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Performance modeling of an Apache Web server with a dynamic
pool of service processes

Tien Van Do · Udo R. Krieger · Ram Chakka

Abstract
In the current Internet the performance of service delivery

crucially depends on the proper and efficient operation of
Web servers. It is determined by their software architecture
and characterized by the applied processing model.

Here we consider the Unix software architecture of an
Apache Web server with its non-threaded multi-processing
module Prefork. We propose a tractable multi-server model
to approximate the performance of the load-dependent dy-
namic behavior of Apache’s resource pool of available
HTTP service processes, which has not been done before.
Furthermore, we show that this Markovian queueing model
can be solved by advanced matrix-geometric methods. Then
the efficiently computed performance results of this analytic
model are compared with measurements of a real Apache
Web server. The outcome clearly indicates that our analytic
model can very accurately predict the mean-value perfor-
mance of Apache under the Prefork policy.
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1 Introduction

Considering the service infrastructure of the current Inter-
net, Web servers play a dominant role. It is their main task
to receive and process requests of clients demanding spe-
cific objects from the servers and to return them by related
responses. The associated request and response messages
are transported by the Hypertext Transfer Protocol (HTTP)
or Hypertext Transfer Protocol Secure (HTTPS) using TCP
connections between the clients and the server. The resulting
performance of the service delivery crucially depends on the
proper and efficient processing of these tasks.

Regarding the software design of the HTTP server the
concurrency of connection requests poses a critical issue.
To tackle it, two orthogonal components have been imple-
mented in the Web server software architecture on the host
machine: the processing model and the dynamic size of a
resource pool of instantiated parallel processes serving the
requests (cf. [23]). Considering the processing model of the
software architecture of a HTTP server, there are several
choices, viz. a process based, a thread based, or a hybrid
model which is a combination of the former two (cf. [13]).
The behavior of the pool size is characterized by a fixed or
varying number of concurrent HTTP processes (or threads)
to serve incoming connection requests and, thus, determines
the performance of the server. When a dynamic behavior of
the pool size is incorporated into the server software, the
number of processes (or threads) can vary depending on the
load of the offered connection requests.

Nowadays, the Unix version of the Apache Web server
constitutes one of the most frequently used software so-
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lutions of the Internet. In Apache 2.0 the introduction of
the multi-processing module (MPM) combined with the dy-
namic pool size efficiently supports a stable and scalable op-
eration. Moreover, it is currently considered as an important
topic regarding the optimal resource allocation (cf. [11, 23]).

Therefore, we need to understand both the performance
of different software solutions of a Web server, and the dy-
namic behavior of the pool size subject to various workload
conditions. Slothouber [19] has proposed an open queue-
ing network to model a Web server and predicted the re-
sponse time versus the load. Dilley et al. [7, 8] have used
layered queueing models regarding the performance evalua-
tion of a Web server in the Internet and Intranet. Squillante
et al. [20, 21] developed a Web traffic model using the ac-
cess logs of the Web site of the Winter Olympic Games in
Nagano, Japan, 1998. To analyze the tail behavior of the re-
quest latency, the authors fed these traffic processes into a
Web server modelled by a G/G/1 queue. Reeser and Har-
iharan [18] have presented an analytic queueing model of
Web servers in a distributed environment. They have argued
that a Poisson assumption regarding the process of HTTP
(object) requests is reasonable. They have also shown that
the performance predictions of their analytic model match
well with results obtained by simulations. In Cao et al. [3]
a queueing model M/G/1/K∗PS has been proposed to pre-
dict the performance metrics of a Web server in terms of
the average response time, throughput and blocking proba-
bility. Recent work of the same authors [1] was carried out
assuming that the arrival stream of HTTP requests forms a
Markov-Modulated Poisson Process (MMPP).

However, all these previous investigations of a Web
server have not studied in more detail the internal software
architecture and the dynamic behavior of the number of
available service processes and their impact on major per-
formance indices applying analytic means.

Menasce [13] has been one of the first who considered the
software architecture of a Web server. In his performance
evaluation approach a queueing network (QN) models the
physical resources of the Web server and the software ar-
chitecture of Apache is represented by a Markov chain. Liu
et al. [11] have recognized the importance of the Apache
directive MaxClients as a tuning parameter and proposed an
online optimization to determine an optimal operating point.
However, so far all presented models have not been able to
capture explicitly the dynamic behavior of the pool size that
handles the concurrency of requests. Moreover, they cannot
cope with simultaneous arrivals of multiple requests arising
from the client population.

In this paper we consider the non-threaded multi-proces-
sing module (MPM) Prefork of Apache’s UNIX archi-
tecture. For the first time, we propose a mathematically
tractable analytic queueing model to predict the perfor-
mance of an Apache server with its load-dependent dynamic

pool size. It is derived from certain Markovian assumptions
concerning the number of active service processes and ap-
plies a decomposition approach to the client population, the
Web server and the TCP transport system. In particular, we
suppose that the arrival process of TCP connection requests
demanding the support of a HTTP service process follows
a Markov-Modulated Compound Poisson Process (MM-
CPP). Here the inter-arrival times are governed by Markov-
Modulated Generalized Exponential (MMGE) distributions.
We use the MMCPP because it can cope with the fluctu-
ations of the arrival rate, the autocorrelation of inter-arrival
times of requests and also with simultaneous arrivals of mul-
tiple requests. As a consequence the well-known WAGON
traffic model of Liu et al. [12] is a special case of our more
general workload model.

In addition to the development of a tractable analytic
model we have also measured the performance of a real
Apache Web server where the number of service processes
does not follow a Markovian property. To generate the
workload as a generalization of the WAGON traffic model
(cf. [11]), either the benchmarking program ab (cf. [22]) or
httperf (cf. [16]) can be used. Comparing the numeri-
cal results of the analytic model with those obtained by the
actual measurements, we have realized a rather good coinci-
dence of mean values and an acceptable accuracy of our pre-
dictions regarding control purposes. Moreover, the results
are used to identify the impact of major control parameters
of an Apache configuration on relevant performance mea-
sures.

Since we are only dealing with non-threaded multi-
processing, modeling the thread-based Apache multi-proces-
sing module winnt1 used by Microsoft Windows operating
systems is out of the scope of our study. However, by appro-
priate modifications the presented methodology can be used
to analyze this Apache MPM winnt as well.

The rest of the paper is organized as follows. In Sect. 2
we provide an overview of the operation of the Apache
MPM Prefork with dynamic pool size. In Sect. 3 the pro-
posed queueing model and its analysis are introduced. Sec-
tion 4 presents some performance results and the validation
of the proposed model by measurements. Finally, some con-
clusions are drawn in Sect. 5.

2 Non-threaded multi-processing operation of an
Apache Web server with dynamic pool size

In this section we sketch the operation of an Apache 2.0 Web
server that implements the non-threaded multi-processing

1Winnt has a single control process which gives birth to a single child
process. The latter creates in turn threads to handle HTTP requests.
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Fig. 1 MPM prefork operation of an Apache Web server with a Unix
operating system

module (MPM) Prefork. At the beginning of the opera-
tion, the Apache 2.0 running on top of UNIX starts a sin-
gle master control process. The latter is responsible for
launching child processes to handle the incoming or waiting
HTTP service requests (see Fig. 1). The Web server listens
for requests at the well-known TCP port number 80. Web
browsers, i.e. the clients, are normally used to communicate
with the Web server. When a client opens or clicks on the
first URL during a specific session of the Web browser, the
set-up of a TCP connection is initiated and one of the fol-
lowing three alternatives may happen (see Fig. 1):

1. One idle child process of the Apache HTTP server is al-
located to handle the incoming TCP connection and the
associated HTTP requests conveyed by that connection.

2. The TCP request waits in the software queue for an idle
process and will get service either after the MPM has suc-
cessfully launched an idle child process or when a child
process has completed the service of another request.

3. The TCP connection and associated HTTP request is
blocked if the Listen Queue2 of the server system is full.
The client receives a message that the Web server is not
available. In our model the request is considered to be
lost.

If a free child process is allocated, the related service process
locates the Web page and its referenced resources as re-
quested objects. It normally consists of a single HTML file,
an HTML file with several inline images or other items. An
object may be a static HTML file stored at the Web server or
may be dynamically generated from databases by a special
script engine. An obtained object is encapsulated as HTTP
response message and handled by the TCP/IP stack. The
latter encapsulates and segments the message into TCP/IP
packets, and sends the resulting packet stream through the
already opened TCP connection from the HTTP server to the

2Note that the terms “software queue” and “Listen Queue” are inter-
changeable throughout the paper.

browser. The service time of a HTTP request, i.e. the interval
between the arrival time of the request at the HTTP server
and the completion instant of the initiated processing and
its resource allocations, i.e. the tear-down of the TCP con-
nection and the release of the related HTTP service process,
constitutes a basic performance index of the system. Obvi-
ously, the service time of a specific request and, hence, the
overall response time of the HTTP server depend in a very
complex manner on a number of different items, such as the
physical resources of the operating machine with regard to
CPU power and disks’ operation, the number of other con-
currently served requests competing for these physical re-
sources of the Web server as well as the network conditions
influencing the TCP flow-control algorithm.

In the Unix version of Apache 2.0, the number of avail-
able busy and idle service processes varies dynamically in
terms of the load of TCP session requests. It creates a dy-
namic resource pool of HTTP service processes whose size
is controlled by the following three main control parameters
of the server software, called directives (cf. [23]):

− The MaxClients directive limits the maximal number of
operating busy and idle HTTP service processes, there-
fore it sets a threshold N for the maximal number of
simultaneously served requests. Any further connection
attempt exceeding the MaxClient limit will normally be
queued in the Listen Queue based on the ListenBacklog
directive. Once a child process is released from serving a
previous connection request, a new connection from the
queue will be served in FCFS order.

− The MaxSpareServers directive determines the desired
maximum number hmax of idle child service processes
which are not handling a connection request. If the num-
ber of idle child processes exceeds MaxSpareServers
hmax, then the control process will kill idle processes at
a predetermined rate ε.

− The MinSpareServers directive determines the desired
minimum number hmin of idle child processes. If the
number of idle child processes drops below hmin and
the number of busy and idle processes in the system is
less than N , then the parent process creates new child
processes at a predetermined rate η.

However, when the number of processes reaches the
limit MaxClients (N ), e.g. due to heavy traffic, and the
number of idle process is smaller than hmin, no creation
of a new child process is allowed.

In summary, it is the rationale of this design to serve the
incoming HTTP requests in an efficient way saving the spare
resources of the operating system. Considering the number
of idle child processes in the host machine of the Web server,
the MPM Prefork module tries as effectively as possible to
keep this number at any given time less than or equal to hmax

and greater than or equal to hmin.
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3 Modeling and analysis of an Apache Web server with
the MPM strategy prefork

3.1 Hierarchical workload modeling of a Web server

Following the approach of [6] the workload of a Web server
can be described by a hierarchically layered model. It is gen-
erated by traffic streams of a client population and depicted
in Fig. 2. The associated processes that characterize the traf-
fic patterns arising from the activity of a Web user and their
corresponding time scales are related to the following levels:

− Level of Web requests by users: The behavior of a Web
user can be characterized as an ON-OFF process. Dur-
ing the HTTP ON state, called activity period, the user is
downloading a specific Web page and waiting for its pre-
sentation. The OFF state, called think time, simply de-
scribes the following silence period. Here the user is not
sending any requests, only viewing and perhaps reading
the downloaded document. During the OFF state no user
traffic is generated at the other traffic layers beneath.

− Level of Web pages with their corresponding objects:
A requested Web page with its objects denotes a HTML
file and the referenced inline objects, e.g. images, in-
cluded in such a HTML document.

− Level of TCP sessions: When the user clicks on a URL
reference or enters a URL into the command line of the
Web browser, the client first opens a TCP connection to
the specified Web server. After the TCP connection is es-
tablished, the client sends a HTTP request in the HTTP
protocol format typically by one TCP segment, that is
encapsulated in one IP packet, over the already opened
TCP connection to the HTTP server. The request nor-
mally specifies which HTTP version the client is using.
If it is HTTP/0.9 or HTTP/1.0, the server will automat-
ically work in the transitory connection mode, will only
send one reply and then close the connection. If it is
HTTP/1.1, it is assumed that a persistent connection is

desired. This means that multiple HTTP requests can be
sent through the opened TCP connection.

− Packet level: The HTTP object request and response
messages for HTML files or object files and their ref-
erenced inline images etc. are encapsulated into TCP
packets and segmented into a stream of IP packets. The
resulting TCP/IP packet stream is transmitted along a
path between the server and the requesting client inside
the Internet and the transport is governed by the TCP
congestion-control mechanism.

In this paper we primarily focus on the workload model-
ing at the TCP session level. Liu et al. [11] have proposed a
related stochastic model (called WAGON) of the generated
HTTP traffic between a specific user and a Web server at
this time scale. The WAGON model can be described by a
marked point process where the arrival times correspond to
the start times of sessions followed by a cluster of further
object requests and think times (see Fig. 3). We follow this
line of reasoning and subsequently extend the corresponding
approach.

3.2 Resource contention during Web server operation

Considering a scenario of a single Web server and multi-
ple clients, contention about its resources may happen at the
following two traffic layers (see Fig. 4):

− TCP/IP flow layer: Flows of IP packets encapsulating
TCP segments that are carrying HTTP protocol requests
of clients and responses of the Web server compete with
other traffic streams in the switching nodes and on the
links of the underlying transport network.

− TCP session layer:
– Child process level of the Web server: At the child

process level of the Web server (called software level),
HTTP requests compete for such service processes
controlled by the related software components of the
server. An arriving request may wait in a Listen Queue

Fig. 2 Hierarchical workload
modeling of Web traffic
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Fig. 3 The WAGON traffic
model

Fig. 4 Resource contention and
queueing in the operation of a
Web server

for an available service process that can handle the re-
quest regarding a demanded page and its objects.

– Level of physical resources: At the kernel level of the
host machine running the Web server (called hardware
level), processes may wait to use any of the server’s
physical resources, i.e. CPU power and disk process-
ing of the underlying machine etc. (see Fig. 4).

All these contentions have an impact on the performance
experienced by the Web clients of the users. As a conse-
quence of these mutual interactions of the corresponding
queues at two different time scales, a queueing model which
takes into consideration all these factors, such as the arrivals
of requests, the transmission of every TCP/IP packet gov-
erned by TCP congestion control, contentions both in the
transport network and about the physical resources of the
server etc., becomes mathematically intractable. Therefore,
we will study the Web server in isolation and try to model
its offered workload in an appropriate manner (see Fig. 4).

3.3 The Markovian performance model

Considering the operation of a Web server at the page level
in more detail, we can make the following observations:

− A TCP connection (i.e. a session) may be initiated when
a client starts to download a new page and its objects
from the Web server if a previously opened TCP connec-
tion has been closed.

− Multiple HTTP object requests can be transmitted over
a single TCP connection between a client and the Web
server.

− One new TCP connection requires a HTTP service
process either from the group of idle processes or it is a
newly created child process. It serves the new HTTP re-
quest to download a page and subsequent HTTP requests
to further transfer its embedded objects in the case of a
persistent connection.

To predict the performance of the dynamic pool size of
HTTP service processes in the UNIX operating system of an
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Apache Web server, we have extended a convenient queue-
ing model fed by these processing requests (cf. [13, 18]). As
illustrated by Fig. 4, it takes into consideration the impact
and interaction of other components such as the client pop-
ulation, the transport protocol stack of TCP, as well as the
software and resource contention level of a Web server. In
the queueing system of the Web server at the child process
level we primarily consider the arrivals of initial HTTP re-
quests by TCP sessions which require the service of an idle
or a new service process. Here all HTTP requests compete
for service processes controlled by the software of the Web
server. A request may wait in the software queue, i.e. Lis-
ten Queue, until a service process becomes available to han-
dle it. At the physical level these processes may wait un-
til they can use any of the server’s physical resources, i.e.
CPUs and disks. Thus, the associated service time of a spe-
cific HTTP request is strongly influenced by the interaction
of other HTTP requests.

To generate a mathematically tractable model, we pro-
pose a system decomposition of the queueing network de-
scribing the Web server (see Fig. 4). Our approach is based
on the following Markovian workload model.

3.3.1 Arrival process of HTTP requests

Considering multiple simultaneous arrivals of HTTP re-
quests to the Web server arising from the client population,
we use the generalization of the WAGON traffic model at
the TCP session level. Therefore, we assume that the ar-
rival process of TCP connection requests demanding the ser-
vice of child processes follows a Markov-Modulated Com-
pound Poisson Process (MMCPP). Its inter-arrival times are
governed by a Markov-Modulated Generalized Exponential
(MMGE) distribution.

The arrival process is modulated by an irreducible
continuous-time Markov chain X with M states called
phases of modulation. Let QX denote its generator ma-
trix. Then an off-diagonal element QX(i, k) = qxi,k , i �= k

describes the instantaneous transition rate from phase i to
phase k, and the ith diagonal element is given by QX(i, i) =
−qxi = −∑i−1

l=1 qxi,l − ∑M
l=i+1 qxi,l . Let �X denote the

off-diagonal matrix of the transition rates of process X

defined by �X(i, k) = QX(i, k), i �= k, �X(i, i) = 0, 1 ≤
i ≤ M . Let I1(t), 1 ≤ I1(t) ≤ M , represent the phase of the
modulating process X at any time t .

The arrivals in each modulating phase follow a Com-
pound Poisson Process (CPP) process (cf. [9]). Strictly
speaking, during the modulating phase i, 1 ≤ i ≤ M , the
probability distribution function of the inter-arrival times τi

is governed by a Generalized Exponential (GE) distribution
P(τi = 0) = θi and P(0 < τi ≤ t) = (1 − θi)(1 − e−σi t ) with
the associated parameters (σi, θi). Note that the GE distri-
bution is the least biased distribution with two parameters

which can approximate other distributions by matching the
first two moments (cf. [9]).

Thus, the point process of session arrivals during a given
modulating phase can be considered as a batch Poisson
process with a geometric batch size distribution, i.e. during
phase i size s ≥ 1 happens with probability (1 − θi)θ

s−1
i .

3.3.2 Service time of HTTP requests

The service time of HTTP requests is a result of the com-
plex competition for physical resources of the Web server,
the interactions with all HTTP requests concurrently served
by other service processes and the TCP flow-control algo-
rithm. Thus, it strongly depends on the contention for phys-
ical resources of CPUs and disks in the host machine. To
approximate the latter a closed queueing network (CQN) is
used. It has been validated by Menasce et al. [14] in their
experimental test-bed that such a CQN model is accurate
enough to estimate the response time of a HTTP server.

Let Tp(k) denote the throughput of the Web server when
there are k requests and p processes in the system (note that
Tp(k) = Tp(p), if k ≥ p, i.e. there is no idle process in the
system). Following the approach of Menasce [13] and de-
scribing the physical resources of the Web server by a CQN
(see Fig. 4), we approximate the service time by the mean
sojourn time of a request in this CQN. In this manner the
associated conditional service rates of an equivalent server
are determined by Tp(k).

3.3.3 Modeling the varying number of the HTTP service
processes

We introduce an integer-valued random variable I2(t) to de-
scribe the number of busy and idle HTTP service processes
at time t (it does not include the master process in the case of
Apache 2.0). I2(t), 1 ≤ I2(t) ≤ N , varies due to the creation
of a new service process by forking of the Apache master
process or due to a process cancellation by killing an ex-
isting idle child process. When the number j of concurrent
connection requests is larger than I2(t), the excess of re-
quests beyond I2(t) resides in a software queue. We assume
that at any time the number j of connection requests in the
Web server is bounded by the fixed value L. It means that
the software queue is resized accordingly to keep the max-
imum number of connection requests in the system equal
to L. Note that this assumption is quite reasonable for the
software of the Web server because this behavior guarantees
the fairness for those requests arriving after different periods
of low and high traffic load.

We model the changing number I2(t) = i2 of child
processes that are available in the Web server to process the
HTTP requests by N ×N rate matrices Uj , j = 0,1, . . . ,L.
They represent the applied server strategy to regulate this
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number. To capture correctly the dynamics of this mecha-
nism, that handles the idle service processes in the Apache
MPM Prefork, the Uj ’s are constructed as follows:

− if i2 − j < hmin, ∀j = 0, . . . ,L, i2 = 1, . . . ,N − 1 then
Uj (i2, i2 + 1) = η,

− if i2 − j > hmax, ∀j = 0, . . . ,L, i2 = 2, . . . ,N then
Uj (i2, i2 − 1) = ε,

− otherwise Uj (i2, k) = 0.

Thus, the number of idle processes is kept smaller than or
equal to hmax ≥ 1 and larger than or equal to hmin. In state
i2 = N a creation and in state i2 = 1 a cancellation of a ser-
vice process is not possible.

Here, we assume that the times between successive cre-
ations or terminations of HTTP service processes are gen-
eralized exponentially distributed and, hence, I2(t) is a
Markov chain. As a consequence we propose a mathemat-
ically tractable performance model of the software architec-
ture of the Web server.

We will show in the subsequent Sect. 4 that despite
this approximation our computationally efficient model
can successfully and rather accurately predict the perfor-
mance of the real operation of an Apache server. There the
times between successive creations/terminations of service
processes are neither exponentially distributed nor indepen-
dent, but correlated, generally distributed entities.

3.4 Analysis and solution of the multi-server model

The Apache Web server with its dynamic pool size is
modelled by a continuous-time Markov chain Z = {[I1(t),

I2(t), J (t)]; t ≥ 0} with state space {1, . . . ,M}×{1, . . . ,N}
× {0, . . . ,L}. Here J (t), 0 ≤ J (t) ≤ L, represents the num-
ber of connection requests that are actually served in the
HTTP server or wait to get service at time t .

Then the two state variables (I1(t), I2(t)) are lexico-
graphically sorted to form a single variable I (t) as illus-
trated by Table 1. The index transformation is determined
by the following equations:

I (t) = I1(t) + (I2(t) − 1)M,

I2(t) = f2(I (t)) =
⌊

I (t) − 1

M

⌋
+ 1,

I1(t) = f1(I (t)) = (I (t) − 1)modM + 1.

Then we get the equivalent Markov chain Y = {[I (t), J (t)];
t ≥ 0} with a generator matrix QY to describe the opera-
tion of the non-threaded Web server with the MPM mod-
ule Prefork. It evolves on a finite rectangular strip and be-
longs to the class of level-dependent Quasi Simultaneous-
Multiple Births and Simultaneous-Multiple Deaths (QBD-
M) processes (cf. [4]). Its possible transitions are determined
by the following events with corresponding rates:

Table 1 Ordering of the phase
variable I (t) I (I1, I2)

1 (1,1)

2 (2,1)

.

.

.
.
.
.

M (M,1)

M + 1 (1,2)

.

.

.
.
.
.

2M (M,2)

.

.

.
.
.
.

MN − M + 1 (1,N)

.

.

.
.
.
.

MN (M,N)

− Aj(i, k) describes the purely lateral transition rate from
state (i, j) to (k, j), for all 0 ≤ j ≤ L and 1 ≤ i, k

≤ MN , i �= k. It is caused by either a phase transition
of the modulating Markov process of the arrival stream
or a change of the number I2(t) of available HTTP ser-
vice processes. We can write Aj = Uj ⊕ �X, where ⊕
denotes the Kronecker sum of two matrices.

− Bi,j,j+s denotes the s-step upward transition rate from
state (i, j) to (i, j +s), 1 ≤ s ≤ L−j , 0 ≤ j ≤ L and 1 ≤
i ≤ MN . It is caused by a new batch arrival of size s ≥ 1
of connection requests. For a given j , s can be considered
as bounded variable if L is finite and unbounded if L

is infinite. When s ≥ L − j ≥ 0 the queue gets full and
j +s−L requests are lost. Then it holds for 1 ≤ i ≤ MN :

Bi,j−s,j = (1 − θf1(i))θ
s−1
f1(i)

σf1(i)

0 ≤ j − s ≤ L − 2;1 ≤ j ≤ L − 1

Bi,j,L =
∞∑

s=L−j

(1 − θf1(i))θ
s−1
f1(i)

σf1(i) = θ
L−1−j

f1(i)
σf1(i)

0 ≤ j ≤ L − 1.

− Ci,j,j−1 is the departure rate of HTTP connections, i.e.,
the Web server finishes the service of a request and
the downward transition from state (i, j) to (i, j − 1),
1 ≤ j ≤ L, 1 ≤ i ≤ MN, represents the departure of
the corresponding connection request from the HTTP
server.

We assume that a maximum of one request departs
at any time. Therefore, the one-step downward transi-
tions take place by the departures of single connection
requests after their service completion. The service of re-
quests depends on the contention for physical resources,
i.e. CPU processing and disks’ operations, in the host
machine.
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Applying Menasce’s [13] approach with a CQN
model of the Web server’s physical resources (see Fig. 4)
and Mean Value Analysis to solve it, we obtain the cor-
responding values of the throughput Tp(j) for j re-
quests and p active processes in the system. Hence,
Ci,j,j−1 = Tf2(i)(j) for 1 ≤ i ≤ MN .

Since the Markov chain Y(t) with its finite state space is
ergodic, its corresponding steady-state probabilities {pi,j },
pi,j = limt→∞ P(I (t) = i, J (t) = j), exist. Let vj = (p1,j ,

. . . , pNM,j ) denote the row vector of these probabilities cor-
responding to level J (t) = j , 0 ≤ j ≤ L, in steady state and
v = (v0,v1, . . . ,vL).

We define the diagonal matrices

Bj−s,j = diag

[
B1,j−s,j ,B2,j−s,j , . . . ,BNM,j−s,j

]
,

0 ≤ j − s < j ≤ L

Bs = Bj−s,j

= EN ⊗ diag

[
σ1(1 − θ1)θ

s−1
1 , . . . , σM(1 − θM)θs−1

M

]
,

1 ≤ s ≤ j ≤ L − 1

� = EN ⊗ diag[σ1, σ2, . . . , σM ]
	 = EN ⊗ diag[θ1, θ2, . . . , θM ]
Cj = diag[Ci,j,j−1]

= diag[T1(min(j,1)), . . . , TN(min(j,N))] ⊗ EM,

0 < j ≤ L

where diag(·) represents a diagonal matrix of the corre-
sponding elements and EN , EM denote an N × N and
M × M identity matrix, respectively.

Then we get (since 	0 = ENM is the identity matrix):

Bs = 	s−1(EMN − 	)�, 1 ≤ s ≤ L − 1

BL−s,L = 	s−1�, 1 ≤ s ≤ L

Let eNM and eM be a column vector with all ones of size
NM and M , respectively. DA

j , DC
j are those diagonal ma-

trices whose diagonal elements are the sums of the elements
in the corresponding rows of Aj and Cj , respectively.

Consequently, the steady-state balance equations
v · QY = 0 and normalization condition read as follows:

(1) For the Lth column of QY , i.e. level j = L:

L∑
s=1

vL−sBL−s,L + vL[AL − DA
L − DC

L ] = 0

(2) For the j th column of QY , i.e. level 0 < j ≤ L − 1:

j∑
s=1

vj−sBs +vj [Aj − DA
j −� − DC

j ]+vj+1Cj+1 = 0,

(3) For the 0th column of QY , i.e. level j = 0:

v0[A0 − DA
0 − �] + v1C1 = 0

(4) Normalization condition:

L∑
j=0

vj · eNM = 1

The steady-state probabilities {pi,j } can be obtained ei-
ther by directly solving the steady-state balance equations
or by advanced matrix-geometric methods (cf. [2, 10, 15,
17]). Before we can use these advanced matrix-geometric
techniques, the computational methodology proposed by
Chakka and Do [5] has to be applied. Here we follow this
approach.

Then important performance measures can be determined
in terms of the steady-state probabilities:

− The mean number of idle processes (and in a similar way
the variance) is determined by

E(Idle) =
NM∑
i=1

L∑
j=0

pi,j · max(f2(i) − j,0). (1)

− The probability pW that a new TCP request has to wait
until the Web server provides a new idle child process
is determined as follows. Upon the arrival of a batch
of size s, the number of idle processes is given by
max(f2(i)−j,0) and max(j −f2(i),0) is the number of
waiting processes. Hence, max(s − max(f2(i)− j,0),0)

is the number of requests which cannot “immediately”
get service by idle processes, i.e. they have to wait in the
software queue for the birth of new httpd processes
or get lost due to the shortage of buffering in state
(i, j). Taking into account that a maximum of L − j re-
quests can be admitted in state (i, j), then min(max(s −
max(f2(i) − j,0),0),L − j − max(f2(i) − j,0)) is the
number of requests which are forced to wait. The arrival
rate of batches is given by σf1(i) and σf1(i) · (1 − θf1(i)) ·
θs−1
f1(i)

determines the arrival rate of batches of size s in
state (i, j). Therefore, pW can be written as
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pW =
NM∑
i=1

L∑
j=0

∞∑
s=max(f2(i)−j,0)+1

pi,j · σf1(i)(1 − θf1(i))θ
s−1
f1(i)

s

σ

× min(max(s − max(f2(i) − j,0),0),L − j − max(f2(i) − j,0))

s

=
NM∑
i=1

L∑
j=0

∞∑
s=max(f2(i)−j,0)+1

pi,j · σf1(i)(1 − θf1(i))θ
s−1
f1(i)

σ
· min(s − max(f2(i) − j,0),L − j − max(f2(i) − j,0)) (2)

where σ denotes the overall mean arrival rate of the indi-
vidual requests given by

σ =
M∑
l=1

σl

(1 − θl)
rl .

Here r = (r1, r2, . . . , rM) is the vector of the equilibrium
probabilities of the modulating Markov chain X that is
uniquely determined by the equations:

r · QX = 0; r · eM = 1.

4 Performance results

4.1 Validation of the analytic model

To validate the proposed modeling approach, a measure-
ment configuration of an Apache Web server operating on
a host with a 3.00 GHz Intel(R) Pentium(R) D CPU, 2
Mbyte cache, and 2 Gbyte memory has been set up under
Linux. The corresponding workload described in Sect. 3.3.1
has been generated by an appropriate shell script running
on another Linux machine in combination with the traffic
generator ab3 (see The Apache Software Foundation [22]).
Moreover, the major statistics have been captured, e.g. the
creation and killing times, the idle and busy times of each
HTTP process. In the following, we present some numeri-
cal results related to a HTTP/1.0 workload model. The Web
server system has the parameters hmin = 5, hmax = 10, N =
30, L = 40. In our corresponding traffic model the modulat-
ing process X has only one state. This means that the arrivals
of TCP connection requests constitute a recurrent process
and its inter-arrival times are approximated by a GE distrib-
ution with the parameters (σ, θ). Hence, we capture only the
burstiness of the arrivals without considering a sophisticated

3We have used the tool ab since it is capable to initiate simultaneously
a batch of HTTP requests. To generate complex arrival distributions of
sessions, an additional shell script is needed.

autocorrelation structure of the request process. Despite of
this restriction, the derived results already indicate a suffi-
cient level of accuracy of our new performance model. To
generate the numerical results of the latter analytic model,
we need the service time parameters as well as the killing
and the creation rate of the httpd process. These parame-
ters were determined based on the statistics, i.e. the creation
and killing times, the idle and busy times, of each HTTP
service process arising from the measurements.

In Table 2 we show a comparison between the measure-
ments and the results arising from the solution of our ana-
lytic model by a procedure for QBD-M processes (cf. [4, 5]).
The performance metric includes the mean E(Idle) and the
variance Var(Idle) of the number of idle processes as func-
tion of the workload parameters σ and θ , as well as the prob-
ability pW that a new TCP request needs to wait until the
Web server offers a new httpd process, i.e., the probabil-
ity that a new request does not find an idle httpd process
upon its arrival.

In the selected scenario the measurements generate an av-
erage of 9.5 idle processes and a minimum and maximum of
8.2 and 9.9, respectively, whereas the analytic model has a
range of [7.1,9.9] and a mean of 9.3 idle processes. Regard-
ing the mean number of idle processes the analytic model
generates an average relative error of less than 3% subject
to the measured values, the relative error of the variance is
about 20%. Considering the waiting probability the absolute
error is less than 11.3%, however, the relative error is larger
since the correlation of the arrivals is not fully considered in
the selected scenario. For a properly tuned system, the wait-
ing probability can be kept small. Regarding control pur-
poses the model is accurate enough and can be successfully
applied to predict the average behavior of idle processes.

In conclusion, the numerical results justify the claim that
our mathematically tractable model can be used to predict
rather accurately the mean-value performance of the MPM
Prefork process, despite of its explicit assumption about the
Markovian property of I2(t).
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Table 2 Comparison of the measurement results and the analytic solution

Parameters Measurement study Analytic model

σ θ η ε E(Idle) Var(Idle) Waiting prob. E(Idle) Var(Idle) Waiting prob.

5 0.4 0.003960 0.001500 9.92740 0.4323 0.000087 9.933774 0.333595 0.0003301

5 0.5 0.007042 0.003130 9.89174 0.6153 0.003466 9.906068 0.437426 0.0023988

5 0.6 0.011198 0.007337 9.83198 0.8833 0.015859 9.858125 0.602280 0.0122027

5 0.7 0.020465 0.016675 9.70886 1.3312 0.056009 9.762665 0.895090 0.0485737

5 0.8 0.062304 0.058661 9.47287 2.0765 0.175968 9.545315 1.460498 0.1602376

5 0.9 0.230746 0.227524 9.23774 3.8538 0.385522 8.876794 2.732862 0.4270081

10 0.4 0.006120 0.001749 9.87653 0.5695 0.000028 9.865037 0.477537 0.0001713

10 0.5 0.007774 0.003455 9.82228 0.7829 0.002989 9.812958 0.618592 0.0029087

10 0.6 0.016354 0.012161 9.72373 1.1271 0.015115 9.716133 0.852531 0.0146051

10 0.7 0.040675 0.036607 9.54612 1.6814 0.056359 9.525983 1.265490 0.0576934

10 0.8 0.095757 0.091942 9.15435 2.5931 0.178238 9.098354 2.055569 0.1883662

10 0.9 0.330487 0.327367 9.00565 4.5981 0.360757 7.918966 3.700704 0.4729701

20 0.4 0.007869 0.002951 9.82219 0.6871 0.000782 9.733936 0.671095 0.0006167

20 0.5 0.012012 0.007207 9.74126 0.9354 0.003211 9.628082 0.872976 0.0041383

20 0.6 0.020740 0.016131 9.60848 1.3171 0.015597 9.447366 1.195716 0.0200142

20 0.7 0.057788 0.053410 9.37257 1.9583 0.054940 9.083828 1.772014 0.0775575

20 0.8 0.130866 0.126864 8.88637 2.9865 0.166680 8.328340 2.831075 0.2433198

20 0.9 0.408192 0.405091 8.23474 5.3645 0.536450 7.083550 4.933103 0.5040300

4.2 Performance impact of Apache directives

In real operation it is of major importance to analyze the im-
pact of basic Apache directives such as MaxClients, Max-
SpareServers and MinSpareServers on the performance in-
dices perceived by the users such as the waiting probability
and the efficiency observed by operators, e.g. in terms of the
average number of idle processes. Therefore, we have de-
picted in Fig. 5 the average number of idle processes as func-
tion of the creation rate η and the killing rate ε for some spe-
cific parameter values of the request rate. The results quanti-
tatively show that ε has a crucial influence on the number of
idle processes. The average number is almost independent
of the creation rate η if the killing rate ε is large enough.
The rationale of this behavior is as follows: when the killing
rate ε is large enough, the control policy of a Web server
can achieve its goal in a very fast manner, i.e. to enforce
a number of idle processes less than hmax. This means that
the interval determined by the reaction to the critical load
period until the compliance with the control policy is very
short. From the point of view of an autonomous Web server
operation, this behavior of the MPM Prefork module is use-
ful. It is proved by the operational success of Apache Web
servers every day.

The overall response time of the Web server observed
by a user sending HTTP requests depends upon the phys-
ical configuration of the corresponding machine running the
Web server, the parameter setting of the Web server, the size

Fig. 5 Average number of idle processes vs. η and ε

of the objects associated with the specific request and the
network status. Since the response time at the server side
plays a very significant role in the overall response time per-
ceived by the users, we focus on those factors which have a
major impact on the latter performance index.

Following the approach in [13] we have assumed in our
analysis that after the successful TCP connection set-up the
residual service time upon the acceptance of a HTTP re-
quest is approximated by a CQN. The latter provides the
input of our service time model. If the machine running the
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Fig. 6 Waiting probability pW vs. MaxClients N and MaxSpareServers hmax on a linear (left) and a logarithmic scale (right) for the parameters
σ = 20 and θ = 0.9

Web server is powerful enough, then after the TCP connec-
tion set-up the service time should be small enough to sat-
isfy the QoS requirement of a specific user. From the users’
perspective, the most disturbing event happens when there
is no idle service process available upon the arrival of a re-
quest. Then the user does not receive any response and has
to wait until a new service process is spawned by the Web
server. Therefore, this waiting time to generate a new service
instance can significantly contribute to the overall response
time. In Table 2 we can observe, for example, that the re-
sulting waiting probability is around 0.5 when σ = 20 and
θ = 0.9.

To further explore the impact of the Apache directives on
the waiting probability pW , we illustrate in Fig. 6 the latter
performance index as function of the parameters MaxClients
N and MaxSpareServers hmax on a linear and a logarith-
mic scale of the vertical axis, respectively. Note that MaxS-
pareServers is upper bounded by MaxClients. However, the
MaxSpareServers directive has a much stronger influence on
the waiting probability governed by a nearly linear shape on
the logarithmic scale, i.e. it follows an exponential decay
characteristic in hmax.

In summary, we have clearly shown by our analytic
means that for the given non-threaded multi-processing
module Prefork both the MaxClients and the MaxSpare-
Servers directive have a strong impact on the waiting proba-
bility of HTTP requests and, therefore, on the response time
of the Apache Web server.

Considering the autonomous operation and optimized
control of an Apache Web server with MPM Prefork, we
see that the appropriate dynamic tuning of these major di-
rectives and control parameters provides the highest poten-
tial to satisfy both the operator’s efficiency and the users’
QoS requirements.

5 Conclusions

In this paper we have studied the dynamic behavior of the
resource pool of service processes that is implemented in
the non-threaded multi-processing module (MPM) Prefork
of an Apache Web server. To describe the latter and to an-
alyze its performance we have proposed a new Markovian
queueing model with a variable number of servers.

Applying a batch Markovian arrival process and ad-
vanced matrix-geometric solution techniques, numerical re-
sults on the performance of Apache’s dynamic pool of ser-
vice processes have been derived from this tractable ana-
lytic multi-server model. We have also compared it with ac-
tual measurements of the real dynamic pool-size behavior.
The latter justify and validate the proposed decomposition
modeling and analysis approach. It is derived from our ma-
jor assumption that the modulating joint arrival and service
process I (t) is governed by a Markovian property. Further-
more, the model can be easily extended to capture multiple
arrivals and multiple departures of connection requests.

In conclusion, we believe that our matrix-analytic ap-
proach is a useful tool to predict and to tune the per-
formance of an Apache Web sever with the non-threaded
multi-processing module Prefork. It can also be extended
to evaluate other Web server software architectures under
UNIX such as the Apache 2.2 hybrid multi-threaded multi-
processing module Worker which is the subject of future re-
search.
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