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Abstract 

A Personal Communication Network (PCN) loca- 
tion tracking scheme called “local anchoring” is intro- 
duced which reduces the signaling cost as compared to 
the location strategy proposed in the IS-41 standard. 
Local anchoring minimizes the number of location reg- 
istration messages between the home location register 
(HLR) and the visitor location registeras (VLRs) in a 
way that location change is reported to a nearby VLR 
called the local anchor (LA) instead of to the HLR. 
This method successfully reduces the cost for location 
tracking when the call arrival rate is low relative to 
the mobility rate and the cost for location registra- 
tion is high. A dynamic local anchoring mechanism is 
then introduced which dynamically selects the LA such 
that the expected cost for location registration and call 
delivery is minilnized. Experimental results demon- 
strated that the cost of dynamic local anchoring is al- 
ways lower than OF equal to that of the IS-41 scheme. 

Key Words: Home Location Register, Visitor Loca- 
tion Register, Local Anchoring, Location Registration, 
Call Delivery. 
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1 Introduction 

Personal C:ommunication Networks (PCNs) pro- 
vide communication services to subscribers that travel 
within the network coverage area. In order to cor- 
rectly locate a mobile terminal when an incoming call 
arrives, a number of methods are proposed to keep 
track of the up-to-date location of each mobile ter- 
minal [4, 73. Two standards currently exist for PCN 
mobility management: IS-41 [l, 73 and GSM [7, 81. 
The IS-41 is commonly used in North America while 
the GSM is popular in Europe. Both IS-41 and GSM 
employ out-of-band signaling such that a dedicated 
signaling network such as Signaling System No. 7 
(SS7) [6] is used for network administration functions 
such as location registration and connection establish- 
ment. Both of these standards are based on a two-level 
database hierarchy. Two types of databases, home 
location register (HLR) and visitor location register 
(VLR) are used to store the location information of 
the mobile terminals. Figure 1 shows the basic archi- 
tecture of a PC;N under this two-level hierarchy. The 
whole PCN coverage area is divided into cells. Each 
mobile terminal within a cell communicates with the 
network through a base station which is installed in- 
side the cell. These cells are grouped together to form 
larger areas called registration areas (RAs). All base 
stations belonging to a giving RA are wired to a mo- 
bile switching center (MSC). In Figure 1, we assume 
that the VLR is co-located with the MSC: which in 
turn is connected to the rest of the signaling network 
through a local signal transfer point (LSTP). We call 
the area covered by all RAs belonging to an LSTP the 
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LSTF’ region. Depending on the network configura- 
tion, there may exist one or more HLRs in the F’(:N. 
Figure 1 ;~ssumes a single HLR and it is connec.ted to 
the signalhng net,work through a regiotlal signal truns- 
fcr point (RSTI’). The RSTP and the LSTPs are re- 
sponsible for routing messages in the SS7 network and 
the RSTP is connected to all the LSTPs in the region. 
In order t#o effectively locate a mobile terminal when 
a call arrives, each mobile terminal is required to re- 
port its location whenever it enters a new RA. We call 
this reporting process location update. On receiving a 
location update message, the MSC: updates the VLR 
which in turn sends a location registration message to 
the HLR. The HLR will acknowledge the VLR for the 
successful registration and it will also deregister the 
mobile terminal at the old VLR. In order to locate a 
mobile terminal for call delivery, the HLR is queried to 
deterrnine the serving VLR of the destination mobile 
terminal. The HLR then sends a message to this VLR 
which in turn will determine the serving base station 
of the mobile terminal by paging all cells within its 
associated RA. This location registration scheme re- 
quires the exchange of signaling messages between the 
HLR and the new and old VLRS whenever the mobile 
terminal crosses an RA boundary. This may result in 
significant traffic load to the SS7 network especially 
when the current location of the mobile terminal is far 
away from its HLR and the mobile terminal is making 
frequent movements among RAs. 

A number of efforts have been reported to reduce 
the signali.ng load to the SS7 network. A caching strat- 
egy is introduced in [3] which reduces the cost for call 
delivery b;y reusing the cached information about a 
called user’s location from a previous call. In [5], a 
threshold :scheme is introduced that dynamically de- 
termines the time when a cache record becomes obso- 
lete. In [2], a locat,ion forwarding strategy is proposed 
to reduce the signaling costs for location registration. 
Whenever a mobile terminal c.rosses an RA boundary, 
a pointer is set up from the old VLR to the new VLR. 
When an incoming call arrives, the HLR determines 
the serving VLR of the mobile terminal by transvers- 
ing the pointer chain. Location registration is per- 
formed when the pointer chain exceeds a pre-defined 
length K. This method successfully reduces the lo- 
cation tracking cost as compared to the IS-41 scheme 
when the call to mobility ratio is low. However, a 
maximum of K VLR queries have to be performed in 
order to loc.ate the mobile terminal. This introduc.es 
additional #delay in the call delivery process. Moreover, 
location registrat,ion must be performed after Ii RA 
crossings because of maximum delay requirement even 
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Figure 1: PCN architecture. 

though it may be more cost effective not to register. 
In this paper, we propose a scheme called focal an- 

choring. We believe that location registration should 
be localized such that transmission of registration 
messages to a remote HLR is greatly reduced. Based 
on the mobility and the location of a mobile termi- 
nal, a VLR close to the mobile terminal is selected 
as the local anchor (LA). IJp-to-date location infor- 
mation of the mobile terminal is reported only to this 
LA. The HLR records the ID of the current LA of 
each mobile terminal. When an incoming call arrives, 
the HLR queries the LA which, in turn, queries the 
serving VLR in order to determine the current loca- 
tion of the mobile terminal. In some cases, as will 
be described in Section 3, the LA is the same as the 
serving VLR. IJnder this situation, the second query 
is not necessary. Two schemes for selecting the LA 
are proposed in Section 3. It will be shown that when 
the c.all arrival rate of the mobile terminal is high rel- 
ative to the mobility rate or when the HLR access is 
not expensive, it may not be cost effective to use local 
anchoring. We will describe in Section 5 a dynamic lo- 
cal anc.horing scheme that can dynamical.ly determine 
whether the mobile terminal should report to the LA 
or directly to the HLR after each movement. Dynamic 
local anchoring can achieve a lower expected signaling 
cost as compared to that of the IS-41 scheme. 

This paper is organized as follows. [n Section 2 
we describe the reference PC:N architecture. Section 3 
introduces the local anchoring mechanism. An ana- 
lytical model for local anchoring is given in Sections 4 
and the performance of local anchoring is compared to 
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Figure 2: Reference architecture. 

that of the IS-41 scheme. Section 5 proposes a scheme 
for dynamically selecting the anchor VLR and studies 
the performance of this dynamic scheme. The conclu- 
sion is given in Section 6. 

2 System Description 

The PC:N architecture given in Figure 1 assumes 
that the HLR and the VLRs communicate through a 
connection network. A message between the HLR and 
a VLR (or between two VLRS) may go through several 
intermediate switches inside the connection network 
before reaching its destination. The cost for transmit- 
ting a signaling message between the HLR and differ- 
ent VLRs (and between different pairs of VLRs) may 
t,herefore vary. In order to simplify the analysis and 
the c.ost model, we will use the simplified PC:N ar- 
chitecture as given in Figure 2. Similar architectures 
are used in [2, 3, 71. According to Figure 2, there 
are three types of connections among the network el- 
ements. The Remote A-link connects the HLR to the 
RSTP, the D-links connect the RSTP to the LSTPs 
and the local A-links connect the LSTPs to their as- 
sociated MSC:s and VLRs. We do not discriminate 
links of the same type such that the cost for sending 
a message through a selected type of link is constant 
regardless of the actual length of the link. We also 
assume the costs for accessing the VLRs at different 
RAs to be the same. 

Procedures for location registration and call deliv- 
ery are proposed in the IS-41 standard [l, 71. Accord- 
ing to the IS-41 location strategy, the HLR always 
knows exactly the ID of the serving VLR of a mo- 
bile terminal. We outline the major steps of the IS-41 
location registration scheme as follows (see Figure 3): 

1. The mobile terminal sends a location update mes- 
sage to the new VLR. 

2. 

3. 

4. 

5 * 

and 

c see 

1. 

I New VLR 
- _ - - - - - _ _ c 

cl 

Figure 3: Location registration. 

The new VLR sends a location registration mes- 
sage to the HLR. 

The HLR sends a registration acknowledgement 
message to the new VLR. 

The HLR sends a registration cancellation mes- 
sage to the old VLR. 

The old VLR sends a cancellation acknowledge- 
ment message to the HLR. 

the IS-41 call delivery scheme is outlined as follows 
Figure 4): 

The VLR of the calling mobile terminal sends a 
location request message to the HLR. 

The HLR sends a location request message to the 
VLR serving the called mobile terminal. 

The VLR determines the cell location of the called 
mobile terminal and sends the location informa- 
tion to the HLR. 

The HLR sends the location information to the 
VLR of the calling mobile terminal. 

The above call delivery procedure assumes that the 
calling and the called mobile terminals are residing in 
different RAs. If they are located in that same RA, 
no HLR query is necessary as the information of the 
called mobile terrninal is available locally. 

3 The Local Anchoring Mechanism 

We assume throughout this paper that there is a 
VLR assigned to each RA. According to the IS-41 loca- 
tion strategy as described in Section 2, the VLR sends 
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Figure 4: Call delivery. 

a location registration message to the HLR whenever 
the mobile terminal moves to a new RA. If the mobil- 
ity of the mobile terminal is high while it is located far 
away from the H LR, excessive amount of location reg- 
istration messages are transmitted between the serv- 
ing VLR and the HLR. For example, if the HLR of 
the mobile terminal is located in Atlanta while the 
mobile terminal is roaming in California, a location 
registration message is sent from the serving VLR in 
California to the H LR in Atlanta whenever the mobile 
terminal crosses an RA boundary. Even if the mobile 
terminal is roaming in an RA that is much closer to the 
HLR. location registration may still generate signifi- 
cant communication load to the $57 network as well 
as heavy querying load to the HLR. Here we will intro- 
duce a location registration scheme which minimizes 
the signaling trathc by removing the need to transmit 
location registrat#ion messages to the HLR whenever 
the mobile terminal crosses an RA boundary. IJnder 
our scheme, the VLR of the newly entered RA regis- 
ters the mobile terminal’s location at a nearby VLR. 
We call this VLR the local anchor (LA) and its as- 
sociated LSTP region the anchor LSTP region. Each 
mobile terminal may have a different LA and the LA 
for a mobNile terminal may be changed from time to 
time. Once a VLR is selected as the LA for a particu- 
lar mobile terminal, an entry will be set up in a table 
at this VLR indicating the current serving VLR for 
the mobile terminal. The HLR will then be informed 
of the ID of the new LA. We have to note that the 
LA of a mobile terminal may also be the serving VLR 
of the same mobile terminal. There are many ways 
for selectmg the LA. One method is to designate a 
specific VLR in each LSTP region as the LA for all 
mobile terminals in that LSTP region. However, this 

method may place significant signaling load to the se- 
lected VLR. We believe that the signaling load should 
be distributed more evenly among all VLRs in each 
LSTP region. The IS-41 location strategy is a special 
case of local anchoring which selects a new LA after 
every call arrival or RA crossing such that the LA is 
always the same as the serving VLR. In this paper, we 
introduce two methods for selecting the LA: 

,‘;la2ic Local Anchoring (SL): The location of the mo,- 
bile terminal is never reported to the HLR. The 
serving VLR of the mobile terminal during thle 
last call arrival is selected as the LA. 

IIynur~~ic Local Anchoring (DL): After a movement, 
the serving VLR of the mobile terminal becomes 
the LA if this will result in lower expected cost. 
Otherwise, the LA is not changed. After a call 
arrival, the serving VLR of the mobile termina.l 
becomes the LA. 

Both SL and DL selects the serving VLR during the 
last call arrival as the new LA. This is reasonable be- 
cause the HLR knows the location of mobile termina.l 
after call delivery and the HLR should not query the 
old LA in order to determine the serving VLR when 
the next call arrives. The performance of SL is stud- 
ied in Section 4. It is demonstrated that this selection 
of LA produces good saving in location tracking cost 
except when the call arrival rate is high compared to 
the mobility rate and when the cost for transmitting 
a message between the HLR and the VLR is relatively 
low as compared to transmitting a message between 
two VLRs. We will describe in more detail these sit- 
uations in Section 4. The DL scheme is studied in 
Section 5. It is demonstrated that dynamic local an- 
choring can always achieve lower (or equal) location 
tracking cost .as compared to that of the IS-41 scheme. 

Based on local anchoring, the procedure for location 
regislrulion given in Section 2 is modified as follows 
(see Figure 5 for steps 1-7 and Figure 6 for steps 8-, 
14): 

1. The mobile terminal sends a location update mes- 
sage to the new VLR. 

2. The new VLR determines whether it should re- 
port the location change to the HLR or to the LA 
(note that for the SL scheme described above, the 
loc.ation c.hange is never reported to the HLR). If 
the new VLR decides to report to the HLR, then 
go to step 8. Otherwise, continue to the next step. 

3. The new VLR sends a message to inform the pre- 
vious VLR that the mobile terminal has moved 
out of its associated RA. 
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4. The previous VLR sends a message to inform the 
LA of the location change. 

5. The LA updates its record and sends an acknowl- 
edgement message to the previous VLR. 

6. The previous VLR sends an acknowledgement 
message to the new VLR. 

7. Location registration is complete (do not continue 
to next step). 

8. The new VLR sends a location registration mes- 
sage to the HLR. 

9. The HLR sends a registration cancellation mes- 
sage to the LA. 

10. The LA sends a registration cancellation message 
to the old VLR. 

11. The old VLR sends a cancellation acknowledge- 
ment message to the LA. 

12. The LA sends a cancellation acknowledgement 
message to the HLR. 

13. The HLR sends a registration acknowledgement 
message to the new VLR. The HLR also updates 
its record such that the new VLR becomes the 
LA of the mobile terminal. 

14. Location registration is complete. 

The modified call delivery procedure is given as (see 
Figure 7): 

1. The VLR of the calling mobile terminal sends a 
location request message to the HLR. 

2. The HLR sends a locations request message to 
the LA of the called mobile terminal. 

3. The LA sends a locations request message to the 
VLR serving the called mobile terminal. 

4. The VLR determines the cells location of the 
called mobile terminal and sends the location in- 
formation to the LA. 

5. The LA sends the location information to the 
HLR. 

6. The HLR sends the location information to the 
VLR of the calling mobile terminal. 
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Figure 7: Modified call delivery. 
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Figure 8: Lmbcdded Markov chain model. 

In the above procedures we assumed that the LA is 
different, from the serving VLR. If they are the same, 
the messages between the LA and the serving VLR 
are not necessary and the cost for location registra- 
tion and call delivery will be comparatively lower. A 
cost modsel for the location registration and the call 
delivery procedures is introduced in Section 4. 

4 Performance Analysis of Static Local 
Anchoring 

4.1 Analytical Model 

Let 1, and t, to be iid (independent and identically 
distributed) random variables representing the call in- 
terarrival time and the RA residence time, respec- 
tively. We assume t, to be exponentially distributed 
with rate )L,. We also assume the probability density 
function of i, to be fm(t) with Laplace transform 
f:(s) and mean l/X,. Figure 8 shows an imbed- 
ded Markov chain model which captures the mobility 
and call arrival of a mobile terminal. The state of 
the imbed.ded Markov chain, i, is defined as the num- 
ber of RA crossings since the LA was last changed. 
State tran.sition occurs immediately before the mobile 
terminal’s departure from an RA. Since a movement 
will occur right after a state transition, the number 
of movements since the LA was last changed is i + 1. 
According to the SL mechanism as described in Sec- 
tion 3, a :new LA is selected only after a call arrival. 
As a result, a transition from state i to i + I occurs 
when there is no call arrival between the (i + l)th and 
the (i + 2)lh movements. Similarly, a transition from 
state i to 0 occurs when at least one call arrives be- 
tween the (i + l)t” and the (i + 2)lh movements. The 
probability that one or more calls arrive between two 
RA crossings, denoted by p, can be obtained as: 

J 
cu 

P = (1 - e-xc’)f&t)nt (1) 
t=o 

Local LSTP region 

Figure 9: Registration areas. 

= 1 - f:(h) w 

and the state transition probability from state i to 
state j, denoted by ai,j, is: 

lZi,j = 

1 

1-P for j = i + 1 

rl 
for j = 0 (3 
otherwise 

We assume pi to be the equilibrium state probability 
of state i. The expression for pi (i 2 0) in terms of p(~ 
is: 

Pi = (1 -p)iPO (4) 

Using the law of total probability, the equilibrium 
state probability of state 0 is obtained as: 

PO = P (5) 

The location tracking cost is divided into two com- 
ponents: 

Movement Cost: the cost incurred in completing the 
modified location registration procedure given in 
Section 3. This includes the cost for reporting the 
mobile terminal’s new location to the old VLR 
and to the LA. 

Searching Cost: the cost inc.urred in completing the 
modified call delivery procedure given in Sec- 
tion 3. This includes the cost for locating the 
mobile terminal and deregistering the mobile ter- 
minal from the previous LA. 

We define the cost parameters hl, AZ and hs to be a; 
follows: 

111 = The cost for sending a message from a VLR to 
another VLR through the HLR (this means that 
an HLR query or update is necessa.ry.) The two 
VLRs are the same when the message from the 
VLR to the HLR represents a request and the 
message from the HLR back to the VLR repre- 
sents an acknowledgement. 
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‘m 

Table 1: Cost for searching the rnobile terminal when 
a call arrives. 

ha = The cost for sending a message from a VLR to 
another VLR through the LSTP. 

113 = The cost for sending a message from a VLR t,o 
another VLR through the RSTP. 

The above costs include the link cost (A-links and 
D-links), the switching cost at the LSTP or RSTP, 
and the databases access cost (HLR and VLR). The 
costs rnay be measured in terms of the delay or the 
amount of processing required. In this paper, we as- 
sume that the above cost parameters are given. Sev- 
eral sets of cost parameters are considered in the per- 
formance analysis given in this paper. The location of 
each mobile terminal belongs to one of the following 
three types: 

HOME : The mobile terminal is located at the LA 
(RA 1 in Figure 9). 

LOCAL : The mobile terminal is located at an RA 
other than the LA in the anchor LSTP region 
(such as RA 2 in Figure 9). 

REMOTE : The mobile terminal is outside of the 
anchor LSTP region (such as RA 3 in Figure 9). 

According to the modified call delivery procedure 
given in Section 3: Table 1 gives the searching costs for 
each of the location types: HOME, LOCAL, RE- 
MOTE. Here we only include the cost for message 
exchange between the HLR and the serving VLR of 
the called mobile terminal. The cost for the message 
exchange between the calling VLR and the HLR is 
the same for both the local anchoring mechanism and 
the IS-41 scheme and is not considered in this paper. 
Table 1 also assumes that the calling and the called 
mobile terminals are residing in different RAs. If they 
are in the same RA, no HLR query is necessary for 
both the localing anc.horing mechanism and the IS- 
41 scheme and the searching cost is the same under 
both schemes. In order to determine the movement 
cost, we have to know the location of the mobile ter- 
minal both before and after the movement. Assume 
that the mobile terrninal has performed ~1 movernents 

Location After n moves After IL + 1 moves 

Al HOME LOCAL 
A2 HOME REMOTE 
A3 LOCAL HOME 
A4 LOCAL 
A5 LOCAL 
A6 REMOTE 
A7 REMOTE 
A8 REMOTE 
A9 REMOTE 

LOCAL 
REMOTE 

HOME 
LOCAL 

REMOTE (same LSTP) 
REMOTE (different LSTP) 

Table 2: Location state for the llih and the (n + l)*h 
movements. 

since the LA was last changed, Table 2 shows the nine 
possible combinations of the location types when an 
additional movement, the (n + l)*h movement, is per- 
formed. Based on the modified location registration 
procedure given in Section 3, Table 3 gives the move- 
ment cost for each of the nine location types Al to 
A9 given in Table 2. 

We assume that RAs are square shaped and there 
are d x CL RAs arranged in a square in each LSTP re- 
gion. When a mobile terminal leaves an RA, there is 
an equal probability that any one of the four neigh- 
boring RAs is selected as the destination. We assume 
ql(n), ~z(n) and qa(n) to be the probabilities that the 
mobile terminal is located at HOME, LOCAL and 
REMOTE, respectively, n movements after the LA 
was changed. We also assume ri(n + 1) to be the 
probability that the nth and the (?I+ l)‘h movements 
after the LA was changed belong to combination Ai 
(1 5 i I 9) as g iven in Table 2. The derivations of 
qi(n) (1 5 i 2 3) and rj(n) (1 2 j 2 9) are given 
in Appendix A and Appendix B, respectively. Let 
the expected movement and searching costs during the 
mobile terminal’s stay in state i (between the instants 
that the transition into and the transition out of state 
i occur) of the imbedded Markov chain be c,,,(i) and 
cs (i), respectively. The expression for cm(i) is: 

cm(i) = 2 Pk(i + l)rnk 
k=l 

(6) 

The average movement cost per state transition is: 

kc0 k=O 

The average movement cost per unit time is: 
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Al InI = 2hz 

A2 rm = 2hn 

A7 - - m, = 4h3 
A8 lng = 2hz + 2h3 
A9 mg = 4ha 

Table 3: Cost for reporting the location change to the 
LA after a movement. 

Assume u to be the average number of call arrivals 
between two RA crossings (the expression of v is given 
in Section 4.2), the expression for es(i) can be obtained 
C&S: 

3 

h(i) = (v -p)s1 +p&(i+ I)%! 

k=l 
(9) 

The average searching cost per state transition is: 

k=O k=O 

The average searching cost per unit time is: 

c;: = A,(;‘; (11) 

The 2olal co& per unit tinw for the local anchoring 
mechanism is: 

CT = C!, + cm (12) 

4.2 Analytical Results 

For performance analysis, we are interested in find- 
ing out the reduction in cost obtained by the SL mech- 

an-ism as compared to the IS-41 location strategy. Let 
D, and D,, be the per unit time searching cost and 
movement cost, respectively, of the IS-41 scheme. The 
expressions of D., and D,, are: 

D, = hl A, (13) 

D, = 2h,X,, (14) 

where X, is the call arrival rate and k is the mean 
RA residence time of the mobile terminal. The total 
cost per mit time of the IS-41 scheme is: 

Set 11 hl 1 hz 1 h3 1 

Table 4: Cost parameters used in experiments. 

For the experimental results given in this section, 
we assume that the RA residence time, t,, is expo- 
nentially distributed such that: 

and 

p = I- fL(Ac) = x, 
AC+&?3 (16) 

Jb lJ=- 
An 

(17) 

In order to show the cost reduction produced by SL 
relative to the IS-4 1 scheme, we plot 2, k and 2 
in Figure 10. The size of an LSTP region’, d x d, is set 
to 64 and we vary the call to mobility ratio (CMR), 
2, from 0.01 to 100. We use six sets of values for 
the cost parameters hr , hz and ha as given in Table 4. 
The value of ha is normalized to 1 since it is the low- 
est among the three cost parameters. Parameter sets 
1 to 3 capture the cases when it is significantly more 
expensive sending a message through the HLR than 
sending a message through the LSTP. Parameter sets 
4 to 6 capture the cases when the costs for sending 
a message through the HLR is relatively low. As can 
be seen in Figure 10(c), for low CMR the reduction 
in total cost (the sum of the movement cost and the 
searching c.ost) is very significant when the cost for 
sending a message through the HLR, hl is relatively 
high (parameter sets 1 to 3). However, when hl is rel- 
atively low (parameter sets 4 to 6), the total cost of 
SL can be higher than that of the IS-41 scheme. These 
results are as expected because SL always tries to re- 
duce the number of messages going through the HLR 
by increasing the number of local messages (messages 
send from VLR to VLR without going through the 
HLR). This method works with the assumption that, 
it is relatively expansive to send a message through 
the HLR. If this assumption is not true (as in the case 
of sets 4 to 6), there may not be any saving in total 

‘It is delllonstrated in [2] that the value of d is between 7 
and 8 assunting one LSTP per LATA and each RA corresponds 
to an SF’. 
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cost. In some cases, the total cost may be even higher 
than that of the IS-41 scheme (parameter set 6). For 
high CMR, a number of call arrivals may occur dur- 
ing the mobile terminal’s stay at an RA. As a result, 
there is a high probability that the LA is the same 
as the serving VLR. The the total cost of SL, there- 
fore, approaches that of the IS-41 scheme regardless 
of the cost paramet.ers selected. Figures 10(a) and (b) 
show the searching cost and the movement cost of SL 
as compared to that of the IS-41 scheme. It can be 
seen that SL always results in higher searching cost 
while the movement cost is lower in most cases. A 
reduction in total cost is obtained when there is a net 
c.ost reduction. In some cases (sets 4 and S), both 
the movement and the searching costs increase, this 
results in an increase in total location tracking costs. 

Static local anchoring is effective in reducing the 
cost for mobility tracking when the cost for accessing 
the HLR is relatively high. 1Jnless the mobile termi- 
nal always stays at its home location (such that its 
distance from the HLR is small) and the cost for HLR 
query and update is low, SL should result in an overall 
reduction in location tracking cost. When it is abso- 
lutely not desirable to have a total cost higher than 
that of the IS-41 scheme even in a rare circumstance, 
another scheme called dynamic local anchoring (DL) 
can be used. We will introduce DL in the next sec- 
tion which can dynamically determine whether the LA 
should be changed after each movement such that the 
expected cost until the next movement is minimized. 
In many cases, DL can achieve even lower cost than 
SL. The total cost of the DL never exceeds that of the 
IS-41 scheme. 

5 Dynamic Local Anchoring 

In Section 4.2 we demonstrated that SL can signif- 
icantly lower the cost of the IS-41 scheme. However, 
under some situations, the cost of SL exceeds that of 
the IS-41 scheme and it is more cost effective to re- 
port the location change to the HLR rather than to 
the LA. Here, we will introduce a scheme that can 
dynamically determine whether the new VLR should 
report the location of the mobile terminal to the HLR 
or to the LA, Figure 11 shows the call arrivals between 
two movements. After movement 1, the new serving 
VLR has two options: 

I. Report the new location of the mobile terminal to 
the HLR and select this new VLR as the LA. The 
HLR will deregister the mobile terminal from its 
previous LA and VLR. 
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2. Inform the previous VLR of the location change. 
The previous VLR will update the LA of the new 
location of the mobile terminal. 

The new VLR determines the expected movement and 
searching costs for both options and the one that re- 
sults in lower expected total cost is selected. If op- 
tion 1 is selected, the searching cost for the first call 
after movement I is low bec.ause the HLR knows ex- 
actly the serving VLR of the mobile terminal. On the 
other hand, if option 2 is selected, the searching cost 
is higher bec.ause an intermediate VLR (the LA) is 
involved in locat,ing the mobile terminal. After the 
arrival of the first call, the searching cost for subse- 
quent c.alls are the same under both options. our 

objective is therefore to minimize the expected move- 
ment cost and the searching cost for the first call after 
the move:ment. It is intuitive that if the call arrival 
rate is high and it is expensive to search for a mobile 
terminal, then it, is more cost effective to register at 
the HLR right after a movement. Otherwise, it may 
be better off registering at the LA. We assume RH 
to be the cost for registering the mobile terminal at 
the HLR (this includes the cost for deregistering the 
mobile terminal at its previous LA and VLR) and RL 
to be the costs for registering the mobile terminal at 
the LA. We further assume that SH to be the cost for 
searching the mobile terminal when the first call after 
the movement arrives if registration at the HLR was 
performed. Similarly, we assume SL to be the cost for 
searching the mobile terminal if registration at the LA 
was performed. The expected cost for the movement 
and the first call after the movement if registration at 
the HLR was performed, denoted by EH, is: 

EH = 11~ + ~S’H (18) 
Similarly, the expected cost for the movement and the 
first c.all after the movement if registration at the LA 
was performed, denoted by EL, is: 

EL = RL + p,~ (19) 

where p is the probability that one or more call ar- 
rivals occur between movements. For Poisson call ar- 
rival and exponential RA residence time, p is given by 
Equation (16). For on-line application of dynamic lo- 
cal anchoring, the value of p can be estimated by one 
of the following methods: 

l The VLR. collects statistics about the number of 
times one or more call arrivals occur between two 
movements and the number of movements per- 
formed for a specified time interval. This infor- 
mation is stored in the user profile and can be 
used to calculate p when it is needed. 

1 Location [ Cost 

lF%FE=l 

A9 1 2h; + 2h3 

Table 5: Cost for reporting the location change to the 
HLR after a movement. 

call Arrivals 

I I I 

Movement 1 Movement 2 

Figure 11: Call arrivals between two movements. 

The HLR calculates the value of p according t,c 
long term call arrival and movement statistics. 
This information is sent to the serving VLR of the 
mobile terminal together with the user profile. 

The system estimates the overall value of p for 
the whole user population. The same p value is 
used for all mobile terminals. Even though this 
scheme may not be optimal for each particular 
user, it can obtain overall cost saving when the 
user population is sufficiently large. 

Depending on the current location type of the mo- 
bile terminal, the costs RL and ‘3~ can be obtained 
as given in Tables 3 and 1, respectively. The search- 
ing cost $H is equal to s1 (given in Table 1) since the 
serving VLR is the same as the LA. Based on the mod- 
ified location registration procedure, the cost RH for 
each location type is given in Table 5. The procedures 
for location registration and call delivery are given in 
Section 3. During step 2 of the modified location reg- 
istration proc.edure, the new VLR of the mobile ter- 
minal determines the values of EH and Er, according 
to Equations (18) and (19), respectively. If EH 5 EL, 
then the new VLR will report the location change to 
the HLR, otherwise it will report the location change 
to the LA. The location registration decision depencls 
on the cost parameters and the location type of the 
mobile terminal. A performance model for DL must 
therefore be tailored based on the cost parameters. 
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For example, under one set of cost parameters, loca- 
tion change may have to be reported to the H LR if the 
mobile terminal moves to another LSTP region. How- 
ever, when another set of cost. parameters is used, it 
may not be necessary to report the location change to 
the HLR. We will conduct simulation experiments to 
determine the cost, effectiveness of DL using the same 
assumptions as described in Section 4.2. Figure 12 
gives the results of the experiments using the cost pa- 
rameter sets givrn in Table 4. It is demonstrated in 
Figure 12(c) that. the total cost of DL never exceeds 
that of the IS-41 scheme. As compared to the costs 
of SL scheme, the dynamic scheme obtains lower total 
cost for parameter sets 1, 4 and 6. The improvernents 
to parameter se& I and 4 are due to limiting the use of 
local anchoring only when the expected costs can be 
lowered. For pararneter set 6, local anchoring is virtu- 
ally disabled because it is always more cost effective 
to register at the HLR. The cost is therefore the same 
as that obtained by the IS-41 scheme. Figures 12(a) 
and (b) give the movement and searching costs for DL 
as compared to that of the IS-41 scheme. It is demon- 
strated that DL always results in higher searching cost 
and lower movement cost. Searching cost is higher as 
in most cases an additional VLR query is necessary 
to locate the mobile terminal. The movement cost is 
lower because the number of location registration at 
the HLR is greatly reduced. 

6 Conclusions 

In this paper we introduced a location tracking 
scheme called local anchoring. The primary idea is 
to replace the relatively expensive location registra- 
tion messages between the serving VLR and the HLR 
by messages between nearby VLRs. Two versions of 
local anchoring are introduced in this paper: static 
and dynamic local anchoring. Static local anchor- 
ing completely removes the need to report location 
changes to the HLR. When a mobile terminal crosses 
an RA boundary, the new location is reported to a 
nearby VLR called the local anchor. Analytical re- 
sults demonstrated that, in most cases, the cost of 
static local anchoring is much lower than that of the 
IS-41 scheme. However, when it is not expensive to ac- 
cess the HLR, static local anchoring may not be cost 
effective. Dynamic local anchoring improves its static 
counterpart by making sure that the cost for local an- 
choring is always lower than that of the IS-41 scheme. 
Whenever the mobile terminal moves into a new RA, 
the new serving VLR determines whether it should 
report the location change to the HLR or to the LA. 
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Hased on the call arrival and mobility rate of the mo- 
bile terminal, thr scheme that incurs the lower cost 
is selected. Our results demonstrate that the cost for 
dynamic local anchoring is always lower than or equal 
to the cost of the IS-41 scheme. In many cases, the 
dynamic local anchoring improves the performance of 
the static scheme. 

We have to not,e that apart from the two local an- 
choring schemes presented in this paper, other choices 
for the local anchor are possible. One possibility is a 
fiztld locar! anchoring scheme such that, a selected VLR 
within the LSTP region will serve as the LA for all 
mobile terminals within the LSTP region. This may 
result in increased load to the selected LA and careful 
design is needed t,o avoid bottleneck situations. How- 
ever, as long as sufficient resources are given to the se- 
lected VL,R (such as computation power and memory 
space), this scheme may generate better performance 
than the Itwo schemes described in this paper. We are 
currently investigating several other local anchoring 
schemes. 
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Appendix 

A Derivation of the Probability Q;(TJ) 

We derive the probabilities that a mobile termi- 
nal’s location belongs to HOME, LOCAL and RE- 
MOTE, respectively, n movements after the LA was 
changed. Let ai,j(71) be the probability that a mobile 
terminal originating at RA i moves to RA j after ~1 
RA crossings. Let 3: and y be the distance between the 
two RAs along the x and the y directions such that: 

C = Xi - Xj (20) 
Y = Yi - Yj (‘21) 

where (zi,yi) and (zj,yj) are the coordinates for RAs i 
and j, respectively. For a two-dimensional PCN cover- 
age area with square-shaped RAs as shown in Figure 9, 
a mobile terminal can move in four directions: LEFT, 
RIGHT, IJP and DOWN. We assume r (0 5 T 5 72) 

to be the number of RIGHT movement performed. 
Given that the total number of movements is n, the 
number of LEFT, UP and DOWN movements can be 
expressed in t,erms of T, x and y. We denote the num- 
ber of LEFT, UP and DOWN movements by I(r, z, y), 
uu(r, x, Y) and 4 r, x, y), respectively, and their expres,- 
sions are given as: 

I(T,X,Y) = r+x (22) 

U(P, x, y) = f(71- 2r - 2 - y) (23) 

d(r,x,y) = i(n-2r-z+y) (24) 

The number of possible paths from RA i to RA j when 
exactly n movements are performed is: 

f(fl,~,y) = es(rjxj21) (25) 
r=O 

where g(r, 2, y) is defined as follows: 
If all of r, I(r, 2, y), u( r, c, y) and d(r, z, y) are pos- 

itive integers, then 

g(r, 2, d 
12. 1 

= r!l(r, 2, y)!u(r, 2, y)!d(r, 2, y)! 
(26) 

otherwise, g(r, x, y) is equal to 0. 
The probability tii,j(n) is given as: 

(Yi,j(tl) = f(n, x, Y) 
4n 

Here, the numerator represents the number of possible 
paths from RA i to RA j in exactly n movements. The 
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&nominator reprrsents the number of possible path 
that the mobile ld~rrninal can travel in 71 movement,s 
when the destination is not specilktl. 

The probabilit,y ql(n) is the same as the probability 
that a mobile terminal originating at. an RA (the LA) 
and returns to the same RA aft,er 11 movements. The 
expression for ql ( II) is: 

(2X) 

We assume that. R is the set of all RAs in the anchor 
LSTP region. Thrx expression for the probability ~/a(n) 
1s: 

‘* iER jeR.j$i 

The probability q:<(n) is: 

Q3(70 = 1 - a(n) -k?(n) (30) 

B Derivation of the Probability 7*;(71) 

Here we derive t,he probabilities that the (n - I)th 
and the (~l)“~ movements belong to location types Al 
through A9. WP partition the each LSTP region and 
its surrounding RAs according to Figure 13. We as- 
sume that AA and TB are the probabilities that a mo- 
bile terminal is lorated at. partit,ion A and padition H 
in any LSTP region, respectively. Let the size of each 
LSTP region be d x d, the expressions for TA and ?r~ 
are: 

Let r(n) be the probability that a mobile terminal is 
at a neighboring RA of the LA n movements after 
leaving the LA. -Let RA i be the LA and N be the 
set of the four neighbors of the LA. The expression of 
y(n) is: 

(X3) 
jEN 

The derivation of (ki,j(7Z) is given in Appendix A. We 
also assume that. /3-.(n), where t E {A, 13, (7, D, E}. is 
the probability that the mobile terminal is located at 
partition 2 of the anchor LSTP region (and its outer 
perimeter) 11 movements aft,er leaving the LA. Let R 
be the set of all RAs in the anchor LSTP region, the 
expression for 13, (n) is given as: 

(94) 

- LSTP region boundary 

-- Pmition boundary 

_.._..__.___.._ R,., b,,“,,&y 

Figure 13: Partitions of an LSTP region. 

We assume 19 = 1 - TA - ~TB, the probabilities q (71) 
through ry(n) can be expressed in terms of 0, TA, xg, 

Tl(?l) = ql(11 - 1) 
3 1 

0 + z”A + s”B 
I 

?-2(n) = Ql(l’- 1) [$A++B] 

Q(?l) = +$?t - 1) [4 - KA - %B] 

rq(71) = qZ(?i - 1) 6 + ;&I + +,!I 1 - r3(ll) 

TS(?l) = qZ++A++B] 

l-6(71) = +,& - 1) + $*& - ‘> 

l-7(11) = 

(3.5) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

m(71j = i [?TA - fiA(?l - I)] + f [TB - oB(n - I)] + 

[e - ljE(71 - i)i (42) 

I-y(?l) = ; [TA - /j/,(71 - 1) - &(?t - I)] + 

~[“*-~~(11-1)-~~(?1--l)l+ 

(43) 

where ql(n) and qz(n) are given in Appendix A. 
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