left out of the design. Furthermore, the fact that there is no longer a separate

controller level, makesthe architecture more compact and easierto understand.

FLUID BGL2. I/ O level

1. Applicat ion level

3. Hardware level

Applicat ions

Input Devices Render ing Hardware

OpenGL

VR Smuggler

Mustajuur i

Sound
System

Figure 4.3: EVE PC Cluster Software Architecture
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The secondobjective was to fully utilize the rendering hardware. According to the

results of the tests, the BGL-basedsolution looks very promising and appearsto be

an optimal solution in the consumption of the network resources.

The third objective was to createa user-friendly API for graphicscalls and external

libraries. By choosing FLUID as the baselibrary to control the input devices,we

allow the usersto work on a platform that most of them are already familiar with. In

addition, using the VR Smuggler library with FLUID, allows the usersto utilize the

methods of OpenGL context management that wereusedin VR Juggler. Mustajuuri

usesthe sound system in the sameway as in the old architecture, so the usersare

already familiar with the setup.
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Chapter 5

Results and Discussion

This chapter presents the challengeswe encountered in the project, and gives a

glimpse to the future and the status of the project in general.

5.1 Problems

This section lists someissueswe had when constructing the PC cluster, and also

o�ers a solution that was implemented to overcomethe problem.

5.1.1 Kernel Instabilit y

After �rst installing the real-time kernel, we quickly noticed that it was not very

stable under a CPU-intensive stresstest. The sameproblem occurred with all the

testedRTAI kernelversions. In a sensethis is understandable,asthe kernelallocates

the CPU time where it is needed,but it should still be possibleto successfullyrun

a stresstest, at least when there are no real-time processesrunning.
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This problem remains unsolved. However, in its current usein the EVE, there have

beenno software crashescausedby this instabilit y.

5.1.2 SoftGenLo ck as an IR Q-based Kernel Mo dule

SoftGenLock's IRQ-basedsolution was,accordingto the developers, the most stable

way to run the software. For somereasonwewereunableto get the systemrunning in

the desiredmanner. The consumption of CPU cyclesis likely a result of a de�ciency

in the program. This causesthe kernelmodule to constantly sendinterrupt requests,

rather than only whenneeded.Until this problem is �xed, weareusing the sgl_user

program to run SoftGenLock.

As SoftGenLock is chosenas the method for maintaining the active stereo,getting

this mode to work properly is necessaryto guarantee the future useof the system.

At least two methods should still be tried to do this. The �rst is to migrate back

to the SoftGenLock version 1.0. This is basically the samesystemthat is known to

work in implementations by Vorozcovs (2002) or Maxwell et al. (2002). The second

method is to try to migrate into newer real-time kernels. Especially the timer-based

kernel module should be more stable on a 2.6 version Linux kernel. This solution

would require someoneto port the whole SoftGenLock into the new environment,

which is not a trivial task, since the software works as a kernel module and uses

version 2.4 speci�c operations.

5.1.3 NvA GP

NvAGP is the part of the NVIDIA Linux driver that supports the accessthrough

the AcceleratedGraphics Port. The useof NvAGP is mutually exclusive to the use

of agpgart, the Linux kernel module designedfor the samepurpose.
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We wereunder the impressionthat agpgart would work the sameasNvAGP or even

better, but it was discovered that running XFree86 with NvAGP option enabled,

gave a 30 percent performanceincreasecomparedto the agpgart option.

5.1.4 Pro jector Instabilit y

After the SoftGenLock was �rst tested in the EVE with the projectors running at

120 Hz, we encountered a problem with the refresh synchronization, where the top

of the image becameoverly distorted. At �rst, we assumedthat the problem might

be causedby faulty video cables,or the video switcher. However this was not the

case,since the problem occurs regardlessof these components. The conclusion is

that this defect appearsdue to the software-generatedgenlock system not working

as intended.

5.1.5 Synchronization Signal Strength

When the PC cluster was connectedto the StereoGraphicsemitter system in the

EVE, we noticed that the signal from the parallel port was too weak to run the

whole system properly. The infrared (IR) -operated emitters could send the signal

to the glassesonly when a single one of the 12 emitters was connected. Two pos-

sible solutions were suggested:to build an ampli�er between the parallel port and

the emitters, or to acquire a separateemitter system that could utilize the weak

signal. Sincea separateemitter was available for a potentially low cost, the second

alternativ e waschosen,although such systemwasstill not in usein January of 2005.

5.1.6 XF ree86 Mo deLines

A ModeLine is a monitor-speci�c con�guration option in the XFree86 windowing

system. Con�guration describe the physical qualities of the monitor and, for exam-
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ple, the highest available vertical refresh rate for a given resolution. When setting

up a genlocked cluster, it is important that all the monitors are running with the

samevertical refresh rate. In a heterogenicenvironment, all the systemsmust be

set according to the lowest refreshrate. This becamea problem in out test cluster,

where the maximum refresh rate on one of the standard CRT displays was 85 Hz.

This refresh rate also results in an uncomfortable single-eye frequency of 42.5 Hz,

which prevents the systemto be usedfor extendedperiods of time.

In other words, it is highly recommendedthat all the displays are identical. Having

several kinds of displays only causesconfusionand the better displays, with a wider

range of refresh rates or resolutions, will not be fully utilized.

5.1.7 3COM Gigabit Ethernet Lin ux Supp ort

At a certain time in building our test cluster we had onenode equipped with ASUS

P4P800 Deluxe main board with a 3COM Gigabit Ethernet 3C940LAN on Moth-

erboard (LOM). This NIC worked well with the sk98lin Linux driver until it was

tested with a BGL cluster. In this environment, the node a�ected the performance

of the whole cluster by constantly stalling the rendering for duration of up to half a

second.We wereunable to �nd a solution to this problem and therefore our cluster

now usesIntel Gigabit Ethernet Adapters utilizing the e1000 Linux driver.

5.2 Further Work

The rapid development of commodit y hardware is likely to contin ue also in the

future. One of the objectivesof this project was to create a hardware and software

platform that is easyand a�ordable to upgrade when required. With the current

price level of genlock-enabled display adapters, the option of migrating into using

them is still quite far from a�ordable. Even so, it is worthwhile to constantly follow
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the development of rendering hardware. If the price di�erence betweenthe software-

and hardware-genlocked systemsbecomessmall enough, the migration should be

taken into consideration.

Furthermore, this study was almost entirely focusedon building a replacement for

the active stereo environment at the EVE. This was also a natural choice, since

the projectors were already installed and running, but it e�ectiv ely ruled out the

possibility of constructing a passive stereo environment. Nevertheless,most of the

problems in this work were related to the active stereo synchronization, not to

mention the bulky shutter glassesand the loss of CPU cycles causedby SoftGen-

Lock. When the time comes,the option of migrating into a passive stereo should

be strongly considered. That would, however, require replacing the projection sur-

faceswith onesthat preserve the polarization of light. The investment and upkeep

required for new projection surfaces,a set of eight medium quality projectors with

circular polarized �lters and similar glassesis expected to be lower than the cost of

four 120 Hz, fast phosphorusCRT projectors and fragile shutter glasses.

60



Chapter 6

Conclusions

As discussedearlier, the new systemeither fully or partially meetsall of the objec-

tiv es presented in Section 1.2. This does not mean that there would not be open

ended questions related to the installation. The existing SGI Onyx2 system has

served well for nearly a decadeand it will be a di�cult task for the users to mi-

grate into the new system. The test results presented in Section4.4 look promising,

and give us hope that the system will meet the constantly growing performance

requirements of VR applications.

Although our new PC cluster systemcan be considereda working implementation,

there are hardly any well-documented referenceimplementations in the world. This

is mainly due to the following facts:

1. The research groups studying VR generally have a substantial hardware bud-

get. The price of the high-end hardware hasalso comedown, and the produc-

tion systemsneedto o�er high-performanceand a high rate of availabilit y.
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2. The cost of the hardware is only a small part of a high-end VR installation.

Therefore, it is easy to budget high-end rendering hardware to the samein-

vestment. Especially active stereoenvironments, such as CAVE-lik e systems,

can only be built and kept up by large companiesand institutions.

3. Porting all the software from one platform to another is a considerableeco-

nomic burden. Therefore, it is usually preferable to purchasea backwards-

compatible system.

Particularly the active stereoenvironment becomesa burden when designinga sys-

tem with commodit y hardware. For example Olson (2002) considersthe SoftGen-

Lock implementation unstable and incomplete for production use. On the other

hand, Maxwell et al. (2002) consider the system most promising and reports that

the tests with it have been successful,although until today there have been no

further reports on the system or its usage.
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App endix A

Startup Scripts

This chapter presents the scripts that wereconstructed to e�ectiv ely run the cluster
in the EVE. Generally, all the scripts are started from the application PC and they
useSecureShell (SSH) to call the necessaryitems on the remote nodes.

sgl user start.sh

This script starts the sgl_user SoftGenLock processon the master node and on
the three slave nodes.

#!/bin/sh
echo "Starting sgl_user on master node..."
ssh render1 'pkill sgl_user; /usr/src/softgenlock 2.0 a3/bi n/s gl_ user -fifo

< /usr/src/softgenlo ck2.0a 3/ scr ipt s/e ve-maste r-o ld
>> /var/log/sgl.log 2>&1' &

for i in `seq 2 4`; do
echo "Starting sgl_user on slave node $i..."
ssh render$i 'pkill sgl_user; /usr/src/softgenloc k2. 0a3/b in/ sgl _user -fifo

< /usr/src/softgenlo ck2.0a 3/ scr ipt s/e ve-sl ave-ol d
>> /var/log/sgl.log 2>&1' &

done
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sgl user stop.sh

This script stops the sgl_user SoftGenLock processon all the nodes.

#!/bin/sh
for i in `seq 1 4`; do
echo "Stopping sgl_user on node $i..."
ssh -nq render$i 'killall sgl_user'
done

bgl start.sh

This script starts the BGL decoders on each of the four rendering nodes.

#!/bin/sh
SENTINEL=7
while [ -n "$1" ];
do

SENTINEL="$1"
shift

done
for i in `seq 0 $SENTINEL`; do

echo "Starting bgl on render node $i..."
j=$[i/2+1]
ssh render$j "cd /usr/src/bgl; source env.sh; export DISPLAY=:0;

hostname; ./bgl_decode --id $i 10001" &
done

bgl kill.sh

This script stops the BGL decoders on each of the four rendering nodes.

#!/bin/sh
for i in `seq 1 4`; do
echo "Killing bgl on render node $i..."

ssh render$i 'cd /usr/src/bgl; make kill;'
done
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App endix B

EVE Applications

Applications and Demos

The following table (Table B.1) contains most of the applications that are used in
the current system. In addition, there is a suggestedaction to determine how this
software should be ported to the new system. The priorit y (Pr.) is given on a scale
of 1 to 5, value 1 being the most important to get quickly working also in the new
system.

Name Used Software Pr. Suggested Action

Model FLUID 1 Sincethe 3D models (see
viewer Table B.2) cannot be viewed

with EPIC or VR Juggler,
a new viewer must be

constructed.
HELMA VR Juggler + FLUID 1 Conversion to Smuggler.

ALMA VR Juggler + FLUID 1 Conversion to Smuggler.
Lumisota VR Juggler + FLUID 2 Conversion to Smuggler.
Akvaario VR Juggler + FLUID 3 Conversion to Smuggler.

Animaland VR Juggler + FLUID 3 Conversion to Smuggler.
VR student VR Juggler + FLUID + Performer 4 The onesusing Performer

works will not be ported. The best
of the others can be converted

to useSmuggler.
Cave Quake I I I VR Juggler 5 No conversion.

Table B.1: List of Di�eren t Applications in the EVE
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3D Mo dels

The following table (Table B.2) contains most of the models that are used in EVE
applications. The table alsoshows the sourceformat and the suggestedaction. The
priorit y (Pr.) is given on a scaleof 1 to 5, value 1 being the most important models
to get converted into a format that is usable in the new system.

Name Format Pr. Suggested Action

Sali600 OpenFlight 14.2 1 Conversion to Wavefront.
TUAS OpenFlight 14.2 1 Conversion to Wavefront.

Scandic OpenFlight 14.2 1 Conversion to Wavefront.
Toimisto OpenFlight 14.2 2 Conversion to Wavefront.

Avia Forum OpenFlight 14.2 3 Conversion to Wavefront.
P�zer OpenFlight 14.2 3 Conversion to Wavefront.

NY Paviljonki OpenFlight 14.2 3 Conversion to Wavefront.
Molekyyli OpenInventor 4 No methods available to convert.
Julkisivu OpenInventor 5 No methods available to convert.

Town Performer (unknown) 5 No conversion.

Table B.2: List of Di�eren t 3D Models Used in the EVE
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App endix C

Details of Threaded GLX
Implemen tation

#include <stdlib.h>
#include "glx_wrapper. h"
#include <GL/gl.h>
#include <pthread.h>

/* number of windows */
#define N 8

volatile int quit=0,render in g, re st ar t;

pthread_mutex_ t mutex,mutex2;
pthread_cond_t cond,cond2;

/* method for drawing the glx context */
void *draw(void *yes);

int main(void)
{

int n;
GLXsquare[N];
char *names[]={"10 .0 .0 .1 :0 ", "10. 0. 0. 1: 0" ," 10.0 .0 .2 :0 ", "10. 0. 0. 2: 0" ,

"10.0.0.3:0", "10. 0. 0. 3: 0" ," 10.0 .0 .4 :0 ", "10. 0. 0. 4: 0" };
int flags[]={GLX_ REMOTE,GLX_REMOTE,GLX_REMOTE,GLX_REMOTE,

GLX_REMOTE,GLX_REMOTE,GLX_REMOTE,GLX_REMOTE};
/* coordinate of the left edge of the X windows */
int origins_x[]={0 , 1024, 0, 1024, 0, 1024, 0, 1024};

pthread_t thread[N];
pthread_attr_t attr[N];
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pthread_mutex_ in it (&mute x, NULL);
pthread_mutex_ in it (&mute x2,NULL) ;
pthread_cond_i ni t( &cond, NULL);
pthread_cond_i ni t( &cond2,NULL) ;

rendering=N;
restart=N;
for(n=0;n<N;n+ +)
{

GLX_Open(&square [n ], names[ n] ,o ri gi ns_x[n ], 0, 1024,7 68,f la gs[n ]| GLX_NODECOR);

pthread_attr_i ni t( &att r[ n] );
pthread_create (&th re ad[n ], &att r[ n] ,d ra w,&squar e[ n] );

}

while(!quit)
{

pthread_mutex_ lo ck(&mute x) ;
pthread_cond_wai t( &cond, &mut ex);
pthread_mutex_ unlo ck(&mute x) ;

pthread_mutex_ lo ck(&mute x2);
restart=N;
pthread_cond_b ro adcast (&cond2) ;
pthread_mutex_ unlo ck(&mute x2);

}

pthread_mutex_ lo ck(&mute x) ;
pthread_cond_wai t( &cond, &mut ex);
pthread_mutex_ unlo ck(&mute x) ;

sleep(1);

pthread_mutex_ lo ck(&mute x2);
restart=N*3;
pthread_cond_b ro adcast (&cond2) ;
pthread_mutex_ unlo ck(&mute x2);

for(n=0;n<N;n+ +)
{

pthread_join(t hr ead[ n] ,NULL) ;
GLX_Close(&squar e[ n] );

}
return(0);

}
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App endix D

Photos from the Pro ject

The Figure D.1 shows the PC cluster installation in the EVE. The application PC is
in the white casingand the four rendering PCs in the black casings.The connection
box for the parallel synchronization network is mounted on top of the three renderers.

Figure D.1: PC Cluster Installation in the EVE
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Figure D.2: Video Switcher and Gigabit Ethernet Switch Mounted to a Rack in the
EVE

The Figure D.2 shows the connections inside the rack that is also visible in the
previous photo. All the video outputs are connected to the video switcher (the
deviceon the top). The device on the bottom of the photo is the Gigabit Ethernet
Switch Edimax ES-5800R+.
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