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Abstract: In this paper we propose a location update
(LU ) scheme which is mobile terminal (MT ) dependent.
Each mobile terminal stores a set of cells within a distance
H, in terms of cells, from the cell where the last update oc-
curred. The mobile can then move freely within this set of
cells without the need for update. When theMT makes
a number of d movements outside of the memorized set of
cells, a location update is triggered and a new set of cells is
memorized. Each time theMT visits one of the memorized
cells its movement counter is reset. This hybrid scheme
is indeed an intermediate solution between the wellknown
movement–based and distance–based schemes. Selective
paging is also considered since it provides a significant re-
duction of the paging cost under a small increase in the al-
lowable paging delay. The proposedLU scheme has been
analyzed by using Markovian standard models. The results
obtained from our analytical model show that, with little
memory requirements in theMT very good performances
can be obtained, close to the distance–based scheme.

1. Introduction

Mobility tracking is the set of procedures by which a
wireless Personal Communications Services (PCS) net-
work keeps track of the location ofMobile Terminals
(MTs) at any time. InGSM terminology, these proce-
dures can be classified in two functional areas calledLo-
cation Update(LU ) andCall Delivery (CD). TheCall
Deliveryprocedures can be further decomposed intoIn-
terrogation(IG) andTerminal Paging(PG).

In the static or globalLU procedures, the whole cov-
erage area is divided into several fixedLocation Areas
(LAs)2. An LA is composed by several neighboring
cells. Each time anMT crosses the border between
two LAs, anLU message is sent to theFixed Network
(FN ) notifying that a newLA is being visited. TheSys-
tem Data Base(SDB) stores the area from which the
last LU was reported. On the other hand, the dynamic
or local LU strategies areMT dependent. Bar-Noy,
Kessler and Sidi propose in [3]-[4] three of these algo-
rithms. Under these three schemes,LU messages are
triggered based on the time elapsed,T (the time thresh-
old), the number of movements performed,d (the move-
ment threshold), and the distance traveled,D (the dis-
tance threshold), respectively, since the lastLU .

In the interrogation procedure, entirely implemented
in theFN , when an incoming call arrives, thePCS net-
work must first search in theSDB to find out the area
visited by theMT . The output of a successful interroga-
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2The termsRegistration AreaandLocation Registrationare used on
the IS-41 standard, instead ofLocation AreaandLocation Updating

tion is the area where theMT had its last contact. It is
followed by the terminalPG procedure in order to find
out the exact cell where theMT is actually in.

In this paper we combine two dynamic or localLU
strategies, the movement–based and the distance–based.
In our proposal, theMT stores the identification of a
number ofM cells. This set could be, an empty set,
the whole set of cells within a distanceD − 1 from
the cell where the lastLU occurred, or some interme-
diate option between the two previous. Also, theMT
has a movement-counter. Each time theMT visits a
cell whose identification is memorized, the movement-
counter is reset, i.e. set to zero. Otherwise, the
movement-counter is incremented in one unit. When the
movement-counter reaches a predetermined valued, the
MT triggers anLU message, resets its counter and up-
dates the set ofM records. Selective or multi-step pag-
ing, [7], is also combined with theLU algorithm. When
an incoming call arrives, theFN pages the cells within a
distanceD− 1, in terms of cells, from the cell where the
last update occurred. A selective paging scheme based
on a shortest-distance-first (SDF ) partition scheme is
used. Cost functions are defined forLU and for selec-
tive PG.

2. Scenario and system description

The coverage area of aPCS network is partitioned
into cells of the same size. The residence time of
an MT in a cell is distributed according to a random
variable with probability density function (pdf ), de-
noted byfm(t) which Laplace transform isf∗m(s) =∫∞
0

fm(t)e−stdt, and mean value1
λm

. When theMT
leaves a cell, the probability to visit a new cell is pro-
portional to the common perimeter with this new cell
(see for instance the routing probabilities in figure 1).
Both, mesh and hexagonal cell regular configuration can
be considered. However, here we only report numerical
results for the hexagonal scenario, due to the fact that,
as in [9] is concluded, the same conclusions are derived
from both scenarios.

The number of records in the memory of theMT , M ,
is a non empty set of cells, composed by a set ofH + 1
consecutive rings of cells, from thecenter cell(cell ring
0) up to cell ringH, figure 2. ThereforeM = 3H2 +
3H + 1. The relationship betweenH, d andD, is D =
H + d. See the hexagonal cell layout, figure 2 a), where
configuration(H, d) = (2, 3) is depicted.

Following terminology of [2], in addition to mosaic
graphT as figure 2 shows, mosaic graphsM can also be
considered. Mosaic graphs are constructed by arranging



Figure 1. Random walk mobility model (routing proba-
bilities)

Figure 2. Hexagonal configuration for (H,d)=(2,3) (Dark
grey cells configure a mosaicT2)

cells in concentric cycles around a starting point or a cell.
When the center is a point or vertex, figure 3-a, we get
the so called mosaic graphsMm wherem denotes the
ring number or number of cycles around the center. For
mosaic graphM we clearly haveM = 3H2 + 6H + 3.
When, instead of a point, the center is a cell, figure 3-
b, we get dual mosaic graphs,Tm. For Tm, m = 0
corresponds to a single hexagon andm = 1 corresponds
to a cluster of 7 cells.

3. Analytical formulation

We assume that the cell residence time follows the
Gamma distribution, with varianceVr. This option is
enforced by results of Zonoozi and Dassanayake in [12],
where it is shown that the cell residence time can be de-
scribed by the Gamma distribution. Its Laplace trans-
form is given by

f∗m(s) =
(

λmγ

s + λmγ

)γ

; γ =
1

Vrλ
2
m

(1)

For incoming calls to theMT it is assumed Pois-
son arrival process with parameterλc. In [15] a general
inter-arrival time distribution was assumed for the anal-
ysis of [9] but no substantial qualitative differences has
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i,j for different hexagonal cell layout config-

urations

Figure 3. Mosaic graphs, a)M2 and b)T2

Figure 4. State transition diagram for the cell layout con-
figuration with random walk mobility of figure 2

been found. Therefore, for the sake of easy mathematical
reading, our analysis is carried out under the assumption
of a Poisson process. Also it is assumed that the call du-
ration is negligible compared with the inter-arrival time
duration, such that the busy line effect does not occur
[10] (i.e., there is no new phone call to anMT when it
is in conversation). Therefore, the probability that there
arez boundary crossings between two call arrivals,α(z),
derived by Lin in [11], is given by:

α(z) =
{

1− 1
θ (1− a); z = 0

1
θ (1− a)2az−1; z > 0 (2)

wherea = f∗m(λc), andθ = λc/λm is the call-to-
mobility ratio,CMR, defined in [5].
3.1. Location update cost

For a given number of movements,z, we are inter-
ested in the number ofLU messages triggered by the
MT . Figure 4 represents the Markov chain for the cell
layout configuration of figure 2, mesh or hexagonal ran-
dom walk. We say that theMT is in stateSi if it is roam-
ing in a cell ringi. According to [1], we callf (n)

i,j the
conditional probability that stateSj is avoided at times
1, 2, .., n − 1 and entered at timen, given that stateSi

is occupied initially. Similarlykf
(n)
i,j is the taboo prob-

ability that the Markov chain enters stateSj for the first
time at thenth step, having initially started from state
Si and avoiding stateSk. Obviously kf

(1)
i,j = f

(1)
i,j .

Starting from a stateS0, theMT counter is set to zero.
The counter is not increased while the Markov chain
makes transitions between the set of statesS0, S1, ..,
SH . The MT counter is set to one when the transi-
tion SH → SH+1 occurs. Therefore, after the transi-
tion SH → SH+1, if an absorption into stateSH oc-



curs befored−1 consecutive movements, theMT resets
its movement counter; and when the counter reaches the
movement thresholdd without being absorbed into state
SH , theMT triggers anLU . Let Pnab(H, d) denote the
probability that after visiting stateSH theMT triggers
anLU within the next consecutived movements (nab=
no absorption).Pnab(H, d) is given by

Pnab(H, d) = 1− f
(1)
H,H−1 −

d∑
n=1

H−1f
(n)
H,H (3)

Let Pm,k(z, d) denote the probability of havingk LU
messages triggered inz movements, given that stateSm

is occupied initially. We can write the following recur-
sive relationships. We assume thatH > 0. The analysis
for H = 0 was presented in [14], although it can be
easily derived from our present study as a particular case.

For m = 0

P0,k(z, d) =



1; k = 0, z < D.
1∑

l=0

f
(1)
0,l Pl,0(z − 1, d); k = 0, z ≥ D.

0; k > 0, z < kD.
1∑

l=0

f
(1)
0,l Pl,k(z − 1, d); k > 0, z ≥ kD.

(4)
For m = 1, 2, .., H − 1

Pm,k(z, d) =



1; k = 0, z < D −m.
m+1∑

l=m−1

f
(1)
m,lPl,0(z − 1, d); k = 0, z ≥ D −m.

0; k > 0, z < kD −m.
m+1∑

l=m−1

f
(1)
m,lPl,k(z − 1, d); k > 0, z ≥ kD −m.

(5)
and for m = H

PH,k(z, d) =



1; k = 0, z < d.
d∑

n=1

H−1f
(n)
H,HPH,0(z − n, d)+

f
(1)
H,H−1PH−1,0(z − 1, d); k = 0, z ≥ d.

0; k > 0, z < kD −H.
d∑

n=1

H−1f
(n)
H,HPH,k(z − n, d)+

f
(1)
H,H−1PH−1,k(z − 1, d)+

Pnab(H, d)P0,k−1(z − d, d);
k > 0, z ≥ kD −H.

(6)
Let Mm(z, d) =

∑
k kPm,k(z, d) be the expected

number of location update messages triggered by the
MT in z movements, given that stateSm is occupied
initially. For a Poisson call arrival process with rateλc,
and using the recursive equations that have been found

for Mm(z, d) in a parallel way to (4)-(6), see [13], the
location update cost can be written as,

Cu(H, d) = U

∞∑

z=D

α(z)M0(z, d) = U
(1− a)2

aθ
M∗

0 (a, d)

(7)
whereM∗

0 (a, d), expression (8), is given at the top of
the next page. The cost of eachLU , denoted byU is
independent of the location of theMT . U includes the
cost of transferring from theFN to theMT the set of
M new records corresponding to the identifications of
the cell ringH + 1.

In (8), M∗
m(a, d) =

∑∞
z=D−m azMm(z, d), for

m = 0, 1, ..H. It is proved in [13] thatM∗
m(a, d) =

R∗m(a)M∗
0 (a, d) for m = 0, 1, ..H. Furthermore

R∗H(a) andR∗H−1(a) can be evaluated with the follow-
ing forward recursion, (see [13] for further details)

R∗m(a) =



1; m = 0.

1− af
(1)
0,0

af
(1)
0,1

; m = 1.

1− af
(1)
m−1,m−1

af
(1)
m−1,m

R∗m−1(a)−

f
(1)
m−1,m−2

f
(1)
m−1,m

R∗m−2(a); m ≥ 2.

(9)

Let p
(n)
i,j denote the conditional probability that start-

ing in stateSi we enter stateSj at timen (not necessarily

for the first time). Withp(0)
0,0 = 1; p

(n)
i,j , f

(n)
i,j andp

(n)
j,j are

related by the convolution equation

p
(n)
i,j =

n∑

k=1

f
(k)
i,j p

(n−k)
j,j (10)

Therefore, when computingH−1f
(n)
H,H we bear in

mind that, for our Markov chain, we have

H−1f
(n)
H,H =

{
p
(1)
H,H ; n = 1.

f
(1)
H,H+1f

(n−1)
H+1,H ; n > 1.

(11)

Obviouslyf (1)
i,j = p

(1)
i,j . Hence, using (10)f (n)

H+1,H can

be computed fromp(n)
H+1,H , and from previous values of

f
(k)
H+1,H andp

(k)
H,H , k = 1, .., n− 1.

3.2. Terminal paging cost
For paging procedure, we use ashortest-distance-

first (SDF ) partitioning scheme, [9]. Letπm,i(z, d)
i ∈ [0, D − 1] denote the probability that starting at
cell ring m the MT is located in cell ringi after z
movements. Then, we can write the following recursive
relationship

For m = 0
π0,i(z, d) =



p
(z)
0,i ; z < D.
1∑

l=0

f
(1)
0,l πl,i(z − 1, d); z ≥ D.

(12)



M∗
0 (a, d) =

∞∑

z=D

azM0(z, d) =
1

(1− a)
adPnab(H, d)

R∗H(a)[1−∑d
n=1 an

H−1f
(n)
H,H ]− af

(1)
H,H−1R

∗
H−1(a)− adPnab(H, d)

(8)

For m = 1, 2, .., H − 1

πm,i(z, d) =



p
(z)
m,i; z < D −m.
m+1∑

l=m−1

f
(1)
m,lπl,i(z − 1, d); z ≥ D −m.

(13)

and for m = H

πH,i(z, d) =



p
(z)
H,i; z < d.
d∑

n=1

H−1f
(n)
H,HπH,i(z − n, d)+

f
(1)
H,H−1πH−1,i(z − 1, d)+

Pnab(H, d)π0,i(z − d, d); z ≥ d.

(14)

After performing some algebra, we can get the prob-
ability that theMT is in cell ring i when a call arrival
occurs,q0,i(a, d). It is given by equation (15) at the top
of the next page.

In (15) qm,i(a, d) =
∑∞

z=0 α(z)πm,i(z, d), for m =
0, 1, ..H. It is proved in [13] that qm,i(a, d) =
R∗m(a)q0,i(a, d) + G∗m,i(a), for m = 0, 1, ..H. Fur-
thermoreG∗H,i(a) andG∗H−1,i(a) can be evaluated with
the following forward recursion, (see [13] for further de-
tails)

G∗m,i(a) =



0; m = 0.

− b0,i

af
(1)
0,1

; m = 1.

1− af
(1)
m−1,m−1

af
(1)
m−1,m

G∗m−1,i(a)−

f
(1)
m−1,m−2

f
(1)
m−1,m

G∗m−2,i(a)−
bm−1,i

af
(1)
m−1,m

; m ≥ 2.

(16)

with

bm,i = α(0)p(0)
m,i + [α(1)− aα(0)]p(1)

m,i; m = 0, 1, ..H.
(17)

It can be seen that, when(H, d) = (0, D) equation
(15) simplifies to equation (8) of [14].

Therefore, using (15) we compute expressions(11),
(12), (13) and(14) of [9]. So the expected terminal pag-
ing cost per call arrival, denoted byCv, is

Cv(H, d) = V

l−1∑

k=0

[
∑

ri∈Ak

q0,i(a, d)
k∑

m=0

∑

rj∈Am

g(j)]

(18)

In (18),V is the cost for polling a cell,l = min (η, D),
η is the maximum allowable paging delay,g(i) is given
by expression (1) of [9], and subareaAj contains rings
sj to ej wheresj andej are the indices of the first and
the last rings in subareaAj . ej andsj are also given in
[9].

4. Performance evaluation and numerical
results

The total cost per call arrival is defined as

CT (H, d) = Cu(H, d) + Cv(H, d) (19)

CT (H, d), in short notationCT , can be evaluated for
different scenarios under the influence of several param-
eters. For both mosaic graphs,T andM , table 1 shows
the set of probabilitiesf (1)

i,j .
The study of the effect of cell residence time variance

on performance, has been carried out with some details
in [9] for the movement-based strategy. Similar conclu-
sions can be derived in our general framework, so this
analysis is omitted in our paper. Therefore, here we opt
for exponential residence time forMT , γ = 1. Also, we
setU = 10, V = 1, as in [9].

All plots representCT for mosaicT . For instance,
figure 5 shows the total costCT , for CMR = 0.01 and
η = 1 (blanket polling).CT varies widely asD changes.
For a givenD, in the same column, we plot a set ofD+1
values. The first value corresponds to the movement-
based strategy, (no memory requirements in theMT ).
The second value corresponds to(H, d) = (0, D). The
third value corresponds to(H, d) = (1, D − 1),.. and so
on. The last value is for(H, d) = (D − 1, 1) and coin-
cides with the distance-based strategy. Clearly, the value
of CT for distance strategy is lower than the value ofCT

for movement strategy. This conclusion is in agreement
with [3], [4] and [6]. In figure 5, the minimum total cost
corresponds toD∗ = 5, i.e. (H∗, d∗) = (4, 1). We also
notice that the values ofCT for (H∗, d∗) = (3, 2) and
(H∗, d∗) = (2, 3) are very similar indeed. Intuitively,
whenD decreases from its optimal value,D∗, the resid-
ing area of theMT decreases, and thus increases theLU
cost. WhenD increases from its optimal value,D∗, the
residing area of theMT increases, and thus increases
theMT PG cost. Figure 5 reflects this behavior. There-
fore we can roughly assert that, for a distance threshold
D lower than its optimal value,D∗, the main contribu-
tion to CT comes from theLU cost, and, for a distance
thresholdD higher than its optimal value,D∗, the main
contribution toCT comes from theMT PG cost.

When a two stepsPG procedure is applied, see figure
6, the minimum total costC∗T is reached forD∗ = 6,
(H∗, d∗) = (5, 1). Note the reduction of the terminal
paging cost at the right side of the optimal value,D∗.
Compared with the single step paging of figure 5, cost at



q0,i(a, d) =
∞∑

z=0

α(z)π0,i(z, d) =

∑d−1
n=0 α(n)p(n)

H,i + [α(d)− adα(0)][Pnab(H, d)p(0)
0,i + H−1f

(d)
H,Hp

(0)
H,i]

R∗H(a)[1−∑d
n=1 an

H−1f
(n)
H,H ]− af

(1)
H,H−1R

∗
H−1(a)− adPnab(H, d)

−
∑d−1

n=1 an
H−1f

(n)
H,H

∑d−n−1
k=0 α(k)p(k)

H,i + af
(1)
H,H−1

∑d−2
n=1 α(n)p(n)

H−1,i

R∗H(a)[1−∑d
n=1 an

H−1f
(n)
H,H ]− af

(1)
H,H−1R

∗
H−1(a)− adPnab(H, d)

− G∗H,i(a)[1−∑d
n=1 H−1f

(n)
H,Han]− af

(1)
H,H−1G

∗
H−1,i(a)

R∗H(a)[1−∑d
n=1 an

H−1f
(n)
H,H ]− af

(1)
H,H−1R

∗
H−1(a)− adPnab(H, d)

(15)

the left side ofD∗ in figure 6 remains roughly the same,
as it would be expected, since theCMR is the same for
both figures. The same comments can be written when
a three step paging algorithm is applied, see figure 7. In
general, when selective paging is implemented, two gen-
eral conclusions can be envisaged. First, a highly signif-
icant reduction in the expected cost is achieved when the
paging delay is increased fromη = 1 to η = 2. When
increasing fromη = 2 to η = 3 the reduction is how-
ever, less spectacular. Second,CT is less sensitive to the
changes ofD, around its optimal value,D∗.

Results forCMR = 0.1 are given in figures 8, 9 and
10 for paging delayη = 1, 2 and 3 respectively. Similar
conclusions can be derived. Furthermore we realize the
fact that when selective paging is implemented (η > 1)
and for large values ofD, (D > D∗ − optimum−),
the total costCT increases withH. This is due to the
fact that whenH increases, fewerLUs are produced,
which results in less contacts with the network. So, the
uncertainty of theMT position increases and as a con-
sequence of this, theMT PG cost increases as well.
Finally figures 11, 12 and 13 plot the total cost,CT , for
CMR = 1 and paging delayη = 1, 2 and 3 respec-
tively. We can see that for a givenD, CT practically
remains constant for all schemes (M an empty set, and
H = 0, 1, 2, ...,D-1). On the average, each time the
MT visits a new cell a new call is received.

5. Conclusions

In this paper we introduce and analyze an hybrid
movement-distance-based strategy for mobility tracking.
The decision onLU is dynamically taken when a thresh-
old d is reached by a movement counter which, however,
it is reset every time theMT visits a cell that belongs to a
not empty set ofM cells, located within a given distance
H from the cell where the last update occurred. Both
parameters are related byD = H + d. Our proposal in-
cludes, as particular cases, the movement–based scheme
(the set ofM cells is empty) and the distance–based
scheme (H = D − 1). Therefore, a trade-off between
both strategies has been faced and analyzed. Our results
confirm that distance–based scheme produces the best
results compared with movement–based strategy. When
M is not an empty set, the strategy avoids useless loca-
tion updates. However it requires that, after each move-
ment, theMT has to search the identity of the new vis-
ited cell in a cache memory, and after each location up-

date, the fixed network has to transfer to theMT the
identification of a new set ofM cells located around
its actual position. Results obtained from our analyti-
cal model show that, with little memory requirements in
theMT very good performances can be obtained, close
to the distance–based scheme.
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Figure 7.
Figures 5, 6 and 7 show the total cost per call arrival for
CMR = 0.01, γ = 1, U = 10, V = 1, and delay
η = 1, 2 and 3 respectively. Plots are given in terms of
the distance thresholdD, for each set of points(H, d)
such thatH + d = D.
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Figure 10.
Figures 8, 9 and 10 show the total cost per call arrival
for CMR = 0.1, γ = 1, U = 10, V = 1, and delay
η = 1, 2 and 3 respectively. Plots are given in terms of
the distance thresholdD, for each set of points(H, d)
such thatH + d = D.
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Figure 13.
Figures 11, 12 and 13 show the total cost per call arrival
for CMR = 1, γ = 1, U = 10, V = 1, and delay
η = 1, 2 and 3 respectively. Plots are given in terms of
the distance thresholdD, for each set of points(H, d)
such thatH + d = D.


