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managed data centers, sparing their customers the headache of buying and main-
taining their own hardware and software. To provide the infrastructure to deliver
easier-to-maintain computational services anywhere on the Internet, a growing num-
ber of ASPs are embracing a thin-client computing model [Expertcity, Inc. 2000;
Charon Systems ; Runaware.com |. In addition to ASPs, organizations have begun
to use the thin-client computing model to provide remote access to applications
that in the past were normally only available when used on-site.

A thin-client computing system consists of a server and a client that communi-
cate over a network using a remote display protocol. The protocol allows graphical
displays to be virtualized and served across a network to a client device, while ap-
plication logic is executed on the server. Using the remote display protocol, the
client transmits user input to the server, and the server returns screen updates
of the user interface of the applications from the server to the client. Many of
these remote display protocols can effectively web-enable applications without ap-
plication modification. Examples of popular thin-client platforms include Citrix
MetaFrame [Citrix Systems 1998; Mathers and Genoway 1998], Microsoft Termi-
nal Services [Cumberland et al. 1999; Microsoft Corporation 1998], AT&T Virtual
Network Computing (VNC) [Richardson et al. 1998], and Tarantella [Santa Cruz
Operation 1998; Shaw et al. 2000]. The remote server typically runs a standard
server operating system and is used for executing all application logic. Because all
application processing is done on the server, the client only needs to be able to
display and manipulate the user interface. The client can either be a specialized
hardware device or simply an application that runs on a low-end personal computer.

While many ASPs have proposed using thin-client computing to deliver computa-
tional services over the Internet, little work has been done to evaluate the effective-
ness of thin-client computing in a wide-area network (WAN). Thin-client comput-
ing vendors often tout the bandwidth efficiency of their platforms, but as network
technologies improve and high-bandwidth Internet access becomes a commodity,
bandwidth efficiency alone may not be a good measure of wide-area thin-client
performance. Existing ASPs have primarily focused on supporting simple office-
productivity tools. It is unclear if the remote display approach used in thin-client
computing can effectively support the growing class of graphics and multimedia-
oriented applications. Because the importance of thin-client computing will only
continue to increase with the rapidly growing ASP market, it is crucial to determine
the effectiveness of thin-client computing in WANSs on the kinds of web-based and
multimedia applications that users are already using and will increasingly be using
in the future.

To assess the limits of using thin clients to provide wide-area ubiquitous com-
puting, we have characterized the design choices of underlying remote display tech-
nologies and measured the impact of these choices on the performance of thin-client
computing platforms in delivering computational services cross-country over Inter-
net2. For our study, we considered a diversity of design choices as exhibited by six of
the most popular thin-client platforms in use today: Citrix MetaFrame, Microsoft
Windows 2000 Terminal Services, AT&T VNC, Tarantella, Sun Ray [Schmidt et al.
1999; Sun Microsystems |, and X [Scheifler and Gettys 1986]. These platforms were
chosen for their popularity, performance, and diverse design approaches. We fo-
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cus on evaluating these thin-client platforms with respect to their performance on
web and multimedia applications, which are increasingly populating the comput-
ing desktop. We conducted our experiments using Internet2 because it provides
the kind of high-bandwidth network access that we expect will become increas-
ingly cost-effective and accessible in future WAN environments. For example, the
100x100 Project aims to bring 100 Mbps connection speed to 100 million homes in
the United States within the near future, with an experimental prototype ready by
2008 [100x100 Project ]. In addition, South Korea has announced plans to build a
nationwide Internet access infrastructure capable of speeds up to 100 Mbps to the
home by 2010 [Legard 2003].

We identified and isolated the impact of WAN environments by quantifying and
comparing the performance of thin-client systems in both WAN and local-area net-
work (LAN) environments. Because many thin-client systems are proprietary and
closed-source, we employed a slow-motion benchmark [Nieh et al. 2003] technique
for obtaining our results, addressing some of the fundamental difficulties in previ-
ous studies of thin-client performance. Our results show that thin-client computing
in a WAN environment can deliver acceptable performance over Internet2, even
when client and server are located thousands of miles apart on opposite ends of the
country. However, performance varies widely among different thin-client platform
designs and not all approaches are suitable for this environment. We show that
designing systems for WAN latencies is crucial for overall performance. In partic-
ular, commonly used performance optimizations that work well for reducing the
network bandwidth requirements of thin-client systems can degrade overall system
performance due to the network latencies associated with wide-area environments.
Our results show that a simple pixel-based remote display approach can deliver
superior performance compared to more complex thin-client systems that are cur-
rently used. We analyze the differences in the underlying mechanisms of various
thin-client platforms and explain their impact on overall performance.

This paper is organized as follows. Section 2 details the experimental testbed
and methodology we used for our study. Section 3 describes our measurements and
performance results. Section 4 discusses related work. Finally, we present some
concluding remarks and directions for future work.

2. EXPERIMENTAL DESIGN

The goal of our research is to compare thin-client systems to assess their basic dis-
play performance and their feasibility in WAN environments. To explore a range of
different design approaches, we considered six popular thin-client platforms: Citrix
MetaFrame 1.8 for Windows 2000, Windows 2000 Terminal Services, Tarantella
Enterprise Express II for Linux, AT&T VNC v3.3.2 for Linux, Sun Ray I, and
XFree86 3.3.6 (X11R6) on Linux. In this paper, we also refer to these platforms by
their remote display protocols, which are Citrix ICA (Independent Computing Ar-
chitecture), Microsoft RDP (Remote Desktop Protocol), Tarantella AIP (Adaptive
Internet Protocol), VNC (Virtual Network Computing), Sun Ray, and X, respec-
tively.

To determine the characteristics of each of these platforms, we studied the pub-
lic literature for each of the platforms and when available, inspected the source
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Table I.  Thin-client computing platforms
Platform Display | Display Screen Compression Max Transport
Proto- Encoding | Updates Display | Protocol
col Depth
Citrix ICA Low-level | Server- RLE 8-bit TCP/IP
MetaFrame graphics push, color *
lazy
Microsoft RDP Low-level | Server- RLE 8-bit TCP/IP
Terminal graphics push, color
Services lazy
Tarantella ATP Low-level | Server- Adaptively 8-bit TCP/IP
graphics push, eager | enabled, color
or lazy RLE and
depending LZW at low
on bandwidths
bandwidth,
load
AT&T VNC 2D draw | Client-pull, | Hextile (2D 24-bit TCP/IP
VNC primitives | lazy RLE) color
updates
between
client
requests
discarded
Sun Ray Sun 2D draw Server- None 24-bit UDP/IP
Ray primitives | push, color
eager
X11R6 X High- Server- None 24-bit TCP/IP
level push, color
graphics eager

* Citrix MetaFrame XP now offers the option of 24-bit color depth, but this was not available
at the time of our experiments.

code. When source code was unavailable, we contacted the vendor of the thin-
client platform and discussed with their engineers the design characteristics of their
thin-client platform. Table I summarizes these findings. These platforms span a
range of differences in five different parameters:

—Display encoding: encoding of display primitives, which can range from using
low-level raw pixels to high-level graphics

—Screen updates: whether screen updates are sent from server to client using a
lazy or eager model, and whether the updates are pulled by the client or pushed
by the server

—Compression: the type of compression that was used on the screen updates,
which ranged from none to adaptive selection of a collection of compression al-
gorithms such as run-length encoding (RLE) and Lempel-Ziv Welch (LZW) [Ziv
and Lempel 1977; 1978]

—Max display depth: the maximum color depth supported by the platform, which
ranged from 8 bit to 24 bit

—Transport protocol: the transport protocol used, which was either TCP/IP or
UDP/IP
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To evaluate their performance, we designed an experimental Internet2 testbed
and various experiments to exercise each of the thin-client platforms on single-user
web-based and multimedia-oriented workloads. Section 2.1 introduces the non-
invasive slow-motion measurement methodology we used to evaluate thin-client
performance. Section 2.2 describes the experimental testbed we used. Section 2.3
discusses the mix of micro-benchmarks and application benchmarks used in our
experiments.

2.1 Measurement Methodology

Because thin-client systems are designed and used very differently from traditional
desktop systems, quantifying and measuring their performance effectively can be
difficult. In traditional desktop systems, an application typically executes and
displays its output on the same machine. In thin-client systems, an application
executes on a server machine and sends its output over a network to be displayed
on a client machine. The output display on the client may be completely decoupled
from the application processing on the server such that an application runs as fast
as possible on the server without regard to whether or not application output has
been displayed on the client. Furthermore, display updates may be merged or even
discarded in some systems to conserve network bandwidth. Since the server pro-
cesses all application logic in thin-client systems, standard application benchmarks
effectively measure only server performance and do not accurately reflect user per-
ceived performance at the client. The problem is exacerbated by the fact that
many thin-client systems, including those from Citrix, Microsoft, and Tarantella,
are proprietary and closed-source, making it difficult to instrument them to obtain
accurate, repeatable performance results.

To address these problems, we employed slow-motion benchmarking to evaluate
thin client performance. This method employs two techniques to obtain accurate
measurements: monitoring client-side network activity and using slow-motion ver-
sions of application benchmarks. We give a brief overview of this technique below.
For a more in depth discussion, see [Nieh et al. 2003]. We then extended this
technique to compare relative performance across LAN and Internet2 network en-
vironments.

We monitored client-side network activity to obtain a measure of user-perceived
performance based on latency. Since we could not directly peer into the black-
box thin-client systems, our primary measurement technique was to use a packet
monitor to capture resulting network traffic on the client-side. For example, to
measure the latency of an operation from user input to client output, we could use
the packet monitor to determine when the user input is first sent from client to server
and when the screen update finished sending from server to client. The difference
between these times could be used as a measure of latency. To accurately measure
user-perceived thin-client performance, measurements must be performed at the
client-side; server-side measurements of application performance are insufficient.
For instance, a video application might deliver smooth playback on the server-side
only to deliver poor video quality on the client-side due to network congestion.

It must be noted that this measurement technique does not include the time from
when the client receives a screen update from the network to the time the actual
image is drawn to the screen. The measurement also does not include the time
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from when client input is made and the input is sent. If these client processing
times account for a significant part of overall system performance, the use of packet
captures for measuring thin-client performance may not be accurate. For example,
if the client were a much less powerful machine than the server, client processing
time would need to be accounted for more precisely to provide an accurate perfor-
mance measure. However, as discussed in Section 2.2, we used clients and servers
of comparable performance for our experimental testbed. In this environment us-
ing VNC, one of the few open-source thin-client systems, we have verified that
measurements using packet monitoring of slow-motion benchmarks are within five
percent of internal client and server source code instrumentation [Nieh et al. 2003].
We therefore assumed the client input and display processing times were negligible
in our experiments.

We employed slow-motion versions of application benchmarks to provide a mea-
sure of user-perceived performance based on the visual quality of display updates.
While monitoring network activity provides a measure of the latency of display
updates, it does not provide a sufficient measure of the overall quality of the per-
formance. To address this problem, we altered the benchmark applications used
by introducing delays between the separate visual components of each benchmark,
such as web pages or video frames, so that the display update for each component
is fully completed on the client before the server begins processing the next display
update. We monitored network traffic to make sure the delays were long enough
to provide a clearly demarcated period between display updates where client-server
communication drops to the idle level for that platform. We then process the re-
sults on a per-component basis to obtain the latency and data transferred for each
visual component, and obtain overall results by taking the sum of these results.
Section 2.3 describes in further detail how web and video application benchmarks
were delayed for our experiments.

Because slow-motion benchmarking does introduce delays in how the applications
are executed, it is possible that such delays can result in differences in the qualita-
tive behavior of a slow-motion benchmark versus its standard version, particularly
in terms of network performance when the TCP transport protocol is used. For
example, by introducing delays and thereby causing the connection to potentially
be idle for a few seconds, TCP may reset the congestion window back to the initial
value, causing the connection to go through slow-start and reducing the effective
connection bandwidth available when the next display updates are sent [Allman
et al. 1998]. As another example, consider the TCP Nagle algorithm, which limits
a sender by only being allowed to have one outstanding segment that is less than a
full segment size. The sender is allowed to continue sending once the receiver ACK
is received. By introducing delays, the ACK timer is allowed to fire on the client,
removing the impact of the Nagle algorithm in the slow-motion case when it might
cause a performance issue in the no delay case.

We address this issue in two ways. First, as discussed in Section 2.3, we incorpo-
rate slow-motion benchmarking in web and video applications in such a way that
we do not compromise the qualitative effectiveness of the benchmarks in measuring
system performance. In fact, in the case of measuring interactive web performance,
we argue that our slow-motion technique provides a better and more realistic mea-
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sure of web performance than standard scripted download approaches. Second,
we directly considered the impact of slow-motion benchmarking on TCP behavior.
This is useful since all of the thin-client systems used in this study except for Sun
Ray use TCP as the underlying transport protocol. To do this, we selected two
representative thin-client systems, one on Linux and one on Windows, and ran the
web benchmark discussed in Section 2.3.2 on those systems with and without the
artificially induced delay of slow-motion benchmarking. X11 on Linux and ICA on
Windows were used, both with 8-bit color display as noted in Section 2.2. This was
possible to do in this case because neither X11 nor ICA merged or discarded any
significant amount of display updates for this benchmark, as verified by observing
the amount of data transferred with and without delays. The difference between
these measurements was less than one percent for X11 on Linux and less than ten
percent for ICA on Windows. This suggests that TCP congestion window resets
and the Nagle algorithm are unlikely to be significant factors in the performance
of these Linux and Windows thin-client systems in our experiments. All of the
thin-client systems in this study that were based on TCP were also run on either
Linux or Windows.

We compare relative performance across LAN and Internet2 network environ-
ments to isolate the impact of WAN environments on thin client performance. The
impact can be quantified as the difference in performance between LAN and In-
ternet2 environments. Furthermore, this relative performance measure allows us
to factor out effects of client processing time, which we cannot directly measure
because of the proprietary nature of most of the thin-client systems. We assume
that client processing time does not change in any significant way as a result of dif-
ferent network environments and we verified this assumption in the few open-source
platforms tested.

Our combined measurement techniques provide three key benefits. First, the
techniques ensure that display events reliably complete on the client so that packet
captures from network monitoring provide an accurate measure of system perfor-
mance. Ensuring that all clients display all visual components in the same sequence
provides a common foundation for making comparisons among thin-client systems.
Second, the techniques do not require any invasive modification of thin-client sys-
tems. As a result, we are able obtain our results without imposing any additional
performance overhead on the systems measured. More importantly, the techniques
make it possible for us to measure popular but proprietary thin-client systems, such
as those from Citrix and Microsoft. Third, by comparing performance in LAN and
WAN environments, we are able to isolate and analyze the impact of WAN effects
on thin client performance.

2.2 Experimental Testbed

Figure 1 shows our Internet2 testbed. The testbed consisted of two pairs of thin
client/server systems, a packet monitor machine, and a web server used for testing
web applications. The features of each system are summarized in Table II. To
ensure a level playing field, where possible we used the same hardware for all of our
tests; the only change we made to our configuration was for testing the Sun Ray
platform, which runs only on Sun machines. The machines were logically grouped
into West and East sites separated by a network, with the thin servers located at
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Table II. Testbed machine configurations

Role / Model Hardware OS / Window System Software

PC Thin Client 450 MHz Intel PII MS Win 2000 Professional Citrix ICA Win32 Client
Micron Client Pro 128 MB RAM Caldera OpenLinux 2.4 MS RDP5 Client

(East site) 14.6 GB Disk XFree86 3.3.6 VNC Win32 3.3.3r7 Client

10/100BaseT NIC KDE 1.1.2 Tarantella Win32 Client
Netscape Communicator 4.72
Sun Thin Client 100 MHz Sun uSPARC Ilep | Sun Ray OS N/A

Sun Ray I
(East site)

8 MB RAM
10/100BaseT NIC

Packet Monitor
Micron Client Pro
(East site)

450 MHz Intel PII
128 MB RAM
14.6 GB Disk
10/100BaseT NIC

MS Win 2000 Professional

WildPackets’ Etherpeek 4

Benchmark Server
Micron Client Pro
(East site)

450 MHz Intel PII
128 MB RAM
14.6 GB Disk
10/100BaseT NIC

MS Win NT 4.0 Server SP6a

Ziff-Davis i-Bench 1.5
MS Internet Information Server

PC Thin Server
Hi-Tech USA
(West site)

2 500 MHz Intel PIII
160 MB RAM

22 GB Disk
10/100BaseT NIC

MS Win 2000 Advanced Server
Caldera OpenLinux 2.4
XFree86 3.3.6

KDE 1.1.2

Citrix MetaFrame 1.8

MS Win 2000 Terminal Services
AT&T VNC 3.3.3r7 for Win32
Tarantella Express

AT&T VNC 3.3.3r2 for Linux
Netscape Communicator 4.72

Sun Thin Server
Sun Ultra-10 Creator 3D
(West site)

333 MHz UltraSPARC IIi
384 MB RAM

9 GB Disk

2 10/100BaseT NICs

Sun Solaris 7 Generic 106541-08
OpenWindows 3.6.1
CDE 1.3.5

Sun Ray Server 1.2_10.d Beta
Netscape Communicator 4.72

Network Simulator
Micron Client Pro
(simulator
testbed)

450 MHz Intel PII
128 MB RAM

14.6 GB Disk

2 10/100BaseT NICs

MS Win NT 4.0 Server SP6a

Shunra Software The Cloud 1.1
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Fig. 1. Experimental testbed

the West site and the remaining three machines located at the East site. For the
Internet2 experiments, we located the West and East sites on opposite coasts of the
United States at Stanford University and Columbia University, respectively. We
selected sites that were geographically far apart as a measure of the limits of using
thin-client computing in wide-area environments.

The East site consisted of a PC thin client, a Sun Ray thin client, a packet mon-
itor machine, and a benchmark server. The packet monitor machine was dedicated
to running Etherpeek 4 [WildPackets, Inc. |, a software packet monitor that times-
tamps and records all packet traffic visible by the machine. Except for the Sun Ray
thin client, all other East site machines were Micron Client Pro PCs, each with a
450 MHz Pentium IT CPU, 128 MB RAM, and 14.6 GB disk. The Sun Ray client
was considerably less powerful than the PC client, with only a 100 MHz uSPARC
CPU and 8 MB of RAM. The West site consisted of a PC server and a Sun server.
The PC server was a Hi-Tech USA PC with dual 500 MHz Pentium IIT CPUs, 160
MB RAM, and 22 GB disk. The Sun server was an Ultra-10 Creator 3D with a
333 MHz UltraSPARC I1i, 384 MB RAM, and 9 GB hard disk. All machines had
10/100BaseT NICs. As discussed in Section 3.2, the slower Sun client and server
hardware did not affect the lessons derived from our experiments.

For the Internet2 experiments, the East and West sites were connected by the
Abilene Internet 2 backbone, an OC-48 operating at 2.5 Gbps, typically very lightly
loaded with line utilization usually below 10% on any given link of the backbone
[The Trustees of Indiana University ]. A total of 14 hops separate the machines at
the East site from those at the West site. The East site is three hops away from
a network provider that connects to the Abilene Internet2 backbone via an OC-12
(622 Mbps), with all links being OC-3 (155 Mbps) or greater. The West site is three
hops away from a GigaPOP that connects to the Abilene Internet2 backbone via an
OC-12, with all links being OC-3 (155 Mbps) or greater. The machines at each site
are connected to a 100Base-T hub which is uplinked to the respective core networks
via 100Base-T full-duplex switches. Since the minimum available bandwidth along
any edge of the network was 100 Mbps, the theoretical maximum bandwidth of
our connection was 100 Mbps. Based on our own measurements and a month of
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sampled data obtained by the National Laboratory for Applied Network Research
(NLANR), ping results have shown the mean round trip time (RTT) latency to be
approximately 66.35 ms with a standard deviation of 4.52 ms and a minimum RTT
of 64 ms [National Laboratory for Applied Network Research a; b]. The measured
percentage packet loss over this Internet2 connection was less than 0.05%.

Because all of the thin-client systems tested, except for Sun Ray, used TCP as the
underlying network transport protocol, we were careful to consider the impact of
TCP window sizing on performance. TCP windows should be adjusted to at least
the bandwidth delay product size to maximize bandwidth utilization [Mahdavi |
shown in Equation 1.

minimum TCP Window = bandwidth x RTT (1)

Otherwise, the effective bandwidth available can be severely limited because the
largest amount of data that can be in transit without acknowledgement is the TCP
window size being used. When at the default window size of 16 KB under Windows
[Microsoft Corporation | and at our average RTT latency of 66 ms, there is a max-
imum theoretical bandwidth availability of only 1.9 Mbps. By applying Equation
1, one can see with an RT'T latency of 66 ms, the optimal TCP window size is 825
KB in order to take full advantage of the 100 Mbps Internet2 network bandwidth
capacity available. Because of this, we decided to test with the operating system
defaults as well as a high network latency optimized large TCP window setting. To
make things simple and ensure that the window size was large enough even if the
network latency increased, a large TCP window size of 1 MB was used. After mak-
ing this optimization, iperf [Tirumala and Ferguson | was used to determine that
the actual bandwidth available to us over Internet2 was approximately 45 Mbps.

To verify our results in a more controlled network environment and to provide
a basis for comparison, we also constructed a local isolated testbed for comparison
purposes, also shown in Figure 1. The local testbed structure was similar to the
Internet2 testbed, except that a network simulator was used instead of Internet2
for the network connection between the East and West site. The network sim-
ulator used was a Micron Client Pro PC with two 100BaseT NICs running The
Cloud [Shunra Software ], a network simulator that has the ability to adjust the
bandwidth, latency, and packet loss rate between the East and West sites. We
used the local testbed in two ways. First, we used the local testbed network as
a 100 Mbps low latency LAN testbed environment to allow us to compare thin
client performance over Internet2 versus a LAN environment. Second, we adjusted
the local testbed network characteristics to match the measured characteristics of
the Internet2 testbed so that we could verify our Internet2 testbed measurements
in a more controlled network environment. All platforms were evaluated in both
Internet2 and the simulated Internet2 testbed except for Sun Ray, which was only
evaluated in the simulated Internet2 testbed due to the difficulty of configuring its
dynamic authentication over Internet2. There was no significant difference in our
measurements in this simulated Internet2 testbed compared to our measurements
during periods of light network load over Internet2. We therefore assume that Sun
Ray would also have no significant performance difference between the two testing
environments.

To minimize application environment differences, we used common thin-client
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Fig. 2. Application benchmarks

configuration options and common applications across all platforms whenever pos-
sible. Where it was not possible to configure all the platforms in the same way, we
generally used default settings for the platforms in question. In particular, unless
otherwise stated, the video resolution of the client was set to 1024x768 resolution,
compression and memory caching were left on for those platforms that used it, and
disk caching was turned off by default in those platforms that supported it. We
tested each at the maximum supported color depths: ICA, RDP, and AIP at 8-bit
color and Sun Ray, X, and VNC at 24-bit color. In order to compare 24-bit plat-
forms with platforms that only supported 8-bit color, we also tested X and VNC
at 8-bit. Sun Ray does not support 8-bit color, therefore was only tested at 24-bit
color. A study on the impact of caching on thin-client systems in WAN environ-
ments is beyond the scope of this paper. For an analysis of caching on thin-client
systems in LAN environments, see [Yang et al. 2002]. For each thin-client system,
we used the server operating system that delivered the best performance for the
given system; Terminal Services only runs on Windows, Citrix ran best on Win-
dows, Tarantella, VNC, and X ran best on UNIX/Linux, and Sun Ray only runs
on Solaris.

2.3 Application Benchmarks

To measure the performance of the thin-client platforms, we used three application
benchmarks: a latency benchmark for measuring response time, a web benchmark
for measuring web browsing performance, and a video benchmark for measuring
video playback performance. Figure 2 shows screenshots of these three benchmarks
in operation. The latency benchmark was used as a micro-benchmark to measure
simple operations while the web and video benchmarks were used to provide a
more realistic measure of real application performance. We describe each of these
benchmarks in further detail below. In particular, the web and video benchmarks
were used with the slow-motion benchmarking technique described in Section 2.1
to measure thin client performance effectively.

2.3.1 Latency Benchmark. The latency benchmark used was a small Java applet
that permitted us to run five separate tests:

—Letter: a character typing operation that took a single keystroke as input and
responded by displaying a 12-point capital letter A’ in sans serif font.
—Scroll: a text scrolling operation that involved scrolling down a page containing
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450 words in 58 lines in 12-point sans serif font, with 14 of the lines displayed in
a 320x240 pixel area at any one time.

—Fill: a screen filling operation in which the system would respond to a mouse
click by filling a 320x240 pixel area with the color red.

—Red Bitmap: a bitmap download operation in which the system would respond
to a mouse click by displaying a 1.78 KB JPEG red bitmap at 320x240 pixels in
size.

—Image: an image download operation in which the system would respond to a
mouse click by displaying a 15.5 KB JPEG image at 320x240 pixels in size.

For our experiments, we measured the latency of each test from the time of user
input until the time that the client receives the last screen update from the server.
This time is measured using packet trace data collected by the packet monitor.
The time is calculated as the difference between the timestamp of the first client-to-
server packet and the timestamp of the last server-to-client packet for the respective
test.

2.3.2 Web Benchmark. The web benchmark we used was based on the Web
Text Page Load test from the Ziff-Davis i-Bench benchmark suite [Ziff-Davis, Inc.
]. The original i-Bench web benchmark is a JavaScript-controlled load of a sequence
of 54 web pages from the web benchmark server. Normally, as each page downloads,
a small script contained in each page starts off the subsequent download. The pages
contain both text and bitmap graphics, with some pages containing more text while
others contain more graphics. The JavaScript cycles through the page loads twice,
resulting in a total of 108 web pages being downloaded during this test. When the
benchmark is run from a thin client, the thin server would execute the JavaScript
that sequentially requests the test pages from the i-Bench server and relay the
display information to the thin client.

For the web benchmark used in our tests, we modified the original i-Bench bench-
mark for slow-motion benchmarking by introducing delays of several seconds be-
tween pages using the JavaScript, sufficient in each case to ensure that the thin
client received and displayed each page completely and there was no temporal over-
lap in transferring the data belonging to two consecutive pages. We used the packet
monitor to record the packet traffic for each page, and then used the timestamps of
the first and last packet associated with each page to determine the download time
for each page. We used Netscape Navigator 4.72 to execute the web benchmark, as
it is available on all the platforms in question. The browser’s memory cache and
disk cache were enabled but cleared before each test run. In all cases, the Netscape
browser window was 1024x768 in size, so the region being updated was the same
on each system.

Introducing delays between the web pages does qualitatively change the behavior
of the benchmark from one that downloads a scripted sequence of web pages in
rapid succession with no delays to one that has delays between the pages that
are longer than the page downloads themselves. However, we argue that the slow-
motion version of this benchmark is more representative of real-world web browsing
because real users do not simply download pages one after another without pausing.
Instead, users need time to read and digest the content available on those pages,
and the user time required to do so is typically much longer than the web page
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download times. As a result, the slow-motion web benchmark not only provides a
better basis for measuring thin-client performance, it also provides a more realistic
measure of web browsing performance.

2.3.3 Video Benchmark. The video benchmark used processes and displays an
MPEGI1 video file containing a mix of news and entertainment programming. The
video is a 34.75 second clip that consists of 834 352x240 pixel frames with an
ideal frame rate of 24 frames/sec. The total size of the video file is 5.11 MB. The
thin server executed the video playback program to decode the MPEGI video then
relayed the resulting display to the thin client. In systems which have a lazy screen
update mechanism, acting as frame buffer scrapers, frames that are drawn to the
virtual framebuffer on the server between screen update requests are simply not
relayed to the client. In systems which have an eager update mechanism where
the display updates are encoded and sent at the time the server window system
command occurs, the video application measures the time differential between the
time the frame update was issued and completed. If the time differential is too
great, the application then drops the intermediate frames to compensate.

Because of this behavior, we measured video performance using slow-motion
benchmarking by monitoring resulting packet traffic at two playback rates, 1 frames/second
(fps) and 24 fps. Although no user would want to play video at 1 fps, we took the
measurement at that frame rate to ensure all data packet from the thin server to the
client were recorded in order to establish the reference data size transferred from
the thin server to the client that corresponds to a “perfect” playback. To measure
the normal 24 fps playback performance and video quality, we monitored the packet
traffic delivered to the thin client at the normal playback rate and compared the
total data transferred to the reference data size. This ratio multiplied by 24 fps
would yield the real effective frame rate of the playback [Nieh et al. 2003]. This
results in the Video Quality equation shown in Equation 2.

DataTrans ferred(24fps)/PlaybackTime(24fps)
Ideal FPS(24fps)

DataTransferred(1fps)/PlaybackTime(1fps) (2>
Ideal FPS(1fps)

Video Quality = (

For the video benchmark, we used two different players capable of playing MPEG1
files. We used Microsoft Windows Media Player version 6.4.09.1109 for the Windows-
based thin clients and MpegTV version 1.1 for the Unix-based thin clients. Both
players were used with non-video components minimized so that the appearance of
the video application was similar across all platforms.

Introducing delays between the video frames does qualitatively change the behav-
ior of the benchmark from one that plays video in a normal way that users watch
to a slow-motion version that no user watch in practice. However, the slow-motion
video benchmark here is used only to provide additional information regarding the
performance of the standard video benchmark. The additional information pro-
vided is a measure of how much video data is discarded and never displayed on the
client. In this case, the qualitatively different behavior of the slow-motion video
benchmark versus the standard version is inherently necessary to obtain useful
additional information to provide a better overall measure of video performance.
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