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Abstract

Adequately setting up a multi-threaded web server is a

challenging task because its performance is determined by

a combination of configurable web server parameters and

unsteady external factors like the workload type, workload

intensity and machine resources available. Usually admin-

istrators set up web server parameters like the keep-alive

timeout and number of worker threads based on their expe-

rience and judgment, expecting that this configuration will

perform well for the guessed uncontrollable factors. The

nontrivial interaction between the configuration parameters

of a multi-threaded web server makes it a hard task to prop-

erly tune it for a given workload, but the burst nature of

the Internet quickly change the uncontrollable factors and

make it impossible to obtain an optimal configuration that

will always perform well.

In this paper we show the complexity of optimally config-

uring a multi-threaded web server for different workloads

with an exhaustive study of the interactions between the

keep-alive timeout and the number of worker threads for

a wide range of workloads. We also analyze the Hybrid

web server architecture (multi-threaded and event-driven)

as a feasible solution to simplify web server tuning and ob-

tain the best performance for a wide range of workloads

that can dynamically change in intensity and type. Finally,

we compare the performance of the optimally tuned multi-

threaded web server and the hybrid web server with dif-

ferent workloads to validate our assertions. We conclude

from our study that the hybrid architecture clearly outper-

forms the multi-threaded one, not only in terms of perfor-

mance, but also in terms of its tuning complexity and its

adaptability over different workload types. In fact, from the

obtained results, we expect that the hybrid architecture is

well suited to simplify the self configuration of complex ap-

plication servers.

1. Introduction

The complexity and requirements of current web appli-

cations has grown quickly in the last years. To accommo-

date that, the traditional web server which only returned

static pages has evolved into an application server with a

large number of functionalities and components. Strong ex-

ponents of this trend are the J2EE and .Net frameworks,

which provide all the functionalities needed by a modern

application; from security and reliability to database access.

The down side of this evolution is that the complexity of

configuring and managing these middleware (web server,

application server, database ...) has grown remarkably. The

objective of this paper is to present an alternative to the

common multi-threaded architecture in this complex envi-

ronment, with the aim of reducing the configuration and

tuning complexity, as well as, improving the performance

of the web servers under a wide range of realistic workload

conditions.

The first contribution of the paper is a detailed descrip-

tion of how the interaction between the key configuration

parameters of a multi-threaded web server and the work-

load characteristics affects the server’s performance. From

this knowledge a heuristic to determine the optimal con-

figuration parameters for the multi-threaded architecture is

devised. The second contribution of the paper is the demon-

stration that using a hybrid architecture is able to lead to

an extreme reduction in the complexity of setting up a web

server as well as a remarkable isolation of the server’s per-

formance from changes in the workload intensity and type,

which turns the optimal configuration of the server into a

nearly trivial task. Finally, we compare the raw perfor-

mance of the tuned multi-threaded architecture vs. the hy-

brid one for three different application workloads.

The problem of configuring and tuning web servers and

complex application server systems has been previously

studied in literature. In [11] an analytical model is devel-

oped to provide a rigorous analysis of the effects of con-

currency on web server performance. In [18] the authors

formulate the problem of finding an optimal configuration



for a given application as a black-box optimization prob-

lem. [16] provides an ad-hoc experimental methodology

based on statistical techniques to identify key configuration

parameters that have a strong impact on application server

performance. Their results show that the number of threads

and the value of the keep-alive timeout, are not only the key

parameters of a web server, but also of great influence in

the whole application server’s performance. [15] presents

an experimental methodology that randomly explores the

configuration space of an application server and infers use-

ful information based on multiple regression techniques. In

[13] an algorithm to reduce the measurament time needed

to explore a large configuration space and find a nearly best

configuration of a web server is proposed. A interesting

framework to automate the generation of configurations and

tuning parameters for clusters of web servers is proposed in

[19]. The focus of this work is the elimination of parame-

ters misconfigurations when there ara a cluster addition or

removals of web servers. This work also study the depen-

dencies between the tuning parameters of a servers. All of

the previous mentioned techniques provide good applica-

tion server configurations for a given application workload

but if a workload change occurs, the server may underper-

form due to the nature of the multi-threaded architecture.

[9] performs a fine-grained scalability analysis of a multi-

threaded web server, but it is manly focused on the impact

of security on web server performace.

In [12] and [8], dynamic feedback-control based tech-

niques are applied to optimize the number of threads and

the keep-alive timeout in order to satisfy a given CPU and

memory policy utilization. This approach can deal with

variations in workload intensity but is unable to adapt to

workload changes because it requires prior knowledge of

resources which may be the bottlenecks.

Our goal is to demonstrate that the hybrid architecture

can drastically reduce the configuration complexity of the

web tier for a wide range of application workloads. In con-

trast to the multi-threaded architecture, the hybrid architec-

ture can reduce the entire application server’s tuning com-

plexity and improve its adaptability to dynamic changes in

workload intensity and type. To accomplish this objective

we use a state of the art benchmark and an exhaustive ex-

perimental methodology to evaluate the behavior of a wide

range of web server configurations.

The rest of the paper is organized as follows: Section 2

introduces the main web server architectures. Section 3 de-

scribes the environment and software used to perform the

experimental tests. Section 4 presents the methodologies

used to find the optimal configuration for both server archi-

tectures. Section 5 compares the performance of the opti-

mally configured servers. Finally, section 6 draws the con-

clusions and explains the future work.

2. Web Server Architectures

There are multiple architectural options for a web server

design, which depend on the concurrency programming

model chosen for the implementation. The two major al-

ternatives are the multi-programmed model and the event-

driven model [14] [17], but a new hybrid model is gaining

momentum. Nowadays, popular multi-programmed web

servers like Apache HTTPD or Tomcat provide both multi-

threaded and hybrid model implementations.

The multi-programmed model has different names de-

pending on the execution abstraction used such as multi-

process or the multi-threaded mode. In this text, we use the

multi-threaded approach based on a pool of threads, that is

widely used on current web servers. In both event-driven

and multi-threaded models, the jobs to be performed by the

server are divided into work assignments that are each as-

sumed by a worker thread. If a multi-threaded model is

chosen, the unit of work that can be assigned to a worker

thread is a client connection. This is achieved by creating a

virtual association between the thread and the client connec-

tion and is not broken until the client closes the connection

or a keep-alive timeout expires. Alternatively, in an event

driven model the work assignment unit is a client request,

so there is no real association between a server thread and a

client.

The event-driven architecture is more efficient than the

multi-threaded one because it can serve a large number of

clients with a small number of threads due to its ability to

keep the clients’ connection open without requiring one ac-

tive thread for each connection. Despite this fact, the multi-

threaded architecture is the only one used in complex ap-

plications servers because it’s easier to implement and inte-

grate with legacy back-end servers that also follow a multi-

threaded design. In contrast, event-driven servers are usu-

ally utilized as high-performance web servers for static con-

tent. The Hybrid architecture [7] [3] [1] is an attempt to

provide the best of both the multi-threaded and event-driven

designs.

2.1. Multi-threaded Architecture

The multi-threaded programming model leads to a very

easy and natural way of programming a web server. The as-

sociation of each thread with a client connection results in

a comprehensive thread lifecycle, starting with the arrival

of a client connection request and finishing when the con-

nection is closed. This model is especially appropriate for

short-lived client connections with low inactivity periods,

which is the scenario created by the use of non persistent

HTTP/1.0 connections. A pure multi-threaded web server

architecture is generally composed by an acceptor thread

and one pool of worker threads. The acceptor thread is in



charge of accepting new incoming connections, after that

each established connection is assigned to one thread in the

workers pool, which will process all the requests issued by

the corresponding web client.

The introduction of connection persistence in the

HTTP/1.1 protocol, resulted in a dramatic performance im-

pact on existing multi-threaded web servers. Persistent con-

nections, which means connections that are kept alive by

the client between two successive HTTP requests and can

in turn be separated in time by several seconds of inactiv-

ity (think times), can cause many server threads to be re-

tained by clients even when no requests are being issued,

so the thread is kept in an idle state. The use of blocking

I/O operations on the sockets is the cause of this perfor-

mance degradation scenario. The situation can be solved by

increasing the number of threads available (which in turn

increases the chance of contention for shared resources in

the server which require exclusive access) or introducing an

inactivity timeout for established connections, which forces

a client’s connection to close when the keep-alive timeout

expires, with the consequent loss of the benefits of persis-

tenit connections.

From our experience and other works [16][8] the two

key parameters that determine the performance of a generic

multi-threaded web server are the number of worker threads

and the connection keep-alive timeout.

2.2. Event-driven Architecture

The event-driven architecture does not use blocking I/O

for the worker thread operations, thereby reducing the idle

times to a minimum because no I/O operations are per-

formed on a socket if no data is already available on it to

be read. The non blocking I/O operations are implemented

with select or poll system calls that allow the connections to

be kept open without the need of a dedicated thread for each

connection. With this model, maintaining a large number

of clients connected to the server does not represent a prob-

lem because one thread will never be blocked waiting for

a client’s request. This model detaches threads from client

connections, and only associates threads to client requests,

considering them an independent work unit. An example of

a web server based on this model is described in [14], and

a general evaluation of the architecture can be found in [6].

In an event driven architecture, one thread is in charge of

accepting new incoming connections. When the connection

is accepted, the corresponding socket channel is registered

with a channel selector, where another thread (the request

dispatcher) will wait for socket activity. Worker threads are

only woken when a client request is already available on the

socket. When the request is completely processed and the

reply has been successfully issued, the worker thread regis-

ters the socket channel with the selector again and is free to

be assigned to newly received client requests. This opera-

tion model avoids worker threads from being kept blocked

in socket read operations during client think times and elim-

inates the need of introducing connection inactivity time-

outs and their associated drawbacks. Additionally, as the

number of worker threads can be very low (one per CPU

should be enough) contention inside the web container is

reduced. On the other hand, the complexity of the event-

driven architecture is high and grows quickly when the web

server needs to support dynamic technologies, like JSP or

PHP, or needs to be integrated with back-end servers be-

cause the non-blocking nature of the worker threads do not

fit well with these approaches.

2.3. Hybrid Architecture

Hybrid architectures [7] [3] [1] can take benefit of the

strong points of both the architectures discussed; the multi-

threaded and the event driven. In a hybrid architecture,

the operation model of the event-driven architecture is used

for the assignment of client requests to worker threads (in-

stead of client connections) and the multi-threaded model

is used for the processing of client requests, where the

worker threads will perform blocking I/O operations when

required, but only when new data is available. This architec-

ture can be used to decouple the management of active con-

nections from the request processing and servicing activity

of the worker threads. With this, the web container logic

can be implemented following the natural multi-threaded

programming model and the management of connections

can be done with the highest performance possible, without

blocking I/O operations and therefore reaching a maximum

overlapping of the client think times with the processing of

requests. In this architecture the role of the acceptor thread,

as well as the request dispatcher role, is maintained from

the pure event-driven model, and the worker thread pool

(performing blocking I/O operations when necessary) is ob-

tained from the pure multi-threaded design. This makes it

possible for the hybrid model to avoid closing connections

to free worker threads (with the keep-alive timeout) without

renouncing the multi-threaded paradigm. In consequence,

the hybrid architecture makes a better use of the character-

istics introduced by the HTTP/1.1 protocol, such as connec-

tion persistence, avoiding dispensable client re-connections

with only a low number of threads.

3. Experimental Environment

We perform all the tuning and performance measure-

ments using the Tomcat web server and the SPECWeb2005

[5] benchmark. Tomcat is a popular web server that can

be run standalone or embedded inside a J2EE server like

JBoos or Geronimo. Like the Apache web server, Tomcat



is a modular web server that supports the multi-threaded

and the hybrid threading model, but does not support the

pure event-driven one because this threading model does

not fit well with the blocking semantics of the Servlet and

JSP technologies used to implement the SPECWeb2005 ap-

plications benchmark. Usually, event-driven web servers

are only used to serve static content, and redirect all the

dynamic requests to a multi-threaded web server, increas-

ing the configuration complexity of the system. Hence, the

evaluation of the event-driven architecture is not feasible in

the scope of this paper.

SPECWeb2005 is a standard benchmark composed of

three different application workloads. This benchmark

is divided into three logical components that run on dif-

ferent IBM servers interconnected by a gigabit Ethernet

switch. The first component is the distributed client emu-

lator that runs on a group of OpenPower 720 servers. The

second is the web server that runs on a JS21 blade with

two Power970MPs, 8GB of RAM and two 60GB SCSI

drives. Finally, the third component is the database em-

ulator (BESIM) that runs on an OpenPower 710. All the

machines run a 2.6 Linux system. In the next subsections,

the SPECweb2005 benchmark and Tomcat web server ar-

chitecture are detailed.

3.1. SPECWeb2005

The large differences in security requirements and dy-

namic content of various web server workload types mades

it impossible to synthesize into a single representative work-

load. For this reason SPECweb2005 [5] is composed of

three workload applications that attempt to represent three

different types of real world web applications.

The first is the Support workload, based on a web ap-

plication for downloading patches and tests the ability to

download large files over plain connections. The two prin-

cipal characteristics of the Support application are the use

of only plain connections and a large working set per client,

so the benchmark tends to be I/O disk intensive. The sec-

ond is the Banking workload that imitates an online banking

web application. The principal characteristic of the Banking

workload is the use of secure connections only, where all

the transmitted data is encrypted / decrypted, so the bench-

mark becomes CPU intensive. The last is the E-commerce

workload, based on an e-commerce web application. The

principal characteristic of the E-commerce application is the

mix of secure and plain connections to mimic the behavior

of real e-commerce sites. Usually a client navigates through

the application looking for a product over a plain connection

and when they find it, they change to a secure connection in

order to buy the product. The number of plain connections

is usually greater than the secure ones and the working set

per client is quite large, so the benchmark balances the CPU

and the I/O disk usage, but tends to be more CPU intensive.

The three workloads are based on requests for web pages

and involve running a dynamic script on the server end and

returning a dynamically created file, followed by requests

for embedded static files.

The benchmark client emulator is based on a number

of customers that concurrently navigate the application,

switching from active to passive states and vice versa. A

client in the active state performs one or more requests to

the web server to simulate user activity, whereas a client

in the passive state simulates a user think-time between ac-

tive states. The time spent in passive states (or think-times)

are distributed following a geometric distribution. For each

workload type a Markov Chain is defined to model the client

access pattern to the web application and a Zipf distribution

is used to access each web application’s working set.

SpecWeb2005 also has three other important features to

mimic a real environment. Firstly, it includes the use of

two connections for each client to perform parallel requests.

Secondly, it simulates browser caching effects by using If-

Modified-Since requests. Finally, the web server applica-

tion working set size is proportional to the number of clients

simulated.

3.2. Tomcat Web Server

Tomcat [4] is a stand-alone web server that supports

Servlets and JSP. The standard Tomcat web server is com-

posed of three major components: the Coyote connector, the

Catalina container and the Jasper JSP compiler. The Coy-

ote connector is in charge of accepting and managing the

clients’ connections and is implemented following a multi

threaded architecture. The Catalina container and Jasper

compiler share the multi-threaded architecture of Coyote

and provide the Servlet and JSP functionalities of the web

server. A remarkable fact is that the same threads that man-

age the connections and parse the HTTP requests on Coy-

ote also execute the code of the Catalina container and the

JSP compiler. In the next subsections, the three versions

of the Coyote connector currently available are described:

the original Coyote that implements a multi-threaded archi-

tecture and the Hybrid and APR versions that implement

the hybrid architecture. Each one of the connectors can be

configured to manage plain connections as well as secure

connections.

3.2.1 Multithreaded Connector

The original Tomcat implementation of the Coyote con-

nector follows a pure multi-threaded approach to manage

the client connections. For each incoming connection, one

thread is assigned to serve the requests until the client closes

it or a keep-alive timeout occurs. The two key configuration



parameters are the number of threads and the keep-alive

timeout value because both parameters determine the per-

formance of the web server [16][8]. Coyote implements a

best effort heuristic to avoid low performance due to mis-

configured keep-alive timeouts and number of threads pa-

rameters. This heuristic dynamically reduces the keep-alive

timeout when the worker threads get busy. We deactivate

this feature to be able to study the combined parameter ef-

fects on the studied metrics without interference. As we will

show later, this heuristic can not provide the best server per-

formance for any of the workload types studied because the

best configurations never have a short connection keep-alive

timeout.

3.2.2 Hybrid Connector

The Hybrid connector is a modification of the original

Coyote connector; although both connectors share most of

the code (like HTTP request parsing code or the pool of

threads). The Hybrid connector follows the architecture de-

sign explained in section 2.3. The implementation of the

hybrid connector is feasible thanks to the Non Blocking

I/O (NIO) API [10] that appeared in Java version 1.4, and

provides the select() call that permits the breaking of the

thread-per-connection paradigm of the multi-threaded ar-

chitecture. The Hybrid connector only has one configura-

tion parameter: the number of worker threads, because the

keep-alive timeout parameter is always set to infinite. For

a more detailed description of the Hybrid connector imple-

mentation refer to [7].

3.2.3 APR Connector

The APR and Hybrid connectors share the same hybrid ar-

chitecture concept. The major difference between both con-

nectors is that the Hybrid connector is based on the Java

NIO API, whereas the APR connector is based on the na-

tive Apache Portable Runtime [2] and uses it to perform

native select system calls, which are available in most oper-

ating systems. In the scope of this paper, we do not pretend

to evaluate the performance of the APR connector as it is

still under development. However, the preliminary tests of

the APR connector show a performance behavior similar to

the Hybrid connector and do not show any significant per-

formance improvements on our systems.

4. Methodology

In this section, we first explain the methodology used

to understand the effect of the hybrid and multi-threaded

configuration parameters on the performance for the three

studied workload types: Support, E-commerce and Bank-

ing. From this knowledge, we develop a heuristic to de-

termine the best configuration parameters for the two ar-

chitectures when given a workload type. To evaluate the

tested configurations of both architectures, we focus on the

throughput, response time and number of errors metrics

which are results provided by the SPECweb2005 bench-

mark. To find the best configuration, we also calculate the

throughput/response time metric, which shows the best con-

figuration of a group with similar throughput. Each standard

run of the Specweb2005 benchmark is composed of four

phases: a thread ramp-up of 3 minutes, a server warm-up of

5 minutes, a steady-state (when the statistics are gathered)

of 30 minutes and a thread ramp-down of 3 minutes.

4.1. Tuning the Multithreaded Architec-
ture

The multithreaded connector has two key parameters that

influence performance; the keep-alive timeout and the num-

ber of threads. The difficulty in understanding their impact

on performance is that their interaction also depends on the

application’s workload type. For this reason, for each work-

load type, we test a large number of combinations of both

parameters, which practically cover all the possible mean-

ingful configurations, using a constant workload intensity of

2000 concurrent clients. The plot of the data obtained pro-

duces four 3D graphics for each workload type. Figures 1,

2 and 3 show the obtained results for the Support, Banking

and E-commerce workload respectively. Notice that all the

3D graphics use a log scale on the three axis’. The search

space representing reasonable configurations for the three

workloads are the product of the keep-alive timeout and the

number of threads. The keep-alive timeout used in the tests

varies from 1s to 128s for the Support workload and from

1s to 256s for the Banking and E-commerce workload. In

both cases, the last value equals to an infinite timeout be-

cause on the Support workload the maximum client think

time allowed is 75s while in the E-commerce and Bank-

ing workload it is 150s. The range of the number of threads

used varies from 64 threads to 8192 threads. This includes a

reasonable minimum and a maximum that doubles the num-

ber of connections that Specweb2005 establishes with 2000

concurrent clients (since each clients establishes two con-

nections simultaneously, as browsers usually do with vis-

ited web servers). Examining the results of these tests, we

will determine the best multi-threaded architecture config-

uration (timeout and number of threads) for each workload

type. The optimal configuration of each workload will be

used to compare the performance between the two architec-

tures in section 5.

Support Workload

Figures 1a and 1d show that the best configuration for the

Support workload is obtained when the server has at least



(a) Throughput (b) Response Time

(c) Errors (d) Throughput / Response Time

Figure 1: Support Workload. Effect of Coyote Parameters. 2000 Concurrent Clients

(a) Throughput (b) Response Time

(c) Errors (d) Throughput / Response Time

Figure 2: Bank Workload. Effect of Coyote Parameters. 2000 Concurrent Clients



one thread to serve each incoming connection (4096 or

8192) and a keep-alive timeout of 128s, which is equivalent

to an infinite keep-alive timeout, meaning that the server

never closes connections to inactive clients. The configu-

rations with less than 512 threads, even with a low time-

out, have the worst results in terms of throughput and es-

pecially with response time as shown in figure 1b because

there is not a sufficient amount of available threads to serve

all the clients. With less than one thread per connection (in

this case less than 4000 threads because we have 2000 con-

current clients) a large timeout also reduces performance

and raises the response time. The number of errors shown

in figure 1c is always low for the optimal configuration of

one thread per connection and an infinite keep-alive time-

out. The number of errors metric accounts for connection

timeouts, bad requests and data integrity errors. Almost all

the errors in this benchmark are produced by connection

timeouts due to an improper server configuration.

These results show what a big impact mis-configured

parameters for a multi-threaded connector on the Support

workload performance can have. From the obtained results,

we can deduce that the best parameter configuration always

has an infinite keep alive timeout and one thread per client

connection.

Banking Workload

Figure 2a shows that there is no configuration with a keep-

alive timeout of 8s or less that performs well. This fact

is explained by the impact that re-connections have when

secure connections are used. The number of threads also

impacts the performance of the multi-threaded connector.

With connections of only one thread per client and a large

timeout the best results are obtained, but with more than

one thread per connection the performance of the multi-

threaded connector drops because thread contention effects

arise and the server is near its saturation point as we will

verify in the next section. The behavior of the Support and

Banking workloads are very different for the multi-threaded

connector because one is I/O intensive and the other CPU

intensive. However the best configuration is the same for

both workloads; one thread per connection and an infinite

keep-alive timeout. While in the first workload, as we can

see in figures 1a and 1a, an increment in the number of opti-

mal threads does not degrade the throughput or the response

time. In the second case, the increment produces a remark-

able reduction of the throughput and increases the response

time as we can see in figures 2a and 2b. This may be ex-

plained by the different bottlenecks that each workload type

hits; in the first, the disk bandwidth and in the second, the

CPU usage.

(a) Throughput

(b) Response Time

(c) Errors

(d) Throughput / Response Time

Figure 3: E-commerce Workload. Effect of Coyote Param-

eters. 2000 Concurrent Clients
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(b) Banking Workload
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(c) Ecommerce Workload

Figure 4: Multithreaded Connector. Optimal Worker

Threads Configuration

E-commerce Workload

Figure 3 shows the four metrics for the studied E-commerce

workload. We can deduce from these graphics, that the best

configurations are also obtained using an infinite timeout

and one thread per established connection. However the set

of configurations with one or more thread per connection

and a keep alive timeout of at least 64 seconds obtains an

equivalent performance. For this workload, as in the Sup-

port workload, when there is more than 512 threads we can

obtain pretty good performance with a small timeout, but

within this class of configurations we can also find some

configurations that reduce the performance. This type of

behavior makes it more difficult to predict the performance

of the multi-threaded architecture. Once again, we find that

the best configuration is one thread per connection and an

infinite keep-alive timeout.

Best Multithreaded Configuration

As we have seen in the last three sections, the best config-

uration for the multi-threaded connector is one thread per

connection for the three workloads. This result is only valid

for our systems because on other systems with more mem-

ory pressure or application contention, it can harm a con-

figuration when it has a high number of threads. The only

general conclusion that we can draw is that the optimal con-

figuration of a multi-threaded web server is very dependable

on the machine resources and workload type.

In figure 4, we find the maximum workload intensity

that the server can support with the one thread per con-

nection configuration. The figures have a double horizon-

tal and double vertical axis. The left vertical axis measures

the throughput as requests per second while the right ver-

tical axis shows the response time in seconds. The bottom

horizontal axis shows the load as the number of concurrent

clients and the upper horizontal axis shows the number of

threads used to run the multi-threaded server. The Specweb

benchmark establishes two connections for each client em-

ulated so we need two threads for each concurrent client to

use the optimal configuration of one thread per connection.

For the Support workload in figure 4a we see that the

best results are obtained with 2400 concurrent clients and

4800 threads, because after this point the response time

starts to increase, but the throughput remains constant. In

figure 4b, we can determine that the best performance for

the Banking workload is reached with exactly 4000 threads

because from this point on the throughput starts to degrade

quickly. The same behavior can be seen in figure 4c for the

E-commerce workload that reaches its maximum through-

put for 3200 concurrent clients with a configuraton of 6400

threads. The different behavior observed between the Bank-

ing and E-commerce workloads and the Support workload

can be explained by the bottlenecks that each workload type



hits; in the first, the CPU usage and in the second, the disk

bandwidth.

4.2. Tuning the Hybrid Architecture

The hybrid connector only has one configuration param-

eter, which is the maximum number of concurrent threads

existing in the thread pool. The connection inactivity time-

out can be ignored because it is always set to infinite to

avoid the overhead of client’s re-connections. This fact

dramatically simplifies the number of experiments needed

to determine the hybrid connector’s performance behavior.

This is depicted in figures 5a, 5b and 5c which shows the

throughput and response time for the Support, Banking and

E-commerce workloads respectively. These results are ob-

tained with a constant workload intensity of 2000 concur-

rent clients like in section 4.1. With this reasonable load,

which does not overload our server, we measure the perfor-

mance metrics while varying the number of worker threads

from a minimum of 16 to a maximum of 2048. Notice that

the three graphics in figure 5 have a logarithmic horizontal

axis. With the obtained results, we determine the best con-

figuration for each workload type, and will use it to evaluate

the performance of the Hybrid connector in section 5.

Support, Banking and E-commerce Workload

Figure 5 shows that varying the number of threads between

16 and 2048 has no effect on the performance of the server.

The throughput and the response time remain constant in-

dependently of the number of threads used or the workload

type. The error metric is not shown because it is zero for

all the experiments. This robust behavior can be explained

by the hybrid architecture design, which only needs a small

number of threads to serve a large number of clients. In

fact, we are not setting the number of concurrent threads,

but the maximum number of threads that can be used. This

fact explains why the server’s performance does not de-

grade when configured with 2048 threads because the server

only uses the minimum number of threads necessary to han-

dle its current workload intensity. The only way that the

server can perform badly is if it’s configured with a very

low number of threads. Remarkably the use of secure con-

nections in the Banking and E-commerce workloads does

not change the hybrid connectors’ performance behavior

because the infinite timeout used avoids the needs for client

re-connections and reduces the number of SSL handshakes.

Although the Support, Banking and E-commerce workloads

are completely different, the performance behavior of the

hybrid server is the same on the three workloads as we

notice when comparing the figures 5a, 5b and 5c. ¿From

the results shown in figure 5, it can be deduced that with

16 threads, the server can manage at least 2000 concurrent
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Figure 5: Hybrid Connector. Optimal Worker Threads Con-

figuration



clients. Hence, at least 64 threads will be used for the per-

formance comparison of section 5, where the workload in-

tensity reaches 4400 concurrent clients for the Banking and

E-comerce workload. The results obtained show the sim-

plicity of configuring the Hybrid architecture because we

only have one parameter to configure and this parameter,

the number of threads, always performs optimally if it is

larger than a small threshold.

4.3. Connector Configuration Conclusion

From the studied workloads and the results obtained, we

can see the qualitative difference between the complexity of

configuring both architectures. While the hybrid connector

performs well with any reasonable configuration on each

workload type, a big effort is needed to find a good custom

configuration for the multi-threaded connector. First, we

need to understand the interaction of the keep-alive time-

out and the number of threads for a given workload type

and hardware, in order to find the optimal configuration.

On our hardware, we find that the optimal Multithreaded

connector configuration always has the form of one thread

per connection and an infinite keep-alive timeout. How-

ever, this result is only valid for our machine, as with one

thread per connection the memory requirements may lower

the performance on other machines which have more mem-

ory pressure. Moreover, after determining the best parame-

ter configuration of the Multithreaded connector for a given

workload type, we need to find the highest throughput that

the concrete server can achieve by varying the number of

threads. This is an expensive process that must be applied

each time the workload type or the hardware changes. In

others environments like web farming, when one server

hosts different types of applications, this approach is not

feasible because the optimal configuration for one applica-

tion may be inadequate for the rest of the applications. In

this scenario the Hybrid architecture is the only feasible so-

lution to obtain the optimal performance from the hardware.

5. Performance Results

In this section we compare the raw performance of the

optimally configured hybrid and multi-threaded connectors

for each workload type. The metrics measured are the

throughput and the response time, while varying the work-

load intensity, to capture the connectors’ behavior. The hy-

brid connector is configured with a maximum of 64 threads

for all the workload types, while the multi-threaded connec-

tor uses its optimal configuration for each workload.
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5.1. Support Workload Performance

In this experiment, the workload intensity ranges from

200 to 3000 concurrent clients in increments of 200. The

multi-threaded connector is configured with 4800 threads

and an infinite timeout as we have determined from figures

1 and 4a. We can see in figure 6a that the performance of

the Hybrid and Multithreaded connectors are equal in both

throughput and response time. This fact can be explained by

taking into account that the workload is I/O disk intensive,

so the overhead of a large number of threads used by the

multi-threaded connector is hidden by the disk bottleneck.

We measure that at the peak performance point the CPU

utilization is under 60% and 50% for the multi-threaded and

hybrid connector respectively.

5.2. Bank Workload Performance

In this experiment, the workload intensity ranges from

200 to 4400 concurrent clients in increments of 300. The

multi-threaded connector is configured with 4000 threads

and an infinite timeout as we have determined this to be the

optimal configuration from the experiments showed in fig-

ures 2 and 4b. Figure 6b shows the throughput and response

time of both connectors. As we can see, until 2300 con-

current clients, the two connectors show the same perfor-

mance, but from this point on, the multi-threaded connec-

tor’s throughput starts to degrade. On the other hand, the

hybrid connector linearly increases its throughput until it

reaches 3200 concurrent clients where its performance sta-

bilizes until the last point. The peak throughput of the Hy-

brid Connector is 50% higher than the Multithreaded Con-

nector. The difference in raw performance can be explained

by the large number of threads used by the multi-threaded

connector which produces high contention and CPU usage

due to the pressure on the scheduling, memory management

and garbage collection components of the Java virtual ma-

chine.

5.3. E-commerce Workload Performance

In this experiment, the workload intensity ranges from

200 to 4400 concurrent clients in increments of 300. The

multi-threaded connector is configured with 6400 threads

and an infinite timeout as we have determined this to be the

optimal configuration from the experiments showed in fig-

ures 3 and 4c. The performance results obtained are similar

to the Bank workload type as shown in figures 6b and 6c

because the E-commerce workloads tends to be more CPU

intensive than I/O intensive. In this case, the peak through-

put is 30% higher for the Hybrid Connector. We have mea-

sured the garbage collection time for both connectors and

it is from five to ten times larger in the multithreaded one.

This fact explains the difference in performance between

the hybrid and multi-threaded architecture in the CPU in-

tensive workloads.

6. Conclusions

We have studied the problem of configuring a web server

for optimal performance. From our results we have demon-

strated the inherent difficulty of optimally configuring a

multi-threaded web server due to the interaction between its

internal configuration parameters and the external workload

characteristics. On top of that, we have shown how the hy-

brid architecture can dramatically reduce the configuration

complexity and increase the dynamic web server’s adapt-

ability to workload intensity and workload type changes

therefore making it a good solution for environments like

web farms, where the servers need to deal with different

types of workloads at the same time. Furthermore, the hy-

brid connector shows better performance than the multi-

threaded one on the two CPU intensive workloads (50%

and 30% throughput improvement for the Banking and E-

commerce workloads respectively) and the same perfor-

mance on the I/O disk intensive workload.
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