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Resolving Mobile Database Overflow With Most Idle
Replacement

Hui-Nien Hung, Yi-Bing Lin Senior Member, IEEBNan-Fu Peng, and Shun-Ren Yang

Abstract—n a personal communications service (PCS) net- the location information for the users currently residing in the
work, mobility databases called visitor location registers (VLRs) visited PCS network. The VLR is associated with one or more
are utilized to temporarily store the subscription data and the mobile switches. When a call arrives to a visiting user, the VLR

location information for the roaming users. Because of user . . . . .
mobility, it is possible that the VLR is full when a mobile user 'S gueried to retrieve necessary information to set up the call.

arrives. Under such a circumstance, the incoming user has no A PCS network is partitioned into several location areas.
VLR record and thus cannot receive PCS services. This issue is Every VLR controls some of the location areas. When a mobile
called VLR overflow. To resolve the VLR overflow problem, a station (MS) moves to a new location area, it informs the

VLR record can be. selected for rgplacement when the VLR is full visited VLR and the HLR of the new location. This procedure
and then the reclaimed storage is used to hold the record of the .

requesting user. This paper considers the most idle replacement IS referred to asegistrationand is described in the following
policy to provide services to mobile users without VLR records. Steps.

In this policy, the record with the longest idle time is selected for Step1.1 WhenanMS moves from a VLR to another VLR
replacement. We propose an analytic model to investigate the ' . . '
performance of this replacement policy. The analytic results are the MS sends a registration message to the new

validated against simulation experiments. The results indicate VLR. The new VLR then contacts with the HLR
that our approach effectively resolves the VLR overflow problem. to update the location information of the MS.
Step 1.2  If the location update operation is successful, the

Index Terms—Database overflow, mobility management, per-
sonal communications service, visitor location register. HLR sends an acknowledgment to the new VLR.

This message includes the subscription informa-

tion of the MS. The VLR creates a record for the

MS to store the subscription information received
DVANCES in wireless communication technologies from the HLR and sends an acknowledgment to
allow a personal communications service (PCS) network inform the MS of the successful registration.

to provide flexible broadband telecommunication services to To originate a call from a mobile user, the following steps are

users with mobility. Through roaming agreements, mobilerformed.

users can visit various PCS networks and receive services inth&tep 2.1 The dialed telephone number of the called party

I. INTRODUCTION

visited network. To support user mobility, PCS networks adopt is sent to a mobile switch through radio interface.
atwo-leveldatabase architecture that consists of two types ofstep 2.2 When the mobile switch receives the call setup
databaseshome location rengte(HLR) and visitor location message, it ana|yzes the request and consults the
regiSter(VLR). This architecture was prOpOSEd in 2G mobile VLR to check whether the call can be accepted_
networks [10] and has been followed by the 3G UMTS speci- step 2.3 If the call request is accepted, the mobile switch
fications [1]. In this architecture, when a user subscribes to the sets up the voice connection to the called party.

services of a PCS operator (called tieme systerf the user), o deliver a call to a mobile user in a PCS network, the fol-
arecord is created in the operator’s HLR. The record stores {8ging steps are performed.
user’s subscription data as well as location information. A VLR

of a PCS network temporarily stores the subscription data andStep 3.1 Someone dials the telephone number of a mobile

user. The call request is forwarded to a gateway
mobile switch.
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Details of mobility management and call setup proceduréssophy, this paper proposes thest idle replacement policin
can be found in [2], [10], and [12]. this policy, when a replacement request arrives due to overflow
Since a VLR provides services to visiting users from variouggistration or overflow call setup, the VLR record of the user
PCS networks, the number of records in a VLR changes dyho does not have call activities for the longest period (i.e., the
namically. Furthermore, a VLR may overflow if the number omost idle user) is selected for replacement. We develop analytic
visiting users is larger than the capacity of the VLR. If the VLRnd simulation models to investigate the performance of this
is full when a mobile user arrives, the user cannot register usipglicy and compare it with the previously proposed approaches.
the standard registration procedure and thus cannot receive RIL® study indicates that good performance can be achieved by
services. In this case, the VLR @erflow,and the incoming the most idle replacement policy.
users (who cannot receive services) are referred to asvire

flow users
To resolve the VLR overflow issue, we proposed a scheme [l. ANALYTIC MODEL FOR THE MOST IDLE
in [8], which modifies registration, mobile call origination, and REPLACEMENT PoLICY

mobile call delivery procedures as follows.
Modified Registration: Ifthe VLR is full at Step 1.2 for anin-
coming uset:, arecord is selected for replacement. The selectE

record is deleted, and its storage is then used to stsrfor- users have high call activities. Our model can be easily extended

mation. In this case, the user of the replaced record become§ an
: : of the case where there are more than two classes of users. The
overflow user. Alternatively, usex may be considered as the

overflow user, and no record replacement is required. details are omitted. The following assumptions are used in the
e ' C model.
Modified Mobile Call Origination: When an overflow user .

attempts to make a call, the VLR cannot find the corresponding * The class 1 and class 2 user arrivals to a VLR area are
record at Step 2.2 and declines the call request. The MS per- P0isson processes [15] with rates 1 and),, », respec-
forms an overflow registration operation to create a record for ~ fively. _ _

u. (Note that, in this registration, the usecannot be selected ~ * The call arrivals of class 1 and class 2 users are Poisson
as the overflow user.) The MS then resends the call request, and Processes with rates, ; and., », respectively. From the
the normal call origination procedure is executed to set up the definitions of high and low call activities, we hawe » >

This section describes the analytic model for the mostidle re-
Ic?e\cement policy. We assume that there are two classes of mo-
Ile users where class 1 users have low call activities and class 2

call. Ae,1-
Modified Mobile Call Delivery: When an incoming call ar- » The VLR residence time distributions for both classes are
rives to an overflow user, the HLR identifies that; is an over- the same, which have a general distribution with distribu-

flow user and queries the VLR to obtain the routing informa- _ tion functionf5,,(-), meanl /A,, and variance’,,. .

tion at Step 3.2. The query message includes the user profile of '€ Poisson assumptions on user arrivals and call arrivals

«. Through a replacement at Step 3.3, the VLR creates a rec6fh be easily relaxed to accommodate general distributions in

for « to store the received user profile from the HLR. The VLU simulation experiments. Based on the above assumptions,

also generates a routable address aihd sends it back to the We are interested in the probabilijs,  that after an overflow

HLR at Step 3.3. registration or call setup, the user of the replaced record does not
As indicated in the modified procedures, for an overflow usef@ve any call activity before he/she leaves the VLR. Probability

the call setup procedures are more expensive than that fof & iS derived as follows.

normal mobile call setup. Therefore, it is desirable to reduce The users in a VLR area can be divided into two groups (see

the possibility of overflow call setup. In [8], we proposed th&i9. 1): theVLR group and theoverflow group. The users in

random replacement polisyhere each record in the VLR is sethe VLR group have records in the VLR database, while those

lected for replacement with the same probability. We observéythe overflowgroup do not. The notations used in Fig. 1 are

that this policy is only suitable for an environment where th@xplained as follows.

mobile users have relatively low call activities. Consider a mo- ¢« Random variablesv; and V, are the numbers of users

bile network with high and low call activity users. If the VLR in the VLR and overflow groups when the system is in

is fully occupied by low call activity users, then the telephone  equilibrium.

circuits may be idle while the high call activity users (who need ¢ Random variableV is the number of users residing in the

to make calls) are blocked because they cannot register into the VLR area in the steady state, i.&V, = N; + N.

VLR. Thus, replacing low call activity users by high call activity * p (¢) is the long term proportion of class 1 (class 2) users

users will improve the utilization of the switch. In [9], we pro- in the VLR group. We have + ¢ = 1.

posed thdanactive replacement policto reduce the overflow * p2 (g2) is the long term proportion of class 1 (class 2) users

call setups in a VLR area where the call activities of visiting in theoverflowgroup. We have; 4+ ¢ = 1.

users vary significantly. In this policy, a period calledctive » Random variable(; (K>) is the number of class 1 (class

thresholdis used to check if a user is not active. If auser has no  2) users residing in the VLR area (either in MieRor the

call activity during the inactive threshold, then he/she is consid-  overflowgroups) when the system is in equilibrium.

ered inactive and the VLR record can be selected for replace-+ p; (¢1) is the long term proportion that a class 1 (class

ment. The inactive replacement policy attempts to select users 2) user is selected for replacement when a replacement

with low call activities for replacement. Based on the same phi-  request arrives. We hayg + ¢; = 1.
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}" u,l'l" ‘1 u?

Fig. 1. The system diagram in equilibrium.

In the Appendix, we show tha¥, Ni, N, K;, andK, can be For class 1 users, the input flow to a VLR area (i.&,,1)
regarded as constants when the system reaches the steady staigt. be equal to the output flow from that VLR area (i.e.,

In particular, we have [see (32) and (35)] pN1 A + p2N2Ay). Thus, we have another balance equation
Nﬁw, Nl ~ L )\u,l :le)\rn +p2N2)\rn- (6)
A : A To proceed with the derivation @f,, z, we need to introduce
Ny o~ % —L the concept ofjuantile[13]. Thegth quantileof a random vari-
m ableX or of its corresponding distribution is denotedgyand

Ko ~ Au, 1 and K, ~ Ay, 2 (1) is defined as the smallest numkiesatisfyingFx (¢) > ¢. For
1= Am 2= Am example, the median of a random variafdlds the 0.5th quan-

whereL is the size of the VLR database. tile and is denoted by so. o .
Since the input flow must be equal to the output flow for class COnsider the timing diagrams in Fig. 2. Suppose thata mobile

1 and class 2 users in théLR group when the system is in useru; of classi enters the VLR at time, and a replacement
equilibrium, we have the following two balance equations; ~"€duest occurs attimg. Assume that the last call of; before
t, arrived attime,. Lett,, ; =t —tp andt. ; = ¢, —t2. Since
Au,1 = A, 1 F02N2 A 1 the replacement request stream is a Poisson process, the request
=pNi A +a(Xa1+Au2) (2) occurring at, is a random observer. Thus, from the excess life
’ ’ theorem [15]¢,,, ; has the density function
)\'u,, 2 = )\'u,, 2+ QQNQ)\(:, 2

—m et ) G it i) = Amll = Pt )] Y

wherea is the probability that an incoming user finds the v pvherer,,(-) is the distribution function of VLR residence time.

database full, andl,, 1 (\..2) is the arrival rate of class 1 (C|aSS$imilarly, by the excess life theorem, ; has the density func-

2) users to the VLR database. In equation({ = 2, 3), the 10N

input flow includes the arrivals of clagsusers from other VLR e ilte) = Aei[l = Foi(te )] = Ao et (g)

areas (i.e.),, ;) and those from theverflowgroup due to call T o A v

setups (i.e.p2 V2., 1 for class 1 users ang No A 2 for class  where F. ;(-) is the distribution function of inter-call arrival

2 users). On the other hand, the output flow includes the deptme of class: users, which is exponential with rate ;. Let

tures of class users to other VLR areas (i.@.V1 A, for class Z; be the idle time ofu; seen by the replacement request at

1 users an@N, ), for class 2 users) and those joining in the, . If ¢, ; < ¢. ; [(a) in Fig. 2], thenZ; is t,, ;. Otherwise, if

overflowgroup due to record replacement. The record replacg; ; > ¢. ; [(b) in Fig. 2], thenZ; is ¢, ;. Therefore, we have

ments occur when the arrivals (i.e.,, 1 + A, 2) find that the _

VLR database is full. Thus, the departure rates of class 1 and Zi = min(tm, i, te,q)- 9)

class 2 users due to record replacements:éke 1 + \,, 2)p:

anda(X, 1 + A, 2)q1, respectively.
From (2) and (3), we obtain

Let p (g) be the long term proportion of class 1 (class 2) users
in the VLR group to all class 1 (class 2) users in the VLR area,
then we have

Nl)\rn,
a:l—:. (4) —:M:)\TRN:LP d _:&:)\TRNI(] 10
)‘u, L+ )\u, 2 P Kl )\'u,, 1 an 1 K2 )\'u,, 2 ' ( )
From (4), (2) and (3) can be combined as follows: Since the idle time of users in tiwerflowgroup must be longer
\ NoX. « — N\ Nidm than all users in th¥ LR group, thepth quantiIeC]_()l) of Z; rep-
u,t FP2N2Ae s =pNiAm +{ 1= VR W resents the longest idle time of those class 1 users VLR
X (Fu + has) ];1 ’ 5 9roup, andFy, (Cpﬁl)) = p. Similarly, thegth quantilquﬁQ) of Z,

represents the longest idle time of those class 2 users WitRe
whered, 1 + Ay 2 = Ay 1 +PpaNo A 1+ Ay 2 + @2N2 A 2. group, andFZz(Cg)) =73 Thus,Czél) of Z; must equal or at
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(a)
tc,i .
tm i
time
tlz t t
A call arrives A replacement
to the user request arrives
The user enters the VLR

Fig. 2. Timing diagram I.

least approxmaté;( ) of Z, when the system is in equilibrium. where®(-) is the standard normal distribution function. From
C(Q) then class 1 users would(7)

Otherwise, for example, " >

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 19, NO. 10, OCTOBER 2001

(b)
< font
t i
time
tD t|2 t1
A call arrives A replacement
to the user request arrives
The user enters the VLR

be selected for replacements fora long consecutive period (i.e.,

class 1 users will be replaced consecutively of oi¥etimes)
and the system will not stay at stable state anymore. Based Off

the above discussion
Cél) _ Cg)'

We consider two cases for (11).

(11)

From (9), we h

Pr(Z, > ») =

Case 1. The VLR residence time is exponentially distributed

with rate A,,,.

Case 2. The VLR residence time is lognormally [5], [13] dis-

tributed with mean ,,, = ¢#+(/27” and variance
, Wherey is the alterna-

Vrn = 62M+202 — 62M+02

Pr(Z; > z) =

tive parameter andl is the shape parameter. The log-
normal distribution is selected because it can be used
to approximate many other distributions as well as

Substltutec(l) andC(Q) for zsin (18) and (19), respectwely

measured data [4], [6].

For exponentially distributed VLR residence time, we have den-
Pr(z1 > c“))

sity functions forZ; andZ, as follows:

f2,(21) = (Ao, 1+ Ay Je™PerFAm)z
F7,(22) = (e 2 4 A e~ Perztim)ze
From (12) and (13), we have
G =- (ﬁ) In(1 - 7)
and
& =- <ﬁ) In(1 - 7).

From (11) and (14)

1
(Y m( -7
<)‘c,l+)\nl> n( p)

We can use a numerical method (e.g., Newton—Raphson algo-

(12)
(13)

1
— | —— | In(1 —79).
<)‘c,2 +)\rn> n( Q)

(15)

rithm [11]) to solvep from (15), and then we can solyg by

(6). Finally, we can solve; by (5).

For lognormally distributed VLR residence time with mean
, the distribution

et t(1/2)9” and variancee2# 20 — o2nto’
function is
€z 1 _ 2
F,rn(aj) = / < ) exp {_M
0 \YyvVamo 20

_ o <111x— u)
o

|

(16)

where

for ("
<(1>

=A—¢

—Inz

oo
B /<;;> <Z

P

ave

6_)\6’ 12 /
z

— C_)\C’ 2z /
z

)as

2

_CI_())

2ro

L

(tm,i) = Am[l = Fo(tm, )] =

oo

o

a

o ("

— lntm,i

) . (17)

Inz

e

a

Inx

et

o

Inz

a

(e

—Inz

g

w

“In¢W®

6#—1—(1/2)02
Pr(t,, 1> 2) - Pr(t, 1 > 2)
ert(1/2)0?

Pr(tn, 2 > 2) -Pr(te 2 > 2)

(17207

\

ot (1/2)°

)

(17207

dr (18)

dz. (19)

dz  (20)

dr (21)

27ra>exp{ (e 21 Ok }d dy

)exp[—
[ (o
¢ \yV2no

(1 —2:;9) }dy
)exp{_%} dy
(22)
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(a)

A

time

fo b b

A replacement request
arrives and the record

for the user is selected for A call arrives The user leaves
replacement to the user the VLR

Fig. 3. Timing diagram II.
where

NV (10— Iny)?
A= [ (7o o[- o

(let z =1lny)

= 1 —2)?] .
= / <—>exp [—M} e dz
e \V2ro 20
/Oo < 1 ) { (Z_M_OQ)Q}
¢ 2o 20

2 _ (2 4902 4
P (e 2p0” + 0]
202

X exp [—

1 +0¢Z—1n (1)
= exp<u + 3 a2> o <u . (23)
o

From (20), (22), and (23)

(1) +02—1In (1)
1 —ﬁ:G_AC’ICF [@ <u
el

From (11) and (21)—(23)

_ 5 +o0°—1In ()
1—g=¢ ™% [@(—N by
o

N
exp(u—i—%rﬂ) a

From (10), we have
A, 1(1=D) + A 2(1 =) = Au 1+ A2 — ANy
=AnN — A\ Vy
= A No.
Combining (24)—(26), we vyield

& &
—Ac, 1¢= —Ac, 2¢~
)\rn,NQ = <)\'u,, 1€ ,1<p + )\'u,, 2€ ’ZCP )

)

(25)

(26)

< | N+02_111Cé1) B Cpﬁl)
a exp(p + 50%)

1 c®
(=)

(27)

(b)

time

t t Y
A replacement request
arrives and the record

for the user is selected for The user leaves A call arrives

replacement the VLR to the user

Therefore, we can use a numerical method to sd}ﬁ% from
(27), and then we can solyeby (24) andp, by (6). Finally, we
can solvep; by (5).

After p; is obtained, we can compuf®,;r as follows. Con-
sider the timing diagrams in Fig. 3. Suppose that a replacement
request arrives at timg and the record for a mobile usey of
classi is selected for replacement. Moreover, assume that the
next call ofu; aftertg arrives at timet; and; leaves the VLR
attimets. Lett; ;, =t1—to andtm ; = ta—to. From the excess
life theorem¢;, ; andt; ; have the density functions,_ ,;(t;

m, i rn,i)

and7cyz(t:7 s respectlvely, where
7’m,i(t:n,i) =An[l — Fm(t:n,i)]
7’c,i(t:,i) :)‘c,i[l - Fc,i(t:,i)] = )‘c,ie_)\c’it:’i- (28)

Let p3 ; be the probability that; will not make or receive calls
before he/she leaves the VLR [i.e., (b) in Fig. 3]. Then

p37—PI‘ rnz<tcz]

= / / Te, Z c i)T"l,i(t:n,i) d dtrn 7
* =0

m, 1

:<ii>p—ﬁkha] (29)

where f7 () is the Laplace Transform of the VLR residence
time distribution.

Sincep; is the proportion of class 1 users out of being re-
placed usersl’yyr can be computed as follows:

Prr = pips 1+ (1 — p1)ps, 2. (30)
The analytic model for the random replacement policy is similar
to (but much simpler than) the mostidle replacement model. The
reader is referred to [9] for the details of the analytic model for
random replacement.

The analytic model has been validated against the simulation
experiments. Table | compares the analytic and simulation re-
sults, where\. » = 50\, and X, 1 = A, 2 = 1000X,,. The
table indicates that for exponential VLR residence time with
Am = 0.2, the error rate is less than 0.02%. For lognormal VLR
residence time with,,, = 0.2 andV,,, = 1/A2,, the error rate is
less than 1.2%. It is clear that the analytic analysis is consistent
with the simulation results.

I1l. NUMERICAL RESULTS

This section investigates the performance of the overflow
record replacement policies. In the numerical examples, the
VLR residence time distributions for both classes are the
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TABLE |

COMPARISON BETWEEN THEANALYTIC AND SIMULATION RESULTS

Exponential A,, = 0.2

Aea/dm 107390 10720 10722 10713 10~ 107190
Pyr(Analytic) | 99.9001% | 99.7494% | 99.373% | 98.4398% | 96.1713% | 90.9091%
Pyrr(Simulation) | 99.8989% | 99.761% | 99.3769% | 98.4381% | 96.1722% | 90.8984%
Lognormal A, = 0.2, V,,, = 1/)2,
Aci/Am 10730 1072° 1072 1078 10714 10710
Pyrr(Analytic) 99.9% 99.7496% | 99.3744% | 98.4478% | 96.2153% | 91.1256%
Pyr(Simulation) | 99.9113% | 99.7931% | 99.4676% | 98.6732% 96.7% 92.1765%
100 100
90 g g - ¢ g »- g L g g 90
80 | N4 80
04 [ k_3 70
604 L. %_s Pur g0
Pyr "L T3 Prr
@) 7 Pp 2]
40 (%) 407 i
30 30 -
207 T T 20 x: Prp (The Inactive;:cm\
10 10 -| ¢ : Pgg (The Random Replacement Policy)
0 e — 0 i Fags (The Most-ldle Replacement Policy)
103 10* 108 1072 1071 1 10! 10?
VLR Size L (Unit : records) Vin(Unit: 1/X2)
Fig. 4. Effects ofN/L on Py (Ae;1 = 0.1X,,, A2 = 50X,,, A1 = Fig. 5. Effects of varianc&’,,, on Prr, Prr and Py (A1 = 0.1X,,,
A,z = 1000A,,). Aoz = 500 = 0.5).
same, which have a Gamma distribution with medn,,, and 100
varianceV,,. In most experiments, we assume that the tote 90 - v“\‘\‘\.
user arrival rate\, (i.e., Ay, 1 + Au,2) to @ VLR area is a fixed
value 2000,,,,. Fig. 4 plotsPy;r as functions ofN/L where 807
Ae1 = 0100, Ae2 = 50N, andX,, 1 = A, 2 = 1000)\,,. Pur 70
This figure shows that for a fixed/L, Py;r values are the (%’; 604
same for various sizes of the VLR database. Thus, in th o : Prp (The Random Replacement Policy)
remainder of this section, we only consider= 1500. The 50 - ®: Pag (The Most-Idle Replacement Policy)
same results can be obtained for larger database sizes with 40 -
sameN/L ratio. — |
Effects of the Replacement PolicieBigs. 5-9 show that 3010_'3' T e 10-1

the most idle replacement policy significantly outperforms the
random replacement policy in most cases. Define
)\u, 1
Au1+Au 2
Both policies have a similar performance whep , is very A. 1 = 0.1, A¢ 2 = 50X, andd = 0.5. We note that both
small (e.g.f = 0.1 in Fig. 8) and the overflow situation is very Prr and Py;r decrease a¥,,, increases. That is, for Gamma
serious. In such a circumstance, there is only a small numbemdidtributed VLR residence time, dg,, increases, more long
class 1 usersin the VLR area. Under serious overflow situatiay), ; are observed [see (28)], apd ; = Pr[t;, ; < t& ;] de-
it is likely that all class 1 users have already become overflosveases accordingly. Consequently, probabilifteg and Py, r
users, and class 2 users (in MR group) will be selected for decrease ag,,, increases. On the other harfd,z not only de-
replacement in an overflow registration or call setup. As a resyignds orps ; but also on the probability; that a class 1 user
small Prr and Py r are expected, which are insignificantlyis selected for replacement when a replacement request arrives.
affected by the replacement algorithms. The performance of timeg[9] we showed thap; increases a¥,,, increases. The com-
inactive replacement policy is between the most idle and thied effects ops ; andp; result in the phenomenon th&tr
random replacement policies whéf), is not large. For large increases and then decreased’asincreases. This figure also
Vo, the inactive replacement policy may outperform the mostdicates tha#y,;g > Prg for smallV,,,, and the reverse result
idle replacement policy as will be elaborated on in Fig. 5.  is observed for larg#’,,,. In the remainder of this section, we
Effects of Variancé/,,: Fig. 5 plotsPrg, Prr (for the in- only compareP,,;r and Pgrr. A detailed analysis of the inac-
active replacement policy), anéh;r as functions o¥,,, where tive replacement policy was given in [9] and will not be repeated

Ae1(Unit : Am)

Fig. 6. EffectsofA,. 1 onPry andPusr (A, 2 = 50X, 6 = 0.5).
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Fig. 9. Effects of the VLR size ofPrr and Py g (6 = 0.5).

in this paper. Also, in the remainder of this sectibh, = 1/)2,
is considered.

Effects of\. 1: Fig. 6 plotsPrr and Py, as functions of
Ac,1 Whered, » = 50\, andf = 0.5. The figure indicates
intuitive results that’zr and Py, r decrease as,. ; increases.
The nonintuitive results are that boffrr and Py, are not

affected byA. 1 when). 1 is sufficiently small (namely).. ; <

1959

Effects ofA. »: Fig. 7 plotsPrr and Py, r as functions of
Ac, 2 WhereA. 1 = 0.1A,, andé = 0.5. The figure shows that
Prp decreases a%. » increases anéfy; r increases a4, » in-
creases. In random replacement policy, every record in the VLR
is selected for replacement with the same probability. Thus, as
Ac, 2 increases, it is more likely that the next call for the replaced
class 2 user arrives before he/she leaves the VLR. Therefore
Prr decreases ak; » increases. In contrast, for the most idle
replacement policy, as, » increases, it is less likely that class
2 users are selected for replacement. Consequéftly; in-
creases a3, o increases.

Effects ofA, 1 (X.,2): Fig. 8 plotsPrr and Py, g as func-
tions of the raticd = (A, 1/Au,1 + Ay, 2). When@ is large, it
is more likely that class 1 users are selected for replacement.
Thus, it is obvious that botlPrz and P,;r increase as the
ratio # increases. We also note th&t, r increases rapidly for
0.2 < # < 0.35. For mostidle replacement, whénr< 0.2, there
are only a small number of class 1 users in the VLR database
which can be selected for replacement. Ofice 0.2, the prob-
ability p; that a class 1 user is selected for replacement will in-
crease exponentially #increases. Whefireaches 0.35, there
are already sufficient class 1 users for replacements. In this case,
large Py, i is expected, and increasifigloes not improveé’y, g
performance.

Effects of the VLR SizeFig. 9 plotsPrr and Py, r as func-
tions of the VLR size wher@ = 0.5. Fig. 9 shows thaPrr
increases linearly as the VLR size increases. On the other hand,
Py g increases rapidly as the VLR size increases from 1000 to
1200 records. After 1200 records,, r is only slightly affected
by the change of the VLR size. Thatis, when the VLR size is less
than a threshold (e.g., 1200 records in our example), the over-
flow situation will be very serious and class 2 users will also
be selected for replacements. Therefore, increasing of the VLR
size significantly reduces the occurrences of overflow replace-
ments for class 2 users. When the VLR size is larger than the
threshold, there are enough class 1 users for replacement, and
increasing the VLR size does not impra¥g; .

IV. CONCLUSION

This paper studied the overflow problem of a mobility data-
base, specifically the VLR, in a PCS network. Under the ex-
isting PCS technology, when the VLR is full, the incoming mo-
bile users cannot receive services. Through record replacement,
we can offer telecommunication services to overflow users (i.e.,
those users who have no associated records in the VLR). An
important criterion of record replacement policies is to reduce
the possibility of overflow operations in the future. To achieve
this goal, we proposed the most idle replacement policy to re-
place the record that has no call activity for the longest period.
We compared the most idle replacement policy with the previ-
ously proposed policies (inactive replacement and random re-
placement). Our study indicated that the most idle replacement

0.01X,,). When X, ; < 0.01X,,, the probabilityps; 1 that a policy significantly outperforms the random replacement policy.
replaced class 1 user will not make or receive calls before he/gath inactive and most idle policies show good performance. In
leaves the VLR will approach 1 [see (29)]. In this caBgr and most scenarios investigated in this paper, the most idle replace-

Pyrr will be only dominated by, » [see (30)].

ment policy can reduce over 90% of the overflow call setups.
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As a final remark, we note that in a real mobile network, thim (33),0,,(+/N*) has a negative value. Compare the loss model
records of a huge VLR are physically stored in several separateith the original system, and we have

databases. The most idle policy will need to access all databases
for a replacement while the inactive policy only needs to access
some databases independently. In this case, the most idle polic
is not as efficient as the inactive replacement policy. To over-
come this disadvantage, we may exercise the mostidle policy}

the individual databases in parallel and then select the most i ):

record from the most idle records in the individual databases.

APPENDIX
DERIVATIONS FORN, N1, K1, AND K>

When the system is in equilibrium, let random variavigbe
the number of users in théLR group and random variabl¥,
be the number of users in tlwerflowgroup. Then the number
of usersinthe VLR area & = N; + N,. Letrandom variables

N<MN (34)

e%ause the overflow users in the original system may go back
the VLR group, while those in the loss model do not. From

(33), and (34)

N<N <L — N1=L+Op(\/N*).

WhenN* is sufficiently large, we have

N, ~L. (35)
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VLR area when the system is in equilibrium. It is clear that

N < L. (31)
Since a VLR area can be regarded asMjiG /oo queueing
system, N is a Poisson random variable with mean
N* = (A1 + Au,2)/Am [3], where A, 1 + Ay 2 is the
user arrival rate from other VLR areas ahd\,,, is the mean 5
VLR residence time. Similarly, treating class 1 and class 2
users separatelyy; andK- are Poisson random variables with (3]
meansh,, 1/ . and A, 2/ A, respectively. Whem,, /A, 4]
and A, o/X,, are both of orderN*, from the Chebyshev's
inequality [14], we have

(1

(3]

A’U, A’U,
NZ%-’-OP(‘/N*) [6]
A’U,
K = A: +Op(\/N*) [7]
and (8]
Ay
Ky = —A:’ +0,(VN") (9]
where [10]
def [11]
X, =0,(f(n)) = Ye >0, Im > 0such that
(12]
Pr <‘£ <m> > 1—eforalln[7]. [13]
f(n) aal
If N* is sufficiently large
(18]
)‘u, 1+ )‘u, 2 ~ )‘u, 1 ~ )‘u, 2
N_T, K~ ™ and K~ N (32

Considerthe loss modé&{ /G/L/L whereL is the size of the
VLR database and is of ordéf*. In this model, if the Poisson
user arrivals from other VLR areas find that the VLR databa
is full, then they join theoverflowgroup and never go back to
the VLR group. Let random variabl® be the number of users
in this loss model in equilibrium. From [15, Th. 5.7.4], we knov
that NV has a truncated Poisson distribution with paramatér
which is truncated af,, and therefore

N:L+0P(W). (33)
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