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Abstract—This letter introduces a method for minimizing Il. PARTITION ALGORITHM

paging costs in wireless systems with delay constraints. An optimal .
partition algorithm is proposed and the corresponding paging  Assume that each LA consists of the same number of cells

procedure is provided. Numerical results demonstrate that the [V and the worst-case paging delay is considered as the delay
new scheme outperforms other previous schemes for uniform and bound, D, in terms of polling cycles. Foi < D < N,

nonuniform location probability distributions. the partitioning of an LA requires grouping cells in an
Index Terms—Delays, paging costs, wireless systems. LA into D smaller PA's. The initial state® is defined as
P = [p1, p2, .-+, pj, -, pn], Wherep; is the probability of

thejth cell to be searched in a decreasing order of probabilities.

Each PA is denoted by a triplet B4, ¢;, n;) under paging
OCATION tracking in wireless systems requires locatiogchemeP, in which i is the sequence number of the RAis
registration and paging processes. Both procedures catiggprobability of the called MT being found in thith PA, and

heavy signaling costs as the demand of wireless services afds the number of cells contained in ti PA. Accordingly,

number of mobile users grow rapidly. Location registration emkepaging costinder delay boun®, £[C(D)] and theaverage

ables a mobile terminal (MT) to register with the system whendlelay, £[D(D)] can be computed from

enters a new location area (LA) consisting of a number of cells. . .

C_:onsequently, the system. is t'_;llways aware qf the_current |°Ca'E[C(D)] _ Z gk, and E[D(D)] = Z i Q)

tion of a mobile user. Paging is the process in which a system =

searches for an MT by sending polling messages to the cells i

within the last reported LA of the MT. Signaling cost of pagingerégi = >_;cpa, )P andki =3 p_y na. o

which is measured in terms of cells to be polled before the calledThe objective of the optimal paging scheme is to minimize

user is found, is related to the efficiency of bandwidth utilizatiof'® @verage number of cells needed to be searched for the called

and should be minimized under delay bounds [4], [8]. In ord® T under delay bounds. o .

to reduce the paging costs, multi-step paging schemes have bedifMmma: If a paging sequencg satisfies the following con-

suggested to satisfy the delay bounds while reducing the pagfions. thepaging cost[C(D)] can be minimized:

costs [2], [6], [7], [10], [11]. In each step, a group of cells called 1) Probability Condition The cells must be searched in a de-

paging area (PA) is searched in one polling cycle, which is the  creasing order ofthe location probabilities. In other words,

time elapsed between sending a paging message and receiving if « andv are cells withp,, > p.,, then the optimal paging

the response [1], [5]. On the condition of delay bounds, the min- ~ sequence PA that minimizest[C(D)] must satisfy. €

imization of paging costs demands the partitioningofan LAinto ~ PA»(g, ¢4, ng) andv € PAp(h, qu, ny) forallg < h.

several PA's. However, most of the previous paging schemes2) Forward Boundary Conditionlt determines the largest

could not minimize the signaling costs of paging with delay con- ~ probability cell, i.e., with the largest location probability

straints. in a PA. Letp}Jrl be the largest probability cell in the

In this letter, a lemma is provided to illustrate the conditions (¢4 1)th PAwithn,;, cells. Thenp}, - (n;41 —1) must

for an optimal partitioning algorithm. Then the corresponding  be less than or equal tg. This condition implies that the

paging procedure is presented for separating an LA into PA's, largest probability cellin théi+1)th PA cannot be moved

which guarantees the minimization of paging costs under delay ~ “forward” to theith PA that is prior to thé: + 1)th PA.

bounds. Compared to other schemes, the new algorithm is veryd) Backward Boundary Conditiorit chooses the smallest

effective in minimizing the paging costs for nonuniform loca-  probability cell, i.e., with the smallest location probability
tion probability distributions. in the PA. The backward boundary condition demands

that ¢; should be less than or equal 9 - (n;41 + 1),

o e .
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a4

u € PAp/(g, g, ng) andv € PAp:/(h, q;,, ny.). As aresult

E[CD] - EICDN=| > ki-ai+ky-aq+Fkn-a

=1, i#g,h

S kicgitkn-gatke-an
i=1,i#g,h
= (kg — kp)(pu — pu) >0 )
wherek, is larger thark;, for g > h according to the definition
in (1). This is a contradiction of the assumed optimalityFof

Therefore, the probability condition in the Lemma is necessary.
Given that the first probability condition is satisfied, the cells
can be organized in a nonincreasing order of probabilities. The

paging cosC; of an MT being found in théi 4+ 1)th PA using
P is calculated from

Cr=ni—14+¢ (kici+ni)+ g1 - (kici+ni+nip1)  (3)

where; | = Y11 q; - ki, andk;_; is defined in (1). If the

largest probability ceIp}/Jr1 in the (¢ + 1)th partition is moved

to theith partition, thepaging cost’; is determined by
Co=m;—1+ (g +p%+1) (kioy +n;+1)

+ (@it = pig1) - (ko +n5 +nig1). (4

Since the optimality of the partition must be retained, (&. <
Cs, consequently,

®)

pipy - (nip1—1) < g

This is exactly the forward condition in the lemma.

In a similar way, if the smallest probability celf in the :th
partition is moved backward to ttfe+1)th partition, thepaging
costCj is determined by

C3=ni—1+ (g —p;) (ki1 +n; — 1)

Hgit1 +07) - (kiet + i +nig1)- (6)
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cells are assigned to each of the remaininA's. For
example, the first PA consists ef, cells and the last PA,
i.e., Dth PA, consists ofig + 1 cells

» Step 3: Test the first PA using the backward boundary
condition in Section II. Ifgy > p3 - (n2 + 1), thenp;
is moved to the second PA. Otherwise, keep the partitions
obtained from Step 2. The testing of the first PA continues
until the backward condition is satisfied.

» Step 4:Test the first PA using the forward boundary con-
dition in Section II. Ifg; < p3 - (n2 — 1), thenp} will
be moved to the first PA. If this movement occurs, it is
required to go back to Step 3, in which the backward
boundary condition is tested again. This procedure con-
tinues iteratively until the forward condition is satisfied,
ie.,q > py-(n2—1).

» Step 5: Test the second PA using forward and backward
boundary conditionsasin Steps3and4. This procedure con-
tinuesuntileach PAhasbeentestedand meetsthe conditions
described in the Lemma. The finalized partitions form the
optimal sequence that produces the minimum paging costs.

» Step 6:The system polls; cells in PAx(1, g1, nq) first,
followed by searching PA(2, ¢z, n2), and so forth. The
paging procedure stops when the called MT is found.

IV. PERFORMANCEANALYSIS

In this section, numerical results are provided to compare
the paging costsand averagedelaysof the proposed scheme
with three other paging schemes: broadcast paging, selective
paging, and highest probability first (HPF) scheme for uniform
and nonuniform location probability distributions. In one-step
or broadcast scheme [2], [3], all cells in the LA are polled si-
multaneously so that the paging cost is the number of cells in
the LA. For the selective paging scheme, one of its simulated
cases is chosen. In this case, the LA is divided into three parti-
tions with location probabilities.6, 0.2, and0.2, respectively
[1]. For the HPF scheme, an analogous continuous probability

Due to the optimality requirement, the following formula can bdensity function must be found for the nonincreasing discrete

obtained by applying@’; < Cs:
¢ <pj-(niy1+1)

which is the backward condition in the lemma.

)

Il. THE PAGING PROCEDURE

distribution. Nevertheless, how to find this continuous function
is not provided in the paper [8]. In order to obtain the numerical
results, the paging procedure of the original HPF, which is called
the enhanced-HPF (E-HPF) scheme, is designed according to
the theoretical description of the HPF.

Thepaging costandaveragedelaysversus the delay bounds,
D (N = 20), for the uniform distribution are shown in Fig. 1.

Here we present a paging scheme that fulfills the conditioffese results reveal that the new paging scheme produces the
a series of PA's in such a way that all PA's consist of approXssults from HPF scheme for the uniform distribution. It is also
imately the same number of cells [9], followed by testing thgpserved that the average delay increases as the delay bound

boundary conditions described in the previous section.
 Step 1:Calculate the number of cells in each PA as

N
m=|3] ©
and determine the variableask = N — ngD.
e Step 2: Determine a series of PAs
PA°(1), PA°(2), ---, PA%(D) with the location

probabilities ofg:, ¢o, - - -, gp, respectivelyng cells are
allocated to each of the firsfX — k) PA's, and @g + 1)

increases as shown in Fig. 1(b). Note that the paging costs are
considered having higher priority than the average delays under
the delay bounds.

In addition, thepaging costsand averagedelaysare inves-
tigated for nonuniform probability distributions. For example,
in case A, the location probabilities are as follows: 0.36, 0.31,

as0.05, 0.05, 0.045, 0.045, 0.04, 0.04, 0.03, and 0.03. In another

case B, the location probabilities are created as 0.28, 0.26, 0.08,
0.08, 0.05, 0.05, 0.05, 0.05, 0.05, and 0.05. paging costaind
averagedelaysof cases A and B are demonstrated in Table I.
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Fig. 1. Paging costs and delays for uniform distribution.
TABLE |
THE COMPARISON OFPAGING COSTS AND DELAYS
Partitions (PAs) PAG, ¢;, ) E[C(D)] | E[D(D)]
Case A | Optimal | (1,0.36, 1); (2,0.36,2): (3,0.28,7) 4.24 1.92
D =3 | Selective | (1,0.55,5): (2,0.31, 1): (3,0.14, 4) 6.01 1.59
E-HPF | (1,0.77,4): (2,0.13,3): (3, 0.10, 3) 4.99 1.33
Case A | Optimal | (1,0.36, 1); (2,0.31, 1): (3,0.19,4): (4,0.14,4) 3.52 2.11
D= Selective || (1, 0.72, 3); (2, 0.14, 3); (3, 0.08, 2) 6.01 1.59
E-HPF || (1,0.72, 3); (2, 0.14, 3); (3, 0.08, 2); (4, 0.06, 2) 4.28 1.48
Case A | Optimal | (1,0.36, 1); (2,0.31, 1): (3,0.10, 2): (4,0.13, 3): (5,0.10, 3) 3.29 2.03
D= Selective || (1, 0.55,5): (2,0.31,1): (3,0.14, 4) 6.01 1.59
E-HPF || (1,0.67, 2); (2, 0.10, 2); (3, 0.09, 2); (4, 0.08, 2); (5, 0.06, 2) 3.52 1.76
Case B | Optimal || (1, 0.54, 2); (2, 0.26, 4): (3,0.20, 4) 4.64 1.66
D =3 | Selective || (1,0.62, 3): (2,0.18, 3): (3,0.20,4) 4.94 1.58
E-HPF | (1,0.70,4); (2,0.15,3); (3, 0.15, 3) 5.35 1.45
Case B | Optimal | (1, 0.54, 2); (2, 0.16, 2): (3, 0.15, 3): (4, 0.15, 3) 4.27 1.91
D =4 | Selective || (1,0.62,3): (2,0.18, 3): (3,0.20,4) 4.94 1.58
E-HPF || (1, 0.62, 3); (2, 0.18, 3); (3, 0.10, 2); (4, 0.10, 2) 4.74 1.68
‘Case B | Optimal | (1, 0.54,2); (2,0.16, 2): (3,0.10, 2): (4,0.10, 2): (5, 0.10,2) 4.12 2.06
D =5 | Selective || (1, 0.62, 3): (2,0.18, 3): (3,0.20, 4) 4.94 1.58
E-HPF | (1,0.54, 2); (2, 0.16, 2); (3, 0.10, 2); (4, 0.10, 2); (5, 0.10, 2) 4.12 2.06
Broadcast Scheme (1,1,10) 10 1

The details of each PA, such as the paging sequence, the locg]

I. F. Akyildiz, J. S. M. Ho, and Y.-B. Lin, “Movement-based location

tion probability, and the number of cells undBr = 3, 4, 5,

are also presented in Table I. The minimum paging costs anq3
delays are indicated in bold and italics, respectively. It can be
seen that the optimal paging scheme always results in the min-

imum paging costs. In addition, the new scheme is simple to

implement and significantly reduces the paging costs for var-

ious probability distributions.

V. CONCLUSION

(3]

(6]
An optimal paging scheme which is capable of minimizing [7]

paging costs under delay bounds has been presented. This

scheme is simple to implement and it is applicable to arbi-
trary location distributions. In particular, when the location

probability distribution is nonuniform, which is not considered

in other paging schemes, the proposed algorithm is still veryl®]

effective in minimizing the paging costs.

REFERENCES

[1] A. Abutaleb and V. O. K. Li, “Paging strategy optimization in personal [11]
communication system ACM-Baltzer J. Wireless Networks (WINET)

vol. 3, pp. 195-204, Aug. 1997.

(20]

(8]

update and selective paging for wireless networkSEE/ACM Trans.
Networking vol. 4, pp. 629—-638, Aug. 1996.

] 1. F. Akyildiz, J. McNair, J. S. M. Ho, H. Uzunaliglu, and W. Wang,

“Mobility management in next-generation wireless systenmrdc.
IEEE, vol. 87, pp. 1347-1384, Aug. 1999.

[4] A.Bhattacharya and S. K. Das, “LeZi-update: An information-theoretic

approach to track mobile users in PCS networks,Piac. ACM/IEEE
MobiCom’99 Aug. 1999, pp. 1-12.

J. S. M. Ho and |. F. Akyildiz, “Mobile user location update and paging
under delay constraintsACM-Baltzer J. Wireless Networks (WINET)
vol. 1, no. 4, pp. 413-425, Dec. 1995.

H. C. Lee and J. Sun, “Mobile location tracking by optimal paging zone
partitioning,” inIEEE ICUPC’97, vol. 1, Oct. 1997, pp. 168-172.

Z. Naor and H. Levy, “Minimizing the wireless cost of tracking mo-
bile users: An adaptive threshold scheme [EEE INFOCOM'98 Mar.
1998, pp. 720-727.

C. Rose and R. Yates, “Minimizing the average cost of paging under
delay constraints, ACM-Baltzer J. Wireless Networks (WINEW)I. 1,

pp. 211-219, Feb. 1995.

W. Wang, I. F. Akyildiz, and G. L. Stuber, “An optimal partition algo-
rithm for minimization of paging costs,” iEEE GLOBECOM'2000
Nov. 2000.

G. Wan and E. Lin, “Cost reduction in location management using
semi-realtime movement information,ACM-Baltzer J. Wireless
Networks (WINET)vol. 5, no. 4, pp. 245-256, 1999.

T.Y.C. Woo, T. F. L. Porta, J. Golestani, and N. Agarwal, “Update and
search algorithms for wireless two-way messaging: Design and perfor-
mance,” inNlEEE INFOCOM’'98 Mar. 1998, pp. 737-747.



