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Abstract. This paper explores tracking strategies for mobile users in personal communication networks which are based on
the topology of the cells. We introduce the notion of ropology-based strategies in a very general form. In particular, the known
paging areas, overlapping paging areas, reporting centers, and distance-based strategies are covered by this notion. We then com-
pare two topology-based strategies with the time-based strategy on the line and mesh cell topology.

1. Introduction
1.1. The tracking problem

Location independent communication is one of the
key requirements of mobile communication systems
such as Personal Communication Networks (PCN). In
contrast to fixed communication systems in which every
user is attached to a physical port of the network and
calls can be directed to specific ports, in a mobile com-
munication environment calls have to be directed to an
access point with which the user can establish a connec-
tion. This leads to a cellular architecture. The cellular
architecture comprises two levels —a stationary level and
a mobile level. The stationary level consists of fixed
base stations that are interconnected through a fixed net-
work, referred to as the backbone network. The mobile
level consists of mobile units that communicate with the
base stations via wireless links. The geographic areas
within which mobile units can communicate with a parti-
cular base station is referred to as a cell. Neighboring
cells overlap with each other, thus ensuring continuity of
communications. The mobile units communicate among
themselves as well as with the fixed information net-
works through the base stations and the backbone net-
work. (See Fig. 1.)

Roaming users introduce a new problem in connec-
tion setup or call initiation process. In order to be able to
call a mobile user, the network must be able to locate
this user. In other words, the network must find a base
station to which the called user can establish a connec-
tion. Thisis referred to as the mobile users tracking prob-
lem. There are two simple approaches to tracking
mobile users, that illustrate the fundamental trade-off in
this problem [2]. In the first approach, the network does
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not try to keep track of users as they move between cells,
and starts a search for a mobile user only after this user
is called. This approach is referred to as the Never
Update strategy. This strategy may result in a long
search time and a large number of search messages that
are broadcasted in a large domain of the network. Both
of these drawbacks are highly undesirable since the wire-
less channel bandwidth is scarce and a paged mobile
needs to be located in a rather short period of time. In the
second approach, which is referred to as the Always
Update strategy, the network gets updated every time
mobile users move between cells. As a result there are no
search messages and paged users are located in a short
time. However, updating the new location each time
mobile users cross boundaries of cells is again expensive
because it is an extensive usage of the wireless bandwidth
and the batteries of the mobile terminals. Thus, the prob-
lem is to find tracking strategies that minimize the totals
cost of update and search.

Remark. The problem of how to maintain the location
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Fig. 1. The cellular architecture. A B.S. is a base station and an M.S.
isa mobile station.
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(an exact location or an area that contains the exact loca-
tion) of users in the backbone network is a directory
management problem. In the context of mobile users
this issue was investigated in [1] and [8]. In this paper we
ignore this issue and assume that all the nodes in the
backbone network poses the same knowledge regarding
the locations of all mobile users.

1.2. Known tracking strategies

In the following we briefly describe tracking strate-
gies that were studied in the literature. For each strategy
we describe the Update rule and the Find rule. The
Update rule defines when or where a user should report
to the system its new location. The Find rule defines
where to search for a particular user.

We distinguish between two types of tracking strate-
gies. In the first type, the system decides when and where
mobile users should update their location. Conse-
quently, if two users travel along the same route they
report in the same locations. We call such strategies stat-
ic strategies. In the second type, called dynamic strate-
gies, the mobile users themselves decide when and where
to report. As a consequence, two mobile users may
report in different locations even though they travel
along the same route.

The simplest dynamic strategy is the time-based strat-
egy [6]. In this strategy, each mobile user updates the sys-
tem every 7 units of time. The search for a mobile user
is conducted in all cells to which the mobile user can
reach in 7 units of time from the last cell in which it has
reported. The movement-based strategy and the distance-
based strategy are also dynamic strategies (see [3] and
[7]). In the movement-based strategy each mobile user
updates the system whenever it has completed M move-
ments between cells. The search for a mobile user is con-
ducted in all cells to which the mobile user can reach by
M movements from the last cell in which it has reported.
In the distance-based strategy, each mobile user updates
the system whenever it is in distance D from the last cell
in which it has reported. The search for a mobile user is
conducted in all cells whose distance from the last cell in
which the user has reported is less than D.

The simplest static strategy is the paging areas strat-
egy. In this strategy, the cells are clustered into disjoint
groups which are referred to as paging areas. Mobile
users report their location only when they arrive at a new
paging area. The search for a mobile user is conducted
only in one particular paging area. The paging areas
strategy has the following drawback. A mobile user tra-
veling along the border of a paging area could send many
update messages if it has an oscillatory pattern of move-
ment. The overlapping paging areas strategy is similar
to the paging areas strategy, except that here the cells are
clustered into non-disjoint groups. This allows the elimi-
nation of the above drawback. In contrast to the paging
areas strategy where the mobile user has one choice of
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how to select its new paging area, in the overlapping
paging areas strategy there could be many choices. In [5],
the new paging area is determined by the base station
associated with the new cell, independently of where the
user came from and of its last paging area.

Another static strategy with a different approach is
the reporting centers strategy [2]. Here, a subset of all
cells is selected and designated as reporting cells. The
idea is that mobile users report only upon entering a
reporting cell, and a search for any user is restricted to
the vicinity of a reporting cell. The vicinity of a cell is the
set of all cells to which a mobile user can move without
crossing another reporting cell. Assuming that each base
station is transmitting a beacon every fixed period of
time, the reporting centers strategy may be implemented
by including in the beacon one bit which indicates
whether the base station is a reporting center or not.
Note that if a mobile user stays for a long time around a
particular reporting cell, moving into and out of this
cell many times, this may result in many unnecessary
updates. To avoid this, one can add the rule that a mobile
user never reports in two consecutive visits to the same
reporting center. In fact, there could be many other such
rules. We refer to the reporting centers strategy with a
restricting rule as the generalized reporting centers strat-
egy. It is not difficult to see that the overlapping paging
areas and the generalized reporting centers strategies are
essentially the same. This is true since one can designate
all the border cells of all paging areas as reporting centers
and add the appropriate rules.

1.3. Contribution of the paper

In this paper we introduce the notion of topology-
based strategies. We concentrate on strategies that do
not depend on the full history of the users and/or system.
This class of strategies contains many of the known stra-
tegies. We then explore tracking strategies in personal
communication networks which are based on the topol-
ogy of the cells. We compare the paging area strategy,
the generalized reporting centers strategy (the overlap-
ping paging areas strategy), and the time-based strategy.
The comparisons are done on the line and mesh topolo-
gies. We show that on the line topology, for any i.i.d. pat-
terns of movements the generalized reporting centers
strategy outperforms the time-based strategy and the
paging area strategy. For the mesh topology, we define a
special generalized reporting centers strategy. Then we
show that for reasonable i.i.d. patterns of movements,
the generalized reporting centers strategy outperforms
the time-based strategy and the paging area strategy.
However, there exist patterns of movements in which the
paging areas strategy and the time based strategy are
superior to the generalized reporting centers strategy.

In section 2 we define the notion of topology-based
strategies and show how this definition covers existing
strategies. In section 3 we analyze an i.i.d. pattern of
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movement for both the line and the mesh topologies for
various tracking strategies. In section 4 we compare the
performance of the strategies analyzed in section 3, by
presenting some analytic results and some numerical
results.

2. Topology-based tracking strategies

In this section we first define the class of topology-
based tracking strategies, and then show how known
strategies fall into this class.

2.1. Definition

We first introduce a number of notions which are
required for the definition of topology-based strategies.
Let the mobility graph of the network be the directed
graph in which each vertex corresponds to a cell, and
there is a directed edge from vertex v to vertex w if and
only if the corresponding cells overlap. Note that when
overlapping is a symmetric property, it follows that if
there is a directed edge from vertex v to vertex w then
thereis also a directed edge in the opposite direction.

In every tracking strategy, at any time there is asso-
ciated with each user a set of cells that defines the possi-
ble locations of the user at that time. Thus, if there is a
need to locate the user, the system searches the user only
within these cells. This is formalized as follows. Let
G=(V,E) be a mobility directed graph where
V ={1,...,n}. Attime ¢ there is associated with user x a
set of vertices, \(¢), that contains the vertex in which
user x is located at time #. The set A,(¢) is referred to as
the location area of user x at time ¢. Let Sy, ..., Sk be all
possible location areas in G under the particular tracking
strategy that is being used for user x, and denote
S=1{S,...,S}. Clearly U ,S; =V, i.e., S is a cover
for the mobility graph G.

As an example, consider the two extreme strategies,
the Always Update and the Never Update strategies,
described in the introduction. Under the Always Update
strategy, each set in the partition is a vertex of G, i.e.,
S ={{1},...,{n}}. Under the Never Update strategy
there is only one set in the partition which contains all
the vertices of G,i.e.,S = {V'}.

At any time 7, the identity of the location area A.(¢)
is explicitly or implicitly known to user x. The rules by
which A.(¢) is determined depend on the particular
tracking strategy that is being used. Whenever the loca-
tion area of user x changes (i.e., Ay(f) # A(¢7)), the user
sends an update message to the fixed network, and in
this way lets the system know about the new location
area.

We define a fopology-based strategy to be a strategy
in which the location area \,(¢) depends only on the fol-
lowing: (i) The current cell in which the user is located,
(i1) the previous cell in which the user was located, and

(iii) the location area that the user belonged to while
being in the previous cell. More precisely, assume that
user xisin vertex vat time ¢’ and first moves out from v at
time 7. Let w be the new vertex at time ¢. Then A, (7) is a
function of (v, w) and A\.(#') only. We denote this func-
tion by f. Thus, by definition f : E x S — S. Note that
in order that the strategy be feasible, f((v,w),S;) is
defined only if v € S;, and the value of /((v, w), S;) is a set
S;suchthatw € ;.

Remark. Our definition for topology-based strategies
includes only strategies with ‘“Markovian’ memory, i.c.,
the current location area does not depend on cells or
location areas in the past except the last ones. However,
this definition can be generalized to include strategies in
which the current location area depends on the entire his-
tory of the user (or any part of it).

2.2. Examples: known strategies

The simplest topology-based strategy is the paging
areas strategy. Here, the partition S consists of all the
paging areas. Since S is a disjoint partition, it follows
that the function f is uniquely defined as follows:
f((v,w),S;) = S; if v and w belong to the same paging
area S; and f((v,w), S;) = S; if v belongs to S; and w
belongs to S;.

The overlapping paging areas strategy is also a topol-
ogy-based strategy. Again, the partition S consists of
all the paging areas. However, the function f can be cho-
sen in many ways. In [5], for instance, f((v,w),S;)
=f((u,w),S;forany u # vaslongasw ¢ S;and w ¢ S;.
That is, f is chosen such that the new location area
depends on the current cell and it is a function of w
only.

In the reporting centers strategy the number of sets
in S is the same as the number of reporting centers. Each
set is a vicinity of some reporting center. Since each
reporting center belongs to only one vicinity (its own), it
follows that the function f is uniquely defined.

The distance-based strategy with parameter D can be
described as follows. The partition S consists of # sets.
For each vertex v € V the set S, contains all the vertices
w € V such that the distance in G between v and w is
less than D. The function f is defined as follows:
f((v,w),S,) =8, if wesS, and f((v,w),S,) =S, if
weS,.

The time-based and the movement-based strategies
are not topology-based strategies.

3. Analysis

In this section we analyze the performance of the
paging areas strategy and the generalized reporting cen-
ters strategy, both are topology-based strategies, as
well as the performance of the time-based strategy



52

(which is not a topology-based strategy). The results
obtained in this section will be used in the next section to
compare the various strategies.

3.1. The model

We first introduce the mathematical model that is
used for the analysis. We consider two topologies — the
infinite line and the infinite mesh. In the infinite line
mobility graph, for every integer i cells i and i + 1 are
neighboring cells. Thus, a mobile user that is in cell 7, can
only move to cells i+ 1 or i — 1 or remain in cell i. In
the infinite mesh mobility graph, for any two integers i
and j cell (i,5) is a neighbor of the following eight cells:
(i+1,j£1),(i£1,)), j£1). Therefore, a mobile
user that is in cell (i,/) can either move to one of these
eight cells or remainincell (7,).

To model the movement of the mobile users in the net-
work we make the following assumptions. These
assumptions facilitate the analysis.

e Weassume that time is slotted.

e Weassume that the movements of every user are inde-
pendent of the movements of other users.

e For each user we assume an independent and identi-
cally distributed (i.i.d.) movement pattern, as follows.
In the line mobility graph, if a user is in cell i at the
beginning of a slot, then during the slot it moves to
cell i + 1 with probability p, moves to cell i — 1 with
probability ¢, or remains in cell i with probability
1 —p—¢q(0<p+q<1),independently of its move-
ments in other slots. In the mesh mobility graph, if a
user is in cell (,5) at the beginning of the slot, then
during the slot it moves to one of the eight neighbors
of cell (i, /) or remains in cell (i, /) according to the fol-
lowing rule: Along each axis the user moves as in the
line mobility graph with probabilities p, and ¢, (for
the X axis) and p, and ¢, (for the Y axis), respectively,
where the movements along the X and Y axes are
independent.

e We assume that updates and searches are done at
the beginning of slots, such that if a user is both
updating and being searched in the same slot then the
update operation precedes the search. Movements
between cells in any slot are assumed to start after all
updates and searches associated with that slot are
done, and all movements are completed by the end of
the slot.

e We consider only distance-based strategies that incur
symmetric location areas. Consequently, we assume
that searches take place only after the system has
reached a steady-state, and the time of search is cho-
sen independently of the evolution of the system. This
implies that the probability that the system is in a par-
ticular state at the time of search is the stationary
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probability of that state. We assume that the search
operation is fast, and terminates within one slot.

The performance measures that we consider in this
paper are the expected number of update messages per
slot transmitted by a user, denoted by U, and the num-
ber of all possible cells in which the mobile user can be
since its last update, denoted by Ay, where s is the strat-
egy under which the measure is taken.

Since the movements of different users are indepen-
dent, it suffices to calculate the above performance
measures for one user. Thus, throughout the analysis
presented in the sequel we refer to a particular user.

3.2. Paging areas strategy

Consider the line mobility graph, and let the line be
partitioned into segments of length L, each of which is a
paging area. Let the cells of each paging area be num-
bered from left to right by 1,2,..., L. Let {X;,i > 0} be
the cell in which the user is located at time i. Then
{X;,i > 0} is a Markov chain with stationary probabil-
ities m; = 1/L for all d = 1,..., L. The user reports if
and only if either it is in cell 1 and moves to the left or it is
in cell L and moves to the right. Therefore,

Upx (p,q.L) = (p+q)/L. (1)

Since there are L cells in a paging area, the search
cost is given by

ALy = L. e

Consider now the mesh mobility graph, and let the
mesh be partitioned into rectangles of size L, x L, each
of which is a paging area. As in the one dimensional
case, the location of the user at time i can be described by
a Markov chain. In fact, since the movements along the
X and Y axes are independent, the above Markov chain
can be decomposed into two identical and independent
Markov chains, one for each dimension. Let R, (R)) be
the event on the X (Y) Markov chain due to which the
user reports. Let m(R,) and 7(R,) be the stationary prob-
abilities of these events. We have

ug/?h =m(ReUR,y) =m(Ry) + m(Ry) — m(Ro)™(Ry)
=U(x) +U(y) —UXU(), (3)

where U(x) and U(y) are the update rates due to move-

ments on the X and Y axes respectively. Thus, we can

obtain the update rates in the two-dimensional case
using the results obtained above. This yields

ngSh(pxa qxap}’a qy7 an Ly)

_ Px + 4x ery +4qy _ PxDy + Dxqy + 4xPy + 4xqy
L, L, L, -L, ’

(4)
The search cost would be simply the number of base
stations or cells in the paging area which is



A. Bar-Noyetal. / Topology-based tracking strategies 53

ApRML) = Ly - Ly (5)
3.3. Generalized reporting centers strategy

On the line mobility graph, let cells iK be reporting
centers for every integer i and some parameter K. Each
vicinity is of size 2K — 1 and two neighboring vicinities
intersect in K — 1 cells. We adopt the rule that a mobile
user never reports in two consecutive visits to the same
reporting center.

Let 7; be the number of slots that elapse between the
ith and the (i + 1)st reports of the mobile user. To obtain
E(T;) we note that this is a problem of random walk on
aline with absorbing barriers at 0 and 2K, where the user
starts from the initial position K, and where the user
moves with probability p + ¢ < 1. Thus the 7;’s are inde-
pendent and identically distributed random variables,
and therefore Urc(p,q,K) = 1/E(T1). An expression
for E(Ty) can be obtained from [4], which yields

ME%?B if g#p,

I3
2 .
= ifg=p.

kS

URE(p, 4. K) = (6)

S

The search cost is the number of vertices in the vicinity
of the reporting center which is

Alre(K) = 2K — 1. (7)

On the mesh mobility graph we design the overlap-
ping paging areas by partitioning the mesh into rectan-
gles of size (2K, — 1) x (2K, — 1), each of which is a
paging area such that two adjacent paging areas intersect
inarectangle of size K, x K.

The implementation of these overlapping paging
areas by generalized reporting centers is as follows. Each
K,th column and K, th row are designated in their entire
as reporting centers. Each mobile user maintains two
numbers: the last column at which it has reported and
the last row at which it has reported. The mobile user
updates its location only if at least one of these two num-
bers is changed. This can be done by numbering the
rows and the columns alternately by 0 and 1. The mobile
user need only to remember if the last row or column is
Oorl.

Similarly to the case of paging areas, it can be shown
that (3) holds also in this case. This yields

U (D, G, Pys Gy K, Ky) = U (Px, @ Ky K))

+ uf(c(Pw qy, K, Ky) - uix{c(Pm qx, K, Ky)

X Ugc Py, 4y, Kx, Ky) - (8)

The search cost in the generalized reporting centers
strategy is the size of the vicinity which is given by
Amesh( )

QK. - DK, ~1). (9

3.4. Time-based strategy

In the time-based strategy, the mobile user transmits
an updating message once in 7 slots. Therefore, the
update cost is independent of the structure of the mobi-
lity graph and is

I
Utine(T) =

h
M%ixsle(T) - 7 .

(10)

On the line mobility graph, when a mobile user is
paged, it might be located in one of the 27 — 1 cells cen-
tered around the cell to which the mobile user last
reported. Therefore, the search cost is

Alme

Time

(T)=2T-1. (11)

On the mesh mobility graph when a mobile user is
paged, it might be located in one of the (27 — 1)2 cells
arranged as a square and centered around the cell to
which the mobile last reported. Therefore, the search
costis

Amesh( )

Time (ZT_ 1)2 (12)

4. Comparisons

In this section we compare the performance of the
three strategies analyzed in the previous section. In sub-
sections 4.1 and 4.2 we present some analytic compari-
sons and in subsection 4.3 we present some numerical
results. For simplicity we assume that in the mesh topol-
ogy, L, = L, for the paging areas strategy and K, = K,
for the generalized reporting centers strategy. Similar
results hold for the more general case.

4.1. Analytic comparisons — the line
The comparisons are done by letting

Apy = ARE = A =2T -1

and then comparing /iR, 4% and /i pairwise.

The paging areas strategy vs. the time-based strategy:
We get that UL = (p + ¢)/(2T — 1) which is smaller
than ¢hire = 1/T when T > 2. For large T, ULY is less
than half of I/Ih“e The advantage of the paging areas
strategy over the time-based strategy increases when the
mobile user is more stationary, i.e., when p+gq
decreases.

The generalized reporting centers strategy vs. the time-
based strategy. For large T and fixed p # ¢, we get that

U ~ |q — p|/T which is smaller than " = 1/T as
long as ¢ < 1 and p < 1. The advantage of the general-
ized reporting centers strategy over the time-based strat-
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Fig. 2. Mobiles are always moving randomly in all directions.

egy increases when the walk of the mobile user is more
random, i.e., when |p — ¢|is small.

The paging areas strategy vs. the generalized reporting
centers strategy:

e p = g:Itfollows that the generalized reporting centers
strategy is superior, since Uire =2p/T* < 2p/
(2T — 1) = Ui for T > 1. For large T the advantage
is substantial.

e g # p: For large 7, it follows that Ui =~ g —p|/T
and ULY ~ (g + p)/2T. Therefore, the paging areas
strategy is better when p < ¢/3 and worse otherwise.
This means that when the mobile “prefers’ one direc-
tion the paging areas strategy is better and when its
walk is more random the generalized reporting cen-
ters strategy is better.
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Fig. 3. Mobiles are moving randomly in all directions but stay in their
place with some probability.
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Fig. 4. Mobiles are always moving in one direction.

4.2. Analytic comparisons — the mesh

The pairwise comparisons of Upsh, YREN and ypesh
are done as follows. We assume that

AP = AREh = AP = 2T - 1)%.

Wethenfix g, > p.and g, > p, andlet T be very large.

The paging areas strategy vs. the time-based strategy: It
follows that URSh = (py+ g, +p, +¢q,)/2T < 1/T.
Again, if the mobile is more stationary the paging areas
strategy is better.

The generalized reporting centers strategy vs. the
time-based  strategy: It follows that UReh
~ (gx — px + gy — py)/T. Consequently, the time-based
strategy is better if (¢ + ¢,) — (px +py) > 1, i.e., when
the mobile user “prefers” one direction and its walk is
not random.
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Fig. 5. Mobiles are always moving, to the right in the X direction and
randomly in the Y direction.
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Fig. 6. Mobiles are always moving, mainly to the right in the X direc-
tion and randomly in the Y direction.

The paging areas strategy vs. the generalized reporting
centers strategy.

e p.=¢q, and p, =¢,: As in the line graph, since
T? < 2T, it follows that the generalized reporting
centers strategy is always better and its advantage
increases when 7 is very large.

e ¢, > pyand g, > p,: Here, the paging areas strategy
is better when 3(p. + py) < g« + ¢,. In such cases, the
mobile user “‘prefers” a direction. However, it follows
that URSh < 2UBSh for all values of py,qy,py, Gy
while UFS! < UREY when ¢, — py and g, — p, are
very small (as in the previous case).

4.3. Numerical comparisons

We compare the performance of the three strategies
on the mesh mobility graph in Figs. 2-6. In each figure,
we plot the update cost which is the number of update
messages a mobile sends per unit of time as a function of
the search cost for the paging area strategy (denoted by
PA), for the generalized reporting centers strategy
(denoted by RC) and for the time-based strategy
(denoted by T). Each figure has a different set of values
forpy, gy, py, and gy.

Figs. 2 and 3 show that in the case of a symmetric
movement in all directions RC is more efficient than
both PA and T. Also, when the user is not moving all the
time, (the case of Fig. 3), PA is better than T. On the
extreme, Fig. 4 shows that in a directed movement with
very little randomness, PA and T perform better than
RC. This is true because in this case there is no need for
the complicated paging areas of RC. Fig. 5 depicts the
case where the movement is directed in one direction (X
component) and random in the other direction. In this
case, PA is slightly better than T and T is slightly better
than RC. However, if we increase the randomness of

movement in the X direction, as in Fig. 6, then RC out-
performs PA and T.
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