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Hierarchical location management schemes have been proposed to cope with the large
number of users in future personal communication systems. We have previously proposed a
Hybrid scheme that combines the hierarchical architecture and the two-tier architecture into
one scheme. The Hybrid scheme benefits from the scalability offered by the Hierarchical
scheme while reducing the number of databases updated and queried. In this paper we
quantify the costs and benefits of the Hybrid scheme and one of its variations. Unlike our
previous work where we considered the user's calling and mobility behavior in terms of the
aggregated Regional Call-to-Mobility Ratio (RCMR), in this paper the performance evaluation
is done in terms of the Call-to-Mobility Ratio (CMR) of the user while modeling real life
scenarios using an event-driven simulator. It is shown that the Hybrid scheme can result in
improvements over the Hierarchical scheme for high values of CMR reaching 20% for the
communication cost and 60% for the database cost.
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1. Introduction

In location management schemes, data-
bases are used to store information about the
lacation of moving users. A location scheme
can be described by two main operations: a
Move operation and a Lookup operation. The
Move operation updates the database when a
user moves from one location to another, and
the Lookup operation locates the mobile user -
based on the information stored at the
database — each time a call is placed to that
user. .

In current wireless systems, such as GSM
and IS-41 [1], each user has a home database,
Home Location Register (HLR), which main-
tains his current location and is updated at
each move. Further, a Visitor Location
Register (VLR) is maintained at each zone. It
stores a copy of user's profile not at home and
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currently located at that zone. When a user at
cell i calls user x, the VLR at zone i is queried
first, and if not found, then xs HLR is
interrogated. This architecture is termed as
the two-tier architecture and several of its
variations have been proposed [2-5]. The
HLR/VLR scheme serves well certain mobility
and calling patterns but result in remote
updates and queries for others, which
increases consumed bandwidth and incurs
high latency. Further, the scheme imposes a
high overhead on the HLR nodes.

With the increase in user population, the
need for a scalable architecture that could
reduce the signaling traffic, especially
observing the locality of users, became a
must. Therefore, the hierarchical architecture
has been proposed [6] and became the base
for third generation mobile systems. The
hierarchical location schemes maintain a
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hierarchy of locations databases, usually in
the form of a tree, where a location database
at a leaf node serves a single. zone and
contains entries for all users located in that
zone. Each database in the higher levels of the
hierarchy, stores pointers (user 1D + database
ID) to the next lower level database that stores
the user's profile. When a user moves. from
location i to j, the databases along the path
from j to the Least Common Ancestor of nodes
i and j, denoted LCA(ij), are updated to
register x and those along the path from
LCA(ij)) to i are updated to deregister x.
Looking up a user starts at a leaf node and
proceeds up querying higher level in the
hierarchy until an entry for the user is found,
then it propagates down the ' hierarchy
following pointers until the leaf where the user
is located [6-13]. :

Hierarchical 'schemes enhance scalability
by distributing the load on various databases
in the hierarchy rather than overloading the
HLR. Further, they reduce the communication
overhead when most calls and moves are
localised, independent of the home location of
users. However, this is on the expenses of
increasing the cost of updates and lookups
since the number of location databases
updated and queried are larger than the two-
tier scheme. Various techniques such as
forwarding pointers [9], replication [10,11] and
caching [12,13] have been proposed to reduce
the signaling impact of mobile systems. For a
survey of location management techniques
under both architectures please refer to
[14,15].

In a previous paper [16] we have proposed
a Hybrid scheme that combines both
techniques in order to offer better performance
for larger number of classes of users within

one scheme. The main idea of the Hybrid

scheme is to apply the Hierarchical scheme up
to level m in the hierarchy. So, a user x
moving from one location to another results in
updating the path in the hierarchy up to level
m only. Further, a forwarding pointer is added
at the node on the home path of user x at level
m, denoted HLRxm, containing :the current
location of x. When a user tries to:locate x, it
searches the higher level of the hierarchy up
to level m, if x is not found then the query is
directed to HLRxm. We developed a simplified

: ’ 5"
first-cut analytical model and quantified the
costs and benefits of the Hybrid scheme in
terms of the user's Regional Call-to-Mobility
Ratio (RCMR). The RCMR for a user with
respect to nodes s and t is defined as the
average number of calls from the subtree
rooted at s to the user while it is in the
subtree rooted at t. However, it is more
realistic to evaluate in terms of the user's Call-
to- Moblhty Ratio (CMR), which is the total
ratio of number of calls to the number of
moves.

In this paper, we have developed | an event-
driven simulator that allowed us tq .evaluate
the  performance of the Hybrid scheme and
one of its variations, in terms of the CMR
while modeling different mobility and calling
behavior representing real life scenarios. A
number of experiments have been conducted
for a wide range of call to mobility ratios and
the results showed that the Hybrid scheme
can result in improvements over the
Hierarchical scheme for high values of CMR
reaching 20% for the communication cost and
60% for the database cost. The  Variant
scheme was shown to improve the inove cost
of the Hybrid schenre' at ‘the *expense of
increasing the lookup cost.

The paper is organized as follows. The
Hierarchical and Hybrid location schemes are
presented in Section 2. Section 3 describes
our models for the call and mobility behavigr
of user and briefly describes our cost model.
Experiments and results are presented in
Section 4 and finally,
conclude the paper.

AR R

2. The location strategy

2.1. The hierarchical location th"enie

The Hierarchical scheme can be ‘d/escribed
in terms of its two main  operations:

. Hierarchical Move and Hierarchical Lookup (see

fig. 1). Consider a user x moving from location
1 to a new location k. The Hzerarchlcal Move
proceeds as follows:

begin
User x registers at database k; ,
Add x at databases on thé path from k to
LCA(i k); \
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Remove x's entries from databases on the path
from LCA(i, k) to i

User x deregisters from database i
Acknowledgement message is propagated up the
tree from i back to k;

end

When a user at location j calls user x
located at k, the Hierarchical Lookup operation
works as follows. The database at node j is
queried for an entry of x. If not found, then the
query propagates up the tree until an entry for
x is found, which will occur at LCA(k,). A
message then propagates downwards from
LCA(k,)) following the pointers associated with
x until the leaf database k is reached.
Database k returns an acknowledgment
message containing the information required
to set up the call. This strategy is the same as
described in [6,8].

2.2. The Hybrid location scheme

We describe the Hybrid scheme by
describing its two main operations: Hybrid
Move and Hybrid Lookup. We introduce a
parameter m, which denotes the level at which
the Hierarchical scheme will be applied to as
well as the level at which the forwarding
pointer will be placed (see fig. 1). Consider a
user x who is registered at node HLR« to be its
home node, We denote HLR.m to be the
ancestor of HLR« at level m. This node will act
as an HLR proxy for all users x whose HLR« is
in the subtree rooted at HLRx». Assume user x

VLR;m. That is we can view that the HLR and
VLR are assigned at level m rather than at
leaves.

Consider user x moving from location i to k,
the Hybrid Move proceeds as follows:

begin

User x deregisters from database i

Remove x from databases on the path from

i to VLRim;

User x registers at database k;

Add x at databases on the path from k to

VLRk,m;

Add forwarding pointer to HLRym pointing

to node k;

HLRxm sends an acknowledgement back to

VLRk,m H
end

When a user at node j calls user x who is
located at node k, the Hybrid Lookup proceeds
as follows:

begin

Query databases on the path from j to

VLRj,m;

if an entry for x is found then
Follow the chain of downwards pointers
until k;
Node k returns acknowledgement message
back to j containing the information
required to setup the call;

else
Query database at HLR,» and get
location of x;
Access node k to get info required to setup
the call;
Return acknowledgment message back to j;

is currently located at i. We denote VLRim to fi;
be the ancestor of i at level m. This node will end
host a chain of downwards pointers to x as
long as x is moving in the subtree rooted at
8 LCA(ik),LCAGK) Level 3
HLR VIR, , VIR,
- S Level 2
Level 1
J/ﬁ Level 0
HLRx j k i

Fig. 1. Hierarchy of location databases.
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A variation of the Hybrid scheme, referred
to as the Variant scheme, is to place the
forwarding pointer at HLR.m to be pointing to
VLRkm, instead of k. This would result in
reduction in the cost of updates since HLRxm
need not be updated at each move. It will need
to be updated only if user x moves outside of
the subtree rooted at VLRkm. Therefore, the
update cost will reduce for users performing
localised moves. However this would be on the
expenses of the increase in the lookup cost
since querying HLRym returns VLRkm, then a
chain a downwards pointers needs to be
followed until k to locate x.

3. The system model

The hierarchy of the location databases is
modeled as a tree whose nodes are covering a
two-dimensional area. This area is considered
to be a square grid divided into equal square
cells. The leaf nodes of the tree represent the
base stations, where each node covers one
square cell. The location of the inner nodes of
the hierarchy inside the grid is at the center of
its direct descendants (see fig. 2).

(i) (ii)
Fig. 2. (i) A hierarchy of 2 levels and 4 leaf nodes. (ii) The
distribution of nodes along the 2-D grid.

The network is represented by a number of
parameters including: n, the number of cells
or base stations inside the grid; W, the width
of each cell; and Deg, the degree of the inner
nodes in the hierarchy. The height of the
hierarchy is determined by n and Deg.

3.1. Calling and mobility model

A specific mobile user is modeled in the
described network, which is making continu-
ous moves from one place to another, and

receiving calls from different locations. The
user has a home location, Home, and an initial
location, InitLoc, where he starts his journey.
The inter-move and inter-call times follow
an exponential distribution with means tc and
tm respectively, where CMR = tm/tc . Choosing
the location of the next caller or the next
user's move was modeled to follow one of the
following patterns. i ;i 4
1- Random locations: In this pattern, a locatlon
is chosen randomly from the whole grid using
a uniform distribution.
2- Localized locations: This pattern represents
a user moving within, or receiving all his calls
from, a certain neighborhood. This can be for
example the user's home or work, and their
surroundings. A neighborhood is modeled as. a
square defined by its center and its local
diameter, LocalD. A location is chosen
randomly from that neighborhood using a
uniform distribution.
3- Specific Neighborhoods: This pattern
represents a user continuously receiving calls
from, or moving across, a set of specific
neighborhoods. This corresponds to a real-life
situation in which the user moves to, or is
called by, a set of other users at specific
locations e.g. home, work or regular custom-
ers. For calls, a location is chosen randomly

from one of the specified frequent neighbor-

hoods. For moves, the user is modeled to move
within a certain neighborhood with mean tum,
and  between the  specified frequent
neighborhoods with a mean time tr, where t; >
tm: Again, a neighborhood is defined by its
center and its local diameter. .

4- Irregular Patterns: This pattern accounts for
cases where the location of the caller, or the
next user's destination, is always away from
specific neighborhoods, e.g. calls incoming
away from home or current neighborhood. The
location is thus selected using uniform
distribution from the whole grid area
excluding those specific neighborhoods.

3.2. Cost estimation

We consider communication and database
processing as the basic measures of cost. Let,
C: the cost of traversing any:communication
link, R: the cost of reading from a database,
and U: the cost of updating a database. We
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assume that the underlying Common Channel
Signaling network is not necessarily a tree;
therefore shortcuts between interior nodes are
possible. The direct communication between
two nodes is estimated to be o times the
communication cost if no shortcuts are
available, where O<a<l Let the costs of the
Move operation be denoted by M, M' and M" for
the Hierarchical scheme, Hybrid scheme and
its variation respectively. The costs of the
Lookup operation are correspondingly denoted
by L, L'and L"

Consider a move operation where a user x
moves from location i to location k, LCA(i, k) is
at q level above i and k and LCA(HLRxm ,k) is
at level w. Consider a lookup operation where
the caller is at location j, the callee is located
at k, LCA(j,k) is at r level above j and k and
LCA(HLRxm,)) is at level w'.

For the Hierarchical scheme, the cost of
the move operation is,

M=[(2q + 1)R + (2q + 1)U ]+ [4qC].
The cost of the lookup operation is,
L = [(2r + 1)R |+ [2rC] +[2rCq].

For the Hybrid scheme, the cost of the move
operation is,

M +[2((w - q)+ (w - m))Ca + U] q<m
M okt o O [ w0 S
(2(q - m)-1)U + 4(q - m)C] q > m.

The cost of the lookup operation is,
L r<m

_Jllr + )R + rC + rCa] + [2rCa + R] r=m=w
" |l(m + )R + mC] + [2(w'-m)Ca + R] +
[@w - m)Ca + R] + [2rCa] r>m

For the Variant scheme the cost of the move
operation is,

{
M =
M' q > m.

q<m

The cost of the lookup operation is,

L r<m
L"={[(m + )R + mC] + [2(w'-m)Ca + R] +
[2(w - m)Ca + R] + [ mR + mC| + [2rCa] r>m

4. Experiments and results

The developed event-driven simulator was
used to conduct a number ot experiments in
order to examine the impact of using the
Hybrid scheme and the Variant scheme on the
total cost of the system as compared to the
cost of the basic Hierarchical scheme The
experiments represented different cases and
scenarios for the user's call and mobility
patterns. Let the total cost of all moves and
calls for each of the three schemes be TC, TC
and TC" In each case we examined the values
of TC/TC and TC"/TC considering the
communication costs and database costs
separately, in order not to mix quantities ot
different units. The CMR value was varied
from 0.01 to 512, representing at the lower
end a user mainly moving while rarely
receiving calls and at the higher end
representing a user mainly receiving calls
while rarely moving. The value of the
parameter m, was varied from 2 to 5 All
experiments were run for a total of 3000 move
and call events, unless otherwise specified

Table 1 presents the main parameters used
for the simulator in the different experiments
These settings represent a hierarchy of 8
levels, and covering a square area of about
2620 km?2.

In what follows, we will present a set of
experiments that allow examining a wide
range of call and mobility scenarios.

Experiment 1

This is an experiment representing a user
moving in his home neighborhood
(InitLoc=Home), and receiving calls from
locations far away from home.

As observed in figs. 3 and 4, the Hybrid
scheme outperforms the Hierarchical scheme
for CMR>1 and for all values of m. The caller
being away from the user, the Hybrid lookups
require no queries to be performed above level
m, while the Hierarchical scheme does. The
improvements reach 23% and 60% for the
communication and database costs respec
tively. For CMR<1, a degradation of 10%
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Table 1
Simulation parameters

Parameter Description Default value

n Number of base stations 16384

w Width of each cell 0.4 km

Deg Degree of the hierarchy 4

Home User's home location (12.8km, 12.8km)

InitLoc User's initial location Varies

tm Mean inter-move time 60 min

te Mean inter-call time 60x0.01-60x512 min

LocalD Local neighborhoods' diameter 2 km

tr Mean time spent in frequent 300 min
neighborhoods

R Cost of one database read (Oor 1)

U Cost of one database update (0 or 1)

C Cost of one communication link (0or1)

M Hybrid scheme parameter 2-5

a Network connectivity measure 0.5

20% in the communication cost and of 5% -
10% in the database cost is observed for m>3
due to the overhead of direct communication
with the HLRim. For m<3, improvements
reaching 22% and 20% are achieved for the
communication and database costs, respec-
tively because the savings, due to limiting the
updates to level m, exceed the overhead of
updating the HLRxm.

Figs. 5 and 6 show that for low values of m
the Variant scheme managed to improve the
costs for CMR<1 by achieving gains reaching
28% for the communication cost and 20% for
the database cost. This is due to the reduced
rate of updating the HLRxm since moves are
localized. For CMR>1, the improvements are
only 10% - 15% for the communication cost
and up to 45% for the database cost. The
degradation over the Hybrid scheme is due to
the increase in the lookup cost since the
HLRxm does not return the exact user location.

Experiment 2

This experiment describes a user moving in
his home neighborhood (InitLoc=Home), and
he is receiving calls from his home neighbor-
hood as well.

The results shown in figs. 7 and 8 indicate
that for CMR>2 and m<5, the Hybrid scheme
outperforms the Hierarchical scheme with
improvements reaching 10% - 24% for the
communication. cost and 20% - 42% for the
database cost. For m=5, the Hybrid scheme

approaches the Hierarchical scheme since no
savings are made in the lookup path and they
behave almost similarly. For CMR<2, a
degradation reaching 20% for the communica-
tion cost and 10% for the database cost is
observed for m>3 due to the extra cost of
updating the HLRym. For m<3, improvements
reaching 29% and 22% are achieved for the
communication and database costs
respectively because of limiting the updates
up to level m only. :

Figs. 9 and 10 show that for CMR<2, the
Variant scheme achieved gains reaching 31%
for the communication cost and 22% for the
database cost since the HLRxm is updated less
frequently because of the localized moves. For
CMR>2, the improvements of the Variant
scheme are in the range of 5% - 20% for the
communication cost and up to 25% for the
database cost. This relative degradation
compared to the Hybrid scheme is because the
exact user location is not returned directly by
the HLRxm. For m=3, the Variant scheme
behaves like the Hierarchical scheme for all
values of CMR since the moves and lookups
are localized at home, and thus no savings are
achieved.

Experiment 3

This experiment describes a user moving
in a neighborhood that is far away from his
home (InitLoc=(10km,10km)) and receiving
calls from his current neighborhood.
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Fig. 6. Experiment 1: database costs (Variant scheme), C=0, R=U=1.
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Figs. 11 and 12 show that the Hybrid
scheme outperforms the Hierarchical scheme
only in the database cost for m<4 and for all
values of CMR. The improvements range from
10% - 40%. For CMR>4, a degradation of 15%
- 20% is observed in the communication cost
of the Hybrid scheme for m<4 due to the
overhead of querying the remote HLR,», while
it approaches the Hierarchical scheme for
m24. For CMR<4, there is a degradation of
20% - 42% for the communication cost and
8% for the database cost. This is due to the
overhead of continuously updating the HLRx .

The Variant scheme, as shown in figs. 13
and 14, limited the degradation for CMR<2 to
10% in the communication cost. It achieved
gains reaching 22% in the database cost for
m<4. For CMR>2, the degradation in the
communication cost reached 10% - 30%, while
the improvements in the database cost were
only 10% - 20%. The Variant scheme behaved
exactly as the Hierarchical scheme for m>4
since both the update and lookup operations
were below level m.

Experiment 4

This experiment models a user moving in a
neighborhood that is far away from home
(InitLoc=(10km, 10km)) e.g. customers’
locations, and receiving calls from another far
neighborhood, e.g the headquarters.

It is observed in figs. 15 and 16 that the
Hybrid scheme outperforms the Hierarchical
scheme for CMR>2. The caller being away
from the wuser, leads to Hybrid lookups
requiring no queries to be performed above
level m and directing the query to HLRxm. The

improvements reach 8% - 18% for the commu-
nication cost and 43% - 64% for the database
cost. For CMR<2, a degradation of 10% - 46%
is observed in the communication cost, while
improvements ranging from 5% - 40% are
achieved in the database cost. The
degradation is a result of the continuous
updates made to the HLR, .

Further experiments have shown that for
CMR<2, the degradation of the Variant
scheme over the Hierarchical scheme did not
exceed 10% in the communication cost, while
it achieved improvements ranging from 5% -
40% in the database cost. The improvement
over the Hybrid scheme is because of the
localized moves which do not result in updates
to the HLRxm. For CMR>2, the Variant scheme
approached the hierarchical scheme in the
communication cost, while the improvements
in the database cost reached 53%. The HLRxm,
pointing to the VLR.n instead of the exact
user location, is the cause of this relative
degradation compared to the Hybrid scheme.

Experiment 5

This experiment models a user moving in a
neighborhood that is far away from home
(InitLoc=(10km,10km)), and receiving calls
from his home neighborhood.

As shown in figs. 17 and 18, the Hybrid
scheme outperforms the Hierarchical scheme
for CMR>1. The improvements reach 20% for
the communication cost and 40% - 60% for
the database cost. For CMR<1, there is a
degradation of 10% - 47% in the
communication cost and around 9% in the
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Fig. 11. Experiment 3: communication costs, C=1, R=U=0.
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Fig. 16. Experiment 4: database costs, C=0, R=U=1.
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Fig. 17. Experiment 5: communication costs, C=1, R=U=0.
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Fig. 18. Experiment 5: database costs, C=0, R=U=1.

database cost. This is a result of the
continuous updates to the HLRxm. An
improvement reaching 20%, however, is

achieved in the database cost for low values of
m.

It was shown in further experiments that
for CMR<1, the Variant scheme resulted in a
maximum degradation in the communication
cost of 10% and improved the database cost
by 25%. The reduced rate of updates to the
HLRxm due to the localized moves are the
reason behind this relative improvement over
the Hybrid scheme. For CMR>1, the
improvements of the Variant scheme were only

Alexandria Engineering Journal, Vol. 41, No. 6, November 2002

5% - 18% for the communication cost and
18% - 44% for the database cost. This is
because the HLRxm points only to VLRx» and
not to the exact user location.

The effect of varying the size of local
neighborhoods, LocalD, has been studied and
it was shown that the larger the value of
LocalD, the lower the communication cost of
the Hybrid move operations. Fig. 19 shows the
effect of varying LocalD from 0.6km - 3km for
CMR=0.03. It is observed that the degradation
is reduced from 350% down to about 20%.
This is because meoving within a large
neighborhood leads to long trajectories for the

939



N. Adly, H.D. Elmeleegy / Location management scheme

Hierarchical scheme, which are cut down to
. level m by the Hybrid scheme. A similar
improvement was also seen for the database
cost.

Experiment 6

This experiment represents a user making
continuous moves through three different
neighborhoods, including home (InitLoc =
Home). The other two can represent work and
a regular customer. The user is receiving calls
from his home neighborhood. This experiment
was run for a total of 300,000 move and call
events.

Figs. 20 and 21 show that the Hybrid
scheme outperforms the Hierarchical scheme
for CMR>2, since most of the time the caller is
away from the user, causing the Hierarchical
scheme has to perform queries above level m,
which are not required by the Hybrid scheme.
The improvements reach 15% - 25% for the
communication cost and 35% - 60% for the
database cost. For CMR<2, a degradation is
observed due to the continuous updates of the
HLRxm, which is usually remote w.r.t. the
user’s location, during his moves. The
degradation is around 10% - 60% for the
communication cost and up to only 5% for the
database cost.

It is shown in figs. 22 and 23 that for
CMR<2, the Variant scheme achieved gains
reaching 7% - 22% for the communication
cost and 5% - 30% for the database cost. This
is because for moves within the local
neighborhoods, the Variant scheme performs

as good as the Hierarchical scheme, while for
moves across different neighborhoods, it
performs as good as the Hybrid scheme, thus
combining the benefits of both schemes. For
CMR>2, the improvements are 7% - 20% for
the communication cost and 5% - 43% for the
database cost.

5. Conclusions

In this paper, the performance of the
Hybrid scheme and one of its variations has
been studied in comparison to the basic
Hierarchical scheme. An event-driven
simulator was developed to simulate real-life
scenarios for a wide range of call and mobility
patterns.

The Hybrid scheme was shown to be

favorable for users' with high call-to-mobility
ratios, in most examined scenarios. The
achieved improvements over the Hierarchical
scheme reach 20% for the communication cost
and 60% for the database cost. The savings
are mainly because the Hybrid scheme limits
updates and queries to level m of the
hierarchy, then sends direct queries to HLRxm
if needed.
It was also shown that the Variant scheme
was best suited for users with low call-to-
mobility ratios leading to improvements over
the Hierarchical scheme reaching 25% for the
communication cost and 40% for the database
cost. The savings achieved are due to limiting
the updates to level m only, as well as
reducing the overhead of communicating with
the HLRxm, when moves are localized.

o o N ) N
@G e ,{)9
LocalD (m)

Fig. 19. Experiment 5: effect of the size of local neighborhoods on move communication costs, C=1, R=U=0, CMR=O.Q3.
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Fig. 21. Experiment 6: database costs, C=0, R=U=1.
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Fig. 22. Experiment 6: communication costs (Variant scheme), C=1, R=U=0.
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Fig. 23. Experiment 6: database costs (Variant scheme), C=0, R=U=1.
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In some scenarios, the Hierarchical scheme
outperformed the other schemes. In particu-
lar, when the users are moving in a neighbor-
hood far from their home and receiving their
calls from that same neighborhood. Almost no
savings are made by the Hybrid and Variant
schemes because most update and lookup
operations are localized, and thus are below
level m.

The parameter m proved to be quite
significant to the behavior of the Hybrid and
Variant schemes. Choosing high values of m
can lead those schemes to approach the
Hierarchical scheme in their behavior.
Choosing lower values, increase the achieved
savings since fewer databases are updated or
queried. However, this has to be balanced
against the associated overhead of reaching
the HLRx,m.
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