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Abstract— In this paper, we propose to concurrently search for a num-
ber of mobile users in a wireless cellular network based on the probabilistic
information about the locations of mobile users. The concurrent search ap-
proach guarantees that all

�
mobile users will be located within

�
time slots.

It is shown that even in the worst case when mobile users appear equally in
all the cells of the network, the concurrent search approach is able to reduce
the average paging cost by � � � . More importantly, this is achieved without
an increase in the worst-case paging delay or in the worst-case paging cost.
Depending on the total number of mobile users to be located, total number
of cells in the network, and the probabilistic information about the locations
of mobile users, the reduction of the average paging cost due to the usage
of the concurrent search approach ranges from � � � to � � � . The case in
which perfect probabilistic information is unavailable is also studied.

Keywords— concurrent search, cellular networks, probabilistic location
information

I. INTRODUCTION

IN A CELLULAR NETWORK, when a call to a mobile user ar-
rives, a mobility management scheme is responsible for finding
the current cell in which the mobile user resides. Typically, a
mobility management scheme constitutes of a location update
scheme and a paging scheme.

In the last decade, many location update schemes were pro-
posed. Basically, these schemes were either movement-based
[2] [13], timer-based [12], distance-based [8] [9], profile-based
[21], state-based [22], or velocity-based [15]. Schemes that use
a hybrid of the above strategies were also proposed [11] [19]. It
was proven in [5] [7] that distance-based schemes achieve better
performance compared to movement-based schemes and timer-
based schemes. Some proposed schemes [3] [20] suggested that
a mobile should register its location only when it enters some
predefined cells, referred to as reporting centers. Liang and Haas
[23] proposed a predictive distance-based user tracking scheme.
A novel information theoretic approach for location update and
derivation of probabilistic information about locations of mobile
users was proposed in [24].

A location area is composed of a number of cells. Some re-
searchers assumed that a mobile user sends a location update
message to the system whenever it enters a new location area
and concentrated on the design of an optimal location area. Kim
and Lee [14] proposed an integer-programming model to find
the optimal location area, which may take on an irregular shape.
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Abutaleb and Li [17] claimed that the problem of finding the
optimal location area, when the size of the location area is con-
strained, is NP-hard. Other researchers assumed that location
areas are given and focused on the decision problem of whether
a mobile user should send a location update message when it
enters a new location area. Das and Sen [18] proposed a genetic
algorithm to decide whether a mobile should update its location
when it enters a location area.

Recently, a convex optimization problem was formulated
to minimize the costs of location update and paging in the
movement-based location update scheme [32]. In [29], a con-
tinuous formulation for the problem of one-dimensional loca-
tion area design is proposed to overcome the computational dif-
ficulty associated with the original combinatorial formulation.
In [28], an improved probabilistic location update scheme was
proposed. In [27], probabilistic paging is used for contention-
free mobility management. A survey on location management
schemes could be found in [31].

There is an intrinsic tradeoff between location update and
paging. As the frequency of location update increases, the lo-
cation uncertainty decreases and therefore the paging cost de-
creases. And on the contrary, when the frequency of location
update decreases, both the location uncertainty and paging cost
increase. It is possible to see paging as a more fundamental op-
eration than location update. However, as pointed out in [24],
“the majority of the research on location management has actu-
ally focused on update schemes, assuming some obvious version
of the paging algorithm.”

The concept of dividing a location area into paging zones was
described in [1] [4]. Lyberopoulos [10] proposed to page the
cell that a mobile registered with most recently and then page
all other cells in the location area if necessary. Rose and Yates
[6] proved that given the probabilistic information about the po-
sition of a mobile, to minimize the average paging cost, the cells
with the higher probabilities must be paged before the cells with
the lower probabilities are paged. As described in [34], there
are three types of methods to obtain the probabilistic informa-
tion about the locations of mobile users: geographical computa-
tion, empirical data, and mathematical models. Krishnamachari,
Gau, Wicker, and Haas [25] proposed an efficient algorithm to
solve the problem of minimizing the average paging cost un-
der the worst-case paging delay constraint. Abutaleb and Li
[16] showed that the problem of minimizing the average pag-
ing cost under the mean paging delay constraint can be solved
in ��� � 	 
 time. A novel sequential paging strategy based on op-
timal search theory could be found in [33].

All the above works on paging focused on the problem of
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searching for a single mobile user and assumed that some
straightforward strategy of searching for multiple mobile users,
such as sequential search, is used. In this paper, we study the
problem of searching for multiple mobile users concurrently.
Furthermore, we propose an efficient and low-complexity algo-
rithm to concurrently locate � mobile users within � time slots.
Depending on the total number of cells in the network, the total
number of mobile users to be located, and the probabilistic in-
formation about the locations of mobile users, the reduction of
the average paging cost due to the usage of our proposed algo-
rithm ranges from � � 
 to � � 
 . Our proposed scheme could be
used in current cellular networks and next-generation personal
communications networks.

The rest of the paper is organized as follows: section 2
presents the mathematical formulation of the concurrent search
problem. Section 3 shows that even in the worst case when mo-
bile users appear equally in all the cells of the network, a con-
current search scheme is able to reduce the average paging cost
by � � 
 without increasing the worst-case paging delay or the
average paging delay. Section 4 contains the simple heuristic al-
gorithm that is proposed to solve the concurrent search problem.
Section 5 introduces the concept of the dynamic schedule that
is used to further reduce the average paging cost and the condi-
tional probability heuristic algorithm that is proposed to derive a
dynamic schedule. Section 6 shows our performance simulation
results of the above algorithms. Section 7 includes the discus-
sions on the extensions of the proposed concurrent search algo-
rithms. Conclusions are provided in Section 8. Related proofs
could be found in the Appendix.

II. THE CONCURRENT SEARCH PROBLEM

Rose [6] proposed a sequential paging scheme to locate a sin-
gle mobile user in the cellular network based on the probabilistic
information of the location of the mobile user. The basic idea is
to partition cells in the network into a number of paging zones
and search for paging zones one by one. More precisely, the
system pages the first paging zone in the first time slot. If the
mobile user is in the first paging zone, the mobile user is lo-
cated and the search is aborted. Otherwise, the system pages the
second paging zone, and so on.

In this paper, we study the problem of concurrently locating
a number of mobile users. Suppose there are � cells in the net-
work and there are � mobile users to be located. A straight-
forward sequential paging scheme is to page all cells at time
slot � to locate mobile user � , where ��������� . This scheme
requires ��� � paging messages. Given the probabilistic infor-
mation about the locations of mobile users, it is possible to
reduce the average number of required paging messages. Let� � � � � 
 be the probability that mobile user � is in cell � , when
a call to mobile user � arrives. To locate a mobile user, the
system only searches for the cells in which the mobile user
could be found with a nonzero probability. Therefore, with-
out loss of essential generality, it is assumed that � � � � � 
���� ,� �� �! � � � � " " � �$# � �% �! � � � � " " � �&# . Let ' be a �)()� proba-
bility matrix such that * ',+ - . /�0 � � � � � 
 . A ��(1� matrix 2 is

said to be a probability matrix if
� �3�4���5�6� �%�7�8�4� ,* 28+ - . /, )* � � � + and

� �,�3�9�%� , : 	/ ;&< * 28+ - . /=0>� . As described
in [34], there are three types of methods to obtain the mobile
user location probabilities � � � � � 
 ’s: geographical computation,
empirical data, and mathematical models. In addition, a novel
information-theoretical approach to derive the probability ma-
trix ' could be found in [24].

Consider the following simple example to illustrate the effi-
ciency of a concurrent search scheme. Suppose that there are
only two cells in the system and two users are to be located. As-
sume that the system has no prior knowledge about the location
of the users; i.e., each user can reside in each one of the two
cells with probability 0.5. Using sequential paging, the system
would page and locate user 1 in the first time slot. Then, the
system would page and locate user 2 in the second slot. Thus,
total of four pages would be required.

On the other hand, if the system were to page in the first slot
for user 1 in cell 1 and for user 2 in cell 2, there is � � 
 probabil-
ity that any of the two users would be found in the first time slot.
If a user is not found in the first time slot, the system would page
for the user in the ”other” cell in the second time slot. Thus, on
the average, a user will be located with probability 0.5 in one
time slot and with probability 0.5 in two time slots; i.e., on the
average, 1.5 pages would be required per user, or 3 pages for the
two users - a saving of � � 
 over the sequential paging.

In general, if there are � cells in the system and � users to
be located, the above concurrent search scheme would require	 ? 	 @ < AB total pages, while the sequential paging scheme requires��� �308� B pages; i.e., a saving of � � 
 for large � ! Of course,
with some probabilistic knowledge of the mobiles’ locations,
this saving can be significantly larger.

Let CD� � � � 
 be the index of the time slot in which the base
station in cell � is scheduled to page mobile user � . Let E be
a ��(1� matrix such that * E�+ - . /�0�CD� � � � 
 . E is a schedule to
search for mobile users. It is assumed that the complete schedule
is determined at the beginning of the first time slot and remains
unchanged. Suppose that all � mobile users must be located
within F time slots. In order to assure that all � mobile users are
located within F time slots, it is necessary that ���3C&� � � � 
=�GF ,
where �1�������6� �1���%��� . The H -th paging zone of mo-
bile user � , where �>�IH��JF � �>�I�3�J� , is denoted byK � � � H 
 and is defined to be ! �6L C&� � � � 
=08H � ���%���%�&# . More-
over, the cardinality of

K � � � H 
 is denoted by L K � � � H 
 L , which
is equivalent to the total number of elements in the set

K � � � H 
 .
Let M$� N O �DF � P � O �D
 be the indicator function with value one if the
condition is true and with value zero otherwise. Furthermore, letQ � � � H 
,0�: / R S ? - . T A � � � � � 
=0�: 	/ ;D< M$� CD� � � � 
=0�H 
9� � � � � � 
 be
the probability that mobile user � is inside its H -th paging zone,
where �����U��� and ����H���F . Let V1� � � H 
U04L K � � � H 
 L60: 	/ ;D< M$� CD� � � � 
90%H 
 , where �,�3�9�3� and �,�%HU�%F .

A simple example is used to illustrate the above notations.
Suppose there are ��08� mobile users to be located within FW0X

time slots in a network composed of ��07Y cells. Assume
that with probability 0.3, mobile user 1 is in cell 2. Therefore,� � � � � 
�04� " X . In addition, it is assumed that � � � � � 
�05� " Y ,
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U0�� " � , and � � � � Y 
U0�� " � . Similarly, it is assumed that� � � � � 
�05� " X � � � � � � 
�0 � � � � X 
�05� " � � , and � � � � Y 
�05� " � .
Therefore, the corresponding probability matrix ' is as follows:'>0 Z � " Y[� " X � " �[� " �� " X � " � �\� " � �\� " �)]

Furthermore, assume that to locate mobile user one, the sys-
tem pages cell 1 and cell 2 in time slot 1, and pages cell 3 in
time slot 2, if the mobile has not been located at the end of
time slot 1. If the mobile user has not been located at the end
of time slot 2, the system pages cell 4 in time slot 3. Then,K � � � � 
�04! � � � # � K � � � � 
W04! X # , and

K � � � X 
�04! Y # . Simi-
larly, it is assumed that

K � � � � 
^0>! X � Y # � K � � � � 
&08! � � � # , andK � � � X 
^0G_ . Thus, E40 Z �`�a� X�`�b�\�1]
Moreover, Q � � � � 
�0`� " Y)c�� " X 0`� " d � Q � � � � 
e0\� " �

and Q � � � X 
�0`� " � . Similarly, Q � � � � 
�0\� " � ��ce� " �f0� " Y � � Q � � � � 
�0e� " X cG� " � �10�� " � � and Q � � � X 
�0e� . Clearly,V)� � � � 
=0�� � V1� � � � 
=0�� � V1� � � X 
=0�� � V)� � � � 
,0>V1� � � � 
=0� and V)� � � X 
^0G� .
For mobile user � , with probability Q � � � H 
 , the mobile user is

located in the H -th time slot and the total number of sent paging
messages is : Tg ;&< V)� � � hD
 . Therefore, the average (expected)
number of required paging messages to locate mobile user � is:GiT ;D< * Q � � � H 
^� : Tg ;D< V1� � � h&
 + . Hence, the expected number of
required paging messages to locate � mobile users is simply:Gj- ;D< : iT ;D< * Q � � � H 
=�$: Tg ;D< V1� � � h&
 + . Given the probabilistic
information ' and the schedule of searching for mobile usersE , the average paging cost is defined to be the expected num-
ber of required paging messages to locate mobile users and is
denoted by kW� '9� E1
 . Then,

k�� 'l� E1
m0 jn - ;&< inT ;&< * Q � � � H 
&� Tng ;&< V)� � � hD
 +0 jn - ;&< inT ;&< ! * 	n/ ;D< M � C&� � � � 
90GH 
&� � � � � � 
 +$�* Tng ;D< 	n/ ;&< M � C&� � � � 
90Gh&
 + # (1)

There are many schedules to search for mobiles users and
there are natural constraints that a valid schedule must satisfy.
In this paper, it is assumed that in a single time slot, a base sta-
tion is able to broadcast at most one paging message and a pag-
ing message is used to search for a specific mobile user. While a
base station is allowed not to send any paging messages in a time
slot, a base station is prohibited from sending a paging message
to search for two or more mobile users in a time slot. Therefore,
for every cell, mobile users are scheduled to be paged in distinct
time slots. Namely,

� � � � < � � B , where �,�)���3�^� �U�3� < � � B �%� ,
if � <Uo0%� B , then C&� � < � � 
,o0%CD� � B � � 
 .

A valid schedule also has to guarantee that all mobile users
are located within F time slots. Therefore, for every cell, every
mobile user has to be scheduled to be paged in the cell withinF time slots. Instead of using the term “be paged”, we use the
term “scheduled to be paged” to emphasize that once a mobile
user has been located, it is unnecessary to search for the mobile
user in remaining unpaged cells.

Let pl� �6� �^� F 
 be the collection of valid schedules to locate �
mobile users in a � -cells network within F time slots. Then,pl� �6� �^� F 
q0r! E%L CD� � � � 
9 �! � � � � " " � F # � � �& �! � � � � " " � �$# ��W �! � � � � " " � �&# � s �DF� � � � < � � B ��t,u$v w v)�,�)�W�3�^� �,�)� < � � B �%�6�� x%� <Uo0%� B ��P u$v �GCD� � < � � 
=o0%C&� � B � � 
 # (2)

A necessary condition for pl� �6� �^� F 
 to be a non-empty set
is F�yJ� . In this paper, only the non-trivial case in whichpl� �6� �^� F 
,o0G_ is studied.

The optimal average paging cost k�zi � ',
 and the optimal
schedule E)z are defined as follows:k zi � ',
90|{W} ~� R � ? j . 	 . i A k�� 'l� E1
Ws �DFE z 0G� � ��{�} ~� R � ? j . 	 . i A kW� '9� E1
 (3)

The concurrent search problem is to find an optimal sched-
ule and the minimum average paging cost, given �6� �^� F , and' . In the above definition of a schedule, it is assumed that the
complete schedule is determined based on the probability ma-
trix ' at the beginning of the first time slot and remains un-
changed. Therefore, the above optimal schedule is an optimal
static schedule. It is possible to further reduce the average pag-
ing cost by a dynamic schedule, which will be explained in more
details later in this paper. In this paper, unless explicitly stated,
an optimal schedule means an optimal static schedule.

When F>y5��� � , the concurrent search problem is identi-
cal to a collection of � independent sequential paging problems.
An optimal schedule is to search for mobile users one by one
and for each mobile user � , sort the probabilities � � � � � 
 , where���8���>� , in non-increasing order and page cells one by one
accordingly.

In this paper, we focus on the case in which F10�� . In this
case, pl� �6� �^� � 
�o07_ , since there is a trivial solution in which
all the base stations of the network page mobile user � in time
slot � , where �G�7�1�5� . When F805� , all � mobile users
will be located within � time slots and therefore the worst-case
paging delay is � , which is identical to the worst-case paging de-
lay of the straightforward sequential paging scheme. The con-
straint that

� � � � < � � B , where �G�7���4�^� �G�4� < � � B �f� , if� <�o0>� B , then C&� � < � � 
Wo0>CD� � B � � 
 is essential for the concurrent
search problem. Due to the constraint, the general concurrent
search problem is not equivalent to a collection of independent
sequential paging problems [6]. Consider the following counter
example. Suppose there are two mobile users and two cells in
the network. Furthermore, assume that � � � � � 
�� � � � � � 
 and� � � � � 
,� � � � � � 
 . If the concurrent search problem is identical
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to a collection of independent sequential paging problems, due
to the rule that the cells with higher probabilities must be paged
first, to locate mobile user one, cell one has to be paged before
cell 2 is paged. Thus, cell one has to be paged for mobile user
one in time slot one. Similarly, to locate mobile user two, cell
one has to be paged for mobile user two in time slot one. How-
ever, the base station in cell one is not allowed to simultaneously
page two mobile users in the first time slot.

The concurrent search problem can be solved by the “brute
force” search algorithm, which would simply search for the
whole state space pl� �6� �^� � 
 . The cardinality of pl� �6� �^� � 
 is
denoted by L pl� �6� �^� � 
 L and is calculated as follows. For ev-
ery fixed cell, two mobile users cannot be paged at the same
time. On the other hand, in a valid schedule, for every fixed cell,
the corresponding base station has to page all � mobile users in
the first � time slots to satisfy the requirement that all � mobile
users are located within � time slots. Therefore, for every fixed
cell � , CD� � � � 
 � CD� � � � 
 � " " � C&� �6� � 
 must be a permutation of the
sequence � � � � " " � � . There are totally �6� distinct permutations.
Since a base station is able to page any mobile user independent
of other base stations, the cardinality of pl� �6� �^� � 
 is equivalent
to � �6� 
 	 , where � is the total number of cells in the network. The
high computational complexity of the algorithm even for small� and � makes the “brute force” search impractical.

A similar concurrent search problem to minimize the average
paging delay is formulated as follows. Given �6� �^� F , a prob-
ability matrix ' and a valid schedule E , let ��� 'l� E1
 be the
associated average paging delay. Then,

��� 'l� E1
m0 �� jn - ;D< inT ;D< * Q � � � H 
^� H +0 �� jn - ;D< inT ;D< ! * 	n/ ;&< � M$� CD� � � � 
90GH 
^� � � � � � 
 
 +$� H #
Furthermore, given �6� �^� F , and ' , denote the optimal average

paging delay by ��zi � ',
 , where� zi � 'U
90|{�} ~� R � ? j . 	 . i A ��� 'l� E1

III. UNIFORM DISTRIBUTIONS

A. The Average Paging Cost

In this section, we show that even when every mobile user re-
sides equally in all the cells, which is the worst case for improve-
ment with the concurrent search scheme, reduction of the aver-
age paging cost can still be achieved by concurrent search. In
this case, solving independent sequential paging problems can
solve the concurrent search problem.

Let '^� ? j . 	 A be a �1()� matrix such that * '^� ? j . 	 A + - . /10 <	 ,where �U�3�l�%�6� �U�)���3� . Given a ��(�� probability matrix' , let klT � � � ',
 be the paging cost, when � mobile users in a� -cells network are searched one by one and all base stations
simultaneously page mobile user � in time slot � , where �U�)�9�� . It is clear that klT � � � '&� ? j . 	 A 
90G��� � .

The case in which �>04� and � is an even number is first
studied. Recall that E is the collection of the CD� � � � 
 ’s, where�U�%�l�G� � �U�3���%� . The following concurrent search sched-
ule is selected: C&� � � � 
q0�� � � �,�1�W� � �C&� � � � 
q0[� � � � � cG�,�)�W�3�C&� � � � 
q0[� � � �,�1�W� � �C&� � � � 
q0�� � � � � cG�,�)�W�3�

It is straightforward to check that E is a valid schedule. Re-
call that kUzB � ',
 is the minimum average paging cost, when the
probability matrix is ' and all mobile users are located within
two time slots. Then,k zB � ' � ? B . 	 A 
a��k B � ' � ? B . 	 A � E1
0[�,� * � �� 
&� � � � 
DcG� �� 
&� � �D
 +0 X � ��

The normalized reduction of the average paging cost for a�3(3� probability matrix ' is denoted by w z � �6� �^� ',
 and is
defined as follows:w z � �6� �^� 'U
q0 klT � � � 'U
&�)k zj � ',
k9T � � � 'U


Then, w z � � � �^� '&� ? B . 	 A 
ay �,� ���>� � 	B�,� �0 �Y
The above result demonstrates that even when every mobile

user appears equally in all the cells of the network, which is
considered to be the worst case, reduction in the average paging
cost of � � 
 is achievable by concurrent search.

It turns out that the schedule chosen above is indeed an opti-
mal schedule, which is proved as follows. Assume that � divides� . Recall that V)� � � H 
 , where �W�8� � HW�>� , is the total number
of cells that belong to the H -th paging zone of mobile user � .
Let V be the collection of V1� � � H 
 ’s, where ���>� � H���� . Letk�� V�
 be the corresponding average paging cost. For ' � ? j . 	 A ,Q � � � H 
90�� ? - . T A	 and therefore

k�� V�
m0 jn - ;&< jnT ;D< * V1� � � H 
� � Tng ;&< V)� � � hD
 +
There are a number of constraints that V has to satisfy. First,

by definition, V1� � � H 
%0mL K � � � H 
 L , where ���I� � H��J� , is
an integer between zero and � . In addition, to assure that
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mobile user � is located within � time slots, :GjT ;&< V)� � � H 
�0:GjT ;D< L K � � � H 
 L 03� . Moreover,jn - ;&< V1� � � H 
q0 jn - ;D< 	n/ ;&< M � C&� � � � 
90GH 
0 	n/ ;&< jn - ;&< M � C&� � � � 
90GH 
0 	n/ ;&< �0��
Therefore, to find an optimal solution V and the minimum

value of kW� V�
 , we have to solve the following optimization
problem: {W} ~ jn - ;&< jn T ;&< * V1� � � H 
� � Tng ;&< V)� � � hD
 +H " P "jn T ;&< V)� � � H 
90%�^� � �=�3�9�%�jn - ;&< V)� � � H 
90%�^� � �=�%HU�%�V)� � � H 
l �! � � � � � � " " � �&# � � �=�)� � HU�%�

Let V�z � � � H 
�0 	 j , � ����� � H���� and V�z be the collection
of the V z � � � H 
 ’s. Since � divides � , 	 j is an integer. Since:GjT ;D< V1� � � H 
l08�W� 	 j 0G� , :Gj- ;&< V)� � � H 
l0>��� 	 j 0G� , and 	 jis an integer between 0 and � , V1z is a feasible solution of the
above optimization problem. Furthermore,k�� V z 
m0 jn - ;&< jnT ;&< * �� Tng ;&< � � +0 jn - ;&< jnT ;&< * � �� 
&� � ��� H� 
 +

Let kUz- be the minimum average paging cost, when an optimal
sequential paging scheme [6] is used to locate a single mobile
user � within � time slots. In [25], it has been shown thatk z- 0 jnT ;&< * �� Tng ;D< � � +0 jnT ;&< * � �� 
^� � ��� H� 
 +

Therefore, k�� V1z 
90G:Gj- ;D< k�z- .
Without the last set of constraints, : j- ;D< V)� � � H 
40b� ,� ����He��� , the concurrent search problem is equivalent

to a collection of independent optimal sequential paging prob-
lems. We now prove that if V is a solution of the above con-
current search problem, kW� V�
�y7:Gj- ;&< k�z- . For each fixed � ,

where �, 3! � � � � " " � �$# , since :GjT ;&< V)� � � H 
,0>� and V)� � � H 
U ! � � � � � � " " � �&# , � H4 �! � � � � " " � �$# , V)� � � � 
 � V)� � � � 
 � " " � V1� � � � 

form a solution of the optimal sequential paging problem [6].
Hence,

� �3 7! � � � � " " � �$# , :GjT ;&< � ? - . T A	 : Tg ;&< V1� � � h&
3yIk�z-
and therefore k�� V�
lyG:Gj- ;D< kUz- . Then, k�� V1z 
908:Gj- ;D< kUz- �k�� V�
 and therefore V1z is an optimal solution.

Lemma 1: When � divides � , an optimal schedule isCD� � � � 
�04�l�>�,ce� / � j	�� �G��� M � �=�>�,ce� / � j	�� �4� 
 , � �)��9�%�6� �,�)�W�3� .
Proof: See Appendix.
Lemma 2: When � divides � , w z � �6� �^� '^� ? j . 	 A 
90 <B � <B � j .Proof: See Appendix.

B. The Average Paging Delay

Recall that V�z � � � H 
)0 	 j , � �G�5� � H8�I� and V�z is the
collection of the V1z � � � � 
 ’s. Then,

��� '^� ? j . 	 A � V z 
m0 �� jn - ;&< jnT ;&< H� 0 �Uc%��
When � mobile users are searched one by one, the average

paging delay is equivalent to <j :Gj- ;D< �U0 j @ <B , which is iden-
tical to ��� ' � ? j . 	 A � V1z 
 . Thus, the concurrent search scheme
does not increase the average paging delay in the uniform user
distribution case.

When � mobile users are searched one by one, the last mobile
user is always located in time slot � . When a concurrent search
scheme is used, in the worst case, it is possible that some mobile
users might be located as late as time slot � . Therefore, the
worst-case paging delay of a concurrent search scheme is also �
time slots. To sum up, when mobile users appear equally in all
of the cells in the network, the concurrent search scheme is able
to reduce the average paging cost without increasing the average
paging delay or the worst-case paging delay.

IV. ALGORITHMS AND ANALYTICAL RESULTS

We propose the simple heuristic algorithm to solve the con-
current search problem {W} ~ � R � ? j . 	 . j A kW� '9� E1
 . Although to
the best of our knowledge, the “brute force” search algorithm is
the only known algorithm that guarantees an optimal solution,
its computational complexity is exponential and therefore it is
not practical. The simple heuristic algorithm is a linear-time
algorithm and it guarantees the normalized reduction of the av-
erage paging cost by at least � � " � 
 . Related analytical results
are also included.

A. The Simple Heuristic Algorithm

To evaluate the performance of a heuristic algorithm, we ex-
tend the previous definition of the normalized reduction of the
average paging cost. For an arbitrary schedule E� )pl� �6� �^� � 

and a ��(�� probability matrix ' , the normalized reduction of
the average paging cost is denoted by w � �6� �^� '9� E1
 and is de-
fined to be �$� � � ? � A � � ? � . � A�$� � � ? � A . We further define w z � �6� �^� ',
�0{W� � � R � ? j . 	 . j A w � �6� �^� 'l� E1
 .
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The simple heuristic algorithm for �)0�� is as follows. Let� <G0�:�� � �  / ;D< � � � � � 
 and
� B 0�:�� � �  / ;D< � � � � � 
 . If

� <8y � B ,
set C&� � � � 
�0f� � C&� � � � 
�07� , � �)���G�J� 	 B � , and C&� � � � 
�0� � C&� � � � 
U07� , � � 	 B � c>���>�)��� . Otherwise, set CD� � � � 
�0� � C&� � � � 
U07� , � ���>�)�5� 	 B � , and C&� � � � 
�07� � C&� � � � 
U0�� ,� � 	 B � cG�,�)�W�3� .Let EWT be the schedule derived by the simple heuristic al-
gorithm. An upper bound of kW� '9� E�T 
 , when �>0f� , is de-
rived as follows. If � is an odd number, � 	 B � 0 	 @ <B . DefineuD� �D
^0GM$� �G� H�s �8O F F1�6¡$V�¢ v w 
 . When

� <=y � B ,k�� 'l� E�T 
0r* � <9�$� � � � c%� �l� � < 
^� �6+cU* � �l� � B 
&� � ���>� � � � 
&c � B � �6+0r� �,� ���8� � � � 
^� � <9� � ���8� � � � 
Dc � B �$� � � �0 X ���1uD� �D
� � � <9� � ���1uD� �D
� 
&c � B � � ��c)uD� �D
� 
0 X ��c%� � � B �3� 
&� uD� �D
� �%� � <l� � B 
&� � ���1uD� �D
� 
� X ��c%� �,�%� 
&� uD� �D
� �)�0 X ��c)uD� �D
�
Similarly, when

� <W� � B , it can be proved that k�� 'l� E�T 
U�� 	 @6£ ? 	 AB . Therefore,w � � � �^� '9� EWT 
ayr�l� � 	 @D£ ? 	 AB� �0 �Y � uD� �D
Y �
The above results are summarized in the following lemma.
Lemma 3: w � � � �^� '9� EWT 
ly <¤ � £ ? 	 A¤ 	 .
Particularly, when there are two mobile users and the to-

tal number of cells is an even number, according to the above
lemma, the normalized reduction of the average paging cost due
to the simple heuristic algorithm is at least � � 
 .

The simple heuristic algorithm is also applicable when there
are ��y X mobile users to be located. When � is an even number,
for every pair of mobile users, the above procedure is used to
locate the mobile users. Namely, the simple heuristic algorithm
searches for mobile user 1 and mobile user 2 in the first two time
slots, searches for mobile user 3 and mobile user 4 in time slot
3 and time slot 4, and so on. In general, the algorithm pairs and
searches for the mobile user � �9� � ��� 
 and the mobile user � �^� � 

at time slot � �,� �&�%� 
 and time slot � �,� � 
 . It can be shown thatw � �6� �^� 'l� E�T 
ly <¤ � £ ? 	 A¤ 	 .

When � is an odd number and �805�W� �$¥&c�� , the simple
heuristic algorithm uses the above procedure to locate the first�,� � ¥ mobile users in the first �U� � ¥ time slots and then all base
stations simultaneously page the last mobile user in the � -th time
slot. In this case, w � �6� �^� '9� E�T 
,y <¤ � <¤ j �%� �=� <j 
^� � £ ? 	 A¤ 	 
 .

When ��0 X , the above lower bound is about � � " � 
 . As � and� increase, the lower bound approaches � � 
 , which is identical
to the limit of the lower bound when � is even.

Let ¦ T � �6� �D
10 <¤ � £ ? 	 A¤ 	 , when � is an even number, and¦ T � �6� �D
^0 <¤ � <¤ j �1� �^� <j 
6� � £ ? 	 A¤ 	 
 , when � is an odd number.
Since the simple heuristic algorithm derives a sub-optimal solu-
tion of the concurrent search problem, w z � �6� �^� 'U
Wy�¦ T � �6� �D
 .
Namely, ¦ T � �6� �D
 is a lower bound of the normalized reduction
of the average paging cost, when the “brute force” algorithm is
used to find an optimal schedule. Note that ¦ T � �6� �D
 is indepen-
dent of the probability matrix ' . Compared to searching for
mobile users one by one, an optimal concurrent search always
reduces the normalized average paging cost by at least � � " � 
 .
When the total number of mobile users is an even number, the
above reduction is at least � � 
 .

The simple heuristic algorithm takes �W� j � 	B 
 additions and��� j B 
 comparisons to obtain a schedule. Therefore, its compu-
tational complexity is �W� �9� �D
 , which is practical for implemen-
tation with today’s technology and cellular system parameters.

B. Analytical Results of The Average Paging Cost

We first prove that when there are two mobile users, the col-
lection of two uniform probability density functions is the worst
case for minimizing the average paging cost.

Lemma 4: kUzB � ' � ? B . 	 A 
=yGkUzB � 'U
 , where � is an even num-
ber and ' is an arbitrary ��(�� probability matrix.

Proof: See Appendix.
However, unlike in the sequential paging problem, the col-

lection of uniform distributions is not the unique worst case in
the concurrent search problem. One example is shown by the
following lemma.

Lemma 5: If �)08��08� and � � � � � 
l0 � � � � � 
 , � �U�3���3� ,
then k zB � ',
90Gk zB � '^� ? B . 	 A 
 .

Proof: See Appendix.
Definition: A matrix is said to be row-identical if all rows are

identical.
In the sequential paging problem, if the cells with lower prob-

abilities are paged before the cells with higher probabilities are
paged, the average paging cost associated with a non-uniform
distribution could be greater than that associated with the uni-
form distribution. This suggests that a row-identical probability
matrix is a bad case for the concurrent search problem, since for
some mobile user, some cells with lower probabilities have to
be paged before some other cells with higher probabilities are
paged. However, the following lemma shows that the average
paging cost associated with a �)()� row-identical probability
matrix is no greater than that associated with ' � ? j . 	 A .Lemma 6: If � divides � and '&§ is a �)()� row-identical
probability matrix, k�zj � '&§ 
l�%kUzj � '^� ? j . 	 A 
 .Proof: See Appendix.

C. Analytical Results of The Average Paging Delay

The following lemma states that when there are two mobile
users, the collection of two uniform probability density func-
tions is the worst case for minimizing the average paging delay.
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Lemma 7: ��zB � ' � ? B . 	 A 
Uy���zB � ',
 , where ' is an arbitrary��(�� probability matrix.
Proof: See Appendix.
It is shown in the second step of the above proof that when

there are two mobile users that reside equally likely in all the
cells in the network, the average paging delay is always �B , re-
gardless of the schedule. Following the steps of the proof, it
is easy to show that when there are � mobile users that reside
equally likely in all the cells in the network, the average paging
delay is always j @ <B .

The following lemma shows that when ��08� , '^� ? j . 	 A is not
the unique worst case for the problem of minimizing the average
delay.

Lemma 8: If ��0G� and � � � � � 
90 � � � � � 
 , � �,�3���%� , then��zB � ',
90%��zB � ' � ? B . 	 A 
 , � �1y%� .
Proof: See Appendix.
The following lemma states that the average paging delay

associated with a ��(1� row-identical probability matrix is no
greater than that associated with ' � ? j . 	 A .Lemma 9: If � divides � and '&§ is a �1()� row-identical
probability matrix, then ��zj � '&§ 
l�3��zj � '^� ? j . 	 A 
 .Proof: See Appendix.

V. ON THE DYNAMIC SCHEDULE

To further reduce the average paging cost, we propose the
conditional probability heuristic algorithm to obtain a dynamic
schedule. Unlike a static schedule, a dynamic schedule is not
fully determined at the beginning of the first time slot. Instead,
a dynamic schedule is obtained based on the paging results of
the previous time slots.

A. The Conditional Probability Heuristic Algorithm

We first define some terms for the conditional probability
heuristic algorithm. The variable H � � � P 
 represents the state of
the � -th mobile user at the beginning of time slot P . If mo-
bile user � has not been located at the beginning of time slotP , H � � � P 
l08� . Otherwise, H � � � P 
l0�� . Since none of the mobile
users are located at the beginning of time slot 1, H � � � � 
�07� ,
where �,�3�9�%� . The variable ¨U� P 
 stores the up-to-date proba-
bilistic information about the locations of mobile users. Initially,¨U� � 
^0G' , where ' is the probability matrix defined earlier. At
the end of time slot P , ¨U� P&cG� 
 is calculated based on ¨U� P 
 and
the results of paging mobile users in time slot P . The variable� / � P 
 is the index of the mobile user that is paged by the base
station of cell � in time slot P .

The conditional probability heuristic algorithm is presented
as follows:
Step 0: Initially, P^0>� , ¨U� � 
90%' and H � � � � 
^0G� , � �,�3�9�3� .
Step 1: At the beginning of time slot P , for each � , where�©�ª�b�«� , choose

� / � P 
 such that * ¨U� P 
 + ¬ ­ ? ® A . / 0{�� �6< ¯6- ¯ j * ¨U� P 
 + - . / . Then, for each � , where �%�7�8�4� , if{�� �6< ¯6- ¯ j * ¨U� P 
 + - . /���� , the base station of the � -th cell pages
mobile user

� / � P 
 .
Step 2: At the end of time slot P , calculate H � � � P^c8� 
 ’s as fol-
lows:

If mobile user � is located in time slot P , then H � � � PDcG� 
^0>� .
Otherwise, H � � � PDc%� 
90%H � � � P 
 .

Step 3: Update ¨U� P&c%� 
 as follows:
1. If H � � � PDcG� 
^0>� , then * ¨U� PDcG� 
 + - . /=0G� , � �,�)�W�)� .
2. If H � � � PDcG� 
^0G� , then

(1) * ¨U� P&c%� 
 + - . /=0G� , � � , such that
� / � P 
90%� .

(2) * ¨U� P�ce� 
 + - . /e0 ° ± ? ® A ² ³ ´ ­< �DµU¶ · ¸ ¶ ¹ º » ¼ ³ ° ± ? ® A ² ³ ´ ¶ , � � , such that� / � P 
,o0%� .
Step 4: If P908� or ¨U� P&cG� 
90G� , stop. Otherwise, increase the
value of P by one and then go to step 1.

The conditional probability heuristic algorithm is illustrated
by the following example. Suppose

'>0I½¾ � " Yr� " X � " �[� " �� " X � " � �©� " � �\� " �� " �¿� " �À� " X � " Y
ÁÂ

Then, ¨U� � 
30�' and H � � � � 
30JH � � � � 
30JH � X � � 
30�� .
Since * ¨U� � 
 + < . <%�I* ¨U� � 
 + B . <3�I* ¨U� � 
 + � . < , � < � � 
10J� . Sim-
ilarly,

� B � � 
G0m� � � � � � 
G0 X and
� ¤ � � 
G0 X . Therefore,

in time slot 1, the base station in cell 1 and the base station
in cell 2 page mobile user 1, while the base station in cell
3 and the base station in cell 4 page mobile user 3. With
probability * ¨U� � 
 + < . <=c�* ¨U� � 
 + < . B 07� " YWcG� " X 04� " d , mobile
user 1 is located in time slot 1. Similarly, with probability* ¨U� � 
 + � . � c�* ¨U� � 
 + � . ¤ 0J� " X c�� " Y�0J� " d , mobile user 3 is
located in time slot 1. For illustration purposes, it is assumed
that in the first time slot, mobile user 1 is located, while mobile
user 3 is not located. Therefore, H � � � � 
U0e� � H � � � � 
,0�� � andH � X � � 
^0G� .¨U� � 
 is derived based on step 3 of the algorithm. SinceH � � � � 
�0\� , elements in the first row of ¨U� � 
 are all ze-
ros. Since : g Ã ¬ ¶ ? < A ; B * ¨U� � 
 + B . g 0`� , the second row of¨U� � 
 is identical to the second row of ¨U� � 
 . Furthermore,: g Ã ¬ ¶ ? < A ; � * ¨U� � 
 + � . g 0>* ¨U� � 
 + � . � c�* ¨U� � 
 + � . ¤ 0G� " X c,� " YU0G� " d
and therefore * ¨U� � 
 + � . <=07° ± ? < A ² Ä ´ Å< �$Æ Ç È 0 <� . Similarly, * ¨U� � 
 + � . B 0Æ Ç BÆ Ç � 0 B� . In addition, * ¨U� � 
 + � . � 08* ¨U� � 
 + � . ¤ 0G� . Then,

¨U� � 
^0I½¾ �É�Ê�É�� " X � " � �©� " � �\� " �<� B� �É�
ÁÂ

Next, the value of P increases from 1 to 2. Repeating the
above procedures,

� < � � 
80 X � � B � � 
80 X � � � � � 
80q� and� ¤ � � 
80q� . Then, mobile user 2 is located in time slot 2
with probability * ¨U� � 
 + B . � c>* ¨U� � 
 + B . ¤ 07� " � �Uc8� " �304� " Y � ,
while mobile user 3 is located in time slot 2 with probability<� c B� 0�� . For illustration purposes, it is assumed that mobile
user 2 is not located in time slot 2. On the other hand, since* ¨U� � 
 + � . <9cG* ¨U� � 
 + � . B 0�� , mobile user 3 is located in time slot
2. Then, H � � � X 
�05H � � � � 
�0I� � H � � � X 
�05H � � � � 
�04� � andH � X � X 
^0>� . Moreover,

¨U� X 
^0I½¾ �Ë�r�\�Ì< <�Í< < �\��Ë�r�\�
ÁÂ
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Fig. 1. Performance of Concurrent Search Algorithms

In time slot 3, the base station in cell 1 and the base station in
cell 2 page and then locate mobile user 2. Therefore,¨U� Y 
^0I½¾ �\�\�\��\�\�\��\�\�\�

ÁÂ
and the algorithm terminates.

B. Analysis of The Conditional Probability Heuristic Algorithm

The computational complexity of the conditional probability
heuristic algorithm is derived as follows. In every time slot P , the
conditional probability heuristic algorithm takes at most � �W� �D

comparisons to find

� / � P 
 ’s, where ���%���G� . Furthermore, it
takes at most � �U� �D
 additions to calculate : g Ã ¬ ¶ ? ® A ;D- * ¨U� P 
 + - . g ,�6� / � P 
,o0%� . Given : g Ã ¬ ¶ ? ® A ;D- * ¨U� P 
 + - . g , �$� / � P 
,o0%� and ¨U� P 
 , it
takes � �^� �D
 divisions to calculate ¨U� P c�� 
 . Since � mobile users
are guaranteed to be located in � time slots, the computational
complexity of the conditional probability heuristic algorithm is
bounded from above by �W� �l� � �l� �,c��l� �,c��l� �D
 
l0G�W� � B � �D
 .

VI. NUMERICAL AND SIMULATION RESULTS

A. Simulation Method

The network contains ��0at B cells, which are indexed
by � h9� Î&
 , where �5�ah^� Îq�mt7�e� . The distance be-
tween two cells indexed by � h^< � Î6< 
 and � h B � Î B 
 is denoted byF < � h^< � Î6< � h B � Î B 
 and is defined to be L h^<6��h B L c)L ÎD<$�WÎ B L . To
create the P -th row of a ��(�� probability matrix ' , a cell with
index � h^z � Î&z 
 is at first randomly selected such that h9z and Î&z
are two independent random variables, which are uniformly dis-
tributed in ! � � � � � � " " � t%�%� # . Then, the probability that mobile
user P is in a cell indexed by � h9� Î&
 is set to bew i Å ? g . Ï . g Ð . Ï Ð A:GÑ �D<- ;6Æ :GÑ �D</ ;$Æ w i Å ? - . / . g Ð . Ï Ð A s �DF* ',+ ® . g @ Ï � Ñ @ <90 w i Å ? g . Ï . g Ð . Ï Ð A:GÑ �D<- ;$Æ :GÑ �D</ ;6Æ w i Å ? - . / . g Ð . Ï Ð A
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Fig. 2. Performance of The Conditional Probability Heuristic Algorithm
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Fig. 3. Performance of The Conditional Probability Heuristic Algorithm

where the decay factor w is a real number in * � � � + . When the
decay factor is one, from the viewpoint of the system, a mobile
resides equally likely in all the cells of the network. On the other
hand, when the decay factor is zero, from the viewpoint of the
system, a mobile user resides in a single cell with probability
one. The decay factor is a parameter that determines the uni-
formity of the probability density function of the location of a
mobile user.

The convention that the index of elements of a matrix starts
from one is adopted. The two proposed concurrent search algo-
rithms and the “brute force” search are compared to the straight-
forward sequential paging method that pages all cells in time
slot P in order to locate mobile user P , where �U�)Pl�%� .
B. Simulation Results

The performances of three concurrent search algorithms are
shown in Figure 1. Due to the high computational complexity
of the “brute force” algorithm, both the total number of mobile
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Fig. 4. Sensitivity Analysis of The Conditional Probability Heuristic Algorithm

users and the total number of cells in the network are chosen
to be four. When the decay factor is 0.99, mobile users appear
almost equally in all the cells in the network and as shown in
Figure 1, the normalized reduction of the average paging cost
due to either the simple heuristic algorithm or the conditional
probability heuristic algorithm is around � � 
 , while that due
to the “brute force” algorithm is around

X d 
 . As the decay
factor decreases, the normalized reduction of the average pag-
ing cost increases, regardless of which one of the three pro-
posed algorithms is applied. When the decay factor is 0.01, the
“brute force” algorithm, the conditional probability heuristic al-
gorithm, and the simple heuristic algorithm yield � � 
 , � � 
 ,
and
X d 
 reduction in average paging cost, respectively.

Figure 2 shows the performance of the conditional probability
heuristic algorithm, when there are 16 mobile users to be located
in a network composed of � cells, where �) �! Y$� � � � � � � # . Typ-
ically, as the number of cells increases, the normalized reduc-
tion of the average paging cost increases. However, as the decay
factor approaches one, the normalized reduction of the average
paging cost is approximately 0.25, regardless of the total number
of cells in the network. Figure 3 shows the performance of the
conditional probability heuristic algorithm, when the network is
composed of 16 cells and the total number of mobile users to be
located ranges from 2 to 16. It is observed that except for the
case in which the decay factor is very close to one, the normal-
ized reduction of the average paging cost increases as the total
number of mobile users increases.

C. Estimation Errors of Probability Density Functions

The impact of estimation errors on the performance of the
conditional probability heuristic algorithm is studied in this sec-
tion. To be consistent with previous notations, let � � � � � 
 be
the estimated probability that mobile user � is in cell � upon
a call arrival and Ò � � � � 
 be the actual probability that mobile
user � is in cell � upon a call arrival. In reality, the esti-
mated probabilities � � � � � 
 ’s are not always identical to the ac-
tual probabilities Ò � � � � 
 ’s. In our simulations, Ò � � � � 
 ’s are de-

rived from � � � � � 
 ’s as follows. First, choose an arbitrary non-
negative real number v . Next, for every fixed pair of � and � ,
set Ò � � � � 
30 � � � � � 
=c>Ó � � � � 
 , where Ó$� � � � 
 ’s are i.i.d. ran-
dom variables that are uniformly distributed within * �lv � v + . IfÒ � � � � 
G��� , set Ò � � � � 
30q� . Similarly, if Ò � � � � 
%ÔJ� , setÒ � � � � 
�04� . At last, for every fixed � , normalize Ò � � � � 
 such
that : 	/ ;&< Ò � � � � 
90>� . In our simulations, updated � � � � � 
 ’s that
form ¨U� P 
 ’s are used by the conditional probability heuristic al-
gorithm to make paging decisions, while updated Ò � � � � 
 ’s are
used to determine if a mobile user is in a specific cell in a time
slot. The updating procedure of Ò � � � � 
 ’s is very similar to that
of � � � � � 
 ’s.

Figure 4 shows the impact of estimation errors on the perfor-
mance of the conditional probability heuristic algorithm, when
there are 16 mobile users to be located in a network constituting
of 16 cells. The variable in the x-axis is called the estimation er-
ror and is equivalent to the value of the variable v in the previous
paragraph. The decay factor used to generate � � � � � 
 ’s ranges
from 0.01 to 0.8. When the decay factor is 0.01 and the estima-
tion error v is no greater than 0.001, the normalized reduction
of the average paging cost is � � " � 
 . As the estimation error
goes up to 0.1, the normalized reduction of the average paging
cost reduces to d � 
 . When the estimation error is greater than
0.1, the normalized reduction of the average paging cost sig-
nificantly decreases. On the other hand, when the decay factor
is 0.8, as the estimation error increases from 0 to 0.1, the nor-
malized reduction of the average paging cost slightly decreases
from Y � " � 
 to Y � " d 
 . It is observed that when the decay factor
is smaller, the conditional probability heuristic algorithm has a
better performance but is more vulnerable to estimation errors.

VII. DISCUSSIONS

A. Multiple Paging Channels, Multiple Batches of Call Arrivals

In this section, the conditional probability heuristic algorithm
is modified to concurrently search for mobile users when there
are multiple paging channels and the arrival times of calls to
mobile users are arbitrary. As in most of the slotted systems, in
order to be served, a call that arrives in the middle of a time slot
has to wait till the beginning of the next time slot. Therefore,
without loss of essential generality, it is assumed that every call
to a mobile user arrives in the beginning of a time slot.

We first define some terms for the modified conditional prob-
ability heuristic algorithm. Let V be the total number of avail-
able paging channels. Recall that � is the total number of cells
in the network. In the control center of the network, � queues
are created and each queue corresponds to a cell in the network.
Denote these � queues by Õ�< � Õ B � " " � Õ 	 . Let P be the current
time in unit of time slots. Let ÖW� P 
 be the number of calls ar-
rive at the beginning of time slot P . Without loss of essential
generality, it is assumed that the � -th mobile user is the callee of
the � -th call. When the � -th call arrives, the control center cre-
ates � packets, denoted by ',×�< � � 
 � 'U× B � � 
 � " " � 'U× 	 � � 
 . The
primary index of 'U×W/ � � 
 , � �G�7���4� , is � . Let ¨l/ � � 
 be
the arrival time of 'U×W/ � � 
 and Ø / � � 
 be the value of ',×W/ � � 
 .
For each fixed value of � , ¨ g � � 
�05¨lÏ6� � 
 , � �3�4h9� Î7�e� ,
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since both ',× g � � 
 and ',×WÏ6� � 
 are associated with the � -th call.Ø / � � 
 is the conditional probability that the � -th mobile user is
in cell � . It should be emphasized that the value of Ø$/ � � 
 may
change with time. Let ÙG��� be an arbitrary real number. Let',Ú=/ � � 
^0GÙ9� ¨l/ � � 
 �UØ / � � 
 be the priority of the packet ',×W/ � � 
 .
Mobile user � is said to be unlocated, if the � -th call has arrived
but the � -th mobile user has not been located by the system. LetÛ

be the list that contains all the indexes of unlocated mobile
users.

The modified conditional probability heuristic algorithm is
shown as follows:
Step 0: Initially, all � queues in the control center are empty.
Set Pl0>� and �^0�� . Choose Ù��8� . The unlocated mobile user
list
Û

is empty.
Step 1: Let ÖW� P 
 be the number of calls arrive at the beginning
of time slot P . For each of these ÖW� P 
 calls, sequentially do the
following and then go to step 2.

(1) Add the index � to the list
Û

.
(2) For each queue � , where �W �! � � � � X � " " � �&# , create ',×W/ � � 
 ,

set ¨=/ � � 
U0>P , let Ø / � � 
 be the probability that mobile user � is
in cell � , set 'UÚl/ � � 
l0>Ù�� ¨l/ � � 
^�)Ø / � � 
 , and put ',×W/ � � 
 into
queue � .

(3) Increase the value of � by one.
Step 2: For each value of � , where �% �! � � � � X � " " � �&# , do the
following.

(1) Select and remove H � � 
90G{�} ~6! V)� Ò / � P 
 # packets with the
highest priorities from the � -th queue, where Ò / � P 
 is the total
number of packets in queue � at time slot P .

(2) Let x&� � � � 
 � x&� � � � 
 � " " � x&� � � H � � 
 
 be integers such that',×W/ � x&� � � � 
 
 � ',×W/ � x&� � � � 
 
 � " " � ',×W/ � x&� � � H � � 
 
 
 are the above
selected packets. Command base station � to page mobile usersx&� � � � 
 � x&� � � � 
 � " " � x&� � � H � � 
 
 .
Step 3: Wait for responses from all the base stations till the end
of the current time slot.
Step 4: Let Ü=� P 
 be the total number of mobile users that are
located in time slot P . In addition, let Ý6� � 
 � Ý6� � 
 � " " � Ý$� Ü=� P 
 
 be
the indexes of the mobile users that are located in time slot P .
For each value of Þ , where Þ) �! Ý6� � 
 � Ý6� � 
 � " " � Ý$� Ü=� P 
 
 # , do the
following.

(1) For each value of � , where ���G�1�8� , if ',×W/ � ÞD
U 3Õ,/ ,
then remove 'U×�/ � ÞD
 from Õ,/ .

(2) Remove Þ from the unlocated mobile user list
Û

.
Step 5: For each mobile user Þ that is paged but not located in
the current time slot, do the following.

(1) C6ßW08: 	/ ;&< Ø / � ÞD
&� M � 'U×�/ � ÞD
9 �Õ,/ 

(2) Ø / � ÞD
^à5Ø / � ÞD
 � C �D<ß ,

� � , where �,�)�W�3� and ',×W/ � ÞD
l Õ,/
(3) ',Ú=/ � ÞD
,0�Ù�� ¨l/ � ÞD
^�3Ø / � ÞD
 , � � , where ���%���8� and',×W/ � ÞD
l �Õ,/

Step 6: Increase the value of P by one and then go to step 1.
The above algorithm is explained as follows. Step 0 is the ini-

tialization of the algorithm. All � queues in the control center
are initially empty. The index of a time slot starts from 1. Simi-
larly, the index of a call starts from 1. Furthermore, there are no
unlocated mobile users, since no calls have arrived yet.

In step 1, the control center starts to process the new arriving

calls. For each new arriving call, indexed by � , the control center
do the following. First, the control center adds the index of the
call into the unlocated mobile user list

Û
. This means that the

system has to search for mobile user � . Second, the control cen-
ter creates � packets, denoted by ',×�< � � 
 � ',× B � � 
 � " " � 'U× 	 � � 
 .
For each value of � , where �8�4���5� , the arrival time of',×W/ � � 
 is set to be the current time P , while the value of 'U×W/ � � 

is set to be the initial estimation of the probability that mobile
user � is in cell � . The priority of a packet is a function of the
arrival time of the packet and the current value of the packet. In
particular, ',Ú=/ � � 
90GÙ,� ¨l/ � � 
$��Ø / � � 
 . Then, the control center
inserts the packet 'U×�/ � � 
 into queue � , � �,�)�W�3� .

In step 2, the control center selects the mobile users to be
paged by each of the � base stations. For each base station � ,
the control center selects H � � 
W0�{W} ~6! V)� Ò / � P 
 # packets fromÕ,/ , according to the priorities of packets. The parameter V
is the total number of paging channels, while Ò / � P 
 is the to-
tal number packets in queue � at time slot P . If a packet with
primary index � is selected from ÕU/ , base station � will page
mobile user � in the current time slot. Once a packet is se-
lected, it is immediately removed from the queue to avoid pag-
ing a mobile user in a cell twice. In the algorithm, the integersx&� � � � 
 � x&� � � � 
 � " " � x&� � � H � � 
 
 are the indexes of mobile users that
will be paged by base station � at time P .

In step 3, the system simply waits for the responses from the
paged mobile users till the end of the current time slot.

In step 4, since Ü=� P 
 mobile users are located in the current
time slot, the control center updates ÕW< � Õ B � " " � Õ 	 and the un-
located mobile user list

Û
. The variables Ý$� � 
 � Ý$� � 
 � " " � Ý6� Ül� P 
 


represent the indexes of mobile users that are located in the cur-
rent time slot. For each mobile user Þ that is located in the
current time slot, every packet with primary index equivalent toÞ is removed from the associated queue and discarded. Due to
the removal operations, it is guaranteed that a base station will
not page a mobile user that has been located in some other cell.
In addition, since mobile user Þ has been located, the index Þ is
removed from the unlocated mobile user list

Û
.

In step 5, the control center updates the values and priorities
of packets associated with mobile users that are paged in the cur-
rent time slot but has not yet been located. For each such mobile
user Þ , the value of C$ß is set to be : 	/ ;&< Ø / � ÞD
9� M$� ',×W/ � ÞD
U Õ,/ 
 , where M � � 
 is the indicator function with value one if the
condition inside is true or with value zero otherwise. There-
fore, C$ß is the summation of the values of ',×W/ � ÞD
 ’s, where���%���G� and ',×W/ � ÞD
 is in queue � . Then, based on the def-
inition of the conditional probability, the value of each packet',×W/ � ÞD
 , which remains in queue � , is updated by dividing it-
self by C$ß . Furthermore, the priority of the packet 'U×W/ � ÞD
 is
also updated. More precisely, ',Ú=/ � ÞD
90%Ù=� ¨l/ � ÞD
 �WØ / � ÞD
 , � � ,
where �,�)�W�3� and 'U×�/ � ÞD
l �Õ,/ .

In step 6, the index of the current time slot is increased by
one and then the above steps are repeated to process new arriv-
ing calls as well as the old calls with callees that have not been
located by the system.

The modified conditional probability heuristic algorithm is
further illustrated by the following example. Suppose there are



11�G0 X cells in the network and there are VJ0�� paging chan-
nels in each cell. The parameter Ù is chosen to be 2. It is as-
sumed that three calls arrive at the beginning of time slot 1,
while four calls arrive at the beginning of time slot 2. There-
fore,
� �� 1! � � � � X # , ¨l/ � � 
^0G¨l/ � � 
^0G¨l/ � X 
^0>� and ¨l/ � Y 
^0¨l/ � � 
90G¨l/ � � 
90G¨l/ � d 
90G� . Suppose that from the viewpoint

of the system, mobile user 1 is in cell 2 with probability 0.4 at
the beginning of time slot 1. Thus, Ø B � � 
l08� " Y . Similarly, it is
assumed that Ø6< � � 
=0>� " Y$� Ø � � � 
=0>� " � � Ø6< � � 
=0�� " X � Ø B � � 
=0� " X � Ø � � � 
l08� " Y$� Ø6< � X 
l08� " � � Ø B � X 
l08� " d � Ø � � X 
l08� " � at the
beginning of time slot 1. Since 'UÚ=/ � � 
W0eÙ�� ¨l/ � � 
l�%Ø / � � 
 ,',ÚU< � � 
�07�W�$�U�%� " Y%05� " � , 'UÚ,< � � 
�07�W� �U�G� " X 05� " d
and 'UÚ,< � X 
�07�W�$�U�%� " �)05� " � . Therefore, in time slot 1,
the control center selects ',×�< � � 
 and 'U×�< � � 
 from Õ�< , and
then base station 1 pages mobile user 1 and mobile user 2. Sim-
ilarly, base station 2 pages mobile user 1 and mobile user 3,
while base station 3 pages mobile user 1 and mobile user 2.
For illustration purposes, it is assumed that mobile user 1 re-
sides in cell 2, mobile user 2 resides in cell 3, and mobile user
3 resides in cell 1. Therefore, in the end of time slot 1, both
mobile user 1 and mobile user 2 have been located, but mobile
user 3 has not yet been located. Next, according to the modified
condition probability heuristic algorithm, all packets associated
with either mobile user 1 or mobile user 2 are removed from the
queues in the control center. On the other hand, the values of
packets associated with mobile user 3 are updated. In particular,Ø6< � X 
^0 Æ Ç BÆ Ç B @ Æ Ç < 0 B� , and Ø � � X 
90 Æ Ç <Æ Ç B @ Æ Ç < 0 <� .

In the beginning of time slot 2, four calls arrive. In addi-
tion, it is assumed that ØD< � Y 
l08� " � � Ø B � Y 
l08� " � � Ø � � Y 
l08� " � ,Ø6< � � 
=0>� " d � Ø B � � 
=0>� " � � Ø � � � 
=0�� " � , Ø6< � � 
=0>� " � � Ø B � � 
=0� " � � Ø � � � 
)0I� " Y , Ø6< � d 
)0I� " � � Ø B � d 
)0J� " X � Ø � � d 
)0I� " � .
Although Ø6< � Y 
%�IØ6< � � 
3�IØ6< � X 
 , due to that Ù7��� and¨,< � X 
%Ô�¨,< � Y 
%0�¨,< � � 
 , 'UÚ,< � X 
%0����D�W� B� 0 ¤ � Ô',ÚU< � Y 
,0��U� �U�3� " ��0 X " ��Ô>'UÚ,< � � 
=0���� �U�3� " dW0 X " Y .
Therefore, at the beginning of time slot 2, the control center
selects 'U×�< � X 
 and ',×�< � Y 
 from Õ�< , and then base station 1
pages mobile user 3 and mobile user 4 simultaneously. Simi-
larly, base station 3 pages mobile user 3 and mobile user 7. In
this example, in the beginning of time slot 2, the corresponding
call arrival time of mobile user 3 is smaller than that of any other
unlocated mobile user. As a result, each remaining packet asso-
ciated with mobile user 3 is selected, which in turn assures that
mobile user 3 will be located in the end of time slot 2.

We are currently working on the performance evaluation of
the modified conditional probability heuristic algorithm. The
above sketch of the algorithm is used to demonstrate that the
concurrent search approach is still applicable when there are
multiple paging channels and the arrival times of calls are ar-
bitrary.

B. Suboptimality of The Conditional Probability Heuristic Al-
gorithm

It should be noted that the conditional probability heuristic
algorithm does not always produce an optimal solution. Instead,
the concept of ',Ú=/ � � 
 is introduced to simultaneously reduce

the average paging cost and provide a relative bound of paging
delay. Since the call arrival times are random in general, the
existence of queueing delay makes it very difficult to locate a
mobile user within a nontrivial delay bound. However, with our
approach, it is guaranteed that regardless of the probabilistic lo-
cation information, a mobile user will be located in the current
time slot, if all mobile users with earlier or equivalent call ar-
rival times had been located. Finding better concurrent search
algorithms is a possible direction of future research.

C. The Second Generation Cellular Networks and UMTS

To simplify the explanation, in the beginning of this paper, it
is assumed that a cellular network is composed of a single loca-
tion area. A typical cellular network is composed of a number
of location areas and the proposed concurrent search approach
could be used to search for mobile users in a location area. Next
generation mobile systems, such as UMTS and IMT-2000, will
be multitier cellular networks [35]. The concurrent search ap-
proach remains applicable there.

VIII. SUMMARY AND CONCLUSIONS

We have proposed the concurrent search approach to locate
a batch of � mobile users in the cellular network within � time
slots based on the probabilistic information about the locations
of mobile users. We have shown that even when there is only
one paging channel in a cell, based on the concurrent search
approach, it is possible to simultaneously locate a number of
mobile users and therefore reduce the average paging cost.

We have proposed three concurrent search algorithms: the
”brute force” algorithm, the simple heuristic algorithm, and the
conditional probability heuristic algorithm. Although the “brute
force” algorithm outperforms the other two algorithms, it is
not feasible in practice for a large-scale network due to its ex-
tremely high computational complexity. It has been shown that
regardless of the probabilistic information about the locations
of mobile users, the simple heuristic algorithm asymptotically
guarantees � � 
 reduction in the average paging cost. This re-
sult provides an analytical support for the concurrent search ap-
proach. We have also studied the performance of the proposed
algorithms by simulations. Due to its high computational com-
plexity, the “brute force” algorithm can be used only when the
total number of mobile users to be located and the total number
of cells in the network are both very small. In this case, sim-
ulation results have indicated that the performance difference
between the conditional probability heuristic algorithm and the
“brute force” algorithm is within � � 
 . While the simple heuris-
tic algorithm is inherently unable to yield more than � � 
 re-
duction in the average paging cost, the conditional probability
heuristic algorithm is able to produce more than � � 
 reduction
in the average paging cost. Except for the cases in which every
mobile user appears almost equally in all the cells of the net-
work, the conditional probability heuristic algorithm is always
superior to the simple heuristic algorithm. As the total number
of mobile users increases, the performance difference between
the conditional probability heuristic algorithm and the simple
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heuristic algorithm increases. Depending on the total number of
cells in the network, total number of mobile users to be located,
and the probabilistic information about the locations of mobile
users, the reduction of the average paging cost due to the condi-
tional probability heuristic algorithm ranges from � � 
 to � � 
 .
As the total number of mobile users to be located increases, the
performance of the conditional probability heuristic algorithm
becomes better. Similarly, as the total number of cells in the
network becomes larger, the conditional probability heuristic al-
gorithm produces more reduction in the average paging cost. As
the decay factor approaches zero, a mobile user tends to appear
in a very small set of cells and it takes minimum paging cost to
locate the mobile user.

As the cell size in the next-generation cellular network be-
comes smaller, the total number of cells in the network in-
creases. Furthermore, the total number of mobile users will con-
tinue to increase as well. Therefore, being able to locate mobile
users with minimum average paging cost is an important benefit.
Our proposed concurrent search scheme could be applied in the
mobility management protocols in the next-generation cellular
network. Among three proposed algorithms, we recommend the
conditional probability heuristic algorithm that performs well
and does not require high computational complexity.

APPENDIX

Lemma 1: When � divides � , an optimal schedule isC&� � � � 
�04�l���,ce� / � j	 � �G��� M � �l���,ce� / � j	 � �4� 
 , � �3��9�3�6� �,�)�W�3� .
Proof:
1. Since �W�G�,�8� and �W�G���8� , �,c8�W�G�^�%�lc�� / � j	�� ��D��� cU� . Let Ó � � � � 
^0%� ��� c�� / � j	�� . Then, �,�%Ó$� � � � 
9�%� �&��� .
When �,�%Ó � � � � 
9�%� , Ó � � � � 
$���=� M$� Ó � � � � 
9�%� 
^0GÓ$� � � � 
 and
therefore �,�%Ó$� � � � 
 �U�D� M � Ó$� � � � 
9�%� 
9�%� . On the other hand,
when �$c��,�%Ó � � � � 
9�%� �6�U� , �$c�� �=���%Ó � � � � 
 �=�6� M$� Ó � � � � 
^�� 
9�%� ���%�l�1� . Therefore, �,�3CD� � � � 
9�%� .
2.
� � , if � <Uo0%� B ,C&� � < � � 
&�1CD� � B � � 
0¿� <9��� B c3��� � M � Ó$� � < � � 
9�%� 
&�)M � Ó$� � B � � 
9�%� 
 


Since �U�)� < � � B �%� and � <Uo0%� B , ��Ô>L � <^�1� B L Ô%� . Then,C&� � < � � 
&�1CD� � B � � 
má�� <9�1� B � V�O F)� 

Since � <Uo0%� B , C&� � < � � 
&�1CD� � B � � 
=o0G� .
3. From 1 and 2, C&� � � � 
 , where �)�7���7�6� �)���8�e� , is
a feasible schedule. Furthermore, the corresponding V1� � � H 
 ’s,
where �,�3� � H,�%� , are all equivalent to 	 j . Hence, C&� � � � 
90%� �� c�� / � j	 � �,�&� M � � ��� c1� / � j	 � �%� 
 , where �,�3�9�%�6� �U�1�W�3� ,
forms an optimal schedule.

Lemma 2: When � divides � , w z � �6� �^� ' � ? j . 	 A 
^0 <B � <B � j .Proof:
1. When � divides � , an optimal schedule is shown in the above

lemma. Therefore,k zj � '^� ? j . 	 A 
q0[��� jnT ;D< � �� 
&� � ��� H� 
�� H â V�V�v P w â 
0 � �UcG� 
&� ��
2. Then,w z � �6� �^� ' � ? j . 	 A 
q0 ��� ��� ? j @ < A � 	B��� � 0 �� � ��,� �

Lemma 4: kUzB � ' � ? B . 	 A 
=yGkUzB � 'U
 , where � is an even num-
ber and ' is an arbitrary ��(�� probability matrix.
Proof:
1. In this case �W0G� . Recall that V)� � � H 
 , where �,�3� � HU�3� , is
the cardinality of the H -th paging zone of mobile user � . More-
over, V is the collection of V1� � � H 
 ’s, where ���8� � H��>� . Letk�� V�
 be the average paging cost, when the probability matrix
is ' � ? B . 	 A and the schedule is V . Then,k�� V�
m0 Bn - ;&< ! V)� � � � 
� � V)� � � � 
c V1� � � � 
� � � V1� � � � 
&c1V)� � � � 
 
 #0 �� Bn - ;D< * V1� � � � 
 B c%� ����V)� � � � 
 
&� �6+0 X �� c �� � � V1� � � � 
&� � � 
 B
Clearly, k�� V�
 is a convex function of V)� � � � 
 . When � is even,k�� V�
 is minimized at V1� � � � 
10 	 B . Then, k�zB � '&� ? B . 	 A 
10{�} ~ � k�� V�
90�� 	B .
2. By definition, k�zB � ',
��qk B � 'l� E�T 
 . When � is even,k B � 'l� E�T 
9� � 	B . Then,k zB � 'U
m��k B � 'l� E�T 
� X ��0[k zB � ' � ? B . 	 A 


Lemma 5: If �)08��08� and � � � � � 
l0 � � � � � 
 , � �U�3���3� ,
then k zB � ',
90Gk zB � '^� ? B . 	 A 
 .
Proof:
1. It is clear that k�zB � ' � ? B . B A 
,05� � BB 0 X . Let EW- , where ����9�3Y , be a schedule. LetE�<l0 Z �\��\� ] � E B 0 Z �`��`� ] � E � 0 Z �©��ã� ] �

E ¤ 0 Z �b��a�)]
2. k�� 'l� E�< 
90G�lc3�U0%Y . kW� '9� E B 
90G�=c)�U0%Y .k�� 'l� E � 
m0r* � � � � � 
Dc3�,� � � � � � 
 + cG* � � � � � 
Dc)�,� � � � � � 
 +0��=cG* � � � � � 
Dc � � � � � 
 + ��� � � � � � 
^0 � � � � � 
 
0 X
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Similarly, kW� '9� E ¤ 
90 X .
3. Since E�< � E B � E � � E ¤ are the only valid schedules and{W} ~ - R ä < . B . � . ¤ å k�� 'l� E�- 
90 X , k�zB � ',
90GkUzB � ' � ? B . B A 
 .

Lemma 6: If � divides � and '&§ is a �1()� row-identical
probability matrix, k�zj � '&§ 
l�%kUzj � '^� ? j . 	 A 
 .Proof:
1. Choose a schedule E such that CD� � � � 
W0��^�8�,c�� / � j	 � ���� M � �=���Uce� / � j	 � �5� 
 , where �G�4���5�6� �%�7�>�4� .
Clearly, V)� � � H 
�0 	 j , � ����� � H���� . Furthermore, Q � � � H 
�0Q � � � H=���Dc%�9c3��� M � H=�1�6cG�,�%� 
 
 , where �U�3� � H,�%� .
2. Let

� T=0 Q � � � H 
 , where �,�GHU�G� . Note that :Gj- ;&< � -&0>� .
Then,

k�� '&§ � E1
0 jn - ;&< jn T ;&< Q � � � H 
&� ��� H�0�� jn - ;&< � - 
&� � � � 
&c%� jn - ;D< � - 
&� � � �� 
Dc%" " c%� jn - ;D< � - 
&� � � �� 
0 � �Uc%� 
 ��
3. Recall that when � divides � , k�zj � ' � ? j . 	 A 
90 ? j @ < A 	B . Then,

k zj � '&§ 
a��k�� '&§ � E1
0 � �Uc%� 
 ��0[k zj � '^� ? j . 	 A 

Lemma 7: ��zB � '^� ? B . 	 A 
Uy���zB � ',
 , where ' is an arbitrary��(�� probability matrix.

Proof:
1. Let E�T be the schedule obtained by running the simple heuris-
tic algorithm with input ' . When

� <=y � B ,
��� '9� EWT 
0 �� ! * � <9� �9cG� �l� � < 
&� � + c%* � �l� � B 
&� �9c � B � � + #0 X� � � <9� � B�� X�

When
� <�Ô � B , it can be similarly proved that ��� '9� E�T 
,�e�B .

Therefore, ��� '9� EWT 
l���B .
2. Consider the case when the probability matrix is '^� ? B . 	 A . Let�10�� . Recall that V1� � � H 
=07L K � � � H 
 L , where ���8� � H��>� , is
the total number of cells in the H -th paging zone of mobile user� . Let VJ0�! V1� � � H 
 L ����� � H����$# and ��� V�
 be the average

paging delay associated with V . Then,��� V�
m0 �� � � ! * V1� � � � 
D� �9c)V1� � � � 
&� � +cU* V1� � � � 
D� �9c)V1� � � � 
D� � + #0 �� � � ! * V1� � � � 
6cG� ���1V1� � � � 
 
&� � +cU* � ����V)� � � � 
 
&� �9c1V)� � � � 
&� � + #0 X�
Thus, � zB � '^� ? B . 	 A 
^0%{W} ~ � ��� V�
90 �B .3. Then, � zB � '&� ? B . 	 A 
m0 X�y���� 'l� E�T 
y�� zB � 'U


Lemma 8: If ��08� and � � � � � 
90 � � � � � 
 , � �U�)���%� , then��zB � ',
90G��zB � ' � ? B . 	 A 
 , � �1y%� .
Proof:
1. Since ��0�� , for any valid schedule E ,

� �8�5���f� ,CD� � � � 
30�� implies C&� � � � 
)0J� and vice versa. Similarly,� ���>�1��� , CD� � � � 
�0�� implies C&� � � � 
U07� and vice versa.
Then, for any valid schedule E ,Q � � � � 
m0 	n/ ;D< M$� CD� � � � 
90>� 
&� � � � � � 
0 	n/ ;D< M$� CD� � � � 
90G� 
&� � � � � � 
0 Q � � � � 

Similarly, it can be proved that Q � � � � 
^0 Q � � � � 
 .
2. It is straightforward to show that ��� 'l� E1
,0 �B . Therefore,��zB � ',
90%{�} ~ � ��� '9� E1
90��B 0G��zB � '&� ? B . 	 A 
 .

Lemma 9: If � divides � and '&§ is a �)()� row-identical
probability matrix, then ��zj � '&§ 
l�%��zj � ' � ? j . 	 A 
 .Proof:
1. Choose a schedule E such that C&� � � � 
W0��9�8�=c�� / � j	 � ���� M � �=���Uce� / � j	 � �5� 
 , where �G�4�1�5�6� �%�7���7� .
Clearly, V1� � � H 
U0 	 j , � ����� � H���� . Furthermore, Q � � � H 
�0Q � � � H=�1�6cG�9c)��� M$� Hl�1�6cG�,�%� 
 
 , where �,�3� � H,�%� .
2. Let

� T=0 Q � � � H 
 , where �,�%HU�%� . Then,

��� '&§ � E1
q0 �� jn - ;&< jnT ;&< Q � � � H 
&� H0 �� * � jn - ;D< � - 
&� �9c%� jn - ;D< � - 
&� �=cG" " c%� jn - ;D< � - 
&� � +0 � �UcG� 
�
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3. Recall that when � divides � , ��zj � '^� ? j . 	 A 
90 ? j @ < AB . Then,� zj � '&§ 
a����� '&§ � E1
0 � �Uc%� 
�0[� zj � '^� ? j . 	 A 

REFERENCES

[1] D. Munoz-Podrguez, “Cluster paging for traveling subscribers,” Proc. IEEE
Vehicular Technology Conference 1990.

[2] H. Xie, S. Tabbane and D. Goodman, “Dynamic location area management
and performance analysis,” Proc. 43rd IEEE Vehicular Technology Confer-
ence, 535-539, May 1993.

[3] A. Bar-Noy and I. Kessler, “Tracking Mobile Users in Wireless Communi-
cation Networks,” IEEE Transaction on Information Theory, vol. 39, no. 6,
p. 1877-1886, November 1993.

[4] D. Plassmann, “Location management strategies for mobile cellular net-
works of 3rd generation,” Proc. 44th IEEE Vehicular Technology Confer-
ence, 649-653, June 1994.

[5] A. Bar-Noy, I. Kessler and M. Sidi, “Mobile users: To update or not to
update?,” Wireless Networks, vol. 1, no. 2, p. 175-185, July 1995.

[6] Christopher Rose and Roy Yates, “Minimizing the average cost of paging
under delay constraints”, Wireless Networks, 1995.

[7] U. Madhow, M. L. Honig and K. Steiglitz, “Optimization of wireless
resources for personal communications mobility tracking,” IEEE/ACM
Transactions on Networking, vol. 3, no. 6, p. 698-707, December 1995.

[8] J. S. M. Ho and I. F. Akyildiz, “Mobile user location update and paging
under delay constraints,” Wireless Networks, vol. 1, no. 4, p. 413-425, De-
cember 1995.

[9] I. F. Akyildiz and J. S. M. Ho, “Dynamic mobile user-location update for
wireless PCS networks,” Wireless Networks, vol. 1, no. 2, p. 187-196, July
1995.

[10] G. L. Lyberopoulos, J. G. Markoulidakis, D. V. Polymeros, D. F. Tsirkas
and E. D. Sykas, “Intelligent paging strategies for third generation mobile
telecommunication systems,” IEEE Transactions on Vehicular Technology,
vol. 44, no. 3, p. 543-553, August 1995.

[11] Y. Birk and Y. Nachman, “Using direction and elapsed-time information
to reduce the wireless cost of locating mobile units in cellular networks,”
Wireless Networks, vol. 1, no. 4, p. 403-412, December 1995.

[12] C. Rose and R. Yates, “Minimizing the average cost of paging and reg-
istration: A timer-based method,” Wireless Networks, 2(2):109-116, June
1996.

[13] I. F. Akyildiz and J. S. M. Ho, and Yi-Bing Lin “Movement-based location
update and selective paging for PCS Networks,” IEEE/ACM Transactions
on Networking, vol. 4, no. 4, p. 629-638, August 1996.

[14] S. J. Kim and C. Y. Lee, “Modeling and analysis of the dynamic location
registration and paging in microcellular systems,” IEEE Transactions on
Vehicular Technology, vol. 45, no. 1, p. 82-90, February 1996.

[15] Guang Wan and Eric Lin, “A Dynamic Paging Scheme for Wireless Com-
munication Systems,” p. 195-203, MOBICOM 1997.

[16] A. Abutaleb and Victor O. K. Li, “Paging strategy optimization in per-
sonal communication systems,” Wireless Networks, vol. 3, no. 3, p. 195-
204, 1997.

[17] A. Abutaleb and Victor O. K. Li, “Location update optimization in per-
sonal communication systems,” Wireless Networks, vol. 3, no. 3, p. 205-
216, 1997.

[18] S. K. Das and S. K. Sen, “A new location update strategy for cellular net-
works and its implementation using a genetic algorithm, p. 185-194, MO-
BICOM 1997.

[19] T. X. Brown and S. Mohan, “Mobility management for personal commu-
nication systems,” IEEE Transactions on Vehicular Technology, vol. 46, no.
2, p. 269-278, May 1997.

[20] Anna Hac, and Xian Zhou, “Location Strategies for Personal Communi-
cation Networks: A Novel Tracking Strategy,” IEEE Journal on Selected
Areas in Communications, vol. 15, no. 8, p. 1425-1436, October 1997.

[21] G. P. Pollini and C.-L. I, “A profile-based location strategy and its perfor-
mance,” IEEE Journal on Selected Areas in Communications, vol. 15, no.
8, p. 1415-1424, October 1997.

[22] C. Rose, “State-Based Paging/Registration: A Greedy Technique,” IEEE
Transactions on Vehicular Technology, vol. 48, no. 1, p. 166-173, January
1999.

[23] Ben Liang and Zygmunt J. Haas, “Predictive Distance-Based Mobility
Management for PCS Networks,” p. 1377-1384, IEEE INFOCOM 1999.

[24] Amiya Bhattacharya and Sajal K. Das, “LeZi-Update: An Information-
Theoretic Approach to Track Mobile Users in PCS Networks”, MOBICOM
1999. Pages 1-12.

[25] Bhaskar Krishnamachari, Rung-Hung Gau, Stephen B. Wicker, Zygmunt
J. Haas, “Optimal Sequential Paging in Cellular Networks,” IEEE Vehicular
Technology Conference, Fall 2001.

[26] Donald Gross and Carl M. Harris, Fundamentals of Queueing Theory, 2nd
Edition, 1985, John Wiley and Sons, Inc.

[27] Wing Ho A. Yuen and Wing Shing Wong, “A contention-free mobility
management scheme based on probabilistic paging,” IEEE Transactions on
Vehicular Technology, vol.50, no.1 p. 48-58, January 2001.

[28] Wha Sook Jeon and Dong Geun Jeong, “Performance of improved proba-
bilistic location update scheme for cellular mobile networks,” IEEE Trans-
actions on Vehicular Technology, vol.49, no.6 p. 2164-73, Nov. 2000.

[29] Cem U. Saraydar, Owen E. Kelly, and Christopher Rose, “One-
dimensional location area design,” IEEE Transactions on Vehicular Tech-
nology, vol.49, no.5 p. 1626-32, Sept. 2000.

[30] Araujo, L.P.; de Marca, J.R.B., “Paging and location update algorithms for
cellular systems,” IEEE Transactions on Vehicular Technology, vol.49, no.5
p. 1606-14, Sept. 2000.

[31] Vincent W.-S. Wong and Victor C. M. Leung, “Location management
for next-generation personal communications networks,” IEEE Network,
vol.14, no.5 p. 18-24, Sept.-Oct. 2000.

[32] Jie Li, Hisao Kameda, and Keqin Li, “Optimal dynamic mobility manage-
ment for PCS networks,” IEEE/ACM Transactions on Networking, vol.8,
no.3 p. 319-27, June 2000.

[33] R. Rezaiifar and A. Makowski, ”From Optimal Search Theory to Sequen-
tial Paging in Cellular Networks,” IEEE Journal on Selected Areas in Com-
munications, vol. 15, no. 7, pp. 1253-1264, September 1997.

[34] W. Wang, I. Akyildiz, and G. Stuber, ”Effective Paging Schemes with De-
lay Bounds as QoS Constraints in Wireless Systems,” ACM/Kluwer Wire-
less Networks, vol. 7, no. 5, pp. 455-466, September 2001.

[35] Magnus Madfors, Kenneth Wallstedt, Sverker Magnusson, Hakan Olofs-
son, Per-Ola Backman, and Stefan Engstrom, ”High Capacity with Limited
Spectrum in Cellular Systems,” IEEE Communications Magazine, August
1997, p. 38-45.

Rung-Hung Gau received his B.S.E.E. from National Taiwan University,
Taipei, Taiwan, R.O.C., in 1994 and his M.S.E.E. from University of California
at Los Angeles, Los Angeles, CA, U.S.A., in 1997. In 2001, he earned his Ph.D.
from Cornell University, Ithaca, NY, U.S.A. As of February 2002, he joined
the faculty of Institute of Communications Engineering, National Sun Yat-Sen
University, Kaoshiung 804, Taiwan. His research interests include mobility and
resource management in wireless and mobile networks, multicast flow and con-
gestion control, probabilistic models and optimization techniques for network
problems. His URL is http://cnl.ice.nsysu.edu.tw/ æ runghung/.

Zygmunt J. Haas received his B.Sc. in EE in 1979 and M.Sc. in EE in
1985. In 1988, he earned his Ph.D. from Stanford University and subsequently
joined AT&T Bell Laboratories in the Network Research Department. There he
pursued research on wireless communications, mobility management, fast pro-
tocols, optical networks, and optical switching. From September 1994 till July
1995, Dr. Haas worked for the AT&T Wireless Center of Excellence, where he
investigated various aspects of wireless and mobile networking, concentrating
on TCP/IP networks. As of August 1995, he joined the faculty of the School of
Electrical and Computer Engineering at Cornell University.

Dr. Haas is an author of numerous technical papers and holds fifteen patents
in the fields of high-speed networking, wireless networks, and optical switch-
ing. He has organized several workshops, delivered numerous tutorials at major
IEEE and ACM conferences, and serves as editor of several journals and mag-
azines, including the IEEE Transactions on Networking, the IEEE Transactions
on Wireless Communications, the IEEE Communications Magazine, and the
ACM/Kluwer Wireless Networks journal. He has been a guest editor of IEEE
JSAC issues on ”Gigabit Networks,” ”Mobile Computing Networks,” and ”Ad-
Hoc Networks”. Dr. Haas is a Senior Member of IEEE, a voting member of
ACM, and the Chair of the IEEE Technical Committee on Personal Communica-
tions. His interests include: mobile and wireless communication and networks,
personal communication service, and high-speed communication and protocols.
His e-mail is: haas@ece.cornell.edu and his URL is: http://wnl.ece.cornell.edu


