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Abstract

Two possible multi-tier database system architectures,
Centralized HLR  Architecture  (CHA)  and
Decentralized HLR Architecture (DHA), for multi-tier
PCS systems are proposed. We also propose mobility
management  strategies for the two proposed
architectures. Under some assumptions, performance
melrics are derived on the query response time, the
update response time, and the traffic volume produced
in the two architectures. Finally, the analysis results of
CHA and DHA are made, and the pros and cons of the
two proposed architectures are figured out. From the
analysis results, it is found that the DHA performs
better than the CHA except the update response time.

1. Imtroduction

Recently, Personal Communications Services (PCS)
has become a hot topic. The development of PCS is
driven by the evolution of Intelligent Network (IN) [4],
the wireless access technologies [1, 13], and the
portable (mobile station, MS) technologies [16]. The
system integrated with these technologies to provide
PCS is called PCS system. Roughly PCS systems can
be classified into two classes: one is high-tier PCS
systems including AMPS (Advanced Mobile Phone
System) and GSM (Global System for Mobile
Communications). The other is low-tier PCS systems
including PACS (Personal Access Communications
Systems) [19] and PHS (Personal Handyphone
System). .

High-tier PCS systems and low-tier PCS systems
have different characteristics [6, 7, 15, 17]. In high-tier
PCS systems, high speed mobility is supported. The
coverage area (cell) of a base station is large. The call
connection charge is expensive. However, the voice
quality is poorer than low-tier PCS systems. On the
other hand, the usage charge of low-tier PCS systems is
cheaper and the voice quality is higher. The microcell

coverage area is small so that more base stations are
needed. However, it just supports low speed mobility.

Both high-tier PCS systems and low-tier PCS
systems have advantages and disadvantages. When a
user is roaming whereabouts, he would need different
tiers services [8]. To satisfy the need of different tiers
services, multi-tier PCS systems have been proposed
[6]. A multi-tier PCS system integrates different single-
tier PCS systems to provide subscribers access to
multiple tiers services. The multi-tier PCS system
causes the emergence of multi-tier database system
architectures to maintain the users’ profiles and
location information,

The research issues of this paper are focused on the
performance study on multi-tier database systems for
PCS. We propose two possible multi-tier database
system architectures— Centralized HLR Architecture
(CHA) and Decentralized HLR Architecture (DHA)
[17]. We also propose mobility management strategies
which deal with mobility-related operations [9, 11, 14]
such as registration, deregistration, call origination,
and call termination for the two proposed architectures.
Performance metrics are also derived on the query
response time, the update response time, and the traffic
volume produced in these two architectures.

The proposed CHA and DHA architectures, and the
mobility management sirategies for the two
architectures are introduced in Section 2. The
mathematical analysis for the two architectures is
derived, and the analysis results are summarized and
discussed in Section 3 and Section 4. Finally,
conclusions are made in Section 5.

2. Network architectures and mobility
management strategies

The basic and traditional architecture of databases
for a single-tier PCS system is referred to two-tier
database system in this paper. Conventional PCS
systems (e.g., GSM) belong to this case. It consisis of
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one HLR (Home Location Register) and several VLRs
(Visitor location Register) and forms a star-like
connection. The HLR in the single-tier PCS system is a
centralized database which stores all the information
including authentication data, user profiles, call
records, and charging information, etc., for all
subscribers. As opposed to HLR, the VLR stores just a
subset data of HLR. Each VLR mainly caches the
portion of data which is related to the location
information of mobile subscribers who currently visit
the registration areas belonged to this VLR.

The multi-tier PCS systems are the integration of
muliiple single-tier PCS systems. Therefore, the
integration of multiple two-tier database systems forms
the multi-tier database systems. In this section, the two
analyzed network architectures are described.

2.1. Centralized HLR architecture

The CHA consists of a centralized HLR (CHLR),
and several single-tier PCS systems. Each HLR of the
single-tier PCS systems are connected to the
centralized database CHLR as depicted in Fig. 1.
Namely, the CHA is a three-tier database system. The
CHLR stores all the information about the subscribers
of the multi-tier PCS system. Besides, each single-tier
PCS system stores the information about the mobile
users who are currently within the system.

Fig. 1. Centralized HLR Architecture (CHA).

2.2, Decentralized HLR architecture

For a multi-tier PCS system, there is another
possible architecture of databases to maintain users
profiles and location information as depicted in Fig. 2.
Several single-tier PCS sysiems that are connected
through the linking of their HLRs form the DHA
architeciure. As opposed to CHA, DHA is a
decentralized and two-tier database sysiem. In this

architecture, each single-tier PCS system stores the

information about the mobile users who are currently
within it.

VL VL VLExgll | —VLRxin
Fig. 2. Decentralized HLR Architecture (DHA).

2.3. Mobility-related operations

The primary and the most important mobility-
related operations considered in this paper include
registration, deregistration, call origination and call
termination. These operations in the single-tier PCS
systems are referred to [4, 9, 11]. Not losing generality,
we extend GSM operations as an example to illustrate
the call control processes (i.e., call origination and call
termination) [5, 12].

2.3.1. Registration and deregistration

The scenarios for inter-VLR roaming in CHA and
DHA are the same as that in single-tier PCS systems.
The multi-tier PCS system introduces inter-HLR
roaming, i.e., the mobile user enters a new service area
which is belonged to a different HLR. Fig. 3 shows the
registration and deregistration processes performed
when the inter-HLR .roaming happens for CHA
architecture. As Fig. 3 shows, the registration request
must be forwarded to the CHLR to inform the CHLR
that the current visited HLR has changed. In the
meanwhile, the CHLR performs the deregistration
process to remove the obsolete records in the old HLR
and old VLR.

Fig. 4 depicts the scenario of inter-HLR roaming in
the DHA. The new HLR must issue an update request
to the old HLR so that the old HLR can have an entry
points to the new HLR, and then the user profile
migrates from the old HLR to the new HLR. In the
meanwhile, the old HLR performs deregistration
process to inform the old VLR to remove the obsolete
record.

With such registration and deregistration processes,
a pointer chain is created if a mobile user roams across
several HLRs. For analysis simplicity, we regard the
cost of forwarding the pointer chain as the cost of
forwarding along just one step of the chain.

220



(old)
Fig. 3. Inter-HLR roaming in CHA.

(new)

2.3.2. Call origination and call termination

The call origination processes in the CHA and
DHA are the same as that of single-tier PCS systems
except that in CHA the process may involve the CHLR
when the authentication process is performed at CHLR
or when the user profile is not entirely cached in HLRs.
In these cases, the query request will be forwarded to
the CHLR to get solved.

(old)
Fig. 4. Inter-HLR roaming in DHA.

(new)

The call termination processes in the CHA and
DHA are also the same as that in the single-tier PCS
system except the case that the called party is not
within his home HLR. The process is performed as
Fig. 5 in CHA. First, the GMSC (Gateway Mobile
Switching Center) interrogates the-home HLR (in this
case, HLR,) of the called MSISDN (Mobile Station
ISDN number) for roaming number. But there is no
eniry for that called user. The HLR, then queries the
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CHLR which records the address of the HLR that the
called user currently visits. The CHLR then issues a
query to the visited HLR to get the MSRIN. Upon the
CHLR receiving MSRN (Mobile Station Roaming
Number), it sends the result back to the HLR,, and then
to the GMSC. The rest steps are the same as that of the
call termination process in the single-tier PCS system.

In the DHA, we assume that a pointer chain is
maintained for each user who has roamed out of his
home HLR. Fig. 6 shows that when the system wants to
deliver the call to the user, firstly, the GMSC
interrogates the user's home HLR to get the MSRN.
The home HLR has an entry points to other HLR;
therefore, the query is forwarded through the pointer
chain until the currently visited HLR is reached. Fig. 6
only shows the case when the length of the pointer
chain is one. The remaining steps are to query the
visited VLR for roaming number, set up trunks, and
page the called party to complete the call delivery.

Fig. 5. Call termination in CHA if the called user is not
within his home HLR.

Fig. 6. Call termination in DHA if the called user is not
within his home HLR.
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3. Performance comparison

3.1. Performance metrics

We assume that the A/G/I queuning model under
FCFS discipline is applied to each database in the
networks [2, 17, 19, 20]. We assume that the service
time distribution is gamma distribution [3]. The
population of mobile users are uniformly distributed
and the database systems are homogeneous and
symmetric. This means that each database at the same
tier serves the equivalent number of subscribers and
has equivalent processing power. We also assume that
each subscriber has the same behavior pattern. The
evaluated performance metrics in our study include:
(A) The response time of a query from a mobile
station: the time elapsed from issuing a query request
to getting the query result by the VLR which is queried
by an MS.

(B) The response time of a query from PSTN: the time
elapsed from issuing a query to getting the query result
by an HLR when the call termination happens.

(C) The update response time: the time elapsed from
issuing an wupdate request to getting the
acknowledgment by a VLR.

(D) Expected total number of messages exchanged in
the network: the expected total number of messages
exchanged per second between databases in the
network.

3.2. Common tunable parameters

Common tunable parameters for our analysis are
listed in Table 1. Specific parameters for CHA and
DHA and the detailed derivation process are referred to
[17]. The assumption values of some parameters are
referred to [10, 18, 20]. For all notations appeared in
the following, the subscript 'C' denotes that the
notation is used for analysis of the CHA. Similarly, the
subscript 'D' means that the notation is for DHA. As
for subscripts 'c', ', and %', they stand for CHLR,
HLR, and VLR respectively.

From the description of mobility-related operations
in Section 2, we can derive the mean service time by
considering the ratios of query and update arrival rates
at each database of different tier (i.e., VLR, HLR, and
CHLR). With mean service time and total traffic
arrival rate at each database, the waiting time at each
database can be easily computed. The response time of
each kind of request can be derived based on the
database activities and the scenarios of mobility-related
operations described in Section 2. We  can  easily

evaluate the expected number of messages exchanged
between databases per second by observing the message
flow in each mobility-related operation. Finally, the
total number of messages exchanged can be derived.
However, for the limitation of space all of these
derivations can be found in [17].

Table 1 Common tunable parameters for CHA and
DHA

Notation Value

q1 0<q1S05

Description

probability of inter-VLR roaming
q2  0<gy <min(0.l, q|) probability of inter-HLR roaming
P 0=p <1 probability of a query resolved at VLR

py 0< Py (- pl) probability of a query resolved at HLR

Ttx 8.75 ms transmission time for each message(ms)
R 0.55/0.45 mobile termination rate over origination rate
¥ 1—g,  probability of user data stored in the home HLR
Ny, 2<Np<6 number of HLRs
N, 25N, <5 number of VLRs

A2 0< 29 <005  local query armival rate at VLR (per ms)

a 0< A% <005  local update arrival rate at VLR (per ms)
Y Y

3.3. Special tunable parameters

The impacts of four pairs of special tunable
parameters on the performance metrics are interesting
to us. They are cache probabilities ( p;, p,), roaming

rates (g, g2), traffic rates (A%, A}), and the number
of HLRs and VLRs (N,, N,). By tuning them, the
impacts of different cache strategies, different degree of
user mobility, and subscriber behavior pattern on the
performance metrics can be observed. We are also able
to know which architecture can serve more subscribers,
bear higher request rate, and have better extendibility.

4. Analysis resulis

Four performance metrics with four predetermined
condition sets are compared, i.e.,

Q={(a. 9, 93, Ny, N, X, 2)=(1, 05, 01, 4, 5, 0.05, 0.05)}
Q ={(a, p1, Py Ny, N, 28, 22)=(L, 0, 1, 4, 5, 005, 005)}
Q3={(a P, Pr» Q1> 92 Njpo N,)=(1, 0, 1, 05, 01, 4, 5)}
Qi={(e, P Prs G1s 92 B, ) =(1, 0, 1, 05, 01, 005, 0.05)}
where o denotes the shape parameter of gamma
density.
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4.1. Response time of a query from an MS

Intuitively, the query path in the CHA is longer
than that in the DHA. It is expected that the DHA has
better performance on the response time of a query
from a mobile station. However, the query path (or the
message flow) of the query from a mobile station
depends on the cache probabilities (i.e., cache
strategies). ,

The effects of cache probabilities are illustrated in
Fig. 7. In Fig. 7, the response time of a query from a
mobile station in the CHA is always longer than that in
the DHA except the case p;+p;=1. With

py + p, =1 the response time in the two architectures

are the same. In this case, the query is not issued from
the HLR to the CHLR because all of the information
can be retrieved from the HLR (i.e., the query messages
do not go through the CHLR). Thus, p; + p; = lis the

best case for cache strategy to reduce the response time
of a query from a mobile station in the CHA.

—8—p2=0.5 for CHA
—&—p2=0.6 for CHA
—&—p2=0.7 for CHA
—6— p2=0.8 for CHA
—%—p2=0.9 for CHA
—e=—p2=1.0 for CHA
—+—DHA

40

35

30

Response time of a query
from mobile station {(ms)

25

1 1 1 . 3

0.50

20
000 0.0 020 030 040

Py

Fig. 7. The impact of different cache probabilities with
€2, on the response time of a query from MS.

4.2. Response time of a query from PSTN

It is also expected intuitively that the response time
of a query from PSTN in the CHA is longer than that
in the DHA because the query path in the CHA is
longer than that in the DHA.

In Fig. 8, the response time of a query from PSTN
in the CHA is longer with the smaller p, at a fixed

value of p,. Strictly speaking, the response time of a
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query from PSTN in the CHA is not related to p,
directly, referred to Fig. 8, but with smaller p, the
traffic arrival rate at the CHLR increases. Therefore,
the difference between each line of Fig. 8 with different
p, values is very small. The differences of the
response time of a query from PSTN in the CHA and
the DHA increase when p; increases. This accounts
for that caching data in the VLR improves the response

time of a query from PSTN for the DHA more than that
for the CHA.

55 —&—p2=0.5 for CHA
—&— p2=0.6 for CHA
—&— p2=0.7 for CHA
—e—p2=0.8 for CHA
—¥—p2=0.9 for CHA
—=—p2=1.0 for CHA
—+—DHA

50 |

40

Response time of a query from PSTN
{ms)
B
[6)]

35 I 1 1 L 1
000 0140 020 030 040 050
P4

Fig. 8. Response time of a query from PSTN
with Q2 and " different cache probabilities.

4.3. Update response time

When the sum of p; and p, is small, the waiting
time at CHLR in the CHA will be longer than the
waiting time at HLR in the DHA. This is because the
small value of p; + p, causes high traffic arrival rate
at CHLR in the CHA, and increases the waiting time at
the CHLR. Therefore, small value of p; + p, causes
update response time in the CHA longer than that in
the DHA. The situation is not depicted because it
happens only when the sum of p; and p, is very
small (i.e, below 0.4). It is not deserved to pay
attention to such a bad cache policy because it causes
high traffic arrival rates at HLRs and CHLR and long
query response time (Figs. 7- 8). Therefore, we only
observe the analysis results with p; + py 205 in the
CHA.

223



Proceedings of International Conference
on Networking and Multimedia

Since CHA is with the best performance in the
query response time when p; + p, =1; therefore we

compare the update response time in the CHA
(p1 + pp =1) with that in the DHA as depicted in Fig.

9. It is found that the difference is getting smaller with
the increase of p;. The update response time in the

DHA is always longer than that in the CHA because
the traffic arrival rate at HLR is higher than that at
CHLR, and waiting time at HLR is longer than that in
CHLR. Refer to Figs. 3-4, this analysis result can be
validated.

Té;40.00 !

:37.50 =
£ —8— CHA (p2=1-pl)
= DHA
23500 |

o

o

[}

93250 |

2

53

B.30.00

o

000102030405060708091.0
Py

Fig. 9. The impact of various cache probabilities with
Qjand (p; =1-p;) on the update response time.

With large value of p; + p,, the update response

time is longer in the DHA as shown above. The
difference is small but gets larger when roaming rates
increase as illustrated in Fig. 10 because of the impact
of roaming rates on HLRs.

The impact of traffic rates on the update response
time is depicted in Fig. 11. It shows that the differences
increase with the increase of query and update rates.
Based on Fig. 11, when query and update rates at VLR
increase, the difference of update response time gets
larger. This is because as the query and update rates at
VLR increase, the impact on the traffic arrival rate at
HLR is more than that at the CHLR.

4.4. Total number of messages

The comparison of the expected total number of
messages exchanged per second in the CHA and the
DHA with different traffic rates is shown in Fig. 12.
The message increasing slope of CHA is sharper than
that of DHA. This accounts for the traffic rate impact
on the number of messages exchanged between CHLR
and HLRs in the CHA is more than that between HLR
pair in the DHA. Because the number of messages

exchanged between each HLR and VLR in CHA is the
same as that in DHA.

45.00 | —8—q2=0.025 for CHA
—6—q2=0.050 for CHA
—&—q2=0.075 for CHA

40.00 | —e—q2=0.100 for CHA
—*—q2=0.025 for DHA
—3#—q2=0.050 for DHA

35.00 [ ——q2=0.075 for DHA
—=—q2=0.100 for DHA

30.00

25.00

20.00
g

Update response time (ms)

15.00 &
10.00 ] . '
0.10 0.20 0.30 0.40 0.50
94

Fig. 10. The impact of roaming rates with (3, on the
update response time.

40.00 | —B—Iu_v=0.01 for
CHA
3750 k| —&—lu_v=0.03 for
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—&—|u_v=0.05 for
> 35.00 | CHA '
E —+—Iu_v=0.01 for
g 3250 | DFA
= —¥—Iu_v=0.03 for
$ 3000 b DHA
5 ———[u_v=0.05 for
@ 2750 | DHA
£ os00F
BT
[=3
=]

22.50

]

)
20.00 = . g

0.00 0.01 0.02 0.03 004 0.05

Fig. 11. The impact of various traffic rates with Q5 on

the update response time. (lu_v denotes 1% )

The expected number of messages exchanged
between each HLR and VLR is not affected by the
change of the number of HLRs and VLRs. It is found
that the number of messages exchanged between CHLR
and each HLR is not affected by N, . While in the

DHA, the number of messages exchanged beiween
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each HLR pair decreases with the increase of the
number of HLRs as shown in Fig. 13. This means that
when the number of HLRs increases, the messages
exchanged between HLRs in the DHA are more
distributed, while in the CHA, the CHLR may become
the bottleneck. The impact of the number of HLRs and
VLRs on the total number of messages exchanged in
the CHA is larger than that in the DHA as shown in
Fig. 14.

7500 + -

6500 | g E IU__V=0.01
s for CHA
= -8 5500 E—O—lU_V:O.Oa
a o for CHA
g % -g 4500 —&—IU_V=0.05
£5 & for CHA
I 5 9 3500 —+—lu_v=0.01
ey for DHA
T o 2 2500 ——lu_v=0.03
5 v for DHA
g2 15009 lu_v=0.05
lﬁ £ for DHA

500 [S 1 . L . 1

0.00 0.01 0.02 0.03 0.04 0.05
A9,

Fig. 12. The expected total number of messages
exchanged per second with Q3 and various traffic

rates. (lu_v denotes 1%)

300 ¢
N —8— Nv=2
250 —&— Nv=3
s 'g ¢ —&— Nv=4
a g, 200 —8— Nv=5
S 8% 4 ——Nv=6
ESg 150
z 3 @ 9
B b4 = 100
g e
2 § 50
-
0 (] 1 1 I
2 3 4 5 6

Fig. 13. The impact of the number of HLRs and VLRs
with Q4 on the expected number of messages

exchanged per second between each HLR pair in the
DHA.

5. Conclusions

We have proposed two possible multi-tier database
system architectures, the CHA and the DHA, and the
mobility management strategies for them. The analysis
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model has been proposed and the performance metrics
have been derived.

It is found that the DHA performs betier than the
CHA in the query response time and the number of
messages exchanged in the network but not the update
response time. However, by adopting more powerful .
HLRs compared to the CHLR in the two architectures,
the DHA may have shorter update response time.
Besides, we find that the CHA is not an efficient
architecture; every update or query request has global
effect because request messages must go through high
tier databases. Therefore, decentralized database
systems are better than centralized database systems
with these evidences.

15400
—&— Nv=2 for

13400 CHA
- —&— Nv=4 for
S 11400 CHA
o Q
292 9400 —&— Nv=6 for
Esz CHA
£ G 8 —+— Nv=2 for
E’ ﬁ g 7400 DHA
24 pu —— Nv=4 for
o9 —==— Nv=6 for
@ g 3400
2 b DHA
u 1400

2 3 4 5 6

N,

Fig. 14. The impact of different number of HLRsand
VLRs with Q4 on the expected total number of

messages exchanged per second.

The cost of forwarding the pointer chain when
location tracking is performed in the DHA is ignored
in our analysis. We also ignore the individual
characteristics of each single-tier system, i.c., we just
analyze homogeneous systems and not take the
priorities of different tier services into consideration.
In the future, we may take the cost of forwarding the
pointer chain into consideration, design different
forwarding pointer strategies for the DHA, and make
comparisons of them. We may also concern the
priorities of different tier services and model a
heterogeneous system. More critical tunable parameters
and more performance metrics are needed o be
observed when such heterogeneous systems are
analyzed. -
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