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Abstract. Web server programs are one of the most popular computer
applications in existence today. Our goal is to study the behavior of
modern Web server application programs to understand how they in-
teract with the underlying Web server, hardware and operating system
environment. We monitor and evaluate the performance of a Sun Ul-
traSPARC system using hardware performance counters for different
workloads. Our workloads include static requests (for HTML files and
images) as well as dynamic requests in the form of CGI (Common Gate-
way Interface) scripts and Servlets. Our studies show that the dynamic
workloads have CPIs (Cycles Per Instruction) approximately 20% higher
than the static workloads. The major factors that we could attribute to
this were higher instruction and data cache miss rates compared to the
static workloads, and high external (L2) cache misses.

1 Introduction

In the past few years the World Wide Web [1] has experienced phenomenal
growth. Not only are millions browsing the Web, but hundreds of new Web
sites are added each day. Yet, despite the increasing number of Web servers
in use, little is known about their performance characteristics. Increasing Web
server performance means reducing the response time to service a request. This
depends on a lot of factors involving the underlying hardware, server software,
the interaction between the software and hardware, and the characteristics of
the workload. Previous research in Web server performance [2] suggests better
hardware system performance to be the most obvious way of improving Web
server performance.

Previous studies have shown that Web servers spend around 85% of their
cycles executing OS code [3], as compared to 9% by the SPEC95 suite [4]. This
suggests that Web server software may well exhibit significantly different charac-
teristics from standard benchmarks like SPEC95 [5]. This, in turn, raises ques-
tions about performance of Web servers on current microarchitectures, since
many of the recent innovations in microarchitecture have been justified on the
basis of increasing SPEC95 performance. Therefore it is important to under-
stand the behavior of modern superscalar processors when running Web server
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workloads. These studies can lead to improved Web server performance by pro-
viding insights about microarchitectural design changes or making modifications
in server software (to better utilize the hardware resources). Previous research
has shown that CPU and memory can form a bottleneck for a heavily loaded
server system [6]. However, microarchitectural studies based on Web workloads
have not been previously done, to identify the exact nature of these bottlenecks.
Efforts have been made to identify the impact of secondary cache size on the
performance of the server, however this study was based on static workloads [7].

In this paper, we study the behavior of a popular Web server running on
a modern superscalar machine to understand the interaction between the Web
server software and hardware. First, we compare Web server performance for
static and dynamic workloads. Dynamic requests are excluded in current Web
server benchmarks [8] [9] [10], making these benchmarks less representative of
real-world workloads. We include dynamic requests in our studies to model a
real-world workload. Second, we characterize the performance of a modern su-
perscalar machine while running Web workloads. Previous studies on processor
characterization have used technical and commercial workloads, however studies
based on Web workloads are lacking.

The remainder of this paper is organized as follows. In the next section we
give a brief description of the operation of Web servers. In Section 3, we describe
the characteristics of our experimental environment including the key features
of the UltraSPARC microarchitecture. We define the metrics of interest in our
study and justify our choices in Section 4. We also present our data and analysis
in Section 4. We suggest some future work and conclude the paper in Section 5.

2 Background

The World Wide Web (WWW) [1] is a distributed hypertext based informa-
tion system developed at CERN based on the client-server model. The client
forwards the request to the appropriate Web server, which responds with the
required information. Till a few years ago, all requests made by the client were
static in nature. The function of the server was to load the appropriate file
and send it to the client. However, the functionality of current servers has been
extended to incorporate dynamic requests, i.e. the server can generate data or
information based on the contents of the request. This is possible by running
CGI [11] programs or Servlets [12] on the server machine to generate results,
which are then sent to the client. To process a dynamic request using CGI the
server starts a process upon receiving the request from the client. The process
can be a script file, an executable or any number of such processes depending
on the request. Thus, CGI enables the server to create information on the fly,
which is sent back to the client. CGI programs are executed in real time, to
output dynamic information. Servlets are the Java equivalent of CGI programs.
To output dynamic information, the server executes Java programs which are
run on the JVM (Java Virtual Machine). Upon receiving a request from the
client the server invokes the JVM to run Servlets and the generated information
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is sent back to the client. Although dynamic capabilities add to a Web server’s
overall capability, there is additional processing involved in the creation of a new
process and the subsequent interprocess communication generated.

3 Experimental Setup

3.1 The UltraSPARC-II Microarchitecture

The hardware platform used to characterize the web server running in a UNIX
environment was the UltraSPARC-II. We give a summary of the UltraSPARC-II
architecture in Table 1. The UltraSPARC-II is a high-performance, superscalar
processor implementing a 64-bit RISC architecture [13]. It is capable of sustain-
ing the execution of up to four instructions per cycle. This is supported by a
decoupled prefetch and dispatch unit with an instruction buffer. Instructions pre-
dicted to be executed are issued in program order to multiple functional units
and are executed in parallel. Limited out of order execution is supported for
these predictively-issued instructions. Long latency floating point and graphic
instructions may complete out of order with respect to independent instructions.

Table 1. The UltraSPARC-II Processor Characteristics

UltraSPARC System

Model Sun Ultra5 (SPARC station 5)

Processor UltraSPARC-II

Memory Size 128 MB

Cache Split Instruction and Data Cache
16KB, 2-way set associative I Cache

32 byte line size
16KB direct-mapped D Cache, write-through

16-byte sub-blocks per cache line
Unified External Cache (Level 2 or L2)

Instruction Issue Execution of up to 4 instructions per cycle

Instruction Completion Limited out of order execution

Branch Prediction Dynamic branch prediction scheme implemented
in hardware, based on two-bit history

3.2 Software Environment and Web Server Engine

The main Web server engine used in our study is Apache 1.3.0 [14] [15]. The
Apache Web server is widely used, has good performance and is non-proprietary.
Apache has built-in capability for handling CGI requests, and can be extended
to run Servlets using third-party modules. Apache was run on an UltraSPARC-II
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and measurements were made using the performance counters that are provided
in the processor. We use the Solaris 2.6 Operating System as the software plat-
form to run the server program. In addition to Apache, we use the web server en-
gine servletrunner provided with JSDK 2.0. to handle requests for Java Servlets.
The JVM that executes the Servlets is the Sun JDK 1.1.6.

The static workload consisted of requests made for an HTML page containing
text and a request for an image (GIF file). The dynamic requests consisted of a
call to an executable invoked through a CGI [11] interface. A request made for a
Java Servlet [12] and formed the other half of the dynamic workload. A dummy

Table 2. Details of the requests made to the server

Web Server Engine Requested File Nature of request File size

Apache 3.0 index.html static 1622 bytes
Apache 3.0 apache pb.gif static 2326 bytes
Apache 3.0 printenv dynamic 126 bytes
JSDK 2.0 SnoopServlet.class dynamic 1107 bytes

client, running on the same machine as the server, makes the appropriate client
requests. This would minimize any latencies that occur on the network. Since we
can specify which processes we want to monitor, we only gather data for the web
server daemons and the data collected is minimally affected by the client pro-
gram. The machine is used exclusively to run the aforementioned experiments,
minimizing interference from other processes. The static workload is formed by
repeatedly requesting index.html, an HTML document, and apache pb.gif, a GIF
image. The Perl executable printenv, which is invoked using a CGI interface and
SnoopServlet.class, a Java class file, form the dynamic workload. The details of
the different requests made by the dummy client are given in Table 2.

The client program would establish a connection and make 20 requests. A
series of such runs are made in order to keep the server busy and heavily loaded.
This particular methodology is obviously contrived, but it is simple enough to
repeat extensively and serves as a starting point for characterizing how emerging
web applications behave.

4 Performance Evaluation

The on-chip counters were accessed using the Perf-Monitor [16] package and
used to gather statistics to understand the performance of the Web server while
servicing different requests. A description of the measurable events and the per-
formance counters can be obtained from the UltraSPARC-II manual [17]. The
interesting statistics obtained and our observations based on the data collected
are described in this Section.
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4.1 Performance of Different Workloads

Table 3 presents the instruction count, cycles executed and CPI (Cycles Per
Instruction) for the different workloads. The first interesting observation from
Table 3 is that the number of instructions executed are comparable for CGI
and static workloads. Even though the server has to create separate processes
to handle the dynamic requests, we see that the instruction count is higher for
Servlets compared to CGI. This is because the server will invoke the JVM to run
the Servlet class file. This causes additional instructions being executed and is
reflected in the instruction count. As expected, the CPI is higher while executing

Table 3. Instruction count, cycles executed and CPI for static and dynamic
workloads

Static workload Instr Cycles CPI

index(system) 152159904 327325408 2.15
index(user) 11424319 23748612 2.07
index(both) 159348832 350395584 2.13

gif(system) 208139824 433525344 2.08
gif(user) 10934707 21821480 1.88
gif(both) 207659920 442459808 2.04

Dynamic workload Instr Cycles CPI

cgi(system) 141329088 399676160 2.82
cgi(user) 30277060 80925312 2.67
cgi(both) 178319120 482511360 2.70

servlet(system) 151229216 424606304 2.80
servlet(user) 140923376 271369728 1.92
servlet(both) 287816608 686206592 2.38

dynamic requests. This is because new processes have to be created, resulting in
context switches and additional overhead. The overhead for creating new pro-
cesses and calling across these process boundaries deteriorates the performance.
This effect is seen in the case of a CGI request, where the CPI is much higher
than the static workload although the instructions executed are comparable. In
the case of Java Servlets, the CPI is higher than the static workload. However,
since the Web server engine used to run this workload, servletrunner, is written
in Java, it runs the Servlet on the JVM. A higher CPI is observed because the
Java environment is interpreted, leading to poor performance as compared to
running compiled scripts. Also, servletrunner is not a commercial server and its
purpose is only to test Servlets before they are deployed in a Web server. Hence,
it is not optimized for performance, which is another reason contributing to its
high CPI.

Another observation from Table 3 is that a high percentage of cycles are
spent in the system mode as compared to the user mode. It is seen that index
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and cgi spend more than 80% of cycles executing system code. For Servlets the
percentage of cycles spent in system code is lower (around 61%), but is still
significant compared to other standard benchmark programs used for measuring
system performance.

4.2 Analysis of Pipeline Stalls and Cache Misses

We use the performance counters to measure pipeline stalls and cache misses,
which could be factors leading to the higher CPI observed for the server while
running the dynamic workload.
Cache Performance Instruction cache misses, data cache misses and external
(L2) cache misses were calculated of the different workloads were calculated, and
were observed to correspond with the CPI calculated. Figure 1 gives miss rates
that were observed for all the three caches. The miss rates for the external cache
were similar for the different workloads, with the exception of Servlets which
showed a lower external cache miss rate.

(i) I-Cache (ii) D-Cache (iii) E-Cache

Fig. 1. Miss rates for instruction, data and external (Level2) caches

Static workloads were observed to have lower miss rates in both the instruc-
tion and data cache, as compared to dynamic workloads. Since the dynamic
workloads spawn a new process for handling the request, it brings a new work-
ing set into the instruction cache, resulting in higher miss rates. The miss rates
for instruction and data caches are higher by a factor of 4 for the dynamic work-
load, contributing to the higher CPI. The higher cache miss rates seen for the
dynamic workload, leads to higher pipeline stalls for the dynamic workload, as
seen in the next section.
Pipeline stalls Table 4 gives details about the stalls that occurred in the pro-
cessor pipeline due to store buffer full conditions, data waiting and stalls in the
instruction buffer. The table lists the percentage of total clock cycles that the
flag associated with a stall was seen to be true. From this we can estimate the
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total number of stalls that were caused by each of the different factors. The
various stalls are defined as follows:

– I-Buffer Stalls: This is further divided into stalls due to IC miss and
branch.
IC miss: lists the percentage of cycles that the I-buffer is empty from an
I-Cache miss. This also includes E-Cache miss processing if an E-Cache miss
also occurs.
branch stalls: lists the percentage of cycles the I-buffer is empty from
branch misprediction. Since branch misprediction invalidates any instruction
issued after the current instruction, the total number of pipeline bubbles is
approximately twice as big as measured from this count.

– Store buffer full: This column gives the percentage of cycles that the
first instruction in the group is a store, and the Store buffer can not hold
additional stores.

– Load Stall: This is the percentage of cycles that an instruction in the
execute depends on an earlier load result that is not yet available.

– Load RAW: This gives the percentage of cycles that there is a load in the
execute stage and there is a read-after-write hazard on the oldest outstanding
load. This basically means that the load data is being delayed by completion
of an earlier store.

Instruction buffer and store buffer stalls cause the processor to stall in the
dispatch stage of the pipeline. The static workload shows lower instruction buffer
stalls due to an IC miss, as compared to the dynamic workload. However, instruc-
tion buffer stalls caused by branch misprediction is higher for static workloads as
compared to the dynamic workload. The branch stalls are least for the Servlet,
which runs in an interpreted environment and therefore shows better branch
behavior.

Stalls in the dispatch stage of the pipeline due to store buffer full conditions
were higher by a factor of approximately 5 times for dynamic workloads. Sim-
ilarly a higher percentage of stalls were observed in the execute and grouping
stages of the pipeline for dynamic workloads. These stalls are caused by the
processor not being able to execute an instruction because it is waiting for data
from a previous load instruction. Load stalls are seen to be high for both static
and dynamic workloads.

I-Buffer stalls due to I-Cache misses and stalls due to D-Cache misses con-
tribute to more than 45% of all the stalls in the dynamic workloads. Stalls in the
static workload is dominated by branch related I-Buffer stalls and stalls for data
(load miss) which together account for more than 75% of all the stalls. Since
many of these stalls can overlap, it is extremely difficult to precisely correlate
the various stalls with the observed CPI.

5 Conclusions

We studied the behavior of a modern Web server to understand the interaction
with the underlying hardware and operating system. We used hardware perfor-
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Table 4. Breakdown of stalls in the processor (% of Total cycles)

Different I-Buffer Stalls Store buffer Load Load
Workloads IC miss branch full Stall RAW

index 8.64 10.72 0.62 16.09 0.65

gif 6.91 13.12 0.49 19.02 0.49

cgi 17.98 6.76 2.47 22.70 1.10

servlet 17.77 5.89 2.97 20.77 0.94

mance counters on the UltraSPARC-II to monitor performance. The behavior
of the server program was characterized while servicing static and dynamic re-
quests. The major observations are as follows:

– It was found that the additional functionality required by the dynamic re-
quests (in the form of process creation and inter-process communication)
causes the dynamic workload to have a higher CPI. The CPI for dynamic
workloads was approximately 20% higher than the static workloads. A strong
correlation was observed between the cache miss rates and processor stalls
to the measured CPI.

– Dynamic workloads resulted in higher cache misses as compared to the static
workloads. The I-Cache misses for static workloads ranged from 1.3% to
1.6%. The I-Cache misses for the dynamic workloads were higher, ranging
from 3.6% to 4.5%. We see a similar observation for D-Cache misses also,
2.5% to 4% was the miss rate observed for the static workloads and the
dynamic workloads had a higher miss rate of 10% to 14.2%. The cache miss
rates are higher for dynamic workloads, since creation of additional processes
to service the request brings in a new working set into the cache.

– I-Buffer stalls due to I-Cache misses and stalls due to D-Cache misses con-
tribute to more than 45% of the stalls in the dynamic workloads. Stalls in
the static workload is mainly dominated by branch related I-Buffer stalls
and stalls for data (load miss) which together account for more than 75% of
the stalls.

The server code was seen to spend more than 80% of its cycles executing
system code. Benchmark suites like SPEC95 are seen to spend less than 10% of
cycles executing system code, hence further studies on modern processor charac-
terization using Web workloads is a significant research area. Including dynamic
requests to existing benchmarks is important to model real-world workloads ac-
curately. Further studies on Web workload characterization, taking into account
the emerging technologies, is needed to create better benchmarks.
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