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Abstract. An important issue in location management for dealing with user mobility in wireless networks is to reduce the cost associated
with location updates and searches. The former operation occurs when a mobile user moves to a new location registration area and the
network is being informed of the mobile user’s current location; the latter operation occurs when there is a call for the mobile user and the
network must deliver the call to the mobile user. In this paper, we propose and analyze a class of new agent-based forwarding schemes
with the objective to reduce the location management cost in mobile wireless networks. We develop analytical models to compare the
performance of the proposed schemes with existing location management schemes to demonstrate their feasibility and also to reveal
conditions under which our proposed schemes are superior to existing ones. Our proposed schemes are particularly suitable for mobile
networks with switches which can cover a large number of location registration areas.
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1. Introduction

Personal Communication Services (PCS) networks provide
wireless communication services to mobile users at any time
and any place. In order to search a mobile user (MU) in re-
sponse to a call, an efficient location management scheme is
important. A location management scheme must handle two
issues efficiently: location updates and searches. The former
operation occurs when a MU moves to a new Visitor Loca-
tion Register (VLR) area and the network is being informed
of where the MU is currently located; the latter operation
occurs when there is a call for the MU and the network must
route the call to the MU,

Under the basic 1S-41 [3] scheme, a MU is permanently
registered under a location register called the Home Location
Register (HLR). Whenever a MU moves into a new VLR,
the MU’s HLR is informed of the location change so that it
keeps track of the current VLR exactly. When there is a call
asking for the MU, the system must query the HLR to get
the location of the called MU’s current VLR. This scheme is
also known as the basic HLR/VLR scheme.

In recent years, several location algorithms have been
proposed to reduce the location update cost in mobile wire-
less networks. 'When the frequency of the incoming calls
is higher than the mobile user’s mobility rate, that is, when
the call-to-mobility ratio (CMR) is high, the location cache
scheme [6] is proposed to reduce the number of searching
operations. When CMR is low, on the other hand, it is re-
ported that the forwarding and resetting algorithm (FRA)
[2,7], the alternative location strategy (ALS) [13] and the

two-location algorithm (TLA) [9,10] can be used to reduce
the location update cost. The CMR value is presumably a
per-MU measure since the mobility pattern and the call fre-
quency vary from one MU to another. Therefore, different
location algorithms can be adopted depending on the CMR
value of the MU user in question. To compare the perfor-
mance of location management algorithms, one should com-
pare them under the same network environment setting for
the same CMR value.

In this paper, we propose and analyze a class of agent-
based forwarding strategies that extend and enhance the
TLA scheme proposed by Lin [9] by applying the local
agent concept [1,4,13] and the forwarding concept [2,7]. Our
strategies are intended for MUs with relatively low CMR
values, as TLA, ALS and FRA were designed for. The TLA
scheme originally proposed by Lin [9] was introduced to re-
duce the location update cost by recording two most recently
visited VLRs in both the HLR database and the MU data-
base. In some cases such as the MU moves back and forth
between two VLRs, the location database in the HLR does
not have to be updated, thus saving the network cost due to
location updates. The saving is especially significant when
the CMR value of the MU is low. Of course, a penalty has
to be paid when there is a “location miss™ since the HLR’s
database is not up-to-date all the time and two searches in-
stead of just one may be needed to locate the MU. Therefore,
if the CMR value is large enough, the cost saving in location
updates will eventually be outweighed by the high cost in
location searches.



In this paper, we show that the performance of our pro-
posed agent-based forwarding strategies can perform better
than the TLA scheme which has been shown to perform very
well at low CMR values [9,10]. We present two strategies
in this context, namely, the Agent-Based Two-Location Al-
gorithm (ATLA) and the Cross-Update Agent-Based Two-
Location Algorithm (CATLA) strategics. The basic idea is
to use a VLR as the local agent on behalf of the HLR while
applying the TLA scheme to the local agent instead of to the
HLR. This effectively reduces the VLR-HLR communica-
tion cost to the VLR-VLR communication cost. The local
agent of a MU may change as the MU moves across the VLR
boundary, depending on the rules being applied. CATLA is
different from ATLA by virtue of one rule: the local agent is
replaced whenever the MU moves to anew VLR covered by
a different network switch from the one that covers the cur-
rent VLR. Our performance analysis is based on analytical
modeling. Specifically, we develop three separate Markov
models to describe the behavior of the network under TLA,
ATLA, and CATLA, respectively. We then give values to
model parameters for the same network setting (by means
of a network coverage model) and workload condition, and
then assess if our scheme works better. In this paper, we use
the combined cost due to location searches and updates be-
tween two successive calls to a MU as a metric to compare
our schemes with existing ones, as having been done in [10].

The rest of the paper is organized as follows. Section 2 in-
troduces the background. We first describe existing schemes,
including the IS-41 basic HLR/VLR and TLA schemes.
Then we describe our proposed ATLA and CATLA schemes
in detail to deal with mobility-induced location manage-
ment issues. In section 3, we develop three Markov mod-
els to describe the behavior of the network operating under
TLA, ATLA and CATLA separately. Section 4 parameter-
izes these Markov models based on a hexagonal network
coverage model so as to compare the performance of ATLA
and CATLA schemes with 1S-41 and TLA under identical
conditions. Section 5 summarizes the paper and outlines
some possible future research areas.

2. Background

A Personal Communication Services (PCS) network archi-
tecture is shown as in figure 1. The regions covered by the
wireless communicable area are divided into many registra-
tion areas (RAS) [5]. Assume that ecach RA has its own VLR.
Typically, in a network as such there are switches connect-
ing the HLR to VLRs and also between VLRs. For example,
V1, V2 and V5 are three VLRs under one switch transfer
point (STP), while V3, V4 and V6 are under another STP.
STPs are connected by the public switch telephone system
(PSTN). Figure 1 also shows a hierarchical PCS network as
discussed in [6] in which there is only one HLR for each
MU, but the MU may go to different registration areas un-
der different VLRs (marked Vy, V1, Vo, etc. in figure 1). As
we can see, when the HLR and VLRs are in different seg-
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PSTN: public switched telephone network
STP

: signal transfer point
HLR : home location register

\A : visitor location register

MU : mobile user

Figure 1. A mobile communication network.

ments of the network, the location update cost can be sub-
stantial under the basic HLR/VLR scheme, especially when
the MU moves frequently since every move involves a con-
nection cost between the HLR and the new VLR which the
MU moves into.

2.1. IS-41 basic HLR/VLR scheme

This basic HLR/VLR scheme exists in 1S-41 [3] in the
United States and GSM [11] in Europe. Under the basic
HLR/VLR scheme, a MU is permanently registered under
a location register called the home location register (HLR).
When the MU moves to a new location area, it reports to the
new VLR which in turn sends a location update message to
the HLR that the MU is now under its area. When there is
a caller asking for the MU, the caller first checks the local
VLR for the MU’s profile. If the profile is not in the local
VLR, a message is sent to the HLR querying the MU’s loca-
tion. The MU’s HLR verifies the current VLR location and
then returns the location to the caller.

2.2. Two-location algorithm (TLA)

Under the two-location algorithm (TLA) scheme, a MU and
its HLR each keep a location table to store two recently vis-
ited VLRs. When a MU moves to a new VLR which is not
one of the two recently visited VLRs recorded in the table,
an update operation is initiated by the mobile user so that
both the location tables in the mobile unit and in HLR are
updated. Figure 1 shows a MU moving from V, to Vi and
then back to V;; after moving back to V», the MU moves to
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Table 1
Databases stored in the HLR and MU under TLA.

Movement  HLR location table MU location table =~ Update cost
(@ V2>V, V1, V») Vi, V2) VLR-HLR
® VLIV, V1, V2) VF, VD) No
© V2> V5 (Vs, V) V5, v2) VLR-HLR
V3=V (Va, V3) Vi, v3) VLR-HLR

V3 and finally to V4. In table 1, we illustrate TLA by show-
ing the contents of the databases maintained by the HLR and
MU upon movements (a)—(d). We use “*” to mark the cur-
rent VLR being visited by the MU. Initially, assume that the
MU is in V2. When the MU makes movement (a), an update
operation is performed with the HLR and the location tables
of HLR and MU are both updated to (V*, V2), with Vi being
the current VLR. For the HLR’s database, this sequence also
corresponds to the search sequence. After movement (b), the
MU moves back to the previously visited VLR, i.e., V>, but
the HLR database does not need to be updated since V> is
already in the HLR’s location table. Note that in this state,
the HLR’s database is inconsistent, i.e., it still keeps Vi as
the current VLR of the MU and thus will search V; first to
service a call. In this case, if a call arrives then there will
be a location miss first at Vi, and a double search cost will
incur, although the MU will eventually be found at V». Con-
tinuing with our movement example, the MU subsequently
makes movements (¢) and (d), each of which also requires a
location update to the HLR database.

2.3. ATLA

In this section, we describe a proposed new scheme called
ATLA. This agent-based forwarding strategy exploits the lo-
cality properties of the MU’s movement and access history
pattern. The idea is as follows. The HLR at all times only
points to a single (but changeable) VLR as in the I1S-41 basic
HLR/VLR scheme. We will call this VLR the local agent of
the MU. As in IS-41, this local agent which the HLR points
to can be replaced as the MU moves from on¢e VLR to an-
other. However, during its tenure period serving as a local
agent for the MU, it executes the TLA scheme on behalf of
the HLR.

Specifically, when the MU moves from the local agent to
a ncarby VLR, only a forwarding pointer is setup between
the local agent and the new VLR, and no location update
operation is performed to the HLR. We also refer to this cost
as the VLR-VLR “binding” cost. After that, the MU can
move back and forth between the two VLRs, including the
local agent, without informing the local agent or the HLR.
When a call arrives, the local agent will first attempt to locate
the MU in its area. If the MU cannot be found, then it will
follow the forwarding pointer to the next VLR to search for
the called MU, thus increasing the search cost. Note that,
however, this search cost is still less than that of the TLA
scheme because on the second search attempt, the system
only has to pay the VLR-VLR communication cost in the
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Table 2
Databases stored in the HLR, local agent and MU under ATLA.

Movement HLR pointer Local agent pointer MU table Update cost
@V, —>W Vs %] (Vf, V2) VLR-VLR
V>V, 2] Vi (V2¥, V1) No
©V—>W Vs V3 (V§, V2) VLR-VLR
V3=V Va V3 (V4*, V3) VLR-HLR

ATLA scheme by following the VLR-VLR link, as opposed
to the VLR-HLR communication cost in the TLA scheme.

Note that in the ATLA scheme, the MU must also record
two recently visited VLRs in the table as in TLA, includ-
ing the local agent. We will call the non-agent VLR in the
table as the 2nd VLR. When the MU moves from the local
agent VLR to a new VLR, it will inform the local agent to
update its forwarding pointer to point to the new VLR which
it just entered, thus making the new VLR as the 2nd VLR,
without notifying the HLR. However, if the move is from
the 2nd VLR to a new VLR, then an update operation to the
HLR must be performed, thus replacing the local agent with
the new VLR just entered while keeping the 2nd VLR un-
changed. Table 2 illustrates ATLA by showing the contents
of the databases stored in the HLR and MU based on the
ATLA scheme. After making movement (a), the HLR still
records V; as the agent, the agent (i.e., V2 at this point) sets
up a pointer to V1, and the MU’s location table stores (V{',
V2), with V1 being marked with “*” because it is the current
VLR. In this case, the MU only sends a VLR-VLR binding
message to the local agent without informing the HLR about
the location change. After movement (b), the MU moves
back to the previous VLR, V>, so it does not need to do any-
thing except updating its own database to (V5, Vi). When
the MU makes movement (¢), it discovers that it moves into
anew VLR V3, so it sends a VLR-VLR binding message
to the local agent V». Finally, when the MU moves into V4
from the 2nd VLR V3, it performs an update operation to the
HLR, thus replacing V> with V4 as the new local agent.

Another note that is worth mentioning is the concept of
state inconsistency. In table 2, we see that after movement
(a) or (¢), the system is in an inconsistent state, i.e., the
pointer from the HLR points to a VLR that is not the cur-
rent VLR, while after movement (b) or (d), the system is in
a consistent state. This can also be observed from table 2
by combining columns 2 and 3 and see if it is the same as
column 4 in sequence.

2.4. CATLA

The CATLA strategy is the same as the ATLA strategy ex-
cept that an update operation to the HLR will occur when-
ever the MU moves across a network switch boundary. The
idea is to reduce the average VLR-VLR communication cost
between the local agent and the 2nd VLR. In this scheme,
if the MU enters a new VLR covered by another network
switch (e.g., a STP in figure 1), the MU will update the HLR
directly because otherwise the VLR-VLR communication
cost crossing the STP switch boundary is expensive and such
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Table 3
Databases stored in the HLR, local agent and MU under CATLA.

Movement HLR pointer Local agent pointer MU tuble Update cost
(@ Vs = ¥V vy Vi (V¥, V3) VLR-VLR
®Vi—>V, V2 Vi (V2*, V) No
(©) Vo — Vs Vs nil (V§,ni) VLR-HLR
@ V; = Vu Vs Vs (V4*, V3) VLR-VLR

cost would strike twice: once when the pointer is set up be-
tween the local agent and the 2nd VLR (which are under two
different STPs), and once when a call arrives subsequently
and a location miss results. Because of this force-update
rule, we expect that CATLA may gradually perform better
than ATLA as the CMR value of the MU increases. Ta-
ble 3 illustrates CATLA by showing the contents of the data-
bases maintained by the HLR, local agent, and MU based on
CATLA for the same movement scenario discussed earlier.
Movements (a) and (b) are the same as in the ATLA scheme,
since no switch boundary is crossed. Movement (¢), how-
ever, incurs a location update operation to the HLR since
V> and V3 are under two separate STPs (see figure 1), af-
ter which V3 becomes the local agent and the 2nd VLR is
nil. Movement (d) is also different from that in the ATLA
scheme because V3 now is the local agent, not the 2nd VLR
as in the ATLA scheme. Therefore, when the MU enters Vi
from V3, only a pointer is setup from V3 to V4 since Vj is
under the same STP as V3.

3. Modeling the location strategies

In this section, we develop three separate Markov models to
describe the performance characteristics of the PCS network
operating under TLA, ATLA and CATLA. We will later ap-
ply the result obtained from these models to compare TLA,
ATLA, CATLA and IS-41 under identical conditions based
on a hexagonal network structure.

3.1. Modeling TLA

The state of a MU as it crosses database boundaries while
being called can be described by a three-component state
description vector (a, b, ¢). Component « is a binary quan-
tity indicating whether or not the mobile unit is in the state
of being called, with O standing for idle and 1 standing for
busy. Component b is also a binary quantity indicating if the
MU has just moved to a new VLR arca, with 1 meaning yes
and 0 meaning no. The third component, ¢, indicates if the
location table maintained by the mobile unit is inconsistent
with that maintained by the HLR, with O meaning consistent
and 1 meaning inconsistent.

Figure 2 shows the Markov model for describing the PCS
operating under TLA. Table 4 shows the notation used for
the TLA model. Initially, the MU is in state (0, 0, 0), mean-
ing that it is not being called, the MU has not yet made
any move across any VLR boundary, and the location ta-
ble stored in the HLR is consistent with that stored in the
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Figure 2. Markov model for PCS network under two-location algorithm.

Table 4
Notation used for the TLA model.

A arrival rate of calls to the MU
mobility rate of the MU, i.e., the rate at which the MU crosses
VLR boundaries

0 probability of the MU moving back to the previous VLR

CMR  call-to-mobility ratio of the MU, i.e., CMR = A /o

o1 mobility rate of the MU moving to a new VLR, i.e., o1 =
(1-6)o

[} mobility rate of the MU moving to the previous VLR, i.e.,
oy = B0

8 location update rate in updating the location table stored in
the HLR

g location search rate in locating the MU when the location ta-
ble in the MU is consistent with that in the HLR

Ih location search rate in locating the MU when the location ta-

ble in the MU is inconsistent with that in the HLR

MU. Below, we explain briefly how we construct the Markov
model.

First, if the MU is in state (0,7, j), 0 < i,j < 1,and a
call arrives, then the new state is (1, #, j), i.e., the MU is now
in the state of being called. This behavior is modeled by the
(downward) transition from state (0, ¢, j) to state (1, i, j),
0 < i, j < 1, with a transition rate of A.

Second, if the MU is in state (1, , j) and another call
arrives, then the MU will remain at the same state, since the
MU remains in the state of being called. This behavior is
described by a hidden transition from state (1, i, j) back to
itself with a transition rate of A. This type of transition is
not shown in figure 2 since it does not need to be considered
when solving a Markov chain [8]. Note that this implies
that in state (1, 7, j) the number of requests accumulated to
locate the MU may be greater than one.

Third, if the MU is in state (1, 0, 0), it means that the lo-
cation table stored in the HLR is consistent with that stored
in the mobile unit and the mobile unit is in the state of being
called. Therefore, the PCS network can service all pending
calls simultaneously with a service rate of pg. After the ser-
vice, the new state is (0, 0, 0).

Fourth, if the MU is in state (1, 0, 1), it means that the
location table stored in the HLR is inconsistent with that
stored in the mobile unit but there are pending calls wait-
ing to be serviced. Therefore, the PCS network has to spend
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twice as much time to locate the mobile unit. This behavior
is modeled by using a different service rate of up from state
(1,0, 1) to state (0, 0, 0). After the service, the new state
is (0, 0, 0) because the location table stored in the HLR is
updated after the call delivery service and is therefore con-
sistent with that stored in the mobile unit again.

Last, regardless of whether or not the MU is in the state
of being called, the MU can move across a VLR boundary.
There are two cases:

1. If the mobile unit moves to a new VLR then an update
operation has to be performed to the table stored in the
HLR. This behavior is modeled by a transition from state
i,0,Hto (G, 1,5),0< i j < 1, with a transition rate
o1, after which the system transmits from state (i, 1, j) to
state (i, 0, 0) with a transition rate of §.

2. If the MU moves back to the previously visited VLR, then
there is no update operation required to update the HLR
associated with this event. This is modeled by a tran-
sition from state (i, 0, 0) to state (i,0,1), 0 < i < 1,
with rate o». This results in an inconsistent state, i.e., af-
ter the transition the location table stored in the HLR is
consistent with that stored in the MU. Another possible
transition is the reverse of the above, that is, from state
(i, 0, D) to state (i, 0,0), 0 < i < 1, also with a transition
rate o». This, however, results in a consistent state. Note
that the update time of the location table stored in the
mobile unit with respect to the PCS network is zero (al-
though the mobile unit’s location table is updated itself).
Therefore, there is no need to model the time needed to
perform the update operation in this case.

The Markov chain shown in figure 2 is ergodic [8], which
means that all states have a non-zero probability. The prob-
ability that the system is found in a particular state in equi-
librium depends on the relative magnitude of the outgoing
and incoming transitions rates. Let P j k) be the probabil-
ity that the system stays in state (i, j, k) in equilibrium. Let
TLAuypdate be the average cost of the PCS network in servic-
ing a location update operation and let TLA, be the aver-
age cost in locating the MU, Furthermore, let TLAos¢ be the
average cost of the PCS network in servicing the above two
types of operations between two consecutive calls. Then,

1

1
TLAypdate = Z(P(O,O,i) + Pa,0,n))(1 — 9)5
i=0
1

1
+ Z(P(O,l,i) + Py (1)
i=0

11 1 11 ]
TLAcan = Z Z Pi,j0— + Z Z Pijn—, @

i=0 j=0 Pe 20 =0 Hb

o

TLAcost = TLAupdatex + TLACall- (3)

Equation (3) is obtained above because between two con-
secutive calls, the number of mobility moves across VLR
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Table 5
Additional parameters used in the ATLA model.

82 location update rate in updating the location table stored in the
agent

pa  location search rate in locating the MU when the local agent is
not the current VLR

Figure 3. Markov model for PCS network under ATLA.

boundaries by the MU is equal to o/ on average. Note that
the number of moves corresponds to the number of update
operations, although some of which may not cause any up-
date cost to the PCS network depending on whether or not
the location table in the HLR needs to be updated.

3.2. Modeling ATLA

To model ATLA, we use the same set of parameters in table 4
without the last parameter up, and introduce two more pa-
rameters listed in table 5. We describe ATLA by also using
a three-component vector (a, b, ¢). The meanings of com-
ponents a and b are the same as before. The third compo-
nent, ¢, indicates if the MU currently resides under the agent
area, i.e., if the local agent is the current VLR, with 0 mean-
ing that it is, and 1 meaning that it is not. Conceptually, the
third component indicates if the HLR points to the current
VLR, with 0 meaning yes and 1 meaning no. If yes, the
system is in a consistent state in which the state information
maintained by the HLR is consistent and the search opera-
tion can be done efficiently; otherwise, the system is in an
inconsistent state and must follow a forwarding pointer to
locate the MU.

Figure 3 shows the Markov model for describing the PCS
operating under ATLA. Initially, the MU is in state (0, 0, 0),
meaning that it is not being called, has not moved across a
VLR boundary, and the MU is currently located under the lo-
cal agent (note that the HLR always points to the local agent
in the ATLA scheme). Below, we explain briefly the differ-
ences between TLA and ATLA as we construct the Markov
model for ATLA. The ATLA model is almost the same as
the TLA model, except that we replace the transitions from
state (i, 1, 0) to state (i, 0, 0) by those from state (i, 1, 0) to
state (7,0, 1), 0 < i < 1, and replace pp by pa.
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If the MU is in state (1, 0, 1), it means that there are pend-
ing calls waiting to be serviced in this state but the MU is
not in the cover area of the local agent, i.e., the local agent
is not the current VLR. In this case, the system needs to fol-
low the forwarding pointer from the local agent to locate the
current VLR. This behavior is modeled by using a service
rate of u, from state (1,0, 1) to state (0, 0, 0). After the
service, the new state is (0, 0, 0) because the HLR database
is updated after the call delivery service and is, therefore,
consistent with that stored in the MU again. This rate p,
is different from pup in figure 2 for the TLA model since
only a VLR-VLR communication cost incurs in the second
search attempt by following the forwarding pointer. Recall
that for the TLA model, the second search attempt also in-
volves a VLR-HLR communication cost.

When the MU moves across a VLR boundary, there are
three cases to be considered:

1. If the MU moves from the local agent to a new 2nd VLR,
then a binding operation has to be performed to bind the
new 2nd VLR to the agent by means of a forwarding
pointer. This behavior is modeled first by a transition
from state (i, 0,0) to (i, 1,0),0 < i < 1, with a transition
rate o1, after which the system goes from state (i, 1, 0) to
state (Z, 0, 1) with a transition rate of §,. The first transi-
tion models the move event while the second models the
binding (setting up pointer) event.

2. If the MU moves from a VLR, V;, to a new VLR, V;,
where V; and V; are not the agent, then an update op-
eration has to be performed to the table stored in the
HLR. After the update operation, the location table of the
HLR records the new VLR as the agent. This behavior
is modeled by a transition from state (i, 0, 1) to (i, 1, 1),
0 < i < 1, with a transition rate oy, after which the
system transits from state (i, 1, 1) to state (i, 0, 0) with a
transition rate of 8. Note that the originating state in this
caseis (i,0, 1), 0 < i < 1, with the 2nd state component
being 0 (meaning it has not moved to a new VLR) and the
3rd state component being 1 (meaning the agent is not the
current VLR).

3. If the MU moves back to the previously visited VLR, then
there is no update operation required to perform the HLR
associated with this update event. This is modeled by a
transition from state (i, 0, 0) to state (i, 0, 1) with a tran-
sition rate o>, after which the location table stored in the
HLR is inconsistent with that stored in the MU, or from
state (Z,0, 1) to state (,0,0), 0 < i < 1, also with a
transition rate op, after which the location table stored in
the HLR becomes consistent with that stored in the MU.
Note that again the update time of the location table of
the MU with respect to the PCS network is zero.

Let ATLAypdate be the average cost of the PCS network
in servicing an update operation and let ATL A, be the av-
erage cost in locating the MU. Furthermore, let ATLAost
be the average cost of the PCS network in servicing the
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above two types of operations between two consecutive
calls. Then,

1
1
ATLAupdate = Z P(i,O,O)(1 - 0)5_
i=0 a

1 1
1 1
+ Z; P(i,l,O)a + ; P(i,l,l)g

1
1
+ZP(,-,0,1)<1 -3, )
i=0
! 1 < 1
ATLAcan = Z Pgi0,0— + Z Pi1.00—
i=0 g =0 Ha
1 1 1
+ Z Z P, jn—, (&)
i=0 j=0 Ha
o
ATLAost = ATLAupdate: I + ATLAcan. (6)

3.3. Modeling CATLA

To model CATLA, we again use the same set of parameters
in table 4 except up, along with three more parameters, d,
e and y, listed in table 6. For notational convenience, let
on = (1 — y)o1 and o, = yo1.

Figure 4 shows a Markov model for describing the PCS
operating under CATLA. The same three-component state

Table 6
Additional parameters used in the CATLA model.

8¢ location update rate in updating the location table of the local
agent

e location search rate in locating the MU when the local agent is
not the current VLR

y probability of the MU moving within the same network switch

on  mobility rate of the MU moving to a new VLR not covered by
the same network switch, i.e., op = (1—y)(1—0)0 = (1—y)oy

oc  mobility rate of the MU moving to a new VLR covered by the
same network switch, i.e., oc = y(1 —0)o = yo1

Figure 4. Markov model for PCS network under CATLA.
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description as defined in the ATLA model is used here. Re-
call that under CATLA, whenever the MU moves across a
network switch boundary, the HLR database is updated, in
which case the new agent does not have a forwarding pointer
in its local database, i.e., the 2nd VLR is nil. We differentiate
this particular state by using the symbol “*”, For example, in
state (0, 0, 0)* the forwarding pointer stored in the agent is
nil, while in state (0, 0, 0) the forwarding pointer does exist.
Note that in both cases, the system is in a consistent state,
i.e., the local agent is the current VLR, The Markov model
for CATLA is self-explanatory. Below we discuss the be-
havior of the MU as it moves to a new VLR. There are three
possible cases:

1. If the MU moves to a new VLR covered by a different
network switch (the mobility rate of which is oy), then
an update operation is performed to the database stored
in the HLR. This behavior is modeled first by a transi-
tion from state (i, 0, j) to (i, 1, 0)*, 0 < i, j < 1, with
a transition rate oy, after which the system goes from
@i, 1,0)* to (4, 0,0)* with a transition rate of § to up-
date the HLR’s database to point to the new VLR. After
the update, the new VLR becomes the local agent of the
MU, but in its database the forwarding pointer to the
2nd VLR is nil because in this case the 2nd VLR does
not exist.

2. After the MU just crosses a network switch, it is pos-
sible that the MU may subsequently cross a network
switch boundary again. This event comes in two forms:
(a) the MU subsequently moves back to the previously
visited VLR, the mobility rate of which is o2; (b) the
MU simply enters another VLR not covered by the same
switch, the mobility rate of which is oy,. In either case,
another update operation will be triggered to update the
HLR database. This behavior is modeled first by a tran-
sition from state (i, 0, 0)* to state (i, 1,0)*, 0 <i < 1,
(the top row of figure 4) with a transition rate 02 + oy,
after which the system goes from state (i, 1, 0)* to state
(i, 0,0)* with a transition rate of §. After the MU just
crosses a network switch, another likely event is that it
subsequently goes to another VLR also within the same
network switch. This is modeled first by a transition
from state (i, 0, 0)* to state (i, 1,0), 0 < i < 1, with
a transition rate o, after which the system goes from
state (i, 1, 0) to state (i, 0, 1) with a transition rate of J;
to update the pointer stored in the local agent. In this
event, the local agent of the MU remains unchanged but
the target state becomes inconsistent.

3. When the local agent and the 2nd VLR are not nil, if the
MU moves to a VLR within the same network switch
that covers the current VLR (which can be the local
agent or the 2nd VLR), the system behaves the same as
in the ATLA model. This behavior is described by the
state transitions in the last two rows of figure 4. Note
that here the third component in the state description
tells us exactly whether or not the local agent is the cur-
rent VLR, The target VLR which the MU moves into in
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this case can be the previously visited VLR (the mobil-
ity rate of which is 02) or a new VLR (the mobility rate
of which is o¢). In both cases, the MU stays within the
same network switch.

Again, let CATLAypdate be the average cost of the PCS
network in servicing an update operation and let CATLAcap
be the average cost in locating the MU. Furthermore, let
CATLA st be the average cost of the PCS network in ser-
vicing the above two types of operations between two con-
secutive calls. Then,

CATLAupdate

1
1
== (Z(l = 0y (P00 + P00 + P(i,l,O))

)
¢ \i=0

1
1
+5 2;0 —0)(1—y)Puo0)
1=

1

1

+3 (Z(l =0 Pio,1) + Pi 1,0+ + P11
i=0

+[0+1-6)1- V)]P(i,o,O)*), @)
CATLAcan
! 1
= Z(P(i,O,O) + P10 + Pi0,00)—
— 7
i=0
1
1
+ Z(P(i,l,O) + Pio,1) + Pi1,1)—, ®
i=0 He
o
CATLAcox = CATLAupdate - + CATLAGl 9)

4. Application

In this section, we apply the results obtained in the last sec-
tion to compare TLA, ATLA, CATLA and IS-41 under iden-
tical conditions. The network cost parameters listed in ta-
ble 7 will apply to all location management schemes. Spe-
cific values of these network communication cost parameters
can be obtained by considering specific network coverage
models. We will show how to do so with a hexagonal cov-
erage model. In this paper, we fix the (relative) value of U
at 1.0 as used in [9], but use different values of 7, T and t’
to study their effects. We note that the relation among these
last three parameters is

t=yt'+(1-y)T. (10)
This is so because the STP switches are connected by the
PSTN. Therefore, for any two VLRS not under the same
STP, the VLR-VLR communication cost is comparable to
the VLR-HLR communication cost. Here, y is as defined in
table 6.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissionyyww.manaraa.com



112

Table 7
Communication cost parameters for all models.

U  the average cost for locating the MU under the basic scheme; it
is also the locating cost under the TLA scheme when the HLR’s
location table is consistent with that stored in the mobile unit, as
well as the locating cost under the ATLA and CATLA scheme to
find the local agent.

T  the average VLR-HLR communication cost between HLR and
VLR; it is also the update cost under the basic scheme and the cost
to update the location table in the HLR under the TLLA, ATL.A and
CATLA schemes.

In figure 5, we illustrate the relationship between U and T as
follows:

U=2T + P,
where P is the average paging cost needed to page a mobile user
within a VLR.

T the average VLR-VLR communication cost for two VLRs in the
network; it is also the cost of a binding operation under the ATLA
scheme.

T the average VLR—VLR communication cost for two VLRs under
the same STP switch; it is also the cost of a binding operation
under the CATLA scheme.

Figure 5. A search operation in the mobile network.

4.1. Parameterization of the TLA Markov models

There are six parameters in the TLA Markov model (see fig-
ure 2),i.e., 0, A, 8, 8, pg, and pp, (see table 4 for their mean-
ings). Of these six parameters, o, A and 6 are MU dependent
parameters and will be studied in the paper by changing their
values; on the other hand, 8, ug, and pp, are network struc-
ture dependent and can be parameterized as

8:—, =
T He

1
U

and

B 1 1
T U+T+P. 2U-T

where U, T and P. are as defined in table 7.

Mo
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4.2. Parameterization of the ATLA Markov model

In ATLA, we again have three MU dependent parameters,
i.e., o, A, and 8, which will be studied by changing their val-
ues. There are four network structure dependent parameters
used in the ATLA Markov model (see figure 3), i.e., 8, [ig,
8, and pu, (see tables 4 and 5 for their meanings). The para-
meterizations of § and pg are the same as in TLA; 8, and p1,
can be parameterized as follows:

and

Pa= 0¥ P " 20—-2T+7

4.3. Parameterization of the CATLA Markov model

In the CATLA Markov model (see figure 4), we have five
network-structure-dependent parameters, i.€., 8, pg, dc, He
and y (see tables 4 and 6 for their meanings) and the same
three MU dependent parameters (o, A, and 6). Of these five
network structure dependent parameters, § and jg can be
parameterized the same as before; y can be derived given
a specific network coverage model for which we will show
how it can be done with a hexagonal coverage model; §; and
e can be parameterized as follows:

8—1
c=
and

1 1

TU+T+P. 20 —-2T+1°

e

4.4. Comparing TLA, ATLA, CATLA and IS-41

We use 1S-41 as the baseline model against which our pro-
posed agent-based forwarding strategies will be compared.
The average network cost of the PCS network for location
management under 1S-41 is given by

o

1S-41cost = IS‘41updatex + IS-41can, (11)

where IS-41ypdae = T and IS-41can = U, as defined in
table 7.

As in [7], we first study a case in which the VLR-VLR
communication cost is on¢ half of the VLR-HLR commu-
nication cost, i.e., T/T = 0.5. To derive y, we consider a
hexagonal network structure model wherein the number of
VLRs under a n-layer STP is given by 3n? — 3n + 1. Fig-
ures 6(a) and (b) show the number of VLRs covered by a
3-layer STP and a 2-layer STP, respectively, based on this
hexagonal network coverage model.

Here we consider the case whenn = 2, i.e., a STP covers
7 VLRs; later, we will study other cases to analyze the effect
of n. For the case when n = 2, it can be shown that y = 0.57
(see [2]). Therefore, when 7/T is 0.5, '/ T is 0.125 based
on equation (10). Figure 7 shows the average cost of the PCS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissionyyww.manaraa.com



AGENT-BASED FORWARDING STRATEGIES

(a) 3-layer STP (b) 2-layer STP

Figure 6. n-layer STPs under the hexagonal network coverage model.
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Figure 7. Comparison of IS-41, TLA, ATLA and CATLA with T = 0.4 and
6 =0.3.

network due to location management under TLA, ATLA,
CATLA and IS-41, as a function of CMR (CMR = /o),
for the case when T = 0.4 and 6 = 0.3 (with U fixed at 1).
The data on the diagram were obtained by first solving a
Markov model using the SHARPE software package [12] to
obtain P ; iy for each state (i, j, k) and subsequently com-
puting the average cost based on equations developed in the
paper (e.g., equation (3) for the TLA scheme). Figure 7 il-
lustrates that when the CMR value is small, TLA, ATLA
and CATLA all can outperform IS-41, even with 6 as small
as 0.3. For example, when CMR is 0.1, TLA, ATLA and
CATLA schemes reduce the cost of IS-41 by 22%, 35% and
31%, respectively. In addition, ATLA and CATLA perform
significantly better than TLA. CATLA is worse than ATLA
when CMR is small, but is better as CMR’s value increases.
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Figure 8. Comparison of IS-41, TLA, ATLA and CATLA with T = 0.4 and
6 =0.7.

Here one should note that the performance improvement of
ATLA and CATLA over TLA is significant because the cost
metric used only accounts for the location cost between two
consecutive calls, so the cumulative effect will be significant
over the lifetime of the MU.

Figure 8 shows a similar condition as in figure 7 except
that 6 = 0.7. In this particular case, TLA, ATLA and
CATLA significantly outperform IS-41 and also their own
respective counterparts in figure 7 with 8 = 0.3. This is
because the probability of the MU moving back to the previ-
ously visited VLR is high (68 = 0.7), and hence, the saving
in the update cost is significant. This is especially the case
when CMR is small partly because it costs less to update
the user’s location (since most moves are local) and partly
because call arrivals are rare, so the high search cost can
be amortized. Figure 8 also shows that in this case ATLA
and CATLA can perform much better than TLA, because the
VLR-VLR binding cost is less than the VLR-HLR update
cost. Also, in this case since there is a high possibility of the
MU moving back and forth, the advantage of CATLA over
ATLA disappears even at high CMR values. This is conceiv-
able since CATLA involves the VLR-HLR communication
cost whenever a switch boundary is crossed and it is possi-
ble that the two most recently visited VLRs by the MU are
covered by two separate network switches.

Both figures 7 and 8 are based on the condition that 7
is 0.4 of U, that is, the VLR-HLR communication cost is a
large fraction of U (recall that U = 2T + P;). In figure 9,
we show an extreme case in which 7 = 0.2 while all other
parameters remain the same as in figure 7. In this extreme
case, since T is small compared to U, the advantage of TLA,
ATLA and CATLA over 1S-41 is not significant. In fact, the
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advantage exists only at low CMR values. This is due to
two reasons. First, at @ = 0.3, the benefit of the local agent
running the two-location algorithm on behalf of the HLR is
not pronounced because the local agent will be replaced fre-
quently, thus causing a high location update cost. Second,
at 7 = 0.2, the HLR/VLR communication cost is relatively
low, so there is little advantage for these algorithms to reduce
the VLR-HLR communication cost. That is, whenever the
MU moves into a new VLR, the location table of the HLR
will be updated and the update cost becomes more affordable
with a low T value. The benefit of this more frequent update
operation is that it can keep a more precise view of the cur-
rent VLR, Consequently, when a call arrives, it can serve
the call with a lower cost. When CMR is larger than 0.5,
the saving in update costs in ATLA and CATLA has a price.
That is, ATLA and CATLA maintain a less precise state in-
formation than IS-41 and TLA, ¢.g., when the MU moves
into anew VLR from the local agent, ATLA and CATLA do
not update the HLR database and, thus, can enter an incon-
sistent state more often than TLA. As a result, when calls
do arrive frequently, ATLA and CATLA must pay a higher
search cost.

The classic tradeoff between the update and search costs
is affected significantly by the MU’s CMR. Figure 9 shows
that at low CMR values, ATLA and CATLA perform better
than TLA but the converse is true at high CMR values. In
fact, figure 9 also shows that at relatively large CMR values,
the basic IS-41 HLR/VLR scheme performs the best among
all. The same physical interpretation regarding the tradeoff
between the search and update costs applies. This, however,
occurs only under extreme conditions when the probability
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Figure 9. Comparison of IS-41, TLA, ATLA and CATLA with T = 0.2 and
6 =03.

L-R.CHEN ET AL.

of going back and forth is low (6 = 0.3) and the VLR-HLR
communication cost (7 = 0.2U) is a small fraction of U.
For most PCS networks, we do expect that the VLR-HLR
communication cost accounts for a large percentage of U (as
in figure 8), and therefore, our proposed ATLA and CATLA
schemes will outperform both TLA and IS-41. An important
conclusion from our result is that at low CMR values, ATLA
and CATLA always perform better than TLA.

4.5. Effect of network structure

Below we discuss the effect of network structures on the per-
formance of agent-based forwarding strategies. Again sup-
pose that the network structure is the hexagonal coverage
model. Each STP is like a n-layer hierarchical structure cov-
ering 3n> — 3n + 1 VLRs, where n can be either 2 or 3. It
can be shown that the probability of the MU moving within
the same STP (i.e., the y parameter in table 6) is equal to
0.57 for n = 2 and 0.74 for n = 3 [2]. Furthermore, as n
becomes larger, the average VLR—VLR communication cost
(i.e., T) becomes lower relative to the VLR-HLR communi-
cation cost (i.¢., T) since most MU movements will be likely
to be under the same STP, thus lowering the binding cost in
the ATLA and CATLA schemes. The price to pay is to use
more sophisticated STP switches to cover more VLRs under
the same switch. The switch structure will affect TLA to a
smaller extent because the second search attempt under TLA
must always involve a VLR-HLR communication cost.
Below we consider a case when 7 = 0.4 and 6 = 0.7
as in figure 8. For n = 2, we again have /7 = 0.5 and
t//T = 0.125 as derived earlier. For n = 3, however, the
value of 7 is decreased due to the fact that a STP now covers
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Figure 10. The effect of n-layer network structure on TLA, ATLA and
CATLA.
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more VLRs. To study the effectof n, letus fix t// T = 0.125
since any two VLRs under the same STP will have the same
VLR-VLR communication cost regardless of the number of
VLRs under a STP. Therefore, based on equation (10), /T
is 0.36 when n = 3.

Figure 10 shows the effect of n by comparing our pro-
posed agent-based forwarding schemes against TLA for n =
2 and n = 3 for the case when 7 = 0.4 and 8 = 0.7. We see
that as » increases, the performance gain of our proposed
agent-based forwarding schemes over TLA becomes more
and more pronounced as a result of a lower and lower VLR~
VLR communication cost relative to the VLR-HLR commu-
nication cost. This means that our proposed schemes are es-
pecially attractive for network structures using sophisticated
STPs that can cover many VLRs under one network switch.

5. Conclusion and future work

In this paper, we proposed the concept of agent-based for-
warding to reduce the location management cost in mo-
bile networks. In particular, we developed the ATLA and
CATLA schemes which extend and improve over the TLA
scheme. Markov models were used to analyze the perfor-
mance characteristics of these algorithms. The exact condi-
tion under which one scheme is superior to the others and
by how much can be assessed by using our Markov mod-
els. Our performance analysis data showed that our pro-
posed schemes consistently outperform the basic I1S-41 and
TLA schemes for the same condition, especially when the
CMR value of the MU is low. The advantage of our approach
is especially pronounced for a hierarchically structured net-
work in which the VLR-VLR communication cost is much
lower than the VLR-HLR communication cost by means of
sophisticated STPs which can cover many VLRs under one
switch.

Some future research areas related to this paper include
(a) investigating the possibility of combining the agent-
based forwarding scheme with other approaches such as
caching to further reduce the network location management
cost for a wider range of parameter values, e.g., covering
both high and low CMR values; (b) designing “service hand-
off” management algorithms in mobile systems and apply-
ing similar modeling techniques to assess their performance
characteristics.
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