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Abstract

Intelligent Agent has been shown to be a good ap-

proach to addressing the issues of limited capacity

and unreliable wireless links in mobile computing.
However, before the approach can be commercially vi-

able, a set of management capabilities that support the

controls of intelligent agents in a mobile environment
need to be in place. Since controls can only be ap-

plied after the target agent is located, an e�ective agent

search algorithm is an indispensable part of the man-
agement functions. In this paper, we propose a new

algorithm, the Highest Probability First Algorithm, for

locating the target agent. The approach makes use of
the execution time information to reduce cost and net-

work tra�c. The execution time of the agent on a

server is assumed to be binomial distributed and there-
fore is more realistic.

Keywords: Mobile Agent, Management, Agent Loc-
ation, Search Algorithm

1 Introduction
Compared to the conventional computers with a

�xed connection to wired networks, mobile computers
have narrow, unreliable connectivity, limited pro-
cessing power and battery capacity, and have to op-
erate in a dynamic, heterogeneous environment [1, 2].
Intelligent Agent [3, 4, 5, 6] is shown to be promising
in addressing the issues of limited capacity and unre-
liable links of mobile computers.

Nevertheless, before an intelligent agent service can
be accepted, a high quality and cost e�ective agent
mobility operation, administration and maintenance
(OA&M) system must be in place to guarantee a cer-
tain level of service quality. For any control to be ap-
plied to the target agent, it needs to be located �rst.
Therefore, agent location is an indispensable part of
the OA&M.

In this paper, we extend the work in [7] and propose
a new agent search algorithm, the Highest-Probability-
First search (HPFS) algorithm, that makes use of
the execution time information. In the HPFS al-
gorithm, the execution time on a server is assumed

to be binomial distributed [8], which is closer to real-
ity. The derived probability function is shown to be
much less complicated and can be adopted by a search
agent when being sent to locate the target agent. Al-
though the itinerary of the agent is assumed to be
non-branching, the proposed approach can be easily
extended to cover the branching cases, as in the timed
protocol speci�cation and validation [9, 10].

The rest of the paper is organized as follows. Sec-
tion 2 describes the Highest-Probability-First search
algorithm we propose. Simulation results are presen-
ted in Section 3. Concluding remarks and the future
research topics will be given in Section 4.

2 The High est Probability First Search

Algorithm

2.1 Location Estim ation

According to the above discussion, the performance
of a search algorithm is determined by the time spent
on locating the target agent, as well as the network
overhead caused by the algorithm. Both evaluation
criteria, in fact, are mainly resulted from the number
of times that the search agent probes the servers to loc-
ate the target agent. Therefore, a strategy of querying
to the server with the highest probability among those
servers will consequently consume less search time and
network overhead than blind search strategies.

The following notations are used in evaluating the
HPFS.

1. (S1; S2; : : : ; Sn) : an ordered sequence of servers
that the target agent will visit. Note that servers
Si and Sj can be the same.

2. [t0Si ; t
00

Si
] : a an estimated service time range that

the target agent stays in server Si. The range
can be determined by selecting the worst (widest)
time range collected by experiments.

3. tSi : service time of the target agent completing
its job at server Si; i.e., t

00

Si
� t0Si .
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4. TSi : summation of the service time that the target

agent stays in S1; S2 to Si; i.e.,
Pi

`=1 tS` .

5. T 0

Si
: summation of all the minimum service time

that the target agent stays in servers S1; S2 to Si;

i.e.,
Pi

`=1 t
0

S`
.

6. �F t
Si

: probability of the target agent still running
at server Si after t seconds since the agent is ini-
tially delivered to server Si.

7. PT
Si

: probability that the target agent is currently
located at server Si, T seconds after it was initi-
ated at S1.

Instead of blindly searching for the target agent,
the HPFS algorithm sends a probe to a server with
the highest probability that the agent might currently
stay. If the result of probing is negative, the server with
the second highest probability will be the next target.
This search strategy will continue until the agent is
located. Conclusion of the following theorem provides
an e�cient way to determine the probability values.

Theorem 1 Assume that the service time of an agent

to complete its job on each server is binomial distrib-

uted over the time range [t0Si ; t
00

Si
]. After T seconds

since the target agent is initialized in the �rst server

S1, the probability PT
Si

of the agent being located in

server Si is formulated as:

PT
Si

=
1

2TSi�1

t00
SiX

j=0

�
TSi�1

T � TS0
i�1

� j

�
�

2
41� 1

2tSi

t00
SiX

`=0

�
tSi

` � t0Si

�35 (1)

To verify Theorem 1, without loss of generality, we
make the assumption that the probability function, say
FSi(x), of the service time on server Si is a normal-

distribution-like function over the execution time range
from t0Si to t00Si . That is, the agent could spend an ar-
bitrary length of time to �nish its work in server Si
within the time range, but the highest probability of
the length of time for the agent to complete its job
should be around the mid-point between t0Si and t00Si .
The assumption of normal-distribution-like probabil-
ity function seems to be more practical and reasonable
than other distribution function, such as the uniform
distribution function. Consequently, the probability
function F can be formulated to be a binomial dis-
tribution function, which is a discrete function with
a shape similar to that of the curvature of a normal
distribution function [8].

FSi (x) =
1

2tSi

tSiX
`=0

�
tSi
`

�
x
t0
Si
+` (2)

Note that x
t0
Si is the lower bound of the time inter-

val that the agent will stay in server Si. The coe�cient

of a term x
t0
Si
+` in Eq. 2 represents the probability of

agent to spend t0Si + ` seconds to accomplish the work
in Si. Those which term powers are out of the summa-
tion range will be considered to have zero probability.
Consequently, Eq. 2 can be simpli�ed as:

FSi (x) =
1

2tSi
x
t0
Si � (1 + x)tSi (3)

Eq. 3 is mainly used to depict the length of time
that agent requires to complete its work in a server. If
the time to deliver the agent from the end of a server
Si to the start of the next server Si+1 is negligible
(or the deliver time can be treated as a part of the
responsibility to server Si),

Considering the probability that the target agent is
in server Si after T seconds from the client sending
out the agent to the �rst server, the probability con-
sists of several components. The �rst component is
in conjunction with two probability values: the prob-
ability that the previous i � 1 servers spend all the T
seconds services time, and the probability that server
Si will not �nish the job with zero second. According
to the results of Eq. 3, probability function of the �rst
i�1 servers is the production of each individual server
probability functions because all the �rst i� 1 servers
can be considered as one large system, and each indi-
vidual server among them is just one step of the whole
procedure. Therefore, the probability function of the
�rst i� 1 servers as a whole can be formulated as

i�1Y
k=1

FSk(x) =
1

2TSi�1

x
T 0

Si�1 � (1 + x)TSi�1 (4)

Then, the coe�cient of the term xT in Eq. 4 rep-
resents the probability that the target agent spends
exactly T seconds in i � 1 servers.

coef. of xT =
1

2TSi�1

�
TSi�1

T � T 0

Si�1

�
(5)

Next, the probability that the target agent will not
�nish the work at server Si in t seconds is represented
by the notation �F t

Si
. We can describe the function �F t

Si
from a di�erent point of view: the probability value
will be one minus each probability value that the job
will be done in less than t seconds.

�F t
Si

= 1�
1

2tSi

tX
`=0

�
tSi

` � t0Si

�
(6)

Concluding from the the discussion above, as well
as in Eqs. 5 and 6, Theorem 1 can be veri�ed from the
following formulation.
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PT
Si

=

1

2TSi�1

�
TSi�1

T � T 0

Si�1

�
�"

1�
1

2tSi

0X
`=0

�
tSi

` � t0Si

�#
+

1

2TSi�1

�
TSi�1

T � 1� T 0

Si�1

�
�"

1�
1

2tSi

1X
`=0

�
tSi

` � t0Si

�#
+

� � �+

1

2TSi�1

�
TSi�1

T � t00Si � T 0

Si�1

�
�

2
41� 1

2tSi

t00
SiX

`=0

�
tSi

`� t0Si

�35 (7)

Note that Eq. 7 is the same as Eq. 1

2.2 The Highest Probability First Search

Algorithm

With the results from the previous subsection, we
propose to include the following Highest Probability
First Search Algorithm in the search agent to locate
the target agent.
Highest Probability First Search Algorithm

Main f

SS = fS1; S2; : : : ; Sng

PSL = Sort(SS)
HPFS (target, SS)

g

Procedure Sort(SS)f

Sort SS in decreasing order according to
corresponding probability values

g

Procedure HPFS (target, SS)f
if (SS = ;)
then return NOT FOUND
St = First server in PSL
Move the Search Agent to St
if (target found in St)
then return (St)
else if (St has been visited by the target agent)
then PSL = Sort (SS - fS1; S2; : : : ; Stg)
else PSL = Sort (SS - fSt; St+1; : : : ; Sng)
return (HPFS (target, PSL))

g

Note that \SS" and \PSL" are global variables.
In this algorithm, if the search agent arrives at a

server St and �nds that the target agent has moved

away from that server, then we should exclude all the
servers that proceed St from the search list. This is
based on the assumption that the servers will be vis-
ited in sequence. On the other hand, if the target agent
has not arrived at St, then all the servers following St
in the original execution order will be excluded in the
future search for the same reason. The search list will
then be sorted according to the servers' corresponding
probability values. Since the target agent is still mo-
bile before being located, it is possible that the target
agent might \slip through" the search, i.e., the target
agent might move to servers excluded from the search
list in previous rounds of search. A simple solution is
to leave some information at the servers that the search
agents have visited and ask the target agent to report
its position and status when it arrives at those servers.

3 Sim ulation Resul ts
In this section, we present the simulations results

and use \number of probes" needed to locate the target
agent as a performance measure to compare the basic
binary search and the HPFS.

In the simulations, we assume that the target agent
will visit twenty servers, numbered in sequence form
1 to 20. The service time ranges for the servers are
as shown in Table 1. The elapse times range from 1
to 200 in the simulations and the service time range
for server 20 is chosen so that it can be a \sink", i.e.,
the target agent will not go beyond server 20. The
values of the simulation results are obtained by taking
the average of the results of 1000 runs.

Table 1: Service Time Ranges for the Servers

S 1 2 3 4 5 6 7 8 9 10

t0Si 3 4 6 2 3 2 8 7 4 1

t00Si 8 20 17 10 14 6 16 22 20 9

S 11 12 13 14 15 16 17 18 19 20

t0Si 8 6 3 5 9 2 4 2 7 500

t00Si 17 20 18 14 13 11 17 21 28 600

Our goal is to predict with certain accuracy where
the target agent is when the elapse time and execution
time ranges are given. Therefore, it is of interest to
know if the Eq. 1 can show the probability of where
the agent is accurately and if the the di�erence between
the theoretical and simulations results vary with elapse
time. Figure 1 that the simulation results are very close
to the theoretical results, with the highest probability
all pointing to the same server.

Figure 2 shows the comparison of the basic binary
search and the HPFS algorithms. As illustrated in the
�gure, the basic binary search algorithm needs more
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Figure 1: Probability Distribution of the Location of
the Agent (Elapse Time = 85).

probes to locate the target agent. In addition, the
numbers of probes needed vary in a wide range with
the elapse time. On the contrary, the expected values
of the probes needed for the HPFS algorithm are lower
than those for basic binary search and the variation is
much smaller. The simulation results match the theor-
etical results quite well. Consequently, the validity of
Theorem 1 can be veri�ed.
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Figure 2: Comparison of the Basic Binary Search and
the HPFS.

4 Conclusion
Agent location is an indispensable part of the man-

agement functions needed to support the mobility of
intelligent agents. Straightforward agent search al-
gorithms often lead to excessive network tra�c. In
this paper, we have proposed a new agent search al-
gorithm that makes use the execution time information
available. The execution time is assumed to be bino-
mial distributed, which is closer to reality. With the
probability functions we came up with, the Highest
Probability First Search algorithm is then formulated.

It is expected to generate less probes to locate the tar-
get agent. The simulation results match the theoretical
results quite well

We had made the assumption that the target
agent traverse the servers in a predetermined order.
However, the path the target agent takes might de-
pend on the real time condition and could be non-
deterministic. In addition, the relationship between
agent location and agent control functions (how to ap-
ply the control function after the target agent is loc-
ated?) needs to be clari�ed. W e plan to resolve these
problems in the future research.
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