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Abstract. To accommodate the large PCS user
populations expected in the future, mobility manage-

architectures in sec. 3. We have proposed that the ju-
dicious use of caching in tree-structured architectures

ment architectures in which location databases are or-

can help alleviate this problem [5].

ganized in a tree have been proposed, e.g. for third-

In tree location strategies [13, 1], as in most other

generation mobile systems such as the Universal Mo-

PCS user location strategies [8], the same user loca-

bile Telecommunication System (UMTS). We propose
the use of caching as an auxiliary strategy for reduc-
ing the network impacts of locating mobile users in
a tree-structured architecture. We discuss several is-
sues which arise for implementing caching strategies in
such an architecture. We quantify the costs and bene-
fits of caching for one particular variation of a caching
strategy in order to illustrate the trade-offs involved,
and present possible alternative strategies also. We
show that under certain assumptions, with an eager
caching strategy where the signaling architecture is
a tree, for users whose regional call-to-mobility ratio
(RCMR) exceeds 5, caching can result in up to 30%
reductions in total network cost as well as call setup
time.

1 Introduction

For future PCS systems, with high user popula-
tions and numerous services available to users, it is
expected that there will be a considerable increase in
the amount of data to be managed, as well as signal-
ing and database traffic [9, 11]. Thus a distributed
database architecture has been proposed in which the
databases are organized in a tree [10, 13, 1, 4], and is
under study for the European third-generation mobile
system called the Universal Mobile Telecommunica-
tion System (UMTS) [4].

A tree-structured location database architecture
helps to reduce network signalling traffic when most
calls received by users and most registration area
crossings are geographically localized. However, the
total number of databases queried, and hence call
setup time, can potentially increase. We will illustrate
this after defining the network model in sec. 2 and the
basic user location strategies used in tree-structured
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tion procedure has to be invoked for every call to a
mobile user. The key observation we make 1s that,
in many cases, i1t should be possible to re-use the in-
formation about the user’s location from the previous
call to that user. Clearly, this information will be use-
ful for those users who receive calls frequently relative
to the rate at which they cross registration areas, i.e.,
users with a high call-to-mobility ratio (CMR). This
idea is essentially a form of caching, and in a previous
study [7] we have investigated its benefits for a two-
level location strategy, similar to that specified in the
North American cellular 15-41 standard [3] and GSM
[12]. We call the use of caching an auziliary strategy;
for further discussion, see [7].

Caching in tree architectures has many possible
variations. We discuss its use in sec. 4 and describe
one particular variation in detail. In sec. 5 we present
a simple analysis of the costs and benefits of this strat-
egy, and in sec. 6 we discuss other possible variations
of caching.

2 System model

The basic system model we use is similar to one
presented earlier [7]. Essentially, PCS cells are ag-
gregated into contiguous geographical regions called
Registration Areas (RA). For our purposes, determin-
ing the location of a user consists of finding the RA
which the user is currently registered in. Databases
are used to store information about the location of
PCS users, and the databases are interconnected by
the links of the signalling network, e.g. a Common
Channel Signalling (CCS) network.

In the tree-structured architecture, the user loca-
tion databases and CCS network form a tree. (See
Fig. 1.) Such a system (or variations of it) has been
proposed in [13, 1, 4].

The database at each leaf of the tree serves a sin-
gle RA. It maintains the identities of the users cur-
rently registered in the RA it serves, as well as any



additional information required to deliver or originate
calls to those users, e.g. service profile information. A
database at a higher level, i.e., an interior node, of the
tree maintains information about the users registered
in the set of RAs which are in its subtree. Thus, in
Fig. 1, databases ¢ and j serve RAs ¢ and RA j respec-
tively, and maintain information about PCS users reg-
istered in those RAs. The database which 1s the least
common ancestor of ¢ and j is denoted LC'A(4, j), and
maintains information about users registered at all the
leaves in its subtree, i.e., all the leaves shown in the fig-
ure. (Note that LCA(%, j) is not necessarily the root
of the signalling network tree). The tree may be of
arbitrary depth and width.

3 The basic user location strategy

The key features of the strategy used to locate mo-
bile users in a tree-structured architecture can be de-
scribed in terms of two operations [2]: A FIND op-
eration, when a subscriber tries to place a call to a
PCS user, and a MOV E operation when a PCS user
crosses an RA boundary.

We call the MOV E operation without the use of
caching a BasicM OV E, and it can be described by
the following sequence of steps (see Fig. 1). The PCS
user moves from the old RA, 7, to RA j and registers
at database j. A message is sent by database j to its
parent (Message 1 in Fig. 1), which is queried to de-
termine if a record for the PCS user exists there. If
not, a record pointing to database j is created at the
parent database. The message propagates up the tree
(Message 2) until a database record is found for the
user. This will occur at the database LC'A(4, j), and
will consist of a pointer to a child database. The mes-
sage is propagated down the tree following the down-
ward chain of pointers (Messages 3 and 4) until the
leaf database serving the user’s old RA ¢ is reached.
The user is deregistered at the old database, 7. An
acknowledgement message is propagated up the tree
(Messages 5 and 6), and deletes the downward point-
ers in the databases along its path, until it reaches
LCA(i, j). The acknowledgement message is propa-
gated down the tree (Messages 7 and 8) until it reaches
the new database, j.

We call the FIND operation without the use of
caching a BasicF'IN D, and it can be described by the
following sequence of steps. A caller at RA ¢ places a
call to a PCS user currently located at RA j. Since
database ¢ does not contain registration information
for the called party, a message is propagated up the
tree until a database which does contain information is
found; this will be LC'A(4, §). A message is propagated
down the tree from LCA(4, j), following pointers until
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Figure 1: Steps in a BasicM OV E operation

the leaf database j is reached. Database j returns the
information required to set up the call. This return
message propagates up the tree until LC'A(¢, j), after
which it propagates down the tree until it returns to
the caller’s database ¢.

Minor variations of this basic user location strat-
egy have been described by [13, 1].1 If users tend
to move among nearby RAs; and receive calls from
nearby RAs, the BasicFIND and BasicM OV E op-
erations will result in signalling messages being trans-
mitted over relatively few links in the network, and
the query or update of relatively few databases. How-
ever, two-level strategies such as those of IS-41 and
GSM [8], require at most three databases to be queried
or updated for similar operations (i.e., the HLR and
the VLRs for two RAs). Thus the total number of
database operations for each FIND or MOV E oper-
ation, and hence call setup time, may be greater in a
tree architecture.

4 Caching user location

The basic idea behind caching is that, instead of
traversing the tree from the leafs ¢ and j to their an-
cestor LC'A(4, j) for every call to a user, it may be
possible to use the user’s location from a previous call
[7, 5]

We first describe one variation of caching, which
we call eager caching. The BasicFIN D operation is
modified to become the Cache ' IN D operation (see
Fig. 2). When a caller from RA ¢ places a call to
a PCS user at RA j, a message propagates up the

1The main difference is that in our description an explicit
acknowledgement message is included as part of each operation,
in a manner similar to IS-41 and GSM.
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Figure 2: Steps in a C'ache FIN D operation

tree from ¢ to LC'A(4, j) and then down the tree to j,
and an acknowledgement message returns from j to
t. During the return path, however, a pair of bypass
pointers is created. One bypass pointer is an entry
at an ancestor of i, say database s, and points to an
ancestor of j, say ¢, and is called a forward bypass
pointer; the other pointer is from ¢ to s and is called
the reverse bypass pointer. (Note that s and ¢ can be
at different levels of the tree, although neither can be
an ancestor of the other.)

During the next call to the same user from RA ¢
a message traverses up the tree until database s is
reached (Message 1 in Fig. 2), and the forward by-
pass pointer to ¢ is detected. The message travels
to database t (Message 2), either via LC'A(%,j) or
via a shorter route, if it is available in the underly-
ing CCS network. In either case, for the example in
Fig. 2, the database at LCA(¢,j) need not be con-
sulted. Similarly, the acknowledgement message from
the called party’s database j will use the reverse by-
pass pointer at database ¢ (Message 5) to avoid access-
ing the database at LC'A(4, 7). In general, accesses to
all the intermediate databases on the path from s to ¢

via LC'A(4, j) can be avoided.

In eager caching, the MOV E operation is mod-
ified to become the FagerM OV E operation as fol-
lows. When the user moves from RA j to a new RA &,
a registration/deregistration message propagates from
database k up the tree, via LCO'A(j, k), to database j,
as for a BastcM OV E. For example, suppose that a
forward bypass pointer from database s to ¢, and a
reverse bypass from ¢ to s, have been created by a
previous Cache FIN D. Then as the registration mes-
sage propagates from £ to j via LCA(j, k), several
possibilities arise:

1. No bypass pointer is encountered. In that case,
s and t are ancestors of LC'A(j, k), and their in-
formation is valid (i.e., the user is located in the
subtree located at t). No action other than that
required for BasicM OV E is taken.

2. A reverse bypass pointer is found during the up-
ward traversal of the registration message from &
to LC'A(j, k). No action.

3. A forward bypass pointer is found during the up-
ward traversal, or a (reverse or forward) bypass
pointer 1s found during the downward traversal
of the deregistration message (from LC'A(j, k) to
J.) In that case both s and ¢ contain information
which is no longer valid, and their bypass pointer
entries are deleted.

It is clear that caching will only be beneficial for
certain classes of users, those who receive calls from
one or more subtrees frequently relative to the rate at
which they cross RAs in different subtrees.

5 Costs and benefits of eager caching

In this section we present a preliminary analysis
of the potential benefits of caching, using the eager
caching strategy for illustration. Since the benefits
depend upon numerous factors, we make some simpli-
fying assumptions to obtain a first estimate.

We consider communication and database process-
ing as our basic measures of cost. As a first step, let
the cost of traversing any communication link be C',
the cost of reading a database be R and updating a
database be U. We also assume that the underlying
CCS network is a tree and provides the only way for
messages to be sent from one database to another.

Consider FIND operations which attempt to lo-
cate a particular PCS user. Refer to Fig. 2. If
caching is used, the first Cache FIND results in a
pair of bypass pointers being created, i.e., an in-
creased cost of 2U over BasicFIND. Subsequent
CacheFIN Ds take advantage of these pointers to
avoid accessing the databases along the path from s
to t via LC'A(s,t). (Note that since the signalling
network is a tree, the C'ache’IN D messages must
still traverse the communication links). Let the path
between s and LCA(s,?) be of length b hops and
that between ¢ and LC'A(s,t) be b hops. Then these
subsequent C'ache'I N D messages enjoy a savings of
206" + b — 1)R over BasicFIND. When the PCS
user does move out of the subtree rooted at ¢, there
is an increased cost of deleting bypass pointers of

2 + (b + b)C.



Let p(s,t) denote the average number of calls from
the subtree rooted at s to the PCS user while it is
in the subtree rooted at t. We refer to this quantity
as the Regional Call-to-Mobility Ratio (RCMR) for a
user with respect to tree nodes s and t.

Let the cost of a MOV E operation be denoted by
M, the cost of a BasicF'IND by F, and the cost of
a Cache FIND by F’. Consider a FIND operation
where the caller is at RA ¢, the called party 1s at RA
J and LC'A(¢,§) is at r levels of the tree above ¢ and
J-

When a BasicM OV E occurs, and the user moves
from RA j to RA %, the cost depends upon how far
apart the two RAs are; suppose that LC'A(4, k) is at ¢
levels above 7 and k. For simplicity, in this example we
assume that bypass pointers are always set up between
the same levels of the tree, i.e, b’ = b.

Let the RCMR for this case be denoted p, the cost of
a Cache MOV E by M’ the cost of the basic strategy
be denoted by C'g and the cost of the caching strategy
by Cc. Then Cp = M + pF and Cc = M’ + pF”.

We will now consider two measures of performance
in order to evaluate the benefits of caching. The ratio

g—; denotes the relative total network cost of caching

versus the basic strategy, and the ratio %’ denotes the
call setup time using caching versus the basic strategy.
From the considerations above, we can show

Ce
Cn 1+ X
AU +2bC — (p—1)(2b — 1)R
2¢+ DU +4(q+pr)C+(2¢+1+p2r+1)R
F W= (p= (2= DR

F T @+ DR+ 4r0)

These equations can be used to estimate the value
of caching for different types of network costs and user
calling and mobility patterns. As an example, we have
plotted g—; for the case where r = 5, ¢ = 1, 1.e.,
callers are from relatively remote locations compared
to the called party, and the called party moves within a
relatively localized region (see Fig. 3). In this case, we
have only considered database impacts, and assumed
that reading and updating a database have the same
cost, 1.e, we have set C'= 0 and U = R = 1. The ratio
8—; is plotted for RCMR > 1, and is shown to decrease
as RCMR increases, as expected. For a given value of
RCMR, the curves show (C’—g for different values of b,
i.e., when the bypass pointers are set up at different
levels of the tree. It can be seen that for RCMR > 5,
caching produces net cost reduction in this example,
and the reduction can reach up to about 30%.

Similarly, Fig. 4 plots £ for RCMR > 1 under

F
the same assumptions, for various values of b. Again as
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Figure 3: Relative total cost of caching and the basic
strategy,for C =0, U =R=1,r=5,9q=1
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Figure 4: Relative call setup time of caching and the
basic strategy, for C =0, U =R=1,r=5,9q=1

expected, the benefits of caching increase with RCMR,,
and caching can result in up to 35% reductions in call
setup time in this example.

Note that unlike previous auxiliary strategies we
have considered [7, 6], caching in this example results
in a reduction of both total network cost as well as
call setup time.

6 Discussion

We briefly discuss various issues we are currently
addressing further.

Lazy caching. In lazy caching, the MOV E op-
eration remains the same as BasicMOV E. 1If the
user then moves from RA j to a new RA k, the
BasieM OV E operation is performed (which does not
access or modify any bypass pointers), and there are
two possibilities for subsequent C'ache F'IN D (See Fig.
5.) If the user moves to an RA which is within the sub-
tree rooted at ¢, then the bypass pointers remain valid,
and subsequent C'ache'I N D operations can continue



LCA(, k) = LCA(j, k) for this example
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Figure 5: Steps when a lazy C'acheF'IN D operation
has a cache miss

to use them. If not, a subsequent C'ache F'IN D oper-
ation will erroneously query database ¢ (Message 2 in

Further work is needed to develop more efficient algo-
rithms for RCMR estimation.
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