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This paper proposes a forwarding pointer-based cache scheme (PB-Cache scheme)
that can reduce the signaling cost for location management in PCS networks. In the ex-
isting cache scheme, the use of cache information can effectively reduce the signaling
traffic for locating frequently called mobile users. However, when the cache informa-
tion is obsolete, it results in much more signaling traffic than that of the 1S-41. In order
to solve this problem, we propose a new location cache scheme called the PB-Cache
scheme, which exploits a user’s movement locality as well as call locality. Even if the
cached information is not up-to-date, the called user can be found by tracing forwarding
pointers starting from that VLR pointed in the cache instead of querying the HLR. Thus,
the PB-Cache scheme can effectively reduce the frequent access to the HLR and the sig-
naling traffic for location management. Moreover, it distributes the signaling and data-
base access load on the HLR to the VLR’s. Analytical results indicate that the
PB-Cache scheme significantly outperforms the other schemes when a user’s
call-to-mobility ratio is high or the signaling traffic to the HLR is heavy.

Keywords: location management, forwarding pointer, cache, location registration, call
delivery, personal communications service (PCS)

1. INTRODUCTION

Personal Communications Service (PCS) networks provide wireless services to sub-
scribers that are free to travel, and the network access point of a mobile terminal (MT’s)
changes as it moves around the network coverage area. A location management scheme,
therefore, is necessary to effectively keep track of the MT’s and locate a called MT when
acall isinitiated [1]. There are two commonly used standards for location management:
I1S-41 [2-6] and GSM [3, 7]. Both are based on a two-level database hierarchy, which
consists of Home Location Register (HLR) and Visitor Location Registers (VLR’S).

The whole network coverage area is divided into cells. There is a Base Station (BS)
installed in each cell and these cells are grouped together to form a larger area called a
Registration Area (RA). All BS’s belonging to one RA are wired to a Mobile Switching
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Center (MSC). The MSC/VLR is connected to the Local Signal Transfer Point (LSTP)
through the local A-link, while the LSTP is connected to the Regional Signal Transfer
Point (RSTP) through the D-link. The RSTP is, in turn, connected to the HLR through the
remote A-link [8, 9].

Location management is one of the most important issues in PCS networks. As the
number of MT’s increases, location management scheme under the 1S-41 has gone
through many problems such as increasing traffic in network, bottleneck to the HLR, and
so on. To overcome these problems under the 1S-41, a number of works have been re-
ported. A cache scheme [10] was proposed to reduce the signaling cost for call delivery
by reusing the cached information about the called MT’s location from the previous call.
When a call arrives, the location of the called MT is first identified in the cache instead of
sending query messages to the VLR. When a cache hit occurs, the cache scheme can save
one query to the HLR and traffic along some of the signaling links as compared to the
I1S-41. This is especially significant when the call-to-mobility ratio (CMR) of the MT is
high. However, a penalty has to be paid when there is “location miss” since the cache
information is not always up-to-date. In this paper, we propose an enhanced cache
scheme called PB-Cache scheme. By exploiting a user’s movement locality as well as
call locality at the same time, this scheme can reduce the access to the HLR and the sig-
naling traffic for location management throughout the networks.

This paper is organized as follows: Section 2 introduces a new location cache
scheme employing forwarding pointers. An analytical model for comparing location
management cost is given in section 3.  Section 4 shows an analysis of the location man-
agement cost under the PB-Cache scheme.  Finally, conclusions are given in section 5.

2. A FORWARDING POINTER-BASED CACHE SCHEME

Fig. 1 shows an illustrative example of locating the MT under the PB-Cache scheme.
The VLR, represents the calling VLR associated with the RA the caller resides. We as-
sume that the cache information exists in the MSC, and the cache entry for the called MT
(MT,) currently points to the VLR;. Let’s consider that the MT; has moved from the RA
associated with VLR; to the RA associated with VLR, after the last call arrived. Then,
the current location of the MT; is the RA associated with the VLR,. When the next call
arrives, the MSC, first queries the pointed VLR, that is, VLR;. In this case, since the ex-
isting cache scheme has to perform the call delivery procedure of the 1S-41 after an un-
successful query for the cache, it results in the waste of the signaling traffic as compared
to the 1S-41. However, under the PB-Cache scheme, even if the cache information is ob-
solete, it traces the pointer chain without querying the HLR until the current location of
the called MT is found within the maximum pointer chain length of K (see Table 1). So,
the saving of one query to the HLR and traffic along some of the signaling links can be
obtained. Note that the pointer chain length has to be limited due to the maximum pointer
setup delay requirement. In Fig. 1, we assume that the maximum pointer chain length,
denoted by K, is preconfigured to be one. Therefore, unless the MT; moves into the RA
associated with the VLRs, it can be found through both cache and forwarding pointer
information without querying the HLR. In the following, more detailed procedures for the
PB-Cache scheme are described.
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Fig. 1. An example of locating an MT under the PB-Cache scheme.

2.1 Location Registration

Compared with the 1S-41, most procedures for location registration under the
PB-Cache scheme are exactly the same as those of the 1S-41 except that the forwarding
pointer is additionally set up between the two VLR’s.

2.2 Call Ddlivery

Most procedures for call delivery under the PB-Cache scheme are almost the same
as those of the cache scheme except that the called MT is traced through the pointer chain
length of K. When the cache information is obsolete, the pointer chain is traced to find a
called MT starting from the VLR pointed in the cache. If the called MT is located within
the pointer chain length of K from that VLR, it can be found without querying the HLR.

Fig. 2 describes the procedures for a cache hit under the PB-Cache scheme. The
cache hit under the PB-Cache scheme contains two situations: One is the situation that
the cache information is correct. Thus, the called MT is found after the only one query to
the pointed VLR. The other is the situation that the cache information is not correct. In
this case, after querying the pointed VLR, the called MT is found by tracing through the
pointer chain length of K (See step 3 in Fig. 2). The cache miss under the PB-Cache
scheme occurs when the called MT is not found even if the forwarding pointer chain has
been traced until the length of K.  After this, the same call delivery procedure as that of
the 1S-41 is performed. In this case, the current location of the called MT is transmitted
from the HLR to the calling VLR together with the cache update request message.

3. PERFORMANCE MODELING
3.1 Basic Assumptions and Parameters

The basic assumptions for the performance modeling are as follows:
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Fig. 2. Call delivery under the PB-Cache scheme (cache hit).

e The call arrivals to an MT follows a Poisson distribution with mean A..

e The RA residence time of an MT follows a Gamma distribution with mean

where A, is the movement rate.

o We use the extended meaning of the cache hit ratio under the PB-Cache scheme.
other words, if the MT can be found within the pointer chain length of K even if the
cache information is obsolete, we include this case with a cache hit. There-

fore, p=p+ p (see Table1).

Table 1 shows the costs and parameters used for the performance modeling.

Table 1. Costs and parameters.

| Parameter | Description
Ca Cost for sending a signaling message through the local A-link
Cy Cost for sending a signaling message through the D-link
Cra Cost for sending a signaling message through the remote A-link
C, Cost for a query or an update of the VLR
Ci Cost for a query or an update of the HLR
t Probability (VLR pointed in the calling MSC’s cache is the VLR within the same
LSTP area)
m Probability (Any movement or searching by a user is within its current LSTP
area)
j Length of pointer chain traced until the MT is found (0 < j < K)
K Maximum allowable length of pointer chain which can be traced to locate the
MT
q MT’s CMR (call-to-mobility ratio: CMR)
p Cache hit ratio under the PB-Cache scheme
P Cache hit ratio under the cache scheme
p Probability (MT is found by tracing forwarding pointers when the cache infor-
mation is not correct).
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3.2 Comparison of the Cache Hit Ratios

The cache hit ratio is determined by a called MT’s CMR. The CMR is defined as the
expected number of calls to a called MT from a given originating MSC during the period

A,
that the called MT visits an RA. Thus, the CMR can be denoted by ;L—C We assume
m

that the RA residence time follows a Gamma distribution. The Gamma distribution is
selected for its flexibility and generality. By setting appropriate parameters, a Gamma
distribution can be also used to represent the distribution for a set of measured data.

* S . 1
The Laplace transform, f,(s), of a Gamma distribution [11, 12] with mean Tand
m

variance V is

mY 1 1
no-[320) o )

In order to simplify the analysis, we will first set = 1 such that the RA residence
time of an MT follows an exponential distribution (see Fig. 3(b)). Thus, it can be ex-

im T Then, we will investigate the effect of the variance of the

RA residence time on the performance of the PB-Cache scheme by setting different
values.

The cache hit ratio under the PB-Cache scheme can be obtained by the sum of the
probabilities that the called MT resides in each RA between two consecutive phone calls.
In the following, oK) is the probability that the called MT moves across K RA’s be-
tween two consecutive phone calls [13-15]. Thus, we can derive the cache hit ratios
under both the PB-Cache scheme and the cache scheme from o(K).
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Fig. 3. Cache hit ratios under the different RA residence time distributions.
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Using (2), p,p,and p can be shown to be

p=0(0) (3)
K

p=a)+a)++a(K)= al) (4)
i=1

p=ﬁ+f)=a(0)+a(l)+a(2)~--+a(K)=ZK:a(i) ®)

i=0

Equation (3) indicates the cache hit ratio of the cache scheme, and (5) indicates the cache
hit ratio of the PB-Cache scheme. As mentioned above, (4) means the probability that
the MT is found by tracing forwarding pointers when the cache information is not
up-to-date. Fig. 3 shows the cache hit ratios under the different RA residence time dis-
tributions.  This indicates that the cache hit ratios of the PB-Cache scheme are much
higher than that of the cache scheme. Note that the cache hit ratios of the PB-Cache
scheme have little effect on RA residence time variance, while the cache hit ratio of the
cache scheme has much effect on it. Using the higher cache hit ratio, the PB-Cache
scheme can reduce the access to the HLR and the signaling traffic for location manage-
ment throughout the networks.

3.3 Analytical Model for Location Management Cost

In PCS networks, the delays for location registration and call delivery are considered
to be some of the most important performance criteria.  In our analytical model, the sig-
naling and database access costs are used to measure the performance of both the
PB-Cache scheme and the cache scheme. These costs are associated with the delays
needed to perform the signal transmission and database update/query. For the analytical
model, we also assume that there are q call arrivals for an MT between two RA crossings.
Based on these assumptions, we derive location management cost for the 1S-41, the cache
scheme, and the PB-Cache scheme, respectively.

3.3.1 Location management cost under the 1S-41

The signaling cost for location registration (UNC;s) and the signaling cost for call
delivery (SNCig) are 4(Ci, + Cy4 + C,5), respectively.  Then, the total signaling cost (NC,s)
is

NCis=UNCis+ gSNCis= 4(1 + )(Cia + Cy + Cr) (6)
The database access cost for location registration (UDC;s) and the database access cost
for call delivery (SDCg) are 2C, + C;, respectively. Then, the total database access cost

(DCiy) is

DC|5: UDC|S+ qSDC|5: ZCV + Ch + q(2 CV + Ch) (7)
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From (6) and (7), the total cost (TC;s) is expressed as

TCis=NCis+ DCis=4(1+0g)(Cia+ Cq+ Cra) + 2C, + Cy + q(2C, + C) (8)

3.3.2 Location management cost under the cache scheme

The signaling cost for location registration under the cache scheme is the same as
that of the I1S-41. Therefore, the signaling cost for location registration (UNCc¢,) is

UNCca = UNCis = 4(Cia + Cy + Cyy) ©))
The signaling cost for call delivery (SNCc,) is expressed as
SNCca = PSNCcan + (1= P)SNCcam (10)

where SNCc, and SNCcay are the signaling costs for call delivery when a cache hit and a
cache miss occur, respectively.

NCch =4C + 4(1 —1) Cy=4[Cia + (1 — 1)C{] (12)
NCcaun = 4[Cia+ (1 = 1) Co] + 4(Cia + Cq + Cra) 12)
Replacing SNCcay and SNCeqy by (11) and (12), (10) is re-written as

NCcy = PNCcay +(1— P)SNCcam

= 40y + (- Cq ]+ 4(Cia + Cg + Cra) 1= T) )

Then, total signaling cost (NCc¢p) is

NCcq =UNCy + qSNC, (1a)

=4(Cja +Cq +Cra) + A{4[Cia + 1-1)Cq]+4(Cjq +Cqy +Cra)A1- D)}

The database access cost for location registration (UDCc,) is

UDCca= UDCis = 2C, + Ci, (15)
The database access cost for call delivery (SDCc,) is expressed as

SDCcq = PDCcan + (11— P)DCcam (16)

where SDCcy and SDCcqyy are the database access costs for call delivery when a cache
hit and a cache miss occur, respectively.

DCeah = 2C, (17
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DCeaw= 3C, + Cy (18)
Replacing SDCca and SDCcqy by (17) and (18), (16) is now given by

SDCcqa = PDCcan + (11— P)SDCcam =3C, +C - P(Cy +Cp) (19)
Then, the total database access cost (DCc,) is

DCc, =UDC, +gSDC, =2C,, +Cy, +q[3C,, +Cy, — P(C,, +Cp)] (20)
From (14) and (20), the total cost (TCc,) is expressed as

TCCa = NCCa + DCCa
=4(Cja +Cq +Cra) + a{4[Cia + 1 -1)Cy ]+ 4(Cjq + Cy +Cra)(1- D)} (21)
+2C, +Ch +q[3C, +Cp, — p(C,, +Cp)]
3.3.3 Location management cost under the PB-cache scheme
The signaling cost for location registration (UNCpg) is
UNCpg = UNCis+ §y=4(Cia + Cy + Cra) + 4[Cia + (1 - m)Cy] (22)

where S is the additional signaling cost for setting up forwarding pointer between the
VLR’s. The signaling cost for call delivery (SNCpg) is expressed as

SNCpg = pSNCpgn + (1 = pP)SNCpau (23)

where SNCpgy and SNCpgy are the signaling costs for call delivery when a cache hit and a
. . o . K

cache miss occur, respectively. To quantify j, we assume that on average j = There-

fore, the signaling cost for call delivery when a cache hit occurs is

NCpgy = 4[Cia + (1 = )Cq] + 2K[Cia + (1 = M)Cy] (24)
The signaling cost for call delivery when a cache miss occurs is
NCpay = 4[Cla + (1 = t)Cq] + 4K[Cia + (1 = M)Cy] + 4(Cia+ Cy+ Cip) (25)
Replacing SNCpgy and SNCpgy by (24) and (25), (23) now becomes

SNCpg = pPSNCpgy +(1- P)SNCpgy
=4(Cjq +Cq +Cra)(1— p) +2K(2- p)[Cja + (1-m)Cqy] (26)
+4[Cja +1-1)Cq]
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Then, the total signaling cost (NCpg) is

NCPB = UNCpB + qs\leB
=4(Cja +Cq +Cpa) +4[Cia + (1-M)Cy ]+ o{4(Cja +Cq +Cra)1-p)  (27)
+2K(2-p)[Cja +(1-m)Cy]+4[Ca + 1-1)Cqy]}

The database access cost for location registration (UDCpg) is

UDCpg = UDCis+ S = 4C, + C, (28)
where S5 is the additional database access cost for setting up forwarding pointer between
the VLR’s.

The database access cost for call delivery (SDCpg) is expressed as

SDCpg = pSDCpaH + (1 — P)SDCpam (29)

where DCpgy and SDCpgy are the database access costs for call delivery when a cache

. . . . K
hit and a cache miss occur, respectively. Leti==, the database access cost for call
delivery when a cache hit occurs is

K
DCppH = (? +2)Cy (30)
The database access cost for call delivery when a cache miss occurs is
DCpreu = (K +2)C, + Cy + Cy = (K+3)C, + Gy (1)

Replacing SDCpgy and SDCpgy by (30) and (31), (29) now becomes
SDCpg = pSDCppy +(1- P)SDCppy

K (32)
=(K+3)Cy +Cp — pl(- +1)Cy +Cpl}
Then, the total database access cost (DCpg) is
DCPB = UDCPB + qSDCpB
K (33)
=4C, +C+q{(K +3)C, +Cj, — p[(?+1)Cv +Ch1}
From (27) and (33), the total cost (TCpg) is expressed as
TCPB = NCPB + DCPB
=4(Cja +Cq +Ca) +4[Cia + 1—-mM)Cy ]+ a{4(Cja +Cy +Cra)L— p)
+2K (2= P)[Cja + L—M)Cy]+4[Cia + (L—t)Cq1}+4C, +Cp, (34)

+G{(K +3)Cy +Cp - uo[(%u)cv +Cpl}



1020 KI-SIK KONG ET AL.

4. PERFORMANCE ANALYSIS

We evaluate the performance of the PB-Cache scheme by comparing it with the
I1S-41 and the cache scheme based on the analytical model described in section 3. Similar
to [4, 6], we define the relative cost of the PB-Cache scheme as the ratio of the total cost
for the PB-Cache scheme to that of the 1S-41. A relative cost of 1 means that the costs
under both schemes are exactly the same. In order to estimate m, we use the model of
the called MT’s mobility across LSTP areas (see [16] for more details). Then, the
probability of intra-LSTP movement can be estimated to be approximately 0.87, and t is
assumed to be 0.2.

4.1 Signaling Cost

We first evaluate the case of a dominating signaling cost by setting the database ac-
cess cost parameters, C, and C, to 0. Parameter sets 1 and 2 show the cases when the
cost for sending a message to the HLR is relatively low. Parameter sets 3 and 4 show
the cases when the cost for sending a message to the HLR is relatively high. As the
number of the mobile users keeps increasing rapidly, parameter set 4 is especially ex-
pected to be the common case. Fig. 4 shows the relative signaling cost for both the
cache scheme and the PB-Cache scheme when the parameter sets 2 and 4, as given in
Table 2(a), are used. We can see that the PB-Cache scheme for K = 1, on the whole,
results in the lowest signaling cost as compared with other schemes.

1.2 —a— Cache / 1S-41 1.2 —a— Cache / 1S-41
—a— PB-Cache /1541 (k=1) —a— PB-Cache/ IS-41 (k=1)
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Fig. 4. Signaling cost.
4.2 Database Access Cost

In the following, we evaluate the case when the database access cost dominates by
setting the signaling cost parameters, Ci,, Cy, and C; to 0.  Fig. 5 shows the relative
database access cost for both the cache scheme and the PB-Cache scheme when the pa-
rameter sets 6 and 7, as given in Table 2(b), are used. Note that the situation in Fig. 5(b)
offsets the additional database access cost incurred by tracing more VLR queries against
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Table 2. Cost parameter sets.

| set | I Cia | o | Ca | | set I | C, | Ch I
1 1 3 3 5 1 3
2 1 3 5 6 1 4
3 1 5 7 7 1 5
4 1 5 10
(a) Signaling cost (b) Database access cost
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Fig. 5. Database access cost.

fewer HLR queries, and this will be more apparent as the cost for accessing the HLR be-
comes higher.

4.3 Total Cost

We compare the total cost of the PB-Cache scheme with that of the 1S-41 and the
cache scheme. Fig. 6 demonstrates the relative total cost of the cache scheme and the
PB-Cache scheme. We can see that the PB-Cache scheme for K = 1, on the whole, results
in the lowest total cost compared with other schemes. As we can see in Fig. 6, for high
CMR, the reduction in the total cost of the PB-Cache scheme is very significant when the
cost for accessing to the HLR is relatively high (See Fig. 6(c)). However, when C,; and
Cy, are relatively low (See Fig. 6(a)), the reduction in the total cost of the PB-Cache
scheme for K = 1 is almost the same as that of the cache scheme. These results may be
expected because the PB-Cache scheme tries to reduce the number of messages going to
the HLR by searching the MT based on the VLR pointed in the cache. Thus, the deci-
sion of the appropriate maximum pointer chain length is essential to improve the per-
formance of the PB-Cache scheme. Note that the pointer chain length, K can be config-
ured and changeable according to the user’s CMR and the signaling traffic condition.
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Fig. 6. Total cost.

4.4 Effect of RA Residence Time Variance on the Total Cost

We now investigate the effect of RA residence time variance on the total cost of the

PB-Cache scheme. The Laplace transform of a Gamma distribution is given by (1).
1

Since the variance of a Gamma distribution is ,; 2, we adjust the variance of the RA

residence time by changing the value of % A small value of yresults in high variance
and the RA residence time may deviate from its average value significantly. In contrast, a
large value of yresults in low variance and the RA residence time stays close to its mean
value most of time. Fig. 7 shows the effect of RA residence time variance on the total
cost of the PB-Cache scheme for parameter sets 4 and 7 as given in Table 2.

The results shown in Fig. 7 indicate that the PB-Cache scheme has little effect on
RA residence time variance, while the cache scheme has much effect on it.  This is due
to the effect of the cache hit ratios under the different RA residence time distributions
(See Fig. 3). Note that the cache hit ratios of the PB-Cache scheme have little effect on
it, while the cache hit ratio of the cache scheme has much effect on it. In other words,
when the RA residence time variance is low, the cache hit ratio under the cache scheme
decreases, and vice versa. In Fig. 7 (c), the total cost of the PB-Cache scheme, therefore,
becomes relatively lower than that of the cache scheme when the RA residence time
variance is low.
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5. CONCLUSIONS

In this paper, a location management scheme called the PB-Cache scheme was pro-
posed. The PB-Cache scheme is an enhanced variation of the alternative location algo-
rithm proposed in [10]. In short, the primary idea is to exploit a user's movement local-
ity as well as call locality at call delivery. In the PB-Cache scheme, the information of
the VLR pointed in the cache is used as a hint of the called MT’s location information,
and even if it is not correct, the called MT can ultimately be found by tracing forwarding
pointers starting from that VLR pointed in the cache instead of querying the HLR. By
reducing the access to the HLR, the PB-Cache scheme, in most cases, results in a signifi-
cant reduction in the total location management cost compared with other schemes, and
distributes the signaling traffic and database access load on the HLR to the VLR’s, i.e,
the bottleneck in the HLR can be effectively reduced. The analytical results have indi-
cated that the PB-Cache scheme significantly outperforms 1S-41 and the existing cache
scheme when the CMR is high or the signaling traffic to the HLR is heavy.
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