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Abstract

In personal communication service (PCS) networks, the user location tracking strategy plays a
critical role in ensuring successful mobile communication in any place at any time. The IS-41 scheme
in North America and the MAP of the GSM system in Europe are two current standard location
tracking schemes. To reduce communication cost for the two basic schemes, several location tracking
strategies, either caching or pointer forwarding strategies, have been proposed. Caching strategies aim
to reduce the cost occurring upon call delivery; pointer forwarding strategies intend to reduce the cost
due to registration. This paper presents a new caching strategy which uses forwarding pointers, instead
of updating users’ location information, to locate users who make frequent moves while using PCS.
Enhanced by forwarding pointers, the new caching strategy is able to reduce the cost resulting from
registration, cache hit but invalid and cache miss. On call delivery, we update the cache records based
on the fact that users tend to revisit previous RAs and to visit previously called RAs, and thus result in
higher cache hit and valid ratios. A thorough performance analysis on different location tracking
strategies is conducted to prove the favorable performance and reduced cost of the proposed caching
strategy.

Key Words: Personal Communication Service (PCS) Networks, Location Tracking Strategies, Home
Location Registers (HLRs), Vistor Location Registers (VLRs), Call Delivery, Registra-
tion, Performance Analysis, Call-to-mobility Ratios, Cache Hit and Miss Ratios, Loca-
tion Tracking Cost

1. Introduction to multiple service switching points (SSPs). The mobile
switching center (MSC) and a visitor location register

In a Personal Communication Service (PCS) net-
work [1], the home location register (HLR) resides in the
service control point (SCP) which connects to a regional
signal transfer point (RSTP) as depicted in Figure 1. Th-
rough a connection network, the RSTP connects to all lo-
cal STPs (LSTP) in the region, performing message rou-
ting translation and screening functions in the Signal-
ing System 7 (SS7) network. The individual STPs actu-
ally represent the mated-pair configuration. Every LSTP
comprises an LATA geographical area which connects
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(VLR) are collocated with an SSP. A registration area
(RA) consists of one or more radio port coverage areas or
cells [2]. We assume that each RA is served by a single
VLR. The MSC of an RA is responsible for maintaining
and accessing the VLR and for switching between radio
ports. The VLR associated with an RA is responsible for
maintaining a subset of the user information contained in
the HLR [3]. The VLR is collocated with the MSC and
the MSC/VLR combination will evolve to be SS7 com-
patible.

How to track a user’s location in the PCS network
may significantly affect the quality of mobile communi-
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Figure 1. The PCS network architecture.

cation. The established standard location tracking schemes
include the IS-41 scheme [4—6] in North America and
the MAP of the GSM system [7,8] in Europe. To aug-
ment the two basic schemes, i.e., to reduce the network
communication cost, several user location tracking strat-
egies -- categorized as caching strategies and pointer for-
warding strategies (e.g. [9-20]) -- have been introduced.
Caching strategies aim to reduce the cost due to call de-
livery, while pointer forwarding strategies attempt to
reduce the cost of registration.

A caching strategy suits users who receive calls more
frequently (i.e., with high users’ call-to-mobility ratios
(CMRs)) than change the PCS registration areas. For
users with CMRs around 5 and stable calls and moving
patterns, caching brings about 20-60% cost reduction
over the basic location tracking scheme [1]. Reducing
registration (i.e., cutting down HLR updates) will defi-
nitely improve performance for caching strategies.

Pointer forwarding strategies, by contrast, are suit-
able for users who move among the PCS registration ar-
eas frequently but receive calls not as frequently (i.e.,
with low CMRs). For users with CMRs less than 1, a
pointer forwarding strategy saves cost over the basic st-
rategy without increasing the mean call setup time [15].

Based on the above observation, we propose a new
location tracking strategy to locate users who move from
place to place while using PCS. The proposed strategy, a

caching strategy enhanced by forwarding pointers, tends
to deploy the cache device at switch MSC/VLR on a sys-
tem-wide basis. The cached records are kept at MSC/
VLR from which calls originate and which may or may
not be the switch where the call receiver is currently re-
gistered or resides [1]. In many cases, it is indeed more
feasible to save and reuse a user’s location information
obtained during his previous incoming call than to query
his HLR. When cache hit but invalid happens (after a
user moves to another RA), we use forwarding pointers
which are recorded in cache, instead of updating the user’s
location information to the HLR, to locate the user and as
a result efficiently reduce the cost due to registration.

It has been observed that population movements
tend to gather in certain areas, such as residences,
workplaces and shopping centers, where people stay for
a considerable period of time [14]. (RAs containing
these areas are called attraction sites.) It is also observed
that people may visit RAs which they previously called.
In the cache part of our strategy, we make use of these
two features -- that users tend to revisit previous RAs and
to visit previously called RAs -- to update the cached re-
cords and result in higher cache hit and valid ratios. Be-
sides, the forwarding pointers in our strategy also help
reduce the penalty due to cache hits but invalid, further
cutting down the communication cost.

A thorough analytic evaluation is conducted to com-
pare the performance of our strategy and other location
tracking strategies. The results show that compared with
other strategies, our proposed strategy yields favorable
performance (higher location hit probability) at reduced
registration, traversal and total costs.

This paper is organized as follows. Section 2 pre-
sents the proposed location tracking strategy. Section 3
gives the analytic models. A thorough performance an-
alysis and comparison between related strategies is pro-
vided in Section 4. Section 5 concludes the paper.

2. The Proposed Location Tracking Strategy
The proposed strategy is built aiming to reduce the

penalty of invalid cache records occurring in previous

caching strategies due to users’ movements. It can fur-
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ther avoid message traffic bottlenecks and cut down da-
tabase accesses for querying the HLR to locate a called
subscriber. Besides using the effective information cach-
ing to avoid unnecessary message traffic, our new strat-
egy meanwhile cuts out the operation of updating a
user’s HLR (when he moves across RAs) by using for-
warding pointers recorded in cache entries. Two opera-
tions incurring signaling have been defined in [1] and
[15]:
1. MOVE — (for the PCS user) to move from one RA
to another;
2. FIND - to determine the RA in which the PCS
user is currently located.

Our new strategy, like previous caching strategies,
saves a user’s location information obtained during his
previous incoming call in a cache entry and reuse it with-
out querying his HLR. Such cached information is useful
only for users who receive calls more frequently than
change registration areas. For users who receive calls in-
frequently but change registration areas frequently, our
strategy works as well because, unlike previous caching
strategies, it records forwarding pointers in cache entries
to locate the users.

In our strategy, the entry of the cache in the VLR is
defined as

| UID | NEXT VLR |

UID records the user’s mobile identification number
(MIN). NEXT_ VLR records the user’s current residing
VLR identifier (recorded at the user’s previous call) and
may represent a forwarding pointer pointing to the next
VLR in the pointer chain (recorded at the user’s each
movement).

When a call is to be delivered, the procedure to lo-
cate the called party in our strategy is defined in Figure 2.

When a user moves from one RA to another, the op-
erating steps in our new strategy is thus defined in Figure
3.

The MOVE and FIND procedures in our strategy
and in pointer forwarding strategies [11,15] are com-
pared in Figures 4 and 5.

As Figure 4 indicates, the MOVE procedure of our

strategy (depicted by the big bold cross sign) sets no
threshold on the allowed forwarding pointers (because
the cache record update helps limit the length of the po-
inter chain, to be discussed later). Without such a thre-
shold, we are able to reduce unnecessary updates on
users’ location information in the HLR.

Figure 5 shows that the HLR in a pointer forwarding
strategy needs to be queried upon any incoming call to
get the recorded forwarding pointer (steps (1) and (2))
and then to be updated accordingly (steps (3) and (4)). In
total, a pointer forwarding strategy will take 5 steps ((1),
(2),(2%), (3) and (4)) to find out the RA where the user is
currently located. Our new strategy, by contrast, takes
only step (2°) to locate the called user (when not in the
rare cache miss situation) as it records (a) the called user’s
location (obtained during the previous call) in the
caller’s switch, and (b) forwarding pointers to the called
user’s switch as NEXT _VLRs in the cache entries of
switches along which the called user moves. The loca-
tion tracking cost due to HLR queries and updates (indi-
cated by the bold cross signs) is thus saved.

3. The Analytic Models

3.1 Analytic Models for Caching Structures

The T-threshold caching strategy in [2] derives prob-
ability a for cache hit with threshold T, probability B for
invalid cache records and probability y for cache miss as
follows.

Ae
e +A,

o="Prt. <t andt, <T]= [1—e T (1)

B=Pr[t. >t andt. <T]=1-¢&""

A o+ 2)
e e
C m
y=Prt. >T]=e" 3)

To suit our need, we redefine the three probabilities:

o: the probability for cache hit with valid cache re-
cords

[: the probability for cache hit with invalid cache re-
cords
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FIND(){

A call to a PCS user 1s detected at the local switch;
if (the called user is in the same RA) retumn;
The switch searches the entry of the called user in the cache;
if (there’s a cache entry for the called user){ /* cache hit */
The switch querics the VLR specified in the cache entry;
if (the current VLR of the called uscr is at the queried VLR) {

H

The queried VLR returns the called user’s location to the calling switch:
The called user’s VLR updates the cache entry of the calling user:

else { * cache miss */

™ cache hit and valid */

clsc | /* cache hit but invalid */
do { *apply pointer forwarding to find the current VLR */
the queried VLR queries the next VLR in the pointer chain;
{ while (the called user is not at the queried VLR);
/* the current VLR of the called user is found */
The current VLR of the called user returns the called user’s location to the ealling switch;
The calling user’s VLR updates the cache entry of the called user;
The called user’s VLR updates the cache entry of the calling user;

b

The switch queries the ealled user’s HLR;
The HLR queries the VLR specified in the HLR;
if (the current VLR of the called user is the queried VLR)Y
/* HLR up-to-date */
The HLR returns the called user’s location to the calling switch;
The calling uscr’s VLR updates the cache entry of the called uscr;
The called user’s VLR updates the cache entry of the calling user;

b

else { /* HLR out-of-date */
do { /* apply pointer forwarding to find the current VLR */
the queried VLR queries the next VLR in the pointer chain;
} while (the called user is not at the queried VLR);
/* the current VLR of the called user is found */
The current VLR of the called user returns the called user’s location to the calling switch;
The called user’s HLR updates the location of the called user;
The calling user’s VLR updates the cache entry of the called user;
The called user’s VLR updates the cache entry of the calling user;

L
1

Figure 2. The FIND( ) procedure of our strategy.

MOVE() {

The user registers at the new VLR and passes the id of the former VLR to it;
The new VLR deregisters the user at the old VLR;

The old VLR updates the cache entry of the moving user and sends ACK
and the user's service profile to the new VLR;

Figure 3. The MOVE( ) procedure of our strategy.

v: the probability for cache miss (i.e., no cache records)

The T-threshold in (1), (2) and (3) is chosen from tc and
will be compared with the duration of cache records. tc re-

presents the time interval between two consecutive calls
directed from an RA to a remote user. To derive a general
caching formula for our strategy, we adopt the same an-
alytic model using tc but leave out the T-threshold.
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Figure 4. The MOVE( ) procedure comparison between our strategy and the pointer forwarding strategies.
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Figure 5. The FIND( ) procedure comparison between our strategy and the pointer forwarding strategies.
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In our analytic model,

t. is an independent and identically distributed ran-
dom variable, representing the time interval between
two consecutive calls directed from an RA to a remote
user,

tym is an independent and identically distributed ran-
dom variable, representing the time interval when the user
resides in an RA, and

tm is the time interval between the previous call to
the user and the user’s moving out of the RA.

f®), fm(t), and f(t) are respectively the density
functions of t., ty and t,. If the incoming calls are ran-
dom observers (for example, forming a Poisson process)
of ty [2], then

- 1 ©
Ju@®) = o] L:r S )ty “4)

Let fu(t) be the density function of t. when t, < ty,.
Then,

K= 1o [, S,

Assume that when a user moves out of a certain RA,
it will not return to it again during the time period. (The
effect that a user may return to a previous RA can be eas-
ily modeled by a two-dimensional random walk [15].)
Under such an assumption, the derived hit ratio will be
slightly lower than the true one. Probability o for cache
hit with valid cache record can be thus derived:

a=Prlt, <t,]= [ f,()d
fa=l

= Ut [ £, e,

L,=Ic

©)

Assume that t. is exponentially distributed with mean
1/, ty 1s exponentially distributed with mean 1/, and
ty 18 also exponentially distributed. Because f,,(t) = f(t),
(5) can be rewritten as

o= xce—x(~l(:[ J xme—xmlm dtm ]dtc
tc:) =ty . (6)
= J' )\‘Ce—xctb xme—xmrc dtc — C [1 _ e—(xf Al :|
1c=0

Ao +A

m

Likewise, probability B for cache hit with invalid

cache records will become

B=Prit,>t,1= [ [fe(t)=£,(t)]dte
©)

—Aete _ )\'C

1— e*(xz'”hm)/(:
Ao+, [ ]

=l-e¢

As mentioned, invalid cache records will result in
“location miss” and extra cost penalty (such as HLR que-
ries) for caching strategies. For improvement, our cach-
ing strategy employs enhanced pointers (NEXT VLRs
in cache entries) to locate the user (to achieve “location
hit” in this situation) and hence to reduce the penalty of
location miss in other caching strategies.

Probability y for no cache records (cache miss),
given below, indicates the call from some caller to the
called user has not yet arrived and the cache record in the
called user’s switch for the caller is still missing.

y=Pr[t, <t andt, —t_ =t, (ie.,tm=0)]

= 0] f;,(t()dt(l = ef}‘("c (8)

G

3.2 Cache Record Updates in Our Strategy
To illustrate cache record updates in our strategy, an
example case -- a user’s portable movement sequence
between two phone calls — is given in Figure 6. The fig-
ure shows an 8 x 8 restriction area in which each RA sets
up a VLR to maintain the user’s location information.
The user moves from Ry to Rg by way of R¢ (which keeps
his cache record), and the cache record will be updated
when he moves to R;. In this case, we are interested to
know
(1) which RAs have the user’s cache records before he
moves out of Ry, and
(2) the user’s movement route after he moves out of
R between two phone calls.

We then define
Og+1 = Mg+ X N (9)
Where
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Figure 6. A user’s cache record update during its movement
(from Ry to Rg) between two phone calls.

og+1 = Prob [the user’s cache record update]

mg+ = Prob [the user’s moving out of Ry between
two phone calls]

n = Prob [which RAs have the user’s cache record]

The formulas for cache record updates can be de-
rived from [16] and Figure 6. First, assume the incoming
calls to a user are a Poisson process and the time he re-
sides in an RA is generally distributed. Let t. be the time
interval between two consecutive phone calls to the user.
Suppose the user resides in Ry when making the previous
call, visits another K RAs and then resides in the jth RA
for a period ty;; (0 <j <K) after the phone call.
Let

tw be the time interval between the arrival of the pre-
vious call to a user and the moment he moves out of Ry;

t.; be the time interval between the user’s entering
Rui and the arrival of the next phone call;

tyi be independently identically distributed random
variables with general distribution Fy, (ty;), density func-
tion f(tm;) and Laplace-Stieltjes Transform.

fa)=[" e ()t

Let

f(¢) and 7,,(¢) be the density functions of t. and t,, re-
spectively, and get

E [t.] = 1/A. and E [tyi] = 1/Am.

Since the incoming phone calls are a Poisson pro-

cess, we have f, () =\ e .

Based on the memoryless property of the exponen-
tial distribution, t.; has the same exponential distribution
as t. for all i’s, and based on the random observer pro-
perty in [16],

0=, [ f,@ di=2,[1-F,0] (10)

The Laplace-Stieltjes Transform for the t,, distribution
will be

r(s)= J‘:}O e'r, ()dt

= |, e l1-F, o

)\'m R—
=T— J‘rzo e mem (l)dt
)\‘m )\’m —st b )\’m ® —st
="n _[—S W |- [",e fm(t)dt}

- ﬂ[l— [ ey, (z)dt]

s
2 &
i)
(11)
If a user is at the Kth movement when passing the

RA with his cache record, focus on his (K+1) th move-
ment (to go out of the RA with the cache record) and get

me =Prlt,, +t,, +o g <t Sttt +ot el

K+1
= (H Pr(1,, > 1, ]) Pr| e S |
i=1
= (1= £ (S )<
(12)
Pr(z.;> ty;] and Pr[z. x> tyk] are derived as follows.

©

Pr[tc,i >tel = _[ I: o )‘cei}@c‘i I (tM,i)dtM,idtC,i
0 TIM i

= fy:()“c)
(13)
Pr[t(,;K StMK]:l_Pr[tc,K >tMK]=1_fr:O“C) (14)

Assume the user’s residence times are with Gamma
distribution. (Most studies use exponential distribution,
a special case of Gamma, for its simplicity.) Here, with
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mean 1/A, and variance V, the Laplace-Stieltjes Trans-
form of a Gamma random variable is expressed as

* )\‘m’y i 1
f'"(s)_[sn%my] , Where ¥ = e
We know that the user’s movement between two

phone calls is significantly affected by the variance of
residence times. Whens=2A.V = - and y=1, we have

m

' -
fm()\’c)_[)\'c_l_)bmJ

mg+ of (9) can now be derived as

1 )Lm )\’m K+1
me,, =|1-
K A, +A, A+,

The probability for the user’s cache record update in

(15)

this example case (n = 1/64) is then obtained:

O, ,=m,. xn=|1-— X’" x”’ 6+]><L
o TR A, +4, \ A, +A, 64

We can thus conclude: The probability of which RAs
having the user’s cache record depends on the number of
VLRs in the PCS network, and so does the probability of
a user’s cache record updates.

3.3 Performance Analysis on Forwarding Pointer
Structures

In cache miss cases

To analyze the performance of forwarding pointers
under cache miss in our enhanced caching strategy, we
first characterize users by their call-to-mobility ratios
(CMRs). The CMR [10] is defined as the expected num-
ber of calls to a user during his stay at a given RA. (Note
that the CMR is defined here as the calls received by a par-
ticular user, not the calls originating from the user.) If the
user’s call arrival rate is a mean rate A, or A¢, and the time
the user resides in a given RA has a mean 1/u, or 1/A,
then the CMR, denoted as p, will be CMR =p = M/p.

To conduct cost comparison between our caching
strategy and the IS-41 scheme, we need to model the pro-
cedure of IS-41. Recall that when a user crosses several
RAs between two consecutive calls, IS-41 needs to up-
date the user’s HLR each time he moves to anew RA. By
contrast, our strategy is able to avoid unnecessary HLR
updates as it sets up forwarding pointers in all moves to
locate the user.

Let Cg and Ccy respectively be the total cost for
[S-41 and for our enhanced caching strategy in maintain-
ing user information (location update) and locating the
user (location tracking) between two consecutive calls.
A number of notations are listed below to facilitate later
discussion.

Mcr: the expected cost of all enhanced FwdMOVE be-
tween two consecutive calls in our strategy

Fcr: the average cost of the enhanced FwdFIND in our

strategy

M: the total cost of all BasicMOVEs between two con-
secutive calls

m: the cost of a single invocation of BasicMOVE

F:  the cost of a single BasicFIND

S:  the cost of setting up a forwarding pointer between
VLRs during a FwWdMOVE

T: the cost of traversing a forwarding pointer be-
tween VLRs during a FwdFIND

K: the number of RAs a user moves across between
two consecutive calls; also the number of forward-

ing pointers
Thus we have
C,=M+F=m/p+F (16)
Cor=Mcp/p+Fep (17

Now let a (K) be the probability that there are K RA
crossings between two call arrivals, expressed in [10,
15] as

(i) = %[1 —fm* QP [fm* (W] (18)

When a user crosses K RA boundaries between two
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consecutive calls, there will be K pointer creations in
our strategy to avoid unnecessary HLR updates. Thus,

M, = isuti) (19)

Let ©® (K) be the number of pointers traced in the en-
hanced FwdFIND operation. Note that the last Basic-
MOVE operation (if any), the user will have traversed
K RA boundaries. But the enhanced FwdFIND opera-
tion will trace less than K RAs to locate the user if he re-
visits previously visited RAs during the K moves (i.e.,
‘loop’ exists among the K moves). Even if the user ne-
ver revisits previously visited RAs, ® (K) =K, and

F., =Y O(K) Ta()+ F (20)

For better illustration, we assume that after the RA resi-
dence time of a user is Gamma distributed with mean
1/p. (Gamma distribution is flexible in setting various
parameters and can be used to fit the first two moments
of the field data.) The Laplace transform of a Gamma

Y
distribution is fin * (s) = M , thus we have
A+yp

e [ Y (v Y
g=Jm (/1)_(7»+w] _[PH’J

By setting y =1 (indicating an exponential distribution

for the RA residence time), we have g = and may
+p
rewrite (19) and (20) as
S
Mcp=— 21
or = €2y
g (KT)
E——— 22
“p 1A+ p)t -] 22
S+T KT
Cor = - (KT (23)

P [A+p)-1]

In the basic 1S-41 scheme, updating the HLR and

performing a BasicFIND involve the same number of
messages between HLR and VLR databases, i.e., m = F.
Without loss of generality, we normalize m = 1. We as-
sume the cost of setting up a forwarding pointer is about
twice the cost of traversing it (because twice as many
messages are involved) and set S = 2T. We also let S=6
(0 < 1) as registering at the HLR is more expensive than
setting up forwarding pointers. From (16), (21), (22) and
(23), we obtain

M

ZARY

= (24)
F. . ) oK

P N

F o 2p A1) @5)
Cer p 33 5K

b p g 3 K

C, Tep 2p Ar T 26)

In cache hit cases

For further comparison, performance formulas for
pointer forwarding strategies under the cache hit condi-
tion are also derived. Suppose that the PCS network is a
limited VLR architecture system with sufficient cache
size devices. After a period of operation, users get their
cache records and use the records to make phone calls.
For example, probability y for users with no cache re-
cords will equal to zero when CMR > 1. In this situation,
users making a phone call need not query the HLR be-
cause they can use the cache records to locate the call re-
ceiver. Thus we obtain the cost formula for pointer tra-
versal rates

S
M., ==
= 27)
T  (KT)
Fop= AL N1
C T ey %)
¢, -SHT (KD 09

p  [A+p)*-1]

Now we can rewrite (24), (25) and (26) into
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M,
F_§ 30
% (30)
F o 0K
e 31)
F  2p 2[(1+p)*-1]
Cer _p 30 0K

C, T+p2p Adrpr-n (32)

For easier reference, the definitions of important no-
tations appearing in this section are put together and
listed in Table 1.

4. Performance Evaluation

4.1 On Caching Strategies

For caching strategies, invalid cache records will re-
sult in location miss and extra cost penalty. To improve
it, our strategy uses enhanced pointers (NEXT VLRs in
cache entries) to locate the user, and as a result reduces

Table 1. Definitions of important notations in Sec. 3

the penalty of location miss.

The location hit probability

The probability of location hit for our enhanced ca-
ching strategy includes both probability o (cache hit
with valid cache records) and probability B (cache hit
with invalid cache records), in contrast to probability o
alone for the other caching strategies. Figures 7 and 8
give the location hit probabilities under CMR = 2~10
and CMR = 0.1~1 for the caching strategy in [3] (plotted
as Old) and for our strategy (plotted as New). As the re-
sult shows, our strategy yields about 20% higher location
hit probability when CMR = 2~10 due to the added en-
hanced pointers in cache entries. For CMR < 1, the loca-
tion hit probability for our strategy increases about 50~
70%. Such a remarkable lift is achieved partly because
low CMR brings about low cache record valid probabil-
ity in general caching strategies (due to the user’s fre-
quent change of PCS registration areas) and partly be-
cause enhanced pointers are employed. When location

Notation Definition

o} the probability for cache hit with valid cache records

B the probability for cache hit with invalid cache records

Y the probability for cache miss (i.e., no cache records)

Ae the user’s call arrival rate

Am the user’s mobility rate, i.e., the time the user resides in a given RA has a mean 1/,

t. an independent and identically distributed random variable, representing the time interval between two
consecutive calls directed from an RA to a remote user

tm an independent and identically distributed random variable, representing the time interval when the user
resides in an RA

tm the time interval between the previous call to the user and the user’s moving out of the RA.

f(t) the density functions of t,

fu(t) the density functions of ty

0] the density functions of t,

CMR the call to mobility ratio = A/Ay,

Cg the total cost for IS-41

Ccr the total cost for our strategy

Mcr the expected cost of all enhanced FwdMOVE between two consecutive calls in our strategy

Fcr the average cost of the enhanced FwdFIND in our strategy

M the total cost of all BasicMOVEs between two consecutive calls

m the cost of a single invocation of BasicMOVE

F the cost of a single BasicFIND

S the cost of setting up a forwarding pointer between VLRs during a FwWdMOVE

T the cost of traversing a forwarding pointer between VLRs during a FwdFIND

K the number of RAs a user moves across between two consecutive calls; also the number of forwarding

pointers
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Figure 7. The location hit probabilities under CMR = 2~10
for our strategy (New) and the caching strategy in
[3] (Old).
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Figure 8. The location hit probabilities under CMR = 0.1~1
for our strategy (New) and the caching strategy in
[3] (Old).

hit probabilities are significantly lifted, the penalty due
to invalid cache records will also be reduced.

The cache miss probability

Figure 9 presents the probability of cache miss (no
cache records), v, under CMR = 0.1~1. (Note that due to
unlimited cache sizes, y will be zero when CMR > 1.)

The probability of updating cache records

Figures 10 and 11 give the mean probabilities of up-
dating cache records in a network with 9 VLRs under
CMR = 0.1~1 and CMR = 1.5~10. As mentioned, our
caching strategy updates cache records based on the fact
that users will visit previously called RAs and thus re-
sults in higher probability for cache hit with valid cache
records, o. It is also specified that the probability of
which RA’s having a user’s cache record depends on the
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Figure 9. The cache miss probabilities under CMR = 0.1~1
for our strategy.
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Figure 10. The mean probability of updating cache records un-
der CMR = 0.1~1 for our strategy.
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Figure 11. The mean probability of updating cache records un-
der CMR = 1~10 for our strategy.

number of VLRs in the PCS network. Now probability
o+ 1s evaluated under probability n = 1/9. The result in
Figure 10 shows that users who change PCS registration
areas frequently but receive calls less frequently (with
low CMRs) have higher probability ok.;. Figure 11
gives the contrasting case: Users who change PCS regis-
tration areas infrequently but receive calls frequently
(with high CMRs) get lower probability o.;. This is be-

cause the results, which depend on the users’ moving
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patterns, are decreasing functions of CMRs. The proba-
bilities for a user to update his cache record in networks
with different numbers of VLRs (9, 25, 49, 81, etc.) are
collected in Figures 12 and 13 under CMR = 0.1~1 and
CMR = 1~10. The result shows that the more VLRs a
network has, the less likely a user updates his cache re-
cord, and vice versa.

4.2 On Pointer Forwarding Structures
Performance comparison between our strategy and
several pointer forwarding structures is conducted under
3 situations: Cache hit with valid cache records, cache
hit with invalid cache records and cache miss. The per-
formance parameters of interest are the tracking cost and
the total cost. Cost comparisons are conducted under a
specific model based on the architecture in Figure 1.
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Figure 12. The probability of updating cache records under
CMR = 0.1~1 and different VLR architectures for
our strategy.
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Figure 13. The probability of updating cache records under
CMR = 1~10 and different VLR architectures for
our strategy.

In cache miss cases
The following are some background assumptions
mentioned in Section 3:

(a) Because updating the HLR and performing a
BasicFIND involve the same number of messages
between HLR and VLR databases, we set m=F.

(b) Assuming that the cost for setting up a forwarding
pointer is about twice the cost of traversing it (since
twice as many messages are involved), we set S =
2T.

(c) Normalizem=1and S =6, withd < 1.

Compared with the update cost of registering at an
HLR in the IS-41 scheme, our enhanced caching strategy
involves only the cost of setting up a forwarding pointer
-- 0, which is less than 1. Without having to register at
each HLR helps us reduce the update cost significantly.
The tracking cost and the total cost for our strategy and
for the 1S-41 scheme obtained under CMR < 2 are pro-
vided and compared in Figure 14. In Figure 14 (a), the
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Figure 14. The FIND and total costs at cache miss for our
strategy and the IS-41 scheme with 6 = 0.3 and
CMR <2. (a) the FIND cost Fc ¢/F. (b) the total cost
Ccr/Ca.
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tracking cost for our strategy appears higher than that for
IS-41. This is because a call to the user in our strategy
needs to traverse the pointer chain to locate the user’s
current position. Figure 14 (b) nevertheless exhibits lower
total cost for our strategy -- with 20~45% reduction --
due to significantly reduced update expense.

Cost comparison between our strategy, the per-user
forwarding strategy [11] and the two-level pointer for-
warding strategy [10] is given in Figures 15 and 16
(where L represents the pointer chain length of the per-
user forwarding strategy; K1and K2 are the pointer chain
lengths for the two-level pointer forwarding; K is the
pointer chain length of our strategy). The result collected
under CMR < 2 and & = 0.3 in Figure 15 indicates the
same tracking cost for our enhanced pointers and the
per-user forwarding (because both strategies use the
same tracking procedure to locate users). As to the total
cost, our enhanced pointers are shown to be more cost
efficient (though with only minimal degrees) than the
per-user forwarding. Figure 16 presents cost comparison
between our strategy and the two-level pointer forward-
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Figure 15. The FIND and total costs at cache miss for our
strategy and the per-user forwarding scheme with &
=0.3 and CMR £2. (a) the FIND cost Fc ¢/F. (b) the
total cost Cc r/Cp.

ing strategy under CMR <2 and & = 0.3. The result dis-
plays slightly higher tracking cost and total cost for our
enhanced caching strategy. This is because the two-level
pointer forwarding strategy involves a more complicated
operation (using two pointer parameters) than ours to op-
timize the performance of location tracking. (Note that
here we discuss only the cache miss cases. For other cases,
our strategy is shown to yield more favorable performance.)

In cache hit with invalid cache records cases

Cost comparison between the [S-41 scheme, the en-
hanced forwarding pointers in our strategy, the per-user
forwarding pointers and the two-level forwarding point-
ers under cache hit with invalid cache records is plotted
in Figures 17 and 18. Figure 17 exhibits lower FIND cost
and total cost for our strategy than for the IS-41 scheme
due to our enhanced forwarding pointers. The enhanced
forwarding pointers in our strategy are also shown in
Figure 18 to have lower FIND cost and total cost than
both the per-user forwarding and two-level pointer for-
warding strategies. This is because users in our strategy
save more HLR query and update cost when frequently
crossing RAs’ boundaries (recall that our strategy involves
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Figure 16. The FIND and total costs at cache miss for our strat-
egy and the two-level pointer forwarding scheme
with 6 =0.3 and CMR < 2. (a) the FIND cost F¢ ¢/F.
(b) the total cost C¢ p/Cp.
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Figure 17. The FIND and total costs at cache hit with invalid
cache records for our strategy and the IS-41 scheme
with 8 = 0.3, CMR < 2.(a) the traversal cost F¢ /F
(b) the total cost Ccr/Cp.

only the cost of setting up and traversing forwarding po-
inters, not the cost of registering to and querying HLRs).

In cache hit with valid cache records cases

Note that there is no cost for our enhanced forward-
ing pointers at cache hit with valid cache records be-
cause in this situation the user can be located without in-
volving the enhanced pointers. The case is thus removed
from our cost comparison analysis. If it is counted in, the
result will turn out even more favorable for our strategy.

5. Conclusion

This paper presents an enhanced caching strategy for
(user) location tracking in the PCS network. The new
strategy enhances the existing caching strategy with for-
warding pointers to locate users who make frequent
moves while using PCS. Our strategy is able to reduce
the cost of registration as it uses forwarding pointers to
locate a user when he moves to a new registration area,
instead of making queries to the HLR to update the

(b)

Figure 18. The FIND and total costs at cache hit with invalid
cache records for our strategy, the per-user pointer
scheme and the two-level pointer forwarding scheme
with 3 =0.3 and CMR < 2. (a) the FIND cost Fc ¢/F
(b) the total cost Cc f/Cg.

user’s location information. On call delivery, we make
use of two features -- users tend to revisit previous RAs
and to visit previously called RAs -- to update the cached
records and thus lift up the cache hit and valid ratios. The
forwarding pointers (NEXT VLRs in the cache entries)
in our strategy also cut down the penalty due to cache hit
with invalid cache records, further reducing the commu-
nication cost.

Analytic evaluation is conducted to compare dif-
ferent probabilities (cache hit with valid cache records,
cache hit with invalid cache records and cache miss) for
various caching structures. Invalid cache records tend to
cause location miss and extra cost penalty (such as HLR
queries) to caching strategies, but not to our enhanced
caching strategy. Our strategy, which uses enhanced
pointers (NEXT_VLRs) in cache entries to locate users,
can achieve location hit and thus reduce the penalty of
location miss. Analytical results show that our enhanced
caching strategy generates higher location hit probabili-
ties than the other caching strategy under any CMRs. (At

lower CMRs, the performance turns out even better — the
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location hit probabilities get lifted up to 70%.) It is also
shown to increase the probabilities of cache hit with
valid cache records by using the user’s mobility feature
of visiting previously called RAs to update cache records.

Employing forwarding pointers in cache entries to
locate users is desirable as it helps avoid unnecessary
HLR queries and updates occurring in existing pointer
forwarding strategies. Compared with other location
tracking strategies, such as the IS-41 scheme, the per-
user forwarding strategy and the two-level pointer for-
warding strategy, our enhanced caching strategy proves
to be more efficient in terms of registration cost, traversal
cost and total cost. There is indeed no cost for our en-
hanced forwarding pointers at cache hit with valid cache
records because in this situation our strategy can locate
the user without involving the enhanced pointers.
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