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Concurrently Searching for Mobile Users in
Cellular Networks
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Abstract—in today’s systems, upon arrival of calls to mobile the worst-case paging delay constraint. Abutaleb and Lee [9]
users, the system attempts to locate the users sequentially (one byshowed that the problem of minimizing the average paging cost

one) through a paging operation. In t'his Ietter_, we propose to con- nqer the mean paging delay constraint can be solvex|2)
currently search for a number of mobile users in a mobile network, time

significantly reducing the cost of locating mobile users. The reduc- . . )
tion in the paging costs due to such a concurrent search can be Rezaiifar and Makowski [10] proposed a paging scheme
quite substantial, depending on the knowledge of the probabilities based on the theory of optimal search. In their scheme, the
of the users’ locations, the number of cells in the network, and “Smart Distributor” processes a number of paging requests
the number of mobiles to be located. Additionally, we propose a in a time slot. However, as pointed out in their paper, it is

low-complexity heuristic that reduces the average paging cost by . “ . N . .
25%, in the case of no knowledge of probabilities of the mobiles’ possible that the “Smart Distributor” assigns too many paging

locations. With such knowledge, further reduction in the average 'e€quests to a base station and therefore some paging requests

paging costs of up to 90% can be achieved. are blocked. In this paper, we propose a nonblocking paging

Index Terms—Cellular networks, concurrent search, mobility scheme In which tha_t once a paging request is assigned to a

management, paging. base station, the paging request will be successfully processed.
[Il. CONCURRENTSEARCH

|. INTRODUCTION
In this letter, we study the problem of concurrently locating a

N A CELLULAR network, when a call to a mobile user . .
. . . . umber of mobile users. Suppose thereatells in the network
arrives, a mobility management scheme is responsible for . . :
ol . X ; X and there aré mobile users to be located withintime slots. A
finding the current cell in which the mobile user resides. Typl-, . : . .
. : -straightforward sequential paging scheme is to page all cells at
cally, a mobility management scheme constitutes of a location . . . . .
) Ime slot: to locate mobile user wherel < ¢ < k. Thisscheme

update scheme and a paging scheme [1].

There is an intrinsic tradeoff between location update arrlgquwes]g-n paglng.messages..leenthe.p-robab|l|-st|cmforma-
. . . . tion about the locations of mobile users, it is possible to reduce
paging. Itis possible to see paging as a more fundamental oper-

ation than location update. However, as pointed out in [2], “th e average number of required paging messages. For simplicity,

maioritv of the research on location management has actuallﬁis assumed that the locations of mobile users are statistically
jority 9 .m%ependent. Lei(7, j) be the probability that mobile useis in

focused on location update schemes, assuming some obvious': . L .
P 9 cé’ﬁy, when a call to mobile uséarrives. Without loss of essen-

version of the paging algorithm.” : L - . _
The concept of dividing a location area into paging zones wtalgl generality, itis assumed thati, j) > 0,¥i € {1,2, ..., k},

described in [3] and [4]. Lyberopoulos [5] proposed to page t e] {'1’_2’ ( ' )n ; ;it Prggtzi&%psrg%itglgggqartgg;;ﬁ? trr;a;_
cell that a mobile registered with most recently, and then page all*;7 . PAL ) " P iy

. : . - txif V1<i<k,1<j<mn,[M];; €][0,1] andVvl < i<k,
other cells in the location area, if necessary. Akyildiz, Ho, arg: J

. 0 , . "_[M];; = 1. An information-theoretical approach to de-
Lin [6] proposed a mobility tracking scheme that combmes.nvga the probability matrix? could be found in [2].

movement-based location update policy with.a.sglective PadNG- hsider the following simple example to illustrate the effi-
scheme. Rose and Yates [7] proved that to minimize the averacgssncy of a concurrent search scheme. Suppose that there are
paging cost, the cells with the higher probabilities must be pagé '

before the cells with the lower probabilities. Krishnamacharcl)nly two cells in the system and two users are to be located. As-

Gau, Wicker, and Haas [8] proposed an efficient algorithm tsUme that the system has no prior knowledge about the location

solve the broblem of minimizing the average pading cost un gfrthe users; i.e., each user can reside in each one of the two
P g g€ paging cells with probability 0.5. Using sequential paging, the system

would page and locate user 1 in the first time slot. Then, the
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i.e., on the average, 1.5 pages would be require per user, dh& total number of mobile users to be located. In step 0, the
pages for the two users—a saving of 25% over the sequentiatial states of all mobile users are zeros, since none of the
paging. mobile users have been located. In step 1, for every cell, one

If there aren cells in the system andusers to be located, themobile user is selected to be paged. The selection is based
aboveconcurrentsearch scheme would require(n + 1))/(2) on the probabilities to find mobile users in the cell. In every
total pages, while the sequential paging scheme requires= time slot, a base station pages the mobile user with the highest
n? pages; i.e., a saving of 50% for largeOf course, with some conditional probability to be located.
probabilistic knowledge of the mobiles’ locations, this saving In step 2, mobile users with indexes(t)'s, wherel <
can be significantly larger. j < n, are paged. If mobile useris located in time slot,

s(i,t + 1) = 1. Otherwise, the state of mobile useremains

[1l. THE CONDITIONAL PROBABILITY HEURISTICALGORITHM  unchanged.

In this work, the conditional probability heuristic algorithm is In stgp 3, pro.bab|l|st|c information about the Iocatlons.
. . of mobile users is updated based on the paging results in
proposed to concurrently search for and lodateobile users in ) : : ) .
N ; the previous time slot. If mobile usérhas been located in
a network composed of cells withink time slots. Asin [5]-[7], .. L .

L . . time slot ¢, it is unnecessary to search for the mobile user
[9], it is assumed that the mobile users will not move to othcleﬁ subsequent time slots and therefdr(t + 1) ; = 0
cells duringk time slots. We first define some terms that we usg, ~_ q< . On the other hand. if mobile uszéjrha_s not
in our conditional probability heuristic algorithm. The variable "~ — J = B MU ' o .
s(i,t) represents the state of thigh mobile user at the begin- yet been found' in time sot, the probabilistic. information
ning of time slott. If mobile user: has not been located at theapgl;t ihe; I?ﬁstg)r;tgfmthheasm;):;rec#esderC§:;ctJLi:(rdn:(aslgsd]?otred. I
beginning of time slot, thens(i, ) = 0. Otherwises (i, ) = 1. mj?t/)ile_us’eri andyshould not search Céjlel again Theréfore
Since none of the mobile users are located at the beglnmng[ﬂ(t T 1)]ss = 0, ¥ such thats(f) = o (1) £ 1. given

time slot 1,5(:,1) = 0, wherel < i < k. The matrixA(?) ) A X
= . that mobile usei is not in any one of the cells that are paged
stores the up-to-date probabilistic information about the loca- ' . . . L
In the firstz time slots, the probability that mobile users in

tions of mobile users from the viewpoint of the system. InitiaIIyCe”j is equivalent td([A()]:)/(1 — 3 AD])
] - aipe (t)=1 i,a) )y

A(1) = P, whereP is the probability matrix defined earlier. At - " (¢
. . based on the definition of condition probabilify;ob(A|B) =
the end of time slot, A(¢ + 1) is calculated based af(¢) and (Prob(A N B))/(Prob(B))).

the results of paging mobile users in time sfolhe variable In step 4, the algorithm checks if it should stop. Since a base

f{;ﬁéf;?ié”j?ﬂx t?r;teh;(;?fb”e user that is paged by the bag?ation does not page any mobile more than once during the first

The conditional probability heuristic algorithm is presenteé t|me s_Iots and there are onkymobﬂe_s to .be Iocqted, a base
Station is always able to page &llmobiles in the firstt time
as follows. . : o
. ) slots. Therefore, alt mobiles will be located withiik time slots
Step 0) blrltlzlly,t = L A1) = Pands(i, 1) = 0.Vl < gpgthe algorithm is able to stop when it has runifdterations.
1 < K.

o ) . The conditional probability heuristic algorithm is illustrated
Step 1) At the beginning of time sla@t for eachj, where by the following example. Suppose

1 < j < n, choosep;(t) such thafA(t)]s +),; =
maxi<;<k[A(t)];,;- Then, for eachj, wherel <
J < n, if maxi<;<x[A(t)];; > 0, the base station
of the jth cell pages mobile user;(t).

Step 2) At the end of time slat calculates(i,t + 1)'s as

follows:
. . L Then, A(1) = P ands(1,1) = s(2,1) = s(3,1) = 0.
!f mobile user: is located in time slot, then Since[A(l)(]l);l S [A(l)]271(> [21(1)]3 (’ ¢1)(1) _ (1 Si)milarly,
s(it+1) = 1. _ $2(1) = 1, p3(1) = 3 and¢4(1) = 3. Therefore, in time
Step 3) Sg?grvﬂ;(ej’;&éi 11)) :ssf(;fléz/;/s slot 1, the base station in cell 1 and the base station in cell 2
: : page mobile user 1, while the base station in cell 3 and the base
1) If s(i,t +1) = 1, then[A(t + 1)l;; = 0, station in cell 4 page mobile user 3. With probability(1)] .1 +

04 03 02 0.1
P=103 025 025 0.2
01 02 03 04

Vi<j <. [A(1)]1.2 = 0.4 + 0.3 = 0.7, mobile user 1 is located in time
2) If s(i,t +1) = 0, then slot 1. Similarly, with probabilityf A(1)]s 5 + [A(1)]3.4 = 0.3+
1) [A(t+1)];; = 0,Vj, suchthat);(t) = 0.4 = 0.7, mobile user 3 is located in time slot 1. For illustration
1. purposes, itis assumed that in the first time slot, mobile user 1 is
2) [A(t + Di; = (([A(t)]i;)/(1 — located, while mobile user 3 is not located. Therefe(e, 2) =
Yapay=ilAt)lia)), Vi, such that 1, 5(2,2) = 0, ands(3,2) = 0.
$i(t) # 1. A(2) is derived based on step 3 of the algorithm. Since
Step4) Step 4:1f = k or A(t + 1) = 0, stop. Otherwise, s(1,2) = 1, elements in the first row of4(2) are all
increase the value efby one and then go to step 1.zeros. Sinceza:%(l):Q[A(l)]g;a = 0, the second row of

In what follows, we provide some remarks related to thd(2) is identical to the second row afi(1). Furthermore,
above algorithm. It should be noted that the algorithm is valllL ., (1)_3[A(1)]s,a = [A(1)]33 + [A(1)]34 = 0.3 + 0.4 =
irrespective of the total number of cells in the network an@l7 and therefor¢A(2)]s 1 = (([A(1)]s.1)/(1—0.7)) = (1/3).
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Fig. 1. Performance of a concurrent search algorithm.

Similarly, [A(2)]s2 = (0.2/0.3) = (2/3). In addition,
[A(2)]3,5 = [A(2)]3,4 = 0. Then,

0o 0 0
A(2)=[03 025 025 0.2
20 0

Fig. 1 shows the performance of the conditional probability
heuristic algorithm when there are 16 mobile users to be located
and the total number of cells in the network is 4, 16, or 100.
Typically, as the total number of cells increases, the normalized
reduction of the average paging cost increases. In addition, as
the decay factor increases, the normalized reduction of the av-
erage paging cost decreases.

V. CONCLUSIONS

In this letter, we propose to concurrently search for and locate
k mobile users in a cellular network withintime slots based on
the probabilistic information about the locations of the mobile
users. The reduction in the paging costs due to such a concurrent
search can be quite substantial, depending on the knowledge of
the probabilities of the users’ locations, the total number of mo-
bile users to be located, and the total number of cells in the net-
work. Additionally, we propose a low computational complexity
algorithm (theConditional Probability Heuristif. Simulation
results indicate that the Conditional Probability Heuristic can
reduce the average paging cost by 25%, in the case of no knowl-
edge of the probabilities of the mobiles’ locations. If such infor-
mation is available, further reduction in the average paging cost
of up to 90% can be achieved. In practice, estimations of the lo-
cation probabilities of mobile users could be used as the input

The above procedure is repeated until all the mobile usérsthe proposed conditional probability heuristic algorithm.
have been located. The computational complexity of the a|g0_The concurrent search approach could be extended to serve

rithm is O(k? - n).

IV. PERFORMANCE EVALUATION

In this section, simulations are used to study the performance

calls with different arrival times. However, due to the space lim-
itation, extensive analytical and simulation results are omitted
and will be included in [11].
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