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Abstract In this paper we propose a location update
(LU) scheme which is mobile terminal {/T") 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 theM T 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 proposed.U scheme has been
analyzed by using Markovian standard models. The results
obtained from our analytical model show that, with little
memory requirements in the M'T' 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 Servide€') net-
work keeps track of the location dflobile Terminals
(MTs) at any time. InGSM terminology, these proce-
dures can be classified in two functional areas called
cation Update(LU) andCall Delivery (C'D). TheCall
Deliveryprocedures can be further decomposed into
terrogation(/G) andTerminal Paging PG).

In the static or globaL U procedures, the whole cov-
erage area is divided into several fixedcation Areas
(LAs)?>. An LA is composed by several neighboring
cells. Each time anV/T crosses the border between
two LAs, an LU message is sent to tiiexed Network
(F'N) notifying that a newlL A is being visited. Th&ys-
tem Data BasdSDB) stores the area from which the
last LU was reported. On the other hand, the dynamic
or local LU strategies aré\/T dependent. Bar-Noy,
Kessler and Sidi propose in [3]-[4] three of these algo-
rithms. Under these three scheméd] messages are
triggered based on the time elapsgd(the time thresh-
old), the number of movements performédthe move-
ment threshold), and the distance traveléd(the dis-
tance threshold), respectively, since the la&t

In the interrogation procedure, entirely implemented
in the F'N, when an incoming call arrives, theC'S net-
work must first search in th8 DB to find out the area
visited by theM T'. The output of a successful interroga-

1This work was supported b@ICYT (Spain) for financial support
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2The termsRegistration AreandLocation Registratiomre used on
the 1S-41 standard, insteadlofcation AreaandLocation Updating

tion is the area where th&/T" had its last contact. It is
followed by the terminalPG procedure in order to find
out the exact cell where thef T is actually in.

In this paper we combine two dynamic or lodal/
strategies, the movement—based and the distance—based.
In our proposal, the\/'T stores the identification of a
number of M cells. This set could be, an empty set,
the whole set of cells within a distande — 1 from
the cell where the lastU occurred, or some interme-
diate option between the two previous. Also, th&l
has a movement-counter. Each time th&l" 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 | tiee
MT triggers anL.U message, resets its counter and up-
dates the set of/ records. Selective or multi-step pag-
ing, [7], is also combined with theU algorithm. When
an incoming call arrives, thE N 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-firs§ DF) partition scheme is
used. Cost functions are defined Bt/ and for selec-
tive PG.

2. Scenario and system description

The coverage area of BC'S 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 functionpdf), de-
noted by f,,,(t) which Laplace transform ig;: (s)
Iy fm(t)e*'dt, and mean valugt-. When theM T
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 th&l", M,
is a non empty set of cells, composed by a setiof 1
consecutive rings of cells, from tleenter cell(cell ring
0) up to cell ringH, figure 2. Therefore\l = 3H? +
3H + 1. The relationship betweeH, 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 graphcan also be
considered. Mosaic graphs are constructed by arranging
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Figure 2. Hexagonal configuration for (H,d)=(2,3) (Dark figuration with random walk mobility of figure 2
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been found. Therefore, for the sake of easy mathematical
cells in concentric cycles around a starting point or a cell. reading, our analysis is carried out under the assumption
When the center is a point or vertex, figure 3-a, we get of a Poisson process. Also it is assumed that the call du-
the so called mosaic grapiid,, wherem denotes the  ration is negligible compared with the inter-arrival time
ring number or number of cycles around the center. For duration, such that the busy line effect does not occur

mosaic graph\/ we clearly haveMl = 3H? + 6H + 3. [1Q] (i.e., there is no new phone call to &f7T when it
When, instead of a point, the center is a cell, figure 3- is in conversation). Therefore, the probability that there
b, we get dual mosaic graphs,,. ForT,,, m = 0 arez boundary crossings between two call arrivalg; ),

corresponds to a single hexagon and= 1 corresponds  derived by Lin in [11], is given by:
to a cluster of 7 cells.
. . 1-i1-a); 2z=0
= 9 )

3. Analytical formulation a(z) { R @)

We assume that the cell residence time follows the
Gamma distribution, with var!ancm. This optlon_ is mobility ratio, C'M R, defined in [5].
enforced by results of Zonoozi and Dassanayake in [12],3 1 Locati dat i
where it is shown that the cell residence time can be de-~""" OC? lon update cos )
scribed by the Gamma distribution. Its Laplace trans- FOr @ given number of movements, we are inter-

wherea = £ (\.), andd = X./\,, is the call-to-

form is given by ested in the number ofU messages triggered by the
MT. Figure 4 represents the Markov chain for the cell
Ay )7 1 layout configuration of figure 2, mesh or hexagonal ran-
fm(s) = (W) Y=o (1) dom walk. We say that th&/ T is in stateS; if it is roam-

i . o . ing in a cell ringi. According to [1], we callfi(,?) the
For incoming calls to theM/T" it is assumed Pois-  conditional probability that staté; is avoided at times

son arrival process with parameter. In [15] ageneral 1 2 . — 1 and entered at time, given that states;
inter-arrival time distribution was assumed for the anal-

! ) Ao - is occupied initially. Similarlykfi(’;) is the taboo prob-
ysis of [9] but no substantial qualitative differences has ability that the Markov chain enters stafie for the first

time at then!™ step, having initially started from state

OR ORI ORREO) S; and avoiding stateS.. Obviously , ) = f7.
i 90 | 0.1 | Jmemo1 L PR | Jmemd]l U Starting from a staté,, the MT" counter is set to zero.
Mosaic T | O 1 i 1 Zmil . : . .
. : - gm om L tm The counter is not increased while the Markov chain
MosaicM | 3 3 6mt3 | 6mt3 | omts makes transitions between the set of sta#igs S, ..,

Su. The MT counter is set to one when the transi-
Table 1.fi(;) for different hexagonal cell layout config- tion Sy — Sp.1 occurs. Therefore, after the transi-
urations tion Sy — Spgu1, if an absorption into stat&y oc-



curs beforel — 1 consecutive movements, théT resets  for M,,,(z,d) in a parallel way to (4)-(6), see [13], the
its movement counter; and when the counter reaches thdocation update cost can be written as,

movement threshold without being absorbed into state

Sy, the MT triggers anLU. Let P,.;(H, d) denote the 00

probability that after visiting stat§ the M T triggers ~ Cu(H,d) =U Z a(z)Mo(z,d) =U
an LU within the next consecutivé movementsriab= z=D

no absorption)P,,.,(H, d) is given by (7)
whereM; (a, d), expression (8), is given at the top of

the next page. The cost of eadli/, denoted byU is
independent of the location of the7T". U includes the
Poay(H,d) =1~ fipy Z uoafiin () cost of transferring from th& NV to the MT the set of
M new records corresponding to the identifications of
the cell ringH + 1.
In (8), Mj(a,d) = Y00, ., a*Mpy(z,d), for
m = 0,1,..H. Itis proved in [13] thatM}} (a,d) =
R: (a)Mf(a,d) for m = 0,1,..H. Furthermore
R3;(a) and R}, _, (a) can be evaluated with the follow-
ing forward recursion, (see [13] for further details)

(1—a)

M (a,d)

Let P,,, x(z, d) denote the probability of having LU
messages triggered inmovements, given that stat,
is occupied initially. We can write the following recur-
sive relationships. We assume tlfat> 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 Ry (a) =
1; m =20
Py (2, d) = 1—af®
1; k=0, z<D. % m=1.
1 ajo,1
SV Pz~ 1d); k=0, =>D. 1—af) ®)
— T’anq(a)—
0; k>0, z<EkD. f(al)mfl)m
1 m—1m—2 px .
Zfé}l)ﬂ’k(z —1,d); k>0, z>kD. 71”(111 Ry, _s(a); m>2
1=0 "
(4) Let pl(-Z-) denote the conditional probability that start-
Form=1,2,..,.H -1 ing in stateS; we enter staté; at timen (not necessarily
Pz, d) = for the first time). Witr'pé% =1; pg?, f(”) andpgf’j) are
1: k=0, z<D—m. related by the convolution equation
m—+1
(1) _ . — _ k n—k
z;%j_l fadPro(z=1,d); k=0, z>D—m. P = Zf( )pnH) (10)
0; k>0, z<kD—-m. ) ) )
m+1 Therefore, when computing;_, f3; 3; we bear in
Z fOP(z—1,d); k>0, z>kD—m. mind that, for our Markov chain, we have
l=m-—1
(5) (1) _
and form = H " 1;2{ {PHH, ) n=1. (11)
fH H+1fH+1 i n>1L
Pr iz, d) = W _ (n)
1; k=0, z<d. Obwouslyf = p . Hence, using (1OjHJrl y can
d
n be computed fronp , and from previous values of
Z H—lf]({}iPHﬁ(Z —n,d)+ (k) e
—_ fHHHand_pH?H,k_— 1,..,n—1.
J(LIl,)H—lpH—l,O(Z —1,d); k=0, z>d. 3.2. Terminal paging cost
0; k>0, z<kD— H. For paging procedure, we use shortest-distance-
first (SDF) partitioning scheme, [9]. Letr,, ;(z,d)
Z H_1fg3qPH,k(Z —n,d)+ i € [0,D — 1] denote the probability that starting at
n=11) cell ring m the MT is located in cell ring: after z
;{,Hflprl,k(Z —-1,d)+ movements. Then, we can write the following recursive
Prap(H,d)Py —1(z — d, d); relationship
k>0, z>kD— H.
(6) Form=0
Let M,,(z,d) = >, kPn i(z,d) be the expected o.4(2,d) =
number of location update messages triggered by the ' (Z’). <D
MT in z movements, given that staf,, is occupied p‘}i’ ' (12)
initially. For a Poisson call arrival process with ratg Z féll)ﬂ'li ~1,d); z>D.

and using the recursive equations that have been found



1 1P, (H,d
M (a,d) = Za%zd o . . Mm)* : 8)
Y Ry(a)[l =32 a" gy H,H] —a H,HflRH—l(a) — aPpop(H, d)
Form=1,2,...H—-1 In (18),V is the cost for polling a cell,= min (n, D),
7 is the maximum allowable paging delay) is given
ﬂmi% 9) = by expression (1) of [9], and subarelg contains rings
Prmis z<D—m. s; to e; wheres; ande; are the indices of the first and
il 1) (13) the last rings in subared;. ¢; ands; are also given in
Z foami(z —1,d); 2> D —m. 9.
l=m—1
4. Performance evaluation and numerical
and form = H results
TH, Z((f) ) = The total cost per call arrival is defined as
pH i z < d.
n Cr(H,d)=C,(H,d)+Cy,(H,d 19
S s f S e — )+ (14) r(H,d) = Cu(H,d) +C,(H,d)  (19)
n=1 Cr(H,d), in short notatiorC'r, can be evaluated for

f](;7)]{_1WH—1,i(Z - 1, d)+

Poop(H,d)mo,i(2 — d, d); z>d.

After performing some algebra, we can get the prob-
ability that theM T is in cell ringi when a call arrival
occurs,go s (a, d). Itis given by equation (15) at the top
of the next page.

In (15) gm,i(a,d) = Y o2 g o(2)Tm,i(2,d), for m =
0,1,..H. It is proved in [13] thatg,,(a,d) =
Ry, (a)qo.i(a,d) + Gy, ;(a), for m = 0,1,.H. Fur-
thermoreG?; ;(a) andG7;_ ;(a) can be evaluated with
the following forward recursion, (see [13] for further de-
tails)

Gi‘n,i(a) =
0; m=20
bo.;
o m=
‘ o)
1- a’fm— m— *
6) e Gri,ila) (16)
(al)m—l,m
Sr—1m—2
f(l)l 2 G, i(a)
m—1m
bm 1,2
) m Z 2
a 'r(r})—l,m
with
0
bm,i = o(0)ply); + [a(1) — ac(O)]ply ;i m = 0,1, .H
(17)

It can be seen that, wheifl, d) =
(15) simplifies to equation (8) of [14].
Therefore, using (15) we compute expressi¢hs),
(12), (13) and(14) of [9]. So the expected terminal pag-

ing cost per call arrival, denoted lgy,, is

(0, D) equation

VXjqumad Zj}:gUH

k=0 r; €Ay m=07r;EA,,
(18)

different scenarios under the influence of several param-
eters. For both mosaic grapti,and M, table 1 shows

the set of probabilitieg; .

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 fad 7', v = 1. Also, we
setU =10,V =1, asin[9].

All plots representC'; for mosaicT. For instance,
figure 5 shows the total coéty, for CM R = 0.01 and
n = 1 (blanket polling).Cr varies widely ag®) changes.
For a givenD, in the same column, we plot a setiof-1
values. The first value corresponds to the movement-
based strategy, (no memory requirements in AM&’).

The second value corresponds(#d, d) = (0, D). The
third value corresponds (@4, d) = (1, D — 1),.. and so

on. The last value is fofH,d) = (D — 1,1) and coin-
cides with the distance-based strategy. Clearly, the value
of C'r for distance strategy is lower than the value_gf

for movement strategy. This conclusion is in agreement
with [3], [4] and [6]. In figure 5, the minimum total cost
corresponds t®* = 5, i.e. (H*,d*) = (4,1). We also
notice that the values af'r for (H*,d*) = (3,2) and
(H*,d*) = (2,3) are very similar indeed. Intuitively,
whenD decreases from its optimal valuB;", the resid-

ing area of thé\/'T' decreases, and thus increases/tbe
cost. WhenD increases from its optimal valu®*, the
residing area of thel/T" increases, and thus increases
the MT PG cost. Figure 5 reflects this behavior. There-
fore we can roughly assert that, for a distance threshold
D lower than its optimal valueD*, the main contribu-
tion to Ct comes from the U cost, and, for a distance
thresholdD higher than its optimal valud)*, the main
contribution toCt comes from the\/T' PG cost.

When a two step®G procedure is applied, see figure
6, the minimum total cost’}. is reached fotD* = 6,
(H*,d*) = (5,1). Note the reduction of the terminal
paging cost at the right side of the optimal valug;.
Compared with the single step paging of figure 5, cost at



d—1 (n)

(0)

> Saco alm)ply) + [a(d) = ala(O))[Paan(H, )P + 1Sy Py
w(a,d) =) al2)m(zd) = a 0 0f®D
2=0 Ry(a)[1 =3 a™ g g ] — -1 1(a) = adPyap(H, d)
_ n m k — n
_ 22:11 a” g— 1fH H Zd T (k)pgq)t + afH H-1 2:21 C‘(n)pgq)—u
Rip(@)[1 = Xy @ oy fi ) — af i1 Rir_1(a) = a?Paay(H, d)
- i@ = Yot g n"] = afih 1 G 1(a)

Ri(@)[L = oy @ 117 ) = affir -1 Rig_1(a) = atPras(H, d)
(15)
the left side ofD* in figure 6 remains roughly the same, date, the fixed network has to transfer to thel' the

as it would be expected, since thé\/ R is the same for
both figures. The same comments can be written whenit
a three step paging algorithm is applied, see figure 7. Inc

identification of a new set of\/ cells located around

s actual position. Results obtained from our analyti-
al model show that, with little memory requirements in

general, when selective paging is implemented, two gen-the M7 very good performances can be obtained, close
eral conclusions can be envisaged. First, a highly signif- to the distance—based scheme.

icant reduction in the expected cost is achieved when the
paging delay is increased from= 1ton = 2. When
increasing fromy = 2 ton = 3 the reduction is how-
ever, less spectacular. Secotl; is less sensitive to the
changes ofD, around its optimal value)*.

Results forCM R = 0.1 are given in figures 8, 9 and
10 for paging delay, = 1, 2 and 3 respectively. Similar
conclusions can be derived. Furthermore we realize the
fact that when selective paging is implemented( 1)
and for large values oD, (D > D* — optimum—),
the total costCr increases withi. This is due to the
fact that whenH increases, fewefL.Us are produced,
which results in less contacts with the network. So, the
uncertainty of theMT' position increases and as a con-
sequence of this, the/T PG cost increases as well.
Finally figures 11, 12 and 13 plot the total co&ty, for
CMR = 1 and paging delay; = 1, 2 and 3 respec-
tively. We can see that for a giveR, Cr practically
remains constant for all scheme¥ (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 orLU is dynamically taken when a thresh-
old d is reached by a movement counter which, however,
itis reset every time th&/ T visits a cell that belongs to a
not empty set of\/ cells, located within a given distance
H from the cell where the last update occurred. Both
parameters are related by = H + d. Our proposal in-
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Figures 5, 6 and 7 show the total cost per call arrival for
CMR = 001,y = 1,U = 10, V = 1, and delay
n = 1, 2 and 3 respectively. Plots are given in terms of
the distance threshol®, for each set of point§H, d)
suchthatd +d = D.
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Figure 10. Figure 13.
Figures 8, 9 and 10 show the total cost per call arrival Figures 11, 12 and 13 show the total cost per call arrival
for CMR =01,y =1,U =10,V = 1,and delay forCMR =1,~v = 1,U = 10,V = 1, and delay
n = 1, 2 and 3 respectively. Plots are given in terms of n = 1, 2 and 3 respectively. Plots are given in terms of
the distance threshol®, for each set of point§H, d) the distance threshol®, for each set of point§H, d)
suchthatd +d = D. suchthatd +d = D.



