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Abstract

This paper presents changes to the Virtual Network CompufifidC)
model to improve performance on wall-sized, high-resolutiled displays.
VNC does not fully utilize data distributed to the tiles, iwetibly reducing
interactive performance when panning images and movinglaws. By
de-centralizing the VNC model, the VNC viewers can exchapoels
amongst each other, improving performance. The VNC serhanges
from individually servicing viewer requests, to servicitige viewers once
everyone has requested an update. The model is implemeanedjts
performance documented through experiments. When panmages, the
number of pixels refreshed is increased three times or mdr#e reducing
the server's bandwidth by 74% and CPU load by 35%. When moving
windows, the number of pixels refreshed is increased bytarfa¢ 1.8, while
reducing the server's bandwidth by 68% and CPU load by 19.786.p&per
demonstrates how conceptually simple changes to VNC, wbiteptex to
realize, can yield signi cant performance improvements.

1 Introduction

Using high-resolution, tiled display walls

for visualization and collaboration is be-

coming increasingly popular. The high

resolution and large physical size of dis-

play walls make them useful for visualiz-

ing data from many domains. Users often

need to run applications written for stan-

dard desktop environments on the display

wall, such as the weather forecasting appli-

cation shown in Figure 1. Virtual Network

Computing (VNC) [1], a remote desktop

solution, is one way of achieving this. IFigure 1:Weather forecasting on a tiled display
is usually used to share regular-sized deskall with 28 projectors behind the canvas, using
tops, but for display walls, VNC can als&/NC to provide the desktop environment.

be used to create a very high-resolution

desktop. In the latter case, the desktop is maintained by @ $¥&tver, which transmits
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tiles of the desktop to corresponding clients (VNC vieweusining on a display cluster.
Due to VNC's centralized approach to rendering and distitigupixels, it does not scale
well to large display walls. With typical display walls rang in resolution from 10 to
100 megapixels [2, 3] and beyond, a single complete refreghires sending between 38
MB to 380 MB in total to the viewers.

This paper presents De-centralized VNC (DVNC). DVNC moditae VNC model,
allowing viewers to exchange pixels when screen contentesiolbut is not otherwise
modi ed. Cases where this happens include panning large esyagoving windows
on the desktop or scrolling in windows. Work is delegatedh® viewers, letting the
server focus on sending new pixels rather than resendiagdjrtransmitted pixels to the
viewers. When the viewers receive pixels from both the seamdreach other, the correct
ordering of display updates becomes important in order ésgmve consistency of the
display.

DVNC was implemented by modifying an open-source versioNEC [4], and its
performance measured by comparing it to the original ored tlisplay wall with a total
resolution of 7168x3072 pixels. As a result, we found intéva performance to be
signi cantly better when panning images and moving windowse main contribution
is the modi ed VNC model, where viewers go from being passaeeivers of pixels, to
become active participants in distributing pixels.

2 Related work

There has been much work on improving the performance aritly uti VNC [1],
including new compression techniques [5, 6] and suppor8@iacceleration [7]. This
paper is not focused on these aspects of VNC. DVNC instead aimmproving
performance when using VNC to create a desktop on tiled aysphlls, by delegating
work to viewers. In THINC [8], performance is improved comgdto VNC and other
remote desktop solutions by ef ciently encoding and transhg raw graphics operations
generated by applications. THINC is focused on thin-cliesdge, and is currently not
suitable for use in creating desktop environments for digpéalls as it can only export
desktops with the same resolution as the computer it is ngnom has.

Microsoft Remote Desktop and the X Window System [9] (X11)ter@other ways of
accessing or creating desktops over the network. Both apipesaise drawing operations
(“draw line”, “draw string”, and so on) to achieve good perf@ance. The former is
limited to a maximum resolution of 4096x2048, and does nlotadifferent regions to
be displayed by different viewers. Xdmx [10] can be used tabés X11 application
to run on a tiled display wall. Xdmx acts as a proxy to a set ofexvers running on
the display cluster. This differs from DVNC in that no dateeicchanged between the
different X servers on the display cluster to improve parfance. DVNC uses a single X
server to render into a virtual framebuffer, which is thestributed to the tiles using the
VNC protocol.

SAGE [11] is a system for streaming high-resolution graptfiom rendering or
storage clusters to one or several display walls. Pixel dateceived by “SAGE
Receivers” and then displayed. While this can be used to dispidtiple VNC desktops
at once, no pixel data is exchanged between the differenttSREceivers.



3 Model and design

When VNC is used on standard displays, a single viewer tylgibalks access to the pixels
for the server's entire desktop. On a tiled display wall, reaewer runs on its own
computer showing a small region of the server's desktophaws in Figure 2 (a) and
(b). In the original VNC model, the server does all the worlheTviewers do nothing
except receive and display pixels. In DVNC, this model is mextiby letting the viewers
exchange pixels amongst each other for a certain class atejpgerations. The purpose
of this is to reduce the server's load and improve end-usdopeance. The viewers go
from being passive receivers to being active slaves in aenatdve relationship to the
server. Figure 2 (c) illustrates this change.

VNC uses the Remote
Framebuffer (RFB) protocol
[12] to send display updates
from the server to the view-
ers. Viewers request the area
they are interested in from
the server, which responds
with update operations for
that area. The RFB protocol
uses three operations to up-
date a region of the display:
Image Rect, Fill Rect and

Copy Rect. The Image ReCkigyre 2: The original VNC model for (a) a standard display,
operation contains a rectanmy, j tiled, 2x2 display wall. In the modi ed model (c), the

gular set of pixels which isyjewers exchange pixels with each other in addition to receiving
drawn by the viewer at the lo-pixels from the server.

cation indicated by the rect-
angle. The Fill Rect operation is used to Il a rectangle witlgigen color. The Image
and Fill Rect operations offer no obvious ways for distribgthetwork load.

Figure 3:The Copy Rect operation as it is used for a single viewer for the entiretestiesktop,
and its behaviour when used with multiple viewers each showing a region eétlier's desktop
on atiled, high-resolution display.

The Copy Rect operation is used whenever an area of the scresoved, but the
pixels inside the area remain unchanged, shown in Figurg¢ &1d (2). This is common
when moving windows, scrolling in documents or panning ieggSince a Copy Rect
only takes 12 bytes to send regardless of the size of the ameg bpdated, the Copy Rect



operation is important for reducing the server's bandwigthge. To make the best use
of it, the viewer must have access to all of the pixels beingeddor the entire desktop.
On a tiled display, this is not the case, as each viewer orgytlipixels covering its own
area of the display. Copy Rect operations that span the areasrefthan one viewer
force the server to split the operation, resulting in a lasgt of exposed areas, shown in
Figure 3 (A) and (B). This incurs additional load on the serwdrich DVNC alleviates
by letting the viewers themselves exchange the necesstykgure 4 illustrates this.

In the de-centralized VNC model, the
viewers receive updates not only from the
server, but also from each other. This
creates consistency issues, both for the
viewer's own display, and for pixels sent
by the viewer to other viewers. For
instance, a viewer receiving one update
from the server and a second update from
a different viewer, needs to know which of
the two updates to apply rst in order to
ensure a consistent display. In DVNC, the
consistency issues are solved by imposing

a total ordering on all updates sent by the _ _
server to the viewers, and by ensuring th§{9Ure 4:A Copy Rect operation spanning four

all the viewers see the same Copy Redpwers. The darkened, grey area moves down
operations and to the right. Viewers 1, 2 and 3 transfer some

The viewers make independent deCof their pixels to viewer 4. (Other pixel transfers
P not shown, such as from viewer 1 to viewer

. i r
sions about where to sen_d pixel data bQSES?The arrows indicate direction of movement.
on the Copy Rect operations they receive.

Pixel data is always pushed to other viewers. To avoid cradépendencies between dif-
ferent viewers, the Copy Rect operation is split into two peageCopy Rect pre-phase,
and a Copy Rect post-phase. During the pre-phase, the vieterndees which viewers
it should send pixels to, copying and sending data as negyegaring the post-phase, a
viewer applies updates from other viewers in the correatiord

4 Implementation

DVNC was implemented by modifying RealVNC's free VNC distrilaun (available
under the GPL license), version 4. Both the VNC server and th&C Wiewer
required modi cations. There are many implementations BiG/ including TightVNC,
UltraVNC, and others. Since the modi cations involve charggthe model, they could
also have been implemented by modifying a different VNC enpéntation.

VNC server modi cations

The VNC server was modi ed to ensure that all connected visveee the same Copy
Rect operations in the same order. Instead of accumulatidgtep for each viewer, the
server accumulates the same set of updates for all viewensljrgy them once all the

viewers have requested an update. The drawback to thisagprs that the server can
provide updates no faster than the slowest viewer. When ep@aé sent, the Copy Rect
operation's rectangle is no longer clipped to the area wthehviewer requests from the
server, but sent regardless of whether the Copy Rect actudédlgsects with the viewer's



area. The server continues to clip Fill and Image Rect ofsratio the area requested by
the viewer. A 4-byte, logical timestamp was added to the RieBggol's framebuffer start
message. The logical timestamp is incremented once forgracip of update operations,
and is used by the viewers to match updates received from videers to the correct
Copy Rect operation. Finally, the server was modi ed to measty load during the
various experiments.

VNC viewer modi cations

The VNC viewer was modi ed to receive framebuffer updatemnirother viewers. A
separate thread is responsible for sending and receivixe) data to and from other
viewers. This thread also handles the logic necessary &ordete which pixels should be
sent and received, as well as the order in which updates pliedpAlso, both the original
and modi ed viewers were changed to record various stasisised for the experiments.

To better overlap communication with computation, incognipdate operations from
the server are queued. If the operation to be queued is a Copy iBepre-phase is
executed before queueing it (in some cases, execution pféiphase may be delayed to
ensure consistency). The pre-phase copies data and seéoddher viewers, increasing
the chance that other viewers will have the data they need wWiey begin executing the
Copy Rect's post-phase.

When the server signals that it is done sending updates eafjubued operations are
applied by the viewer. Applying a Copy Rect operation is doneexgcuting its post-
phase. During the post-phase, the viewer scans its list dates received from other
viewers, matching them to the current Copy Rect using the VN@esdimestamp and
other data contained by the operation. If the viewer hase'¢ived all the necessary data
from other viewers, it will block waiting for the remainingth to arrive.

The queueing strategy introduces a queueing overhead aeéemirin the original
implementation. To minimize this overhead, the modi edwg avoids queueing when
possible. If the rectangle covered by the incoming openatioes not overlap with the
rectangles of any queued operations, the operation candie@dpnmediately.

Determining where a viewer sends its pixels for a given Copyt Beeration is done
by examining the data given by each Copy Rect operation. A Coplydpecation consists
of a source rectangle R=(x, y, width, height) and a delta p@irt dy). The delta point
indicates where the pixels identi ed by the source rectarsfiould be moved, yielding a
destination rectangle. The viewer intersects the souxdamgle with its own area. If the
intersection is non-empty, the destination rectangle mpated by offsetting the clipped
source rectangle by the operation's delta point and int&rsgthe result with the viewer's
area. If the source and destination rectangles have diffsizes (indicating that part of
the destination rectangle falls outside the viewer's artba) viewer will transmit some of
its data to other viewers.

When the viewer starts up, itis given the area of the VNC destktat it should display
as part of its arguments. The viewer then connects to theisand to the all other viewers
by means of a multicast discovery mechanism. When a conmeictianother viewer is
established, the viewers exchange a handshake, beforednegxchange framebuffer
updates. The handshake consists of ve long integers: A enagimber followed by the
area the viewer covers. All future messages consist of albfgte eld containing the
length of the message, followed by the actual message.ifBlese messages consist of
the VNC server timestamp, the rectangle and delta point tteCopy Rect operation,
followed by the pixels for the update. The pixels are cuiyembt compressed.



5 Experiments

The performance of the original VNC and modi ed DVNC implemations is measured
using three metrics: Total number of pixels refreshed,| taanber of bytes sent from

the server to the viewers, and the server's CPU load. A higelpefresh count is better
than a low refresh count, as more pixels updated means leteactive performance.

The DVNC implementation is also expected to reduce bandwided by the server, and
reduce the server's CPU load. This is because the modi ed netased on distributing

load from the server to the viewers.

Hardware and software setup

The hardware used was (i) a display cluster with 28 nodesl|(Rgntium 4 EM64T, 3.2
GHz, 2 GB RAM, HyperThreading enabled, running the Rocks eludistribution 4.0)

connected to 28 projectors (1024x768, arranged in a 7x4ixpalii) switched, gigabit

Ethernet, (iii) a dual Intel Xeon 3.8 GHz with 8 GB RAM, and (ighother Pentium
4 (same hardware as the nodes in the display cluster). Tha Xed the last Pentium
4 were used to run the server, and ran RedHat Enterprise Linukhé image viewer

used was “xloadimage” by Jim Frost. The event generatoriercontrol experiments
used the XTestExtension to post input events to the sermerwas custom-made for
these experiments. The VNC distribution was RealVNC verdipfl, exporting a 16-bit

desktop.

Server and viewer instrumentation

The original and modi ed servers were instrumented to rddbeir CPU load over the
duration of an experiment, recording both time spent at lesasl, and time spent on
behalf of the servers at kernel level. The servers recor@eshfnples per second, sending
performance data to a second computer on the same local mketwiche additional
network traf ¢ generated by sending performance data isigieie at less than 500 bytes

per second.

The original and modied viewers Name Description
were instrumented to record the statisticsTotal Pixels | Total number of pixels re-
outlined in Table 1. Each viewer makes freshed by this viewer.
its own measurements. At the end ofServer Bytes| Total number of bytes re-
each experiment, the number of pixels re- ceived by this viewer from
freshed and number of bytes exchanged is_ the server.
summed. The queueing overhead's global/'€Wer- Total number of bytes re-
maximum and minimum values are deter-0-Viewer | ceived by this viewer from
mined, and the global queueing overheaﬂBytes. ot_hgrwewers. :
average is calculated by averaging the avbpueulng Minimum, maximum and

) Overhead average overhead caused by

erages from each viewer. The total number queueing incoming opera-
of bytes sent between the viewers was also tions.

recorded, but these data have not been used
to characterize performance in this paper.Table 1:Statistics gathered from the viewers.

Experiments and methodology

Two sets of trace experiments and a set of control expersnveate conducted. The trace
experiments aim at measuring the performance for a usaastieg with the desktop.
In particular, the answers to the following four questiorexevof interest: (i) How many



more pixels can the DVNC implementation refresh comparedN&? (i) How much
bandwidth does DVNC save? (iii) How does the DVNC change=cathe server's load?
(iv) How big is the queuing overhead? The trace experimdaislgack two recorded user
traces, where a user either pans an image or moves a windewdbée 2). In the rst set
of trace experiments, the server ran on the Xeon, and in tensgeset, the server ran on
the Pentium 4.

Trace Description The (;ontrol expe'rim.ents.have two pur-

Image pan A user pans an image sized aP0S€S: (i) Get an objective view of the sys-
9372x9372 pixels. The visi- tem's performance, and (ii) measure the
ble portion of the image cov- Maximum performance gain in a situation
ers almost the entire displaywhere the server's possibility for using
wall, the rest of which is cov- Copy Rect operations is near maximized.
ered by the image viewersThe image from the Image pan trace is
window decorations.  The moved vertically up and down in a con-
trace lasts for 255 seconds. trolled manner. The rate at which move-
Window move| A window  sized  at ment occurs is varied for each experiment,
2592x1944 pixels is movedrgnging from one to fty times per second,
around on screen. The tracgyith each movement scrolling the picture
lasts for 145 seconds. 8 pixels up or down. An event generator
is used to move the image at the constant
nrgte de ned by each experiment, with each
experiment lasting 30 seconds.

Where the trace experiments measure the system's perfoenraacsetting similar to
real-world use, the control experiments allow for extemegleatability. Before running
either trace or control experiments, the server was restaand its desktop con gured
to match the experiment's starting point (open windows amadaw positions on the
desktop). Then the viewers were restarted, and the expetrivwes conducted, before
performance data was gathered.

A null-benchmark measured the overhead incurred by the gdsamo the VNC
protocol. The server displayed a static image, and the nuoflisytes required to refresh
the viewers was measured. The original sent a total of 89688B, while the modi ed
sent 85707.69 KB - an overhead of 0.02%.

Table 2: The traces used for measuri
performance.

Trace results

Figure 5:Left: Total number of pixels refreshed for each trace by the origindlnaadi ed VNC
viewers. Right: Total number of bytes sent by the server to the viewers.

Figure 5 shows the total number of pixels refreshed by thgiral and modi ed
viewers as well as bytes sent from the server to the vieweesith trace. With the server
on the Pentium 4, the modi ed implementation refreshes 3dgapixels (GPx) for the
Image pan trace, 3.29 times more than the original's 10.5.Gx the Window move



trace, the modi ed implementation refreshes 1.83 as marglpi The number of bytes
sent is reduced by 74% for the Image pan trace, and by 68%éddithdow move trace.
On the Xeon, number of pixels refreshed increases from 6181» GPx and 4.6 to 8.1
GPx for the two traces respectively. Interestingly, theti@em4 is able to refresh almost
twice as many pixels as the Xeon for the Image pan trace. Tloeianof data transferred
Is approximately the same regardless of where the server run

Figure 6 shows the original and mod-
i ed servers' cumulative CPU load, mea-

Cumulative VNC server load for Image pan trace on Pentium 4
120

T
Original Total

ol O e —owta | sUred in seconds, when running on the
owne ol —— Pentium 4 for the Image pan trace. The
% DVNG User - X axis shows the running time of the trace,

_— " auerl  and the Y axis shows the CPU time con-
sumed by the server. The DVNC server's
load is reduced by 35% compared to the
original VNC server (from 106.6 to 69.3
Al TP CPU seconds). The biggest reduction hap-
’ * P e 0 ® ™ pens at kernel level, where the load is re-
duced by 75%, while the difference in user
Figure 6: Cumulative server CPU load for thqeye| load is only 4%. The reduction in
Image pan trace on Pentium 4, with total, Usggrnel level load correlates well with the
and kernel level load for both |mplementat|ons.reductiOn in bandwidth used by the DVNC
server. For the window move trace, the reduction in CPU loa®ig% (from 64.8 to
52.0 CPU seconds). The server load on the Xeon has similaacteaistics.
Table 3 shows the modi ed implemen- 1,5ce Min  Avg Max
tation’s queuing overhead. The maximunTimage  pan/ 0.000s 0.009s 0.546 s
queuing overhead is 0.56 seconds, whichps)
means that an update operation received byvindow move| 0.000s 0.008s 0.467 s
one of the viewers was queued for a little (P4)
over half a second before it was actuallylmage  pan| 0.000s 0.011s 0.582s
drawn. The average queuing overhead igXeon)
between 0.008 and 0.011 seconds, and th&/indow move| 0.000s 0.011s 0.504s
minimum overhead is 0.000 seconds. (Xeon)

CPU Time (s)
]

-—.~-+— Orig. Kernel
40 9

20

Table 3: The queueing overhead, measured

Qontrol experiment results __in seconds, for the traces on the Pentium 4
Figure 7 shows the number of pixel§,q the Xeon.

refreshed by the viewers for the control
experiment. The measured values are compared to a targéenwipixels that should
have been refreshed if suf cient resources to avoid allleoticks were available. The
target value is calculated by measuring the number of pisefleshed when scrolling
the image vertically by 8 pixels, and multiplying that numieth the duration of each
experiment and rate at which the image is moved.

The number of pixels refreshed increases linearly with thenegeneration rate.
At rst, both implementations closely follow the target reéh count. The original
implementation reaches its maximum at an event rate of 26GJewhe modied
implementation keeps tracking the target up to 40 eventsspeond. The original's
performance goes down by 57.8% when the event generatiensratcreased from 26
to 28. The DVNC performance goes down by only 6.6% when irgingathe event
generation rate from 40 to 45. At an event rate of 50, DVNCegies 11.9 times as



many pixels as the original.

Figure 8 shows the server's total, ker-
nel and user level load in percent for both
implementations. Initially, the CPU load
increases linearly for the implementations,
with the original's load increasing almost
twice as fast as the modi ed's load. At the
peak in load, close to 100%, the event rate
for the original and modi ed server is re-
spectively 26 and 40. This is also the rate
at which the two implementations peak in

numper of plxerl]s refrerslhed. | Figure 7: Total number of pixels refreshed for

Figure 9 shows the total number 0tfhe control experiment for the two implementa-
bytes transferred from the server t0 thgyng as well as the target refresh count. Event
viewers. The number of bytes transferregbneration rates range from 1 to 50.

increases linearly with the event rate, with

a slower growth for the modi ed implementation. The oridiiraplementation peaks at
1135 MB, while the modi ed implementation peaks at 375 MB. To@responds to a
bandwidth use of 37.8 MB/s and 12.5 MB/s, respectively, neitfiehich is close to the
maximum transfer rate of gigabit Ethernet at about 90 MB/erastingly, the bandwidth
used by the original implementation continues to climb exfar having peaked both in
CPU load and number of pixels refreshed.

VNC server load for control experiment

T T
Original Total —— DVNC Total
Original Kernel ------

Original User - X T o DVNC User
DVNC Total —s— /.7 ¢ L /\

DVNC Kernel L
DVNC User g %
)

=
o
S

@
S
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S

xQrig. User... |
--x0ny. Rernel

N
S

CPU Load (Percent)

N
]

----aDVNC Kernel
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Figure 8: CPU load for the VNC server, Figure 9: Total bytes sent from the servers
showing total, kernel, and user level load for bothor the control experiment.

the original and modi ed implementations in the

control experiment.

6 Discussion

The results from the trace experiments show that the DVNGdampntation can refresh
more than three times as many pixels compared to the origiried control experiment
documents that DVNC can outperform the original by a facfarmoto 11.9. For the case
where the server sends no Copy Rect operations - and hence moagabe expected
from delegating work to the viewers - DVNC adds very littleedvead; only 0.02% in the
null-benchmark. DVNC provides no performance bene t fontamt that is updated using



operations other than Copy Rect - typically video, animateatioerwise “fresh” content.
DVNC provides a signi cant performance increase for certaperations that the server
is able to translate into Copy Rect operations.

Trace experiments

The server spends less CPU time at kernel level since it sesdsdata, leaving more
resources for the server and other applications. The sensar level load is not reduced
as much, since the server provides viewers with more frequedates, while sending
less data.

The maximum queueing overhead was half a second, and can dsvell as
occasional stutters during playback of the traces. Evenghdhere is some queueing
overhead associated with keeping each viewer consisteatalb performance is still
much better than the original implementation.

The staircase effect in Figure 6 is caused by periods of lavger activity. When
the user is not moving the image or the window, fewer updaties place and the server
experiences low load. Typically, this occurs when the uspositions the cursor to drag
the image or move the window. This effect is not present irplysadepicting the CPU
load for the control experiments (not included in this paper

Control experiments

DVNC's performance compares even more favorably to the maigin the control
experiments, than it did in the trace experiments. The re&sothis is that the pay-off
from each Copy Rect generated in the control experiments &eyrthan it is in the trace
experiments. In the trace experiments, many Copy Rects magowuially. Diagonal
movements cause the areas covered to be smaller, meaninigtier areas must be
refreshed by the server. New pixels must be sent by the servefresh not only the top
or bottom edge, but also the right or left edge of a given aiBegagonal movements also
cause more complicated dependencies between the difigaesvers when they exchange
pixels. A vertical or horizontal Copy Rect operation only riegs that a viewer sends its
pixels to one other viewer, while a diagonal Copy Rect can recuviewer to send pixels
to three different viewers.

The original implementation's sudden drop in pixel refrestunt (Figure 7) is not
caused by lack of network bandwidth, as the bandwidth usatrages to increase even
after the drop in refreshed pixels (Figure 9). The drop isseduby the server having to
work harder to keep its own framebuffer updated, which delagdates to the viewers.
The delay makes each viewer accumulate a larger dirty regeguiring more bytes
to refresh. This behaviour also explains why the originattstspending more time at
kernel level when the drop in performance occurs, as theskesieavily involved in the
communication.

Server on Pentium 4 and Xeon

The performance measured by the trace experiments on theifdehand on the Xeon
were not as expected. The Pentium 4, with its older CPU authite, performed better
than the newer Xeon. The server implements Copy Rect by moviagary from
one location to a different location in the server's franfédu To investigate whether
memory bus speeds were the issue, the two computers' payeessnory bandwidth
was measured using CacheBench [13]. The sustained readyod# bandwidth to



memory for the Pentium 4 was 3.78 GB/s, while the Xeon only gad&.16 GB/s. This
is a factor of 1.75, which correlates well with the differerin refreshed pixels, 34 GPx
vs. 18 GPx, a factor of 1.88.

Lessons learned

The performance improvements achieved by DVNC is made Iplesby changing the

model at a number of different levels. From a model where émees does all work and

the viewers are passive receivers, the new model makeseahens partially serve each
other, off-loading the server. The viewers, which previgu®eded no knowledge about
other viewers, now need to know about every other viewer deoto exchange pixels
with them. Each viewer makes its own decisions about whesema pixels, as opposed
to having the server handle this task.

Discovering that the server's memory bandwidth is a bo#itdnwas surprising, given
that the pixels moments later must be moved over a “slow” lgtgiathernet. This is
becase the server may have to move up to 80 MB of data befodingea Copy Rect
operation describing the movement, while the A Copy Rect dperaself only requires
12 bytes to transfer.

7 Conclusion

This paper has presented a modi cation to the VNC model timgroves performance
when VNC is used to create the desktop environment for tiisglaly walls. The De-
centralized VNC (DVNC) system increases performance fdestéike navigating large
images and moving windows on the desktop. The main prin@piployed is to let the
VNC viewers exchange data amongst each other, freeing ti@ 8é&xver from re-sending
already distributed pixel data.

The DVNC model has been implemented by modifying an opemesol¥NC
implementation, and its performance evaluated. A tiled display wall with a total
resolution of 7168x3072 pixels was used for the experimeértie system's performance
was measured through several user trace and control exgrggnand compared to VNC
without modi cations. The results show that end-user parfance was signi cantly
improved. For panning large images, DVNC could refreshelietwelve times more
pixels on the display wall compared to the original impletagion. These improvements
are expected to carry over to other cases where screen tontees, but otherwise
remains unchanged, such as scrolling in documents.

The performance improvements are a result of distributingkvbetween the server
and viewers. This lets server-side processing overlap wiger-side pixel distribution.
In addition, the bandwidth required for the server to keepMilewers updated is reduced.
Consequently, the server can spend more cycles keepingmebuffer updated, as well
as leaving more cycles for other applications.
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