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a b s t r a c t

A typical web search engine consists of three principal parts: crawling engine, indexing
engine, and searching engine. The present work aims to optimize the performance of the
crawling engine. The crawling engine finds new web pages and updates web pages existing
in the database of the web search engine. The crawling engine has several robots collecting
information from the Internet. We first calculate various performance measures of the sys-
tem (e.g., probability of arbitrary page loss due to the buffer overflow, probability of star-
vation of the system, the average time waiting in the buffer). Intuitively, we would like to
avoid system starvation and at the same time to minimize the information loss. We formu-
late the problem as a multi-criteria optimization problem and attributing a weight to each
criterion. We solve it in the class of threshold policies. We consider a very general web page
arrival process modeled by Batch Marked Markov Arrival Process and a very general service
time modeled by Phase-type distribution. The model has been applied to the performance
evaluation and optimization of the crawler designed by INRIA Maestro team in the frame-
work of the RIAM INRIA-Canon research project.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

The problem of control by the robots (crawlers) that
traverse the web and bring web pages to the indexing
engine that updates the data base of a web search engine
is formulated and analyzed in [13]. This problem is formu-
lated in [13] as the controlled queueing system. The sys-
tem has a single server with the exponential service time
distribution, finite buffer of capacity K � 1, K P 2. There
are N available robots and each of these robots, when acti-
vated, brings pages to the server in a Poisson stream at
fixed rate. These N stationary Poisson processes are mutu-
ally independent and independent of service times.

The number of active robots may be modified at any ar-
rival or departure event. When an arrival occurs, one or
several active robots can be de-activated at once. When a
departure occurs the controller may decide either to acti-
vate one or several available non-active robots. Of course,
the controller can choose to do nothing (i.e. the number
of active robots remains the same).

In [13], the problem of finding a policy that minimizes a
weighted sum of the loss rate and starvation probability
(probability of the empty system) is considered. It is solved
by means of the tools of the Markov Decision Processes
theory.

The following possible generalizations of the model,
which are certainly worthwhile analyzing, are mentioned
in [13]:

� More general input processes, e.g., an MMPP (Markov
Modulated Poisson Process) should be considered so as
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to reflect more accurately ‘‘traveling times’’ of robots in
the network;
� Because of the obsolescence of stored documents issue,

the waiting time should be bounded, even if the buffer
size is effectively infinite;
� Other cost functions could be investigated, for instance,

cost functions including response times.

In this paper, we made all the mentioned and some fur-
ther generalizations.

We assume that, under the fixed number of currently
active robots, the arrival process is of the BMAP type. The
BMAP is a more general process comparing to the MMPP
and allows delivering a batch of web pages to be indexed
while the MMPP assumes that the pages are delivered
one-by-one. It is very typical for a computer system to
operate in batch mode. Also BMAP allows delivering pages
at the phase change time moments.

We assume that the service time distribution is of the
PH (Phase) type which is much more general comparing
to the exponential distribution assumed in [13]. The class
of phase type distributions is dense in the field of all posi-
tive-valued distributions and practically we can deal with
any real distribution [2].

Since web pages can become obsolete, we bound the
waiting time stochastically. Waiting time of each web page
in a buffer is restricted by a random variable having PH dis-
tribution identical and mutually independent for all web
pages. The phase type distribution has been used to model
obsolescence times for instance in [15].

We suppose that the cost function can have a more gen-
eral form than in [13] and include the cost of the obsoles-
cence and the response time.

In the next section we formulate the model and the opti-
mization problem. Section 3 contains the steady-state anal-
ysis of the multi-dimensional Markov chain which defines
dynamics of the system under the fixed values of the
parameters defining the control strategy. In Section 4 the
main performance measures of the system are computed.
In Section 5 the conditional sojourn time distributions are
calculated. In Section 6 a particular case of ordinary arrivals
is discussed. In Section 7 the theoretical results are illus-
trated by numerical examples. In particular, the mathemat-
ical model is applied to the performance evaluation and
optimization of the web crawler designed by INRIA Maestro
team in the framework of the RIAM INRIA-Canon research
project. Section 8 concludes the paper.

2. Mathematical Model

We consider a single server system with the finite buf-
fer of capacity K � 1, K P 2. So, the total number of web
pages which can stay in the system is restricted by the
number K. Web pages are served by a server in the order
of their arrivals.

Service times of web pages are independent identically
distributed random variables having PH distribution with
irreducible representation (b,S). It means the following.
Service of a web page is defined as a time until the contin-
uous-time Markov chain mt, t P 0, having the states

(1, . . . ,M) as the transient and state 0 as absorbing one
reaches the absorbing state. An initial state of the chain
is selected in a random way, according to the probability
distribution defined by the row-vector (b,0), where b is
the stochastic row vector of dimension M. Transitions of
the Markov chain mt, t P 0, are described by the generator

S S0

0 0

� �
where the matrix S is a sub-generator and the

column vector S0 is defined by S0 = �SeM and has all non-
negative and at least one positive components, eM is the
column vector of dimension M consisting of all 1’s. The
average service time b1 is given by b1 = b(�S)�1eM. For
more details about the PH type distribution, its properties,
special cases and applications see [11,12].

Web pages can be delivered into the system by N avail-
able robots. The number of active robots varies in the set
{1, . . . ,N}. We assume that the process of web pages deliv-
ering under l; l ¼ 1;N, active robots is described as follows.
Let mt, t P 0, be an irreducible continuous time Markov
chain having finite state space {0,1, . . . ,W}. Sojourn time
of the chain mt, t P 0, in the state m has exponential distri-
bution with a parameter kðlÞm . After this time expires, with
probability pðlÞ0 ðm; m0Þ the chain jumps into the state m0 with-
out generation of web pages and with probability pðlÞk ðm; m0Þ
the chain jumps into the state m0 and a batch consisting of k
web pages is generated, k P 1. The introduced probabili-
ties satisfy conditions:

pðlÞ0 ðm; mÞ ¼ 0;
X1
k¼1

XW
m0¼0

pðlÞk ðm; m
0Þ þ

XW
m0¼0

pðlÞ0 ðm; m0Þ ¼ 1;

m ¼ 0;W; l ¼ 1;N:

The parameters defining this flow are kept in the square
matrices DðlÞk ; k P 0; l ¼ 1;N, of size W ¼W þ 1 defined
by their entries:

DðlÞ0

� �
m;m
¼�kðlÞm ; DðlÞ0

� �
m;m0
¼ kðlÞm p0ðm;m0Þ;

DðlÞk

� �
m;m0
¼ kðlÞm pðlÞk ðm;m

0Þ;m;m0 ¼ 0;W; k P 1; l¼ 1;N:
ð1Þ

Denote the generating function

DðlÞðzÞ ¼
X1
k¼0

DðlÞk zk; jzj 6 1:

The matrix DðlÞð1Þ is the infinitesimal generator of the pro-
cess mt, t P 0, under the fixed number l of active robots. The
stationary distribution vector h(l) of this process satisfies
the equations hðlÞDðlÞð1Þ ¼ 0; hðlÞe ¼ 1: Here and in the se-
quel, 0 is the zero row vector. The average intensity k(l)

(fundamental rate) of the BMAP under the fixed number l
of active robots is defined by

kðlÞ ¼ hðlÞ
dDðlÞðzÞ

dz
jz¼1e;

and the intensity kðlÞg of group arrivals is defined by

kðlÞg ¼ hðlÞ �DðlÞ0

� �
e:

The variance v(l) of intervals between group arrivals is cal-
culated as follows:

v ðlÞ ¼ 2 kðlÞg

� ��1
hðlÞ �DðlÞ0

� ��1
e� kðlÞg

� ��2
;
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