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1 Introduction

The focus of Visual Computing has changed quite dramatically over thef@ast
decades. Previously our concern was with very low level algorithms butawe pro-
gressed beyond much of this to tackle new issues. Many of the problesenped in
Visual Computing have dealt with the general problem of not being abdisplay a
dataset fast enough, or even at all. The first solutions to this have akeled with
the now ubiquitous term “big iron.” Supercomputers provided thly solution for a
long time but they were expensive. We have now reached the point wharaadity
graphics hardware improvement rival what many supercomputers were degighad
As a result, the trend is moving toward commodity based clusters asitosolo big
data constraints, providing a cost-effective alternative that is chatigrtpe market
for supercomputers. Another result of the growing size of dataselsmisme need to
develop new displays to view them; the resolution of a typical dgstitsplay is not
adequate for viewing the extreme detail we can now incorporate into d8etause
of this, display walls using tiled projectors and specialized high-tegwl displays
have emerged. Of course, as we continue to find solutions to problesrthése, new
ones arise that must be addressed.

One of the main issues we see in Visual Computing today is the tighiliog
of the graphics hardware and its display. It is very difficult to view tesults of a
graphically intense application from a different location. Many applicegticequire
the rendering power of a cluster or supercomputer, but one isn’'t alwajisble. To
view an application, a specialized visualization center may be needed. The problem
is that the display must be located in close vicinity to the cluster peswomputer
controlling it. Since most people won't have either of these in th#fice their work
needs to be done elsewhere. This can present a considerable inconveniencelyespecial
if the system isn't located in the same building. Imagine a scenarioanyr only
want to view a minute part of a dataset, maybe for reference when writiagerpout
you don'’t need to use a display wall. It would be very beneficial to be abd®tso at



your desk. This would save the time required to go to the visuadimaténter, boot up
the cluster, turn on all the projectors, make sure they're calibratexd tke application,
make your observations, and then shut everything down.

We envision a future where graphics hardware has been decoupled from any dis
play. As a result, visual computing can take on the role of a service. Aetllecated
in the basement of another building, not necessarily even in the same cibyotry,
could be accessed via a web page or some other interface. A job can be loaded, a
specific number of nodes allocated to the application, and the results seriblihek
desktop of the person writing the research paper. This type of use dgmainldn’t
be limited to desktops; the information could be displayed on anicdavith enough
bandwidth to receive the data. We refer to this as remote rendering. Thesuldis
that any device with a network connection and a display could be usedvwtmvigput
the device is not capable of producing.

With this new form of visual computing come many new challenges. We reeed t
address issues concerning the interface to the system, resource sharaligpeauibn,
distributed event management, data compression and an adaptable grapieics sys
Furthermore, current graphics hardware is not well adapted to retrieviegdered
image from the hardware. These are only a few of the many possibléeprsin doing
this correctly. Our goal of this paper is to establish a framework ferftiure, taking
into account the accomplishments that have been made to date, improvimg omets
that haven't been successful and incorporating the ones that have. We atsbeles
several usage scenarios that exemplify specific uses for a system of tiis.nat

2 Past Technology

There have been several research projects over the past few years that address many
of the issues we are concerned with. We will mention WireGL and and its ssmces
Chromium since we will be using the latter as the starting poinbfarresearch [14,

15, 13]. There have also been numerous projects that focus on parallelingnatber

than WireGL and Chromium. We choose not to include them because thdyinger
rendering infrastructure is not the direct focus of this work. Fottfer information, see
[11,23,9, 22,8, 33,34, 2,20,1,24,25,7]. Inthis section werid to note a few of the
projects that are most applicable to our research. These include work dtbraisplay

walls [41, 21, 5, 4], as well as some unique projects such as the Offite dfutture

[28, 3], Project Oxygen [10], and the Interactive Workspace Project [2726]7

2.1 WireGL and Chromium

WireGL was developed by Humphreys, et al., as a system for sort-firliglaender-
ing on clusters of workstations [14]. It focused mainly on adaptirigtierg OpenGL
applications for tiled displays. One of the main priorities was imagg®lution, not
processing speed. Because of this, applications running on WireGL aqulaksrfast
locally as they could on a cluster of workstations. Since WireGL wasraily de-
signed with displays walls in mind, it did not make an effort to takeaadage of all
of the available resources in a cluster. Another problem was the lack d@ifigx



in terms of sorting classification. The fact that it was designed forfasttparallel
rendering meant that it could be difficult to load balance an application. Becduse
this, WireGL relied on the spatial locality of graphics primitives todire to perform
well. Chromium, WireGL's successor, provided more flexibility byabling sort-last
rendering as well as a configurable infrastructure and the possililéytend OpenGL
progammatically.

Chromium is designed for parallel applications and manipulating strefgrajh-
ics commands on a cluster [15]. Like WireGL, Chromium operates by relabia
system’s OpenGL driver in order to intercept graphics commands issueddppéina-
tion. Chains of Stream Processing Units, or SPUs, are used to definedteatiop of
a node in a cluster. The SPUs can be arranged in an almost arbitrary fastuaimal
for a more reconfigurable configuration than WireGL could offer. The $jpetzisk
that each node is responsible for is defined by its own chain of SPUs. Therdfere
doesn't need to be a difference between application, worker, and server negbside
the same underlying libraries, but pass different types of informati@ach other. For
example, an application node may pass geometric primitives to worker nateh
also act as servers rendering the primitives to their framebuffers and relaaikghe
results to send it on to another server. A Directed Acyclic Graph is defineddmfig-
uration file that defines where nodes receive data from and where they sémthis
way, different parallel rendering configurations can be defined.

Chromium’s SPUs can also be extended for additional functionality.olngdso,
it is possible to write new extensions to OpenGL and modify therafon of existing
commands. Any SPU is, in fact, a re-implementation of a subset of OpenGL com
mands. For example, to send graphics commands over a network, the Pack SPU re-
implements all commands that need to be sent, and instead packs them intera buff
that can be sent as a whole. New commands for parallel graphics, as described by
Igehy and Hanrahan [16], are also implemented by creating new OpenGL commands
and intercepting them at the driver level. Since SPUs can be chained togetker, it
also possible to read back an image that has been rendered, modify it in some way
and send the result over the network. This will prove useful for enpnting certain
compression techniques as described later in section 3.3.

We intend to use Chromium for our continued research as it providesthshe
flexibility and power that we will need to be able to implement our psgabsystem.
However, there are several things that Chromium does not yet offer taahportant
to our system. We see Chromium being useful as a tool for investigddia recognize
that it may not be able to meet all of our requirements. Our goal is to deeedgstem
with enough generality that it can meet all of our needs.

2.2 Display Technologies

Much of the research being done with displays is motivated by the inceedsmand
for higher resolution. Display walls have typically been the onlysoh because of
the slow increase in average display resolution over the past few yepexiazed
high resolution desktop displays are also emerging, such as IBM’s aad0r221,
but are still not built for the average workstation. Display walle #re only way to
view high resolution data sets. There has been a lot of work done vetag wall



technology and we address some of the relevant parts here.

2.2.1 Tiled Display Walls

One of the typical ways to achieve higher resolution displays is mgtihultiple dis-
plays together. Desktop displays currently have borders that doowt &lir continuous
display areas so projectors are usually used. Image projections can be plaaeskas cl
to each other as needed, and even such that they overlap. One of the most ifficul
lems with display walls is aligning the projected images. Early displayf systems
were not capable of automatically calibrating the projected images [36, L2\3®-
out automatic calibration, projected images need to be manually aligned bstiadju
thumb screws for projector mounts, as well as projector focus and zoois.cd@h be
a painstaking and time consuming process and if someone was to bungiutpere
entire display needs to be redone. A few papers have been published taaiohad
the problem of automatically calibrating projected imagery [21, 41, 3Te fypical
method is to project fiducials, or structured light, onto a surface and/eetbe result
with multiple cameras. The projected images can be used to define a mappinpéo
projector to the surface. Alpha masks are then used to seamlessly blemdjdadipns
from multiple projectors.

Before systems like Chromium [15] and Princeton’s parallel renderirstesys
[33, 34, 32], display walls were typically run by specialized graphicestgmput-
ers. These could be expensive setups with multiple supercomputansecktp run all
of the projectors. We see the future of display walls in a much diftdight, where
they have been removed from the rendering power (be it supercomputerkstation
cluster) to be an independent entity. Our vision is that such displagetewill act as
thin-clients, only responsible for receiving images or graphics comsjaart send-
ing interaction events back to the rendering source. This will enabléaglisyalls to
be located anywhere and in a way that they aren't reliant on a devoted cluster or
percomputer to run them. For more information about graphics hardwardiaplay
devices refer to section 3.6.

2.2.2 The CAVE

One particular type of display wall that has received attention in the pasgdars is
the immersive environment. One of the first published systemsdagaimmersive
environments in computer graphics was the CAVE, the Audio Visual Eepee Au-
tomatic Virtual Environment [5, 4]. The CAVE gained inspiratioorn displays such
as early flight simulators and other virtual reality devices like head-rsaldisplays.
It is a virtual reality interface that was originally designed for scientifsualization.
The CAVE attempts to achieve something called “Suspension of Disbelikére the
user is able to ignore the interface and focus on the images being proditedt the
basic idea that all immersive environments attempt to achieve. The goatiake the
user believe that what they are seeing is a true representation of reality.

A CAVE is essentially a room enclosed by rear-projected screens that fill énis us
periphery. A user is tracked within the room and the images on the screedgsare
played with respect to the user’s position, demonstrating the idearsfwacentered



perspective. To obtain correct stereo projection, the user’s orientatioelaas\posi-
tion must be tracked inside the CAVE. This is done using a head-tad@system that
allows for calculation of where the viewer’s eyes are located. Images areribjected
in either active or passive stereo, and are viewed using special eye-weae dagh
of active stereo, an image is projected for the right eye while the lefti®govered
by shuttered goggles, and then an image is projected for the left eyetiiteght is
covered. Images need to be generated at twice the framerate as usual because they are
divided between the eyes. This can be alleviated by displays that autonyadivadie
an image into two images, one for each eye. When projecting in passive steoeo,
projectors are used to project offset images, which are each polarized in awiiffer
direction. The user will need to wear polarized glasses that capture the coneayg i
for the correct eye.

Since the idea of the CAVE was presented, numerous variations of inveersii-
ronments have been attempted. Most of these build on the shortcoafitigs CAVE
in the hope of creating a more convincing experience. To achieve thispraiects
focus on eliminating the equipment required for tracking positiomiritOthers, such
as the next two projects, are trying to move immersive environmetasmore con-
venient settings. One of the problems with implementations such &3AY%E is that
they require specialized visualization centers just as display walls dohdpeis that
these can be eliminated to make the experience more life-like.

2.2.3 The Office of “Real Soon Now” and Office of the Future

With the Office of “Real Soon Now” Bishop and Welch have taken a differentcgmi
to computing in the office environment. They have gone away fromgussaditional
CRTs or LCDs and have begun using projectors as their primary dsplakey re-
ported the result that they have created a better working and collabozatirenment.
An added benefit is that of better ergonomics since focusing on the wall abtilvcee
meters is much easier than focusing on a monitor at a half meter. Furthe prujest-
ing onto a wall facilitates a better working environment in that ther@iseed to crowd
around a monitor in a confined space. Both researchers have found thae¢immia
large monitor from their desks frees up enough desk space that havirgealkesk has
become unnecessary. The result is much like having a conference room agan offi

Bishop and Welch also mention several of the problems that arise fromribwi
office configuration. They say that projectors produce a lot of heat arfdtissneeded
to cool them are more than loud enough to be noticeable. Another isdw thé pro-
jectors they use are not bright enough to provide high contrastttétihoom lights on;
the lights in the room must remain off so that the projected imagesiblei The bulbs
used for the projectors also have a short life span and must be replacetnpatigs
Because of this and existing commodities of scale, projectors aren’t neadlysas
effective as CRTs, but Bishop and Welch speculate that prices will drop gescfns
find more widespread use.

The Office of the Future extends these ideas to remote collaboratiolkaiRas
al., are working toward an environment where a corner of an office can bedraresd
into a spatially immersive virtual environment, building on thead presented by the
CAVE and other tiled display systems [5, 4]. By replacing the lighting room with



projectors, they intend to make it possible to use any surface fpliagisAnother aspect
of the project includes using structured light techniques for image-baselling of
the office.

The purpose of doing image-based modeling of an office is so that tee offn be
reconstructed and rendered at a remote site, creating a virtual office space inksch |
several remote offices together. This way, a realistic reconstruction ¢fiemnaffice,
or multiple offices, can be projected onto the corner of your own officespatially
immersive manner. The effect is that of looking into a collaboratofis®fust as if it
was part of your own. Raskar, et al., are all trying to avoid using &iremvironments
such as head-mounted displays which can disassociate a person fromdusdings,
making his own office useless. They want to keep the convenient attriblitee o
office, such as not having to go “down the hall” to use such systems asAtiE,C
while adding to the effectiveness of the office. In fact, they want to amaithing
virtual other than the environment itself, making sure not to use things as virtual
objects or 2D avatars. Collaboration, as they see it, should be as nasuypaksonal
communication.

The researchers at UNC face several limitations for being able to do mucksof th
work. First and foremost is the problem of computation power. Ireotd run sev-
eral displays in an office setting a supercomputer, of several cooperatinoutens,
must be used. This follows closely with the problems we see withidm coupling
of graphics hardware and the display. If the Office of the Future hadteerandering
capabilities, they could control the system at a central location, awpithie clutter,
noise, and heat problems associated with having several computers riumiirsjn-
gle room. Projectors would exist as autonomous displays being feceimégm the
central source.

The Office of the Future also faces problems associated with latency ofangde
networks. They have a situation where they are attempting to sertipladlll scene
descriptions of the office environment at real time framerates. Their rerglisra two-
pass method, rendering the scene first, and then projecting it ontorflaeesibeing
used for display. As a result, they must find ways to simplify ttepldiy surfaces and
other data being transmitted. If the model is dynamically changing, aslikely it
would be if someone is moving around the office, new models need to bedmad
rendered every frame. Other problems include load balancing, where oreztoroj
may be rendering a much more complex part of the scene than any other. ridognbi
this all with the time it would take forimage-based reconstructioheiocal office and
rendering of remote office spaces, they face a hurdle that will be difficatercome.

2.3 Ubiquitous Computing in Computer Graphics

In 1991 Mark Weiser published an article in Scientific American that wouddlijot a
good portion of the future of ubiquitous computing [40]. Thécke described three
devices that would exhibit the essence of this new form of computiaggs”, “pads”,
and “boards”. These devices were post-it sized, paper-sized, and chalkboeddrst
spectively, and each would carry out functions similar to their counterp&vsiser
describes ubiquitous computing as the point at which computing recedegkéback-

grounds of our lives, becoming an aspect of everyday life that is no Idhgeght of as



novel. Devices such as the ones he described would replace the ones theylaledmo
after; a post-it note is no longer a post-it note but an active dispdgable of sending
and receiving information. Similarly, chalkboards take on the role lafge, interac-
tive display surface. Since these ideas were first presented, ubiquitoysiting has
expanded significantly, but still follows closely the predictions smby Weiser.

Today, ubiquitous computing takes on several different forms. Onk farm is
that of wearable computing, where computing devices become a part of cmper
The first such device, actually built in 1961, was designed to predictuteme of
a roulette game [38]. Many small devices have been created and theorized simce th
They have taken on many forms, from active badges to eye wear, and caotaugve
into more everyday objects. Many are now designed to interact with thébased on
situation context. We aren’t directly concerned with the topic of wearatseputing,
but recognize that wearable computers could also act as display servers foe remot
rendering. The main contribution of wearable computing to our reseatble isotion
of easily accessible computational power from nearly anywhere.

Another form of ubiquitous computing is pervasive computing. Taivating
idea is a little different from that of wearable computing. The main goab have
computational power accessible at anytime and from anywhere. This is moeseep
tative of the type of ubiquitous computing applicable to our systeemote rendering
has the goal of providing graphical computational power to any devide avihet-
work connection. For this reason, we are looking toward a system ttiabevable
to provide a different type of ubiquity. Few devices will be capalfléandling big
data constraints in computer graphics in the near future. It would beussful to be
able to access the graphical computational power of a cluster of workst&gomany
display.

2.3.1 The Interactive Workspace Project

The Interactive Workspace Project at Stanford is one of the few projetie iarea of
Computer Graphics that deals with Ubiquitous Computing [27, 261T7218]. There
are several different components related to the overall system, incluldingvent
Heap, the Data Heap, and ICrafter. Together they make up iROS, the undeyper-
ating system for the IROOM, the Interactive Workspace at Stanford.€ldwmaponents
work together to create an environment where multiple devices can communitiate
each other, using and controlling different displays and exchanging dag¢eeriviron-
ment is much like a typical conference room, but outfitted with smarfalyspand an
interactive mural. The interactive mural is a smaller display wall thatacen interact
with using a specialized stylus. A conference table in the middle ofdbmralso has
a display built into its surface that can also be used for certain visualizagieds. The
Interactive Workspace is a form of ubiquitous computing in that aey oey enter the
room and be able to control the displays in the room from his or heopaprhe user
can also display the contents of their desktop on any of the displays no¢m. Thus,
the Interactive Workspace must be able to compensate for devices thateregeahd
leaving at any moment. The components of the iROS are what make thiblposs
The Event Heap is designed to coordinate communication between different de-
vices and applications [17]. Examples of this include controlling pldisfrom a



laptop or writing on an interactive screen with a specialized pen. The Eventisleap
based on tuple spaces; a specific event is associated with a source and targét as wel
as having other fields attributed to the event. Events can be created tla¢axghap-

plet on a web-page or by individual applications. A central location staltex these

events so that they can be queried to find out if an event has been created fac-a part
ular device. Events can be destroyed when they are queried, or can remaindior oth
devices to use them as intended. If events remain too long, they wglsexpire and

be removed. As such, the Event Heap is the basis for communication in iROS

The iROS also requires some way to move data from one device to antitineagh
the Event Heap, a producer can indicate that they want to store data and askociat
metadata. Similarly, consumers can query for information based on the neetatuib
also describing the formats they can receive. Using the Data Heap, dataisidgily
converted to the format the consumer wants, with the benefit that theqeodeed not
be concerned about how it uploads the information [26]. Several datz o tools
are defined that help convert information from one source to another. pligsible
to chain these tools together to find a conversion from one type to entbtat does
not exist by itself. This way, it would be possible to store mfiation from a spread-
sheet on the data heap which could be received for use on a word processautit
such functionality, it would be difficult to integrate different ajggkions for use in the
Interactive Workspace.

ICrafter presents a way to create user interfaces for any controllable hardware o
software in the Interactive Workspace [27]. Services can publish “beacemtgthat
describe their service. ICrafter can then query the Event Heap to determinabdeall
services. The user is able to ask the iROS Interface Manager for a user interface
control the service. Like all of the components of the Interactive Waake, ICrafter
functions so that services do not need to know what type of device widbbé&olling
them. Thus, when a new device enters the room that may provide a seswicthér
users in the room, all it needs to do is send a “beacon” event to the Event ldeap d
scribing the service it provides. ICrafter is then responsible foemahing the user
interface for that service; one can be defined by the service, or ICrafter can gemerate
generic interface.

While the Interactive Workspace as a whole presents a good examplevafrho

portant design decisions can affect the overall function of a generalized sysgtith
has problems of its own. The Interactive Workspace wasn't designed ast@sdor
complete ubiquitous computing, but does overcome some of the issiag=d to this
problem of the tight coupling of graphics hardware and its related aysplvith this
system, any user is able to display information anywhere they choosseudg the
Interactive Workspace does not fully use the power that graphics harthaarte offer.
A solution for graphically intensive applications must be of a ddf@rnature. The
problem of big data constraints is not fully addressed by the Intemtiwrkspace. A
user does not have the option of viewing extremely computationaiysive applica-
tions on a laptop or other device. The Interactive Workspace would beesearch
project that could benefit from remote rendering as well.



2.3.2 Project Oxygen

The motivation behind Project Oxygen is to target computation towardlpeather
than machines [10]. The attempt is to move away from expensive, higlespmm-
puters and toward computers that serve people’s lives. Project Oxygen imafo
pervasive computing in that allows computation to be freely availal@ey@here. It
is also more of a vision than a system. Currently, many of the necessayor®nts
exist but are not unified as a whole. The project is also an experimentna madural
interaction with computers through voice communication and gesturesués this
project is much more inclusive than others in the area ubiquitous ctimgpu

There are many different aspects of Project Oxygen that need to work seamlessly
to create an environment capable of what they are trying to achieve. Thesdéanclu
device, network, software, perceptual, and user technologies. New devicemrmed
created to facilitate this sort of ubiquity. They will provide theusze of computation
and communication for users and need to be available everywhere. The ceadral id
of Project Oxygen is that these devices should not be cumbersome to usg.cdrn
also take on different roles, as embedded, handheld, or other types of deRites
devices need to be able to communicate through some sort of netwddc.dkample,
you were to walk up to an Auotmated Teller Machine and it automatically knew yo
name, the device would need access to a database of all people in the system. Many
problems may arise if hundreds or thousands of these small devicegiagettraccess
information over a network at the same time. There will also be issuéssgtcurity
that need to be dealt with in this environment. Project Oxygen currenthechasdlogy
to alleviate some of these problems, such as the Self-Certifying angetative File
Systems for secure data access.

Those involved with Project Oxygen have also started work a GPS systam fo
door use. Many of the devices they see as being usable in a ubiquitopsitiegenvi-
ronment would need to be tracked so they can be aware of their contextet; thogir
location system, uses ultrasound and RF signals to communicate wittesle\Cur-
rently, the transmitters are too large to be used easily with handheickdebut as the
technology improves, this will become much less of a problem. Softaiseneeds
to be developed to allow these devices to communicate with one anotheaGMet
provides the communication infrastructure between these devices andritnellony
systems. It allows users to interact with software and data from anyvlyetetecting
new devices and allowing devices to pick up previously established coomgct

Many of the components of Project Oxygen have been completed or are being
worked on, but the vision is far from complete. There is currently aelligent Room
implementation that is much like the Interactive Workspace described ahinlike
the Interactive Workspace however, Project Oxygen is geared toward an eneinbn
that is entirely ubiquitous. Project Oxygen also has a few elements thatoaeesim-
ilar to the system that we envision than the Interactive Workspace. Spdygjfival
are more interested in the ability to have graphical computational poradable any-
where. Project Oxygen isn’t targeted solely toward issues posed by compajéics,
so it does not take into account problems posed by big data constrahgs¢hcentral
to our system.



2.4 Remote Computing

Two popular systems that have addressed the issue of remote congretthg X Win-
dow System, originally developed at MIT [35, 30, 29], and Virtual NetiwComputing
from Olivetti & Oracle Research Laboratories (ORL) which has since been acquired
by AT&T [31]. The motivating idea behind both is quite similar tare; applications
are designed to be displayed locally but in many instances it would be denvémbe
able to run the application from a different location.

Some of the first forms of remote computing were achieved through ‘teieg”
as described by Richardson, et al., using the X Window System as the yindén-
frastructure [30, 29]. When first created, teleporting was concerned withlgms
arising from dealing with different server display configurations, sastiramebuffer
depth and frame size. We have since moved to a more heterogeneous corapuiing
ronment, where such issues are of little concern. Current solutioms@etechnolog-
ically advanced and are dealing better with problems of bandwidth and cliest $tas
VNC viewer is a good example of this. It functions as an ultra-thientlionly respon-
sible for receiving graphics commands, displaying them, and sending bieckdtion
events.

The motivations behind VNC are very similar to the system that we &mui<Of
particular interest is the idea of the thin-client, a client which is msponsible for
maintaining its own state, and does not need to be concerned with the ungéulyc-
tion of the system. As a result, if a VNC session is closed, it can beedtap again
in the same state, from the same location, or from another computer. NiBepybject
grew out of the Videotile experiment at ORL, a display device with &DLscreen,
a pen, and an ATM connection. The Videotile was originally designed &plalying
movies. While it functioned as intended it required a large amount ofvigtial. In
the end, bandwidth issues prompted the current state of VNC. To reduncivixth,
Richardson, et al., made the observation that most of a typical deskiaigeis up by
blocks of the same color, motivating the ability to be able to defirgelaortions of the
screen at one time. The simplest graphics primitive in VNC is defined asanggdetof
pixels at a specific location. The VNC researchers also note other imporpeuia®f
the system that allow them to reduce the amount of information that nedéessent to
the client. Examples of this are only updating pixels which have chandedsinoce
the last update, and providing the ability to move entire rectangldseoframebuffer
to a new location. With these improvements to the Videotile, VNC hagated to its
current state.

Certain aspects of both X and VNC make them inherently different from ttesy
we envision. One of the differences with VNC is that it doesn’t addrassily multiple
clients connected to the same machine. X provides for this, but doesn’t passithe
idea of parallel computing. Our system needs to be capable of both allomuiltgple
users, and enabling them to run applications across multiple machines, >AEnd
VNC are both geared toward running a remote desktop but don’t perfomelasrhen
running graphically intensive applications. Issues of data compressid enabling
efficient image data transfer are central to the work we are proposing. \Weaésd
to be concerned with overcoming big data constraints that would render X/
unusable. As a whole, X and VNC don’t provide quite the right t@éolsnable remote
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rendering.

3 System Layout

In general, little work has been done in the areas of remote rendering aradizégion.
Software such as VNC and the X Window System enable remote visualization,
none of these are geared toward computationally intensive computingyéihics,
and big data constraints. There are many aspects of remote rendering thad beed t
addressed for this to be possible. Technological improvements are neegieghlivics
hardware, display technologies, and networking. We also need to expandhesear
the areas of resource sharing and allocation, data compression, dynamiaatabéel
networking systems, human computer interaction, and distributed maardgement.

3.1 Central Computation Power

We intend to use Chromium as the rendering power for our system.n@hnowill be
a useful tool that will enable research in the area of remote visualizatibron@um
is currently capable of running parallel applications and performing maraihdering,
but there are many improvements that are required to make remote rend&inglale.
Specific improvements are explained in depth below.

First and foremost, the system used for the underlying renderingipoeeds to
be capable of overcoming big data constraints. The pattern we have s&emavit/
current technologies is that they do not provide a method for accessimgy poitside
that capable of a particular device. Ideally, any user should be able to accesa-the
dering power of a cluster from any display. We will also require theitgtolf parallel
rendering, such that an application can be rendered to a tiled display. \Wjitlese
requirements, remote rendering degenerates into a simple remote cogprablem,
which as described has already been solved by systems such as the X Window System
and VNC. Furthermore, the power of the rendering system must be acestssiligh
a standard interface such that applications need not be modified to run systee,
and new applications can be written easily. The system must be scalablexabié fle
enough to perform many different types of tasks. Chromium already gesvihese
abilities, so it is a logical choice for a starting point.

The parts of the system that Chromium does not currently provide eserithed
below. These include resource allocation, data compression, adaptabiécgramd
the system and application interface. We have already completed an evebtt mtri
system, and that element is described below as it is an integral part of demsyAt
the end of this section, we also describe new display paradigms that igedoelill
arise from a system such as ours.

3.2 Resource Allocation

One of the requirements of our system is that it must be able to simedusly handle
multiple users. The rendering source must be capable of allocatingcesdo differ-
ent users in a specified manner. This may depend on the application the useriig;
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the current load on the entire system, and the bandwidth available tsér. Thus, the
rendering system must be fully aware of what it is doing, how busg; &ind network
latency to different clients. The rendering source will almost certaialyeha limited

amount of resources available to it. If there are multiple users onysters, we must
be able to determine priorities for each user and the amount of resourceathaiser
requires.

Our system must have an application interface to a resource manager that has
knowledge of all of the applications running on the cluster. Someegins, mainly
parallel ones, will not be able to run with fewer than some number okeranodes,
while some may be scalable and can require a variable number of nodes tdifecie
should then allow for applications to specify a minimum number of nedgswhich
it can operate and whether or not the application itself can benefit from hawving.
Chromium is able to support more rendering nodes to any applicationgh tiling the
output, so it is often possible to improve the rendering perfogear an application.
The caveat is because there becomes a point at which the size of tiles and tht amou
of overlap of geometric primitives between tiles becomes so high that adddling
rendering nodes will not improve performance. It is important to noéedifference
between parallel applications and parallel rendering. Chromium allows fadlelar
rendering of any OpenGL application, but not all OpenGL applications arlekar
Chromium provides parallel extensions to OpenGL as described by Igedly, [@6].

An application must be written to explicitly take advantage of parallelmatation in
the general sense.

The resource manager must also be network aware for similar reasons.iffgadd
more nodes requires too much network bandwidth, it should be abletermine
whether or not the whole system will benefit from this. This awarenbesld ap-
ply to the local area network and also to outgoing bandwidth to users ti€h in with
the Section 3.3 which describes the ability to perform data compressitindse cases.
The resource manager should also be aware of the case where the bandhildtiiea
to the end-user is small enough that compression alone cannot solviotienp. In
this case, more worker nodes will not provide better framerates, and it mpgdsible
to reduce the number of nodes allocated.

A target framerate should also be specified that would be applicable to atheuri
for resource allocation. The resource manager would then be able to mibeifoam-
erates for individual applications so that it could determine which apmitatequire
more nodes and those which could operate with fewer. It would also healblesto
refrain from changing the number of nodes allocated to an application whsibfgoas
this may have adverse effects on the viewing experience. A constant frawerate
be much better than a widely varying one. Also, the resource manager weett n
to be aware of the case where it simply cannot provide nodes upon réquastew
application and will notify the user in such a case.

These are the main aspects that we must consider when implementing a resource
manager. Without such a tool, it will be very difficult to manage a systenallows for
multiple simultaneous users. If remote rendering on a wide scalebis topossibility,
it cannot survive without this element. Many aspects will need to be analyitbd w
regard to when certain actions are necessary, such as tradeoffs between adding new
nodes and the added network traffic that results.
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3.3 Data Compression and Adaptable Graphics

Concerning the required bandwidth for graphical applications, we wéldto address
the issue of data compression to make our system a reality. In Sediare3lescribe
two categories of displays that will be capable of receiving data in diffdogms. In
the first case, a display only needs information about the image it neelilsplay in
the form of pixel values. Sending a whole framebuffer to a device wbelé very
bandwidth intensive task though. For this reason, we need to looKfatetit ways
of doing image compression. There are already many compression alg®titiatn
we will be looking at, including streaming compressions such as Mpagd single
image compressions like JPEG and PNG. Furthermore, we would like areesipn
algorithm that is capable of adapting to the traffic in a network, so tlgperforming
more aggressive compression when the network is saturated. Of cowgsgpéhof
compression will also depend on the speed at which it can be performed,hgith t
requirement that it slow down the framerate as minimally as possiblealf.at

The second type of display will receive buffered graphics commands. Glyrren
Chromium supports both types of displays, but does not attempd twochpression
in either case. We want to be able to perform compression for whatever fygis-o
play will eventually be receiving data. With this second type of disphay,want to
investigate performing different types of compression, such as geocwtipression
as described by Michael Deering [6]. This is done by reducing the precisiet ior
floating point representations of positions and colors, using alptble for normals,
and converting triangle data to a generalized mesh. Deering was attemptirdy¢éssad
the problem of input bandwidth to graphics accelerators. We woulddilextend this
to reducing the amount of bandwidth required for sending data over aretw

There are several aspects of compressing data that we will need to analyze to de-
termine what the best compression algorithm will be for our purposes any im-
age compression, we will need to look at the effects on compressing tikgesand
their appearance after decompression. Visual artifacts will probably beipeddat the
seams in atiled image that will be undesirable. For these reasons, d @ektremely
beneficial to find a lossless compression. However, a lossless compressi@d not
have the benefit of being able to adapt to the amount of network trafficdirfgra
method that provides us with the ability to present lossless or iosages would cer-
tainly be beneficial. We will also need to analyze the effect a compressionthalgori
has when added to the end of a rendering operation. If it is the case thateaingnd
node can render an image, compress it, and transmit it before it receives tifiaumex
then we won'’t have to worry about the effect of compression on frameraievetrer,
for larger image sizes it may be the case that compression will decrease the aate
point that it would have been easier to send the unmodified image in givenlireg. To
adjust for these possibilities, we need a graphics system that has libhetatdidapt to
a given situation.

When compression is slowing down framerate in an undesirable manner, an adap
able system must be able to compensate. There are several different apadable,
and how they are specified is just another element of the system that we eteist d
mine. It may be that image size would have to be dynamically reduced to ceatgen
for issues related to compression time or bandwidth problems. In tleeofdmgh net-
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work traffic, it may be the case that a more aggressive compression can edappl
create less data flow. However, if compression times are unbearably higsystem
must be able to realize this and allocate more resources for the purpdagacfom-
pression. New nodes could be allocated for the sole purpose of conimgresspleted
frames. It also may be that the number of allocated resources is inadequéte for t
application and more will be required. These are only a few of the plessituations
that may arise in a system of this type. There may be others not discovatibdel

are well into implementation.

3.4 System and Application Interface

The overall system will need an interface such that a user can begin an application
on the cluster. The simplest interface could be a web page, with the bémafitaft-
ware would not need to be installed on the user’s system. Most web drelwave the
capability of displaying streaming media or deferring such a task to a&halgplica-
tion. When a user calls up an application on the cluster, the resultipgiocbuld be
compressed into a standard format and streamed to the browser or helpeatppli
However, in this case, it would be difficult to interact with the applimatby sending
events back to the cluster. Proprietary applications have no concept ohtbentim
libraries for event distribution, so interaction can not be doneughothem. As de-
scribed in Section 3.5, the event distribution system is removed frenrendering
such that interaction is still possible. Another web page could be geowvivith an
interface for sending events, but this has limitations of its owne Wiker would now
be interacting with one window and viewing the results on anothepliégtions could
not be viewed in full-screen mode, and users on devices such as PDAs hdite too
tle screen real estate to have two windows open. For this reason, custtioatiqps
would also have to be created to allow for user-interaction.

The interface application would act as both an interface to the system as well as a
viewer for output from the application running on the cluster. Mgy, all Chromium
libraries can be accessed by the interface, and we also allow for customization based
on the architecture of the device being used for viewing. Interfaces caméheritten
for all platforms, including personal computers, PDAs, and any othdcdesed for
display. On startup, the user could be presented with a screen through thiey
would define some preliminary parameters, such as the number of nodegeeqée
system interface would then call up an application, and defer to the interfatieato
application, which is then responsible for displaying images andlalising events.

For the displays that we describe in section 3.6, one of the added bes¢fitd
the user interface has nothing to with the display device itself. Wbigld essentially
eliminate the requirement for an application interface as previously testriThe
interface can be defined in the application so the display has no concept ofheghat t
user is interacting with. If the display device is aware of the locatibthe cluster, it
can call up an application which displays an interface as well. The display eelysn
to notify the application of the location of the event.
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3.5 Event Distribution

One of the key components in any truly interactive system is the yaldigenerate
events based on user input. The Event Heap component of the Interactikspalce
project at Stanford is one of the few projects that have addressedtlesisdistributed
events [17]. We have already begun work on a distributed event syst&dmromium,

called CRUT (the Cluster Rendering Utility Toolkit for Chromiunthat is loosely

based on some of the ideas of the Event Heap. An Alpha release has been included
with the last two versions of Chromium. CRUT makes it possiblertmpmam a user-
interactive application to run on Chromium. It is modeled after GLUT takenit

easier to learn and to better enable migration of GLUT programs to the Qimom
environment [19].

CRUT is an API for Chromium that allows for sending events from an esenter
back to the client application. We have made an effort to make the CRUATikisras
flexible as possible so that users are not bound to a certain graphitta. tdacustom
GUI can be implemented that only needs to call functions in the CRUT sebranyli
to send events to the application. Thus, other toolkits such as Mofik eéan be used
to create a GUI that Chromium can render into that just needs to use the R&YY
for sending events. We also give freedom to the application by allowitagretrieve
events in different manners. We don’t want to bind an application tagusimain loop
similar togl ut Mai nLoop. Applications written for Chromium are of a different nature
than many desktop applications, and may require the freedom to maintagrcaogol
of their execution. An application may poll for events in the same way adged by
the X Windows System. A main loop is also provided so that programsuraas they
would undemgl ut Mai nLoop, but by allowing for event polling, we restrict CRUT from
binding programmers to a specific programming model.

Another important benefit of CRUT is that it is completely removed from ramy
dering context in Chromium. This allows a dedicated event server to heedefiat is
not associated with the rendering in any way, but has the purpose of gegeratnts
for the application. This could be extremely beneficial for controllingapplication
meant to render to a display wall. With the current notion of a display, Were is
no single rendering node, so it is unclear how one could interact witappécation.
By providing a separate server, one could use a dedicated computer placedamta
room as the display wall that would allow a user to interact with the apfitin while
viewing its output.

One of the main problems that CRUT must address is the inherent lateics- i
tributed computing that prevents events from being processed immediktel indi-
vidual events, such as a key press or a mouse button click, this wilenapparent,
but when generating streams of events, the latency will be quite pergefEilrrently,
the client library for CRUT buffers all of the events it receives. Howgegents can
be generated at a much faster pace than they can be received and processed. For this
reason, it will be necessary to look at certain types of events and reducerttinu
that are sent across the network. We are currently looking at different efagsing
this, including simply sending events at certain intervals, sendihgtba first and last
events for actions, such as mouse motion, and adding an expiratiototierents. We
hope that in the final implementation, CRUT will also be able to detegrfie latency
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in the system and adapt the number of events that are being sent to reflect this

3.6 Graphics Hardware, Display Devices, and Data Transfer

We address the topics of graphics hardware, display devices, and datarttagsther
here because of their reliance on one another in our system. As stated, kvertoo
ward to a future where the graphics hardware is not designed solelydquirpose of
displaying an image locally. We currently have the ability to read backerethinfor-
mation, but typically at a rate much slower than we were able to create ited/ev®
necessary improvements to current graphics hardware that will greatly aider@mo-
alization: increased bandwidth to graphics hardware, and improved readbatiksbili
Graphics hardware, however, is a small variable in the remote visualizadjoation.

In Chromium, displays take on the role of servers (or consumers)vingenfor-
mation from the rendering source, and sending back events. There aregsibifities
for sending information to the display device, depending on whethaobyou are
sending actual image data or graphics commands. In the first case, the dispicy
is an extremely thin client that only receives frames of images for which @sponsi-
ble for decompressing and displaying. The only data transferred tlite are pixel
values. The display would not be responsible for performing anyeeng, but must
still have some amount of computation power so that it can decompreissdagje and
control the display. These thin clients could take on many forms. Qaeple would
be as tablets that would be clipboard-sized and could be used in a similaeméor
providing patient information in a hospital for instance. Also, apliiy technologies
improve, displays are becoming smaller, and include some as thin as hdets of pa-
per. These displays will probably not have a lot of hardware associatedhem, but,
given a network interface, they could receive imagery generated from anothieesou

The second type of display device is one that is similar to the fimtistalso out-
fitted with graphics hardware capable of rendering incoming streams ofigeaqm-
mands. The advantages would be that it would put little strain on theatepmputing
source, it may require less in terms of network bandwidth, and a parallétatpn
could run on the server, sending graphics commands to a remote tildeydispne
result would be that computers do not require expensive graphics aexdis graph-
ics commands are intercepted, they are sent over the network rather thamlispiag
driver. The computer then acts more like a web server than anything else.

One of the main motivations for remote rendering is being able taliseidatasets
in a convenient environment, such as the desktop computer or handhetd.d&part
from these conventional displays, we think there are other ways in whrclbte ren-
dering could be useful. One new type of display possible would toewzable, recon-
figurable display wall. Once a display has been decoupled from the graainthsdre,
it becomes unnecessary to have dedicated visualization centers such as thoslg curren
used. Display walls could be placed in conference rooms, classrooms, oinetven
office. Another type of display we think will emerge is a tablet-likeglay which
might be used in settings such as a hospital, or any other environmeng vitlwould
beneficial to have this mobility. If fact, any display device should $ehle for remote
rendering, these are only a few of the possibilities.
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4 Usage Scenarios

With any new technology, the immediate question that must be askecdetb@rtor not
it will be beneficial enough to justify its undertaking. We believe tingre are many
uses for a system of this nature. In this section, we outline somezaraf usage
scenarios in the attempt to show that our system will not simply bduwiso for a
particular niche, but that its application is indeed broad in scope.

4.1 The Power of Graphics in the Field: Virtualizing a Battlefield

One place that we see our system as being beneficial is in any field setting where co
putational power is severely limited. This applies not only to a bagtkfibut also to
other areas, such as anthropological, geological, or environmental researabrigcat
A scientist on an anthropological dig may benefit from being able to viewa ichgtre-
sentative of where fossils are buried, but lacks the means for doinif data of this
nature was gathered using sonar or radar scans, the information could béecbat

a central computing location and sent to the person in the field. It coafdlih used
to target specific locations to unearth. Similarly, an environmental researchebe
able to use information about aquatic contaminants on an interactive méyotH of
these cases, if the displays being used were integrated with a GPS woitilidt make

it a simple task to correlate the data and the current location of théagljsgdlowing
the user to better find what they are looking for.

We see the situation in a battlefield to be more constrained than thes ptimer as
such provides a better example of the advantage of having a system sugtsas o
place. The matter of safety helps describe the benefits of having portable taxcess
intensive graphical computation power. For military personnel in corsibaations,
imagery could be streamed to a device carried by a designated member of thd grou
troops. For example, in a situation where troops are infiltrating @mgrbuilding, im-
portant information regarding the building layout and whereabofiteeinhabitants
could be displayed on the device. Information could be collected viariedrand radar
scans from aircraft flying at a safe distance above the building. Theniafion is
collected and compiled on a cluster back at the base, and a three dimensional repre-
sentation of the building, including information from the infedrscans to determine
the locations of people inside the building, is sent to the grdumops. The troops
would be able to interact with the images streamed to the display, atjiawimediate
knowledge of the layout of the building.

The obvious advantage is being able to infiltrate the building witbwdedge of
the exact location of inhabitants, leading to increased safety for troopgyeddn the
operation. A concrete plan for infiltration can be formulated and acted upssenE
tially, the guesswork has been taken out of a potentially hazardous operatere
are many other military applications of such a system as well. Displaysasuttie one
described do not need to be handheld; they can be placed in aircraft and groimnd veh
cles, and used for such purposes as mission briefing. Portable displaycaaltl be
taken down and erected as needed, with access to the same rendering power greviousl
described.
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4.2 Interactive Education

One of the current trends in research work for graphical displays is aimeeéatiray
lighter, cheaper, bendable displays. LCDs are already beginning to refdfeas the
primary type of display being sold. Paper-like displays are takiegptiogression one
step further. We now have displays that are as small as a few millimateks &nd the
technology is only getting better. One place where these types of tegynaold be
applied is in the classroom or office.

Our usage scenario here describes a classroom that has been fully integthted wi
remote rendering capabilities. A cluster in the basement can perform graphical co
putation for the entire school. Each classroom can be outfitted withipteuttisplays,
each performing different functions but all geared toward the general peiiqiofa-
cilitating education. The first type of device that could be used isleavehy display
screen in the front of the room. It would be used much like the prajaccreens pop-
ular in many classrooms today. The main difference is that the displayive aittis
essentially a roll-away display wall. The teacher or lecturer could cortieobutput
on the display from either a control console, which could be anothelagigilt into
a podium, or through an interaction device similar to the one usethéomteractive
Workspace [18]. The teacher could also delegate control of the largegisph par-
ticular person from the control console. In this way, a more interagiwgronment
can be achieved as students become more involved in the learning experiemnce. Th
would also require another type of display device available to each studen

Student desks could be integrated with a display that would also be exiragn
the control console. The teacher would be able to define the informatiplaged on
each of the students’ individual displays. For example, if the settieige a chemistry
classroom, a large molecular model could be displayed on the large dspksn and
the teacher could zoom in to a particular part of the model for display on eattie of
students’ displays. As mentioned above, the teacher could delegate aiti@large
display to one of the students, possibly requesting them to defirgtiawar part of
the model. The student could then be presented with an interface to tleeskangen
on his own display, but no one else would be able to control it. &ctérg with his
own particular display, the output on the large screen would change aartie for the
whole class to see.

Having multiple displays receiving the same output in this mannedaveequire
the use of a proxy server for the classroom. This would function asender server
that the cluster sends information to, which is then responsible itrilaliting the
images to the multiple displays. Without such a server, the clusteldixe responsible
for sending multiple copies of the same images, requiring a large ambbandwidth
leaving the cluster. The proxy server acts as a single recipient of thewhéth is on
both the same network as the cluster but also a local subnet for the cliaissro

4.3 The High-Tech Hospital Ward

One environment always in need of easily accessible information is a abgpitctors
and nurses need to be able to keep track of multiple patients’ data in an easilty m
ageable manner. The common method of doing so is having clipboardsehgtrant
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information at each patient’'s bedside. One of the problems with thisaisdertain
types of information, such as X-rays, MRI scans, or ultrasound data, daalways
be viewed at the bedside. A hospital worker could benefit greatly from tiigyab
access information for multiple users from a handheld tablet PC or PDA.

A central database of user information could be kept on a cluster, allowingsacces
to devices throughout the hospital. The need to manage clipboardseftuddta and
the requirement for paper-based information would be eliminated. Graljghforma-
tion related to each client would also be stored on the cluster, accessibke sartre
manner as all other related data. As new patients arrive, new database recordsecould
created for them, and any new information could be added to the record aspddu
Historical information could also be kept on record, allowing doctord anrses to
find information regarding allergies or other health complications wherpatient is
not able to provide the information himself. Multiple people \gbhave access to the
same data at the same time and from different locations. Access would nosaidlyes
be restricted to people located within the hospital.

Remote rendering would also make it possible to contact specialists tinybar
fields to acquire better analyses of patient’s conditions. The informatia simply be
streamed to the specialist, who can then use it to determine a diagnasie fmtient.
Since the interface to the overall system can be as simple as a web page, thbsspeci
would not have to download any new software. For some particularcgtiglns, it
may be easier to interact with an application if software is downloadedt bhbuld
not be entirely necessary. This allows for easy collaboration much likeddsatribed
in section 4.5.

This type of system could also benefit medical research, a field where it isahorm
to produce high-resolution volumetric datasets. A visualization cengégrnot always
be the easiest way to view such data, and in some cases this information may need
to be viewed as quickly as possible. Remote rendering would providéutiosn for
viewing these large datasets at an individual's desktop or on somedigipéary device.
Furthermore, information regarding the user of the system can rens#legs much
like with VNC [31]. This would make it possible to leave one’s wstiation with an
application still running on the cluster and move to a colleague’s offideihg up the
same application. Thus, remote rendering would not only be beneficiaicens in a
hospital environment, but to a greater part of the medical profession &s wel

4.4 Scientific Visualization

One of the main motivations for remote rendering is the area of scientsualization.
The problem with the way scientific visualization is currently achievexttessibility.
We have mentioned several times the concept of the specialized visualizatien cen
Often, display walls require their own dedicated space as they are too béghoused
in most convenient locations. As a result, both the display wall andehdering
source must be located outside the office setting. This inconveniences riedrihe
visualization center can become largely unused.

Most applications in scientific visualization require more renderinggrdhan an
individual PC can offer. Remote rendering strives to make scientific viatan more
accessible, bringing the aggregate power of a cluster of workstatiothe tdesktop
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setting. A reasearcher in his office should be able to use the resourceisofbzation

center remotely. Of course, on a PC, it will not be possible to view datas¢he high
resolution offered by a display wall, but smaller tasks will be made edsigthermore,
with the advent of new display paradigms as described in section 3.8, lieypossible

to house a smaller display wall in the office, providing all the capaslivf a dedicated
visualization center in an easily accessible manner.

Remote rendering also allows for the sharing of resources in a visualizziter.
Currently, when one researcher is using a display wall, others are notabtxess
the cluster. Remote rendering will provide for multiple concurresgrs. This way,
one researcher may be using the display wall while another is accessing ster clu
from their office, and others are using the cluster from hundreds of miley. Thus,
remote rendering also facilitates collaboration. It allows access to comptaxséts
and applications which can be difficult to share or distribute.

4.5 Interactive Collaboration

Many current research projects like the Interactive Workspace and the Offitte of
Future would also benefit from the capability of remote rendering. énctise of the
Interactive Workspace, graphical data from outside the iROOM could teghit in
for display on any of the screens, and remote rendering could be used a¥vthg d
force behind the rendering work being done for the iIROOM. The Inte@a¢torkspace
is designed to incorporate many different display devices, few of whichldvhave
the abilities to render large complex models or intensive graphicscgpiolns. Small
devices, like tablet PCs and PDAs, would be able to take advantage of thexirend
power a cluster has to offer. With the current design of the Interactivik§gace, it
shouldn't be difficult to incorporate remote rendering either. A desigd server for
the cluster could broadcast the beacon events to the Event Heap defining tte rem
rendering service. ICrafter could be used to create an interface to it, and thid &gt
could potentially be used for image retrieval.

The Office of the Future would benefit from remote rendering as welljrbdif-
ferent ways. In effect, the Office of the Future is trying to achieve mdnfie@msame
tasks as remote rendering. The Office of the Future faces many probleing kado
with bandwidth, graphical complexity, and brute rendering force. Datapression
techniques as those described in section 3.3 could be used to alleviatehlenpof
sending full scene descriptions across a wide area network. Since tloe Offthe
Future currently uses graphics supercomputers for rendering powegndjest would
be able to take advantage of the scalability provided by a adding extieermaodes
to the cluster. When using a supercomputer, it can be both expensivefdtdo
expand the capabilities of the current system. Furthermore, havintpleydrojectors
in an office run by supercomputers will create not only a lot of cluttetraltso a large
amount of heat.

Our system should also be able to perform interactive collaboration taskself,
and there is no reason to use it only as an improvement to other researchgrojeet
of the nice qualities of remote rendering is that state does not need tadied by
the display device. Much like with VNC, applications could be left rimgnon the
cluster while the user moves locations to bring up the application iffereht place.
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Remote rendering extends this idea further. Where applicable, a data staeabe
sent to certain displays from a controlling display as in the classraamagio above.
With VNC this isn’t suitable because the purpose of VNC is someuwdifigrent, being
aimed at remote desktop use. There is really no point in having a desktap®d to
multiple computers.

4.6 Graphical Computation as a Marketable Resource

With the advent of a new technology, new avenues for business opf@slinevitably
follow. This usage scenario describes the way in which we could treat isogiuting
as a resource, much like any natural resource. As such, it can be marketed, and a fee
can be charged for its use.

Previous usage scenarios have described the possibility of usitapfgodisplay
walls as render servers. Similar ideas are also applied here, but in a [ffdeedi
manner. Displays could be used for advertising in commercial malls ovithdil
stores. The result would be a new model for advertising. Touchisensievices
could be used so that anyone could walk up to the display to interact witntire
catalogs could be available at the user’s request, who could even be ahdetdrom
the catalog, creating an ATM-like use of the display. These displaysidghmt be
limited to commercial purposes either. They could be used as a form afriatmn
distribution, providing important data to a particular audience.

Most people have had the experience of being handed fliers advertismgéotic-
ular product or service. As the size and cost of displays decreases, theseatsandp
be able to take the form of small displays, much like the “tabs” or “pauteViously
described by Weiser [40]. Economies of scale will not be in place for thispiagts for
some time, but they will be a possibility in the near future. Tlhaper-like displays
will have no graphics hardware associated with them, so they will need &ble to
receive information from an external source. Remote rendering providegecpfit,
also allowing for arbitrarily complex data to be displayed on devicek wd concept
of graphical computation whatsoever. All that is needed is a network coonecti

Another such display could be used to replace current billboards novuitdoig
along highways and in highly commercial areas. Currently, advertising suamteas
that for billboards is sold or rented. Similarly, remote renderingldde marketed
as a service which would be paid for, resembling a marketing strategiasim cell
phone companies charging for air time. In the case of remote renderingatketable
resource could be computation time, the number of worker nodes regbaedyidth
consumed, or some similar aspect of cluster rendering.

5 Conclusion

Currently, many fields that have requirements for ultra-high resmiudiatasets lack
a convenient way to access them. Display walls provide one way to view latge d
sets at high resolution, but aren’t easily accessible, nor are they avditablery-
one. Specialized visualization centers are usually built to house thesaydispften in
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inconvenient locations far from the normal office environment. The ga@mote ren-
dering is to make the power available in a cluster of commodity workstatvailable
to more people in a more convenient manner.

We have shown that there are many applications for a system providingte
rendering. Not only are there many new applications, but remote remgdesaimbe used
to improve many existing research projects as well. The purpose gfdpisr has been
to provide a description of aspects involved in creating a system ofi#ttige, as well
to exemplify the ways in which it can be used. We believe that remote riedisrfar
from a niche solution to a particular problem, but provides a geneaatdwork that
can be applied to many different situations.
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