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Abstract

locations polled to that point is
n

In this work, we consider the problem of minimizing average paging cost and polling delay in a wireless system. It is
assumed that users to be paged move according to a genera1 motion process during the paging events. We find and
evaluate the optimal sequential paging strategies for given
maximum delay tolerance and compare our results to the
classical paging strategy as well as the optimal strategies
for stationary units (users).
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and as a surrogate for polling delay we have
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the mean number of polling events. Note that pq(n)is the
complementary cumulative distribution function of qn or
formally
n
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Similar to [3], we seek to minimize the weighted sum
(weighting factor cr 2 0) of E [ P ] and E [ D ] ,
N
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by optimally choosing both the size of polling groups kn
and their el'ements i E An, i = 1,2..-kn.
We assume that the unit to be paged moves according to a
general motion process. The joint probability distribution
on unit location at time tn can be written in terms of
conditional probabilities as1
n
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For a given unit, groups of locations An are polled in sequence, n = 1 , 2...N until the unit is found. The probability of finding the unit on the nth polling step is defined
as qn. The number of locations in each group is ICn. If
the unit is found on the nth step then the total number of
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In mobile communications systems, timely localization of
users is an important factor in service quality. Since the
excess signaling imposed by user mobility can be excessive
[1,2] and radio bandwidth is scarce in wireless systems,
paging algorithms that minimize signaling are desirable.
Previous work [3-51 has considered optimal paging
strategies when the mobile unit is assumed to remain essentially stationary for the duration of the paging process.
However, if paging bandwidth is scarce, or the system
is heavily loaded, this assumption may be inappropriate.
Thus, we here consider optimal strategies to locate a mobile unit when the unit may change location between the
polling events; i.e., it might be necessary to poll a given
location multiple times rather than just once as is in the
stationary case.
In the following sections, we first formulate the problem
of finding the optimal paging strategies. We then present
the results obtained under different assumptions and the
conclusions of our work.
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Given polling groups A;, i = 1,2, ... we can write down the
probability of finding the user in the nth step as [6]:
Qn

=

PXl ...x,(Zl...zn)
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0 Avg.
x Avg.
0 Avg.
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Paging Cost, DP
Paging Cost, ES
Delay Cost, DP
Delay Cost, ES

It is easy to see that F,(n) can be written as [6]:

i”,(4 = F,(n - 1)

~Xn~Bn_l..Bl(~nI~n-l.
(8)
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where Bi is the event that the unit is not found by polling
step i.
We then state the following theorem:
Theorem: The polling sequence which minimizes Equation (2), (3) or (5) polls the most probable ki+l locations
after the ith polling failure.

Proof: If polling groups A1 ...AN-1 are given, then F,(i)
is specified for i = 1,2, ...,N - 1. Given kN, minimizing
any of the cost functions (2) through (5) requires us to
choose the elements of AN such that p q ( N )is minimized.
However, F,(N) is minimized by choosing the most likely
-l
for AN.
elements of p X N ~ ~ n(xNIBN-~...&)
Proceeding recursively, we see that for given polling
group sizes k,, the optimal polling group A , contains the k , most likely elements of the distribution
p ~ ~ l ~ , - (z,
~ . IB,-1
. . j ~...&). Thus, the problem of finding
N optimal polling groups reduces to one of finding optimal
polling group sizes k,.
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Figure 1: Optimum paging and delay costs corresponding to the optimum strategy with a = 0.5 vs maximum
delay for a stationary unit, 20 locations, uniform initial location distribution. DP=Dynamic Programming,
ES=Exhaustive Search.
varies as a function mobility index, maximum delay tolerance and delay weighting factor.
In this model, a unit moves according to a
isotropic diffusion process, with probability transition matrix S = { s i j } = { S X , I X ~ - ~ ( Z , =
= j)}, on a
circular track with L locations. Specifically,

This result greatly simplifies the problem of finding the
optimal strategies since now only optimal polling group
sizes IC, need be found. Unfortunately it is easily shown
that this problem is not amenable to solution via Dynamic
Programming (DP) [7] as it was for the semi-stationary
unit case [3]. We therefore employ exhaustive search to
find the best set of polling group sizes {k,}.

3

2

~~

sij=

{a

1-27

if i = modL(j - 1) or modL(j
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where 7 is chosen to be 0.05. That is, the unit may move to
the right or left with probability 0.05, or remain stationary
with probability 0.9 a t each discrete time instant. The
number of motion process steps between polling events is
defined as k (k 2 1). The conditional probabilities2 then
become:

Results

We show the results of several experiments performed to
find the best polling strategy in the presence of a maximum
delay constraint, i.e. if the mobile is not found in the first
N - 1 polling steps then all locations are polled in step
N . A network of 20 locations is assumed with an initially
uniform distribution on unit location probability.
As a check against previous work [3], we have first performed the exhaustive search for the case where the unit
to be found remains stationary during the paging process.
Using a = 0.5 in Equation (5), we compare previous results with the result of our search in Figure 1 and find
them in complete agreement.
We then consider simple linear diffusion on an annulus
(a “racetrack” model) and show how the paging strategy

As such, k (the mobility index) is a surrogate for unit mobility [8,9] with increased k implying higher mobility. For
k sufficiently large, the probability distribution on location
is uniform just prior to a polling event.
2 p is the L-vector that contains the conditional probabilities.
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It is observed that as the mobility index increases, the
number of locations polled in each step tends to grow. The
average paging cost and the average delay corresponding
to the best strategies found for various mobility indices
are given in Figure 2. The corresponding strategies for
these and larger mobility indices with maximum delay tolerance of 6, are given in Table l. Notice that the optimum strategy approaches the classical “blanket polling”
strategy where all locations are polled simultaneously in
the first step for very large mobility indices i.e., there is
nothing to be gained by polling smaller groups since the
location probability distribution is uniform at each polling
step. For smaller interpolling intervals, we observe a characteristic decrease then increase in the number of locations
polled at each step. This is as expected since small interpolling intervals imply that a polling failure in group Ai
greatly reduces the immediately subsequent probability of
finding the unit at any location covered by Ai. However,
as the number of polling failures increases, more locations
are searched to avoid the penalty of searching all locations
in the final step.
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Table 1: Best polling strategies for maximum delay=&
The table shows how many locations should be polled at
each time step for various interpolling interval values. I1
= Interpolling Interval
21
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Figure 2: Paging and delay costs corresponding to the optimum total cost with a = 0.5 versus interpolling interval, 20
locations, uniform initial location distribution, race track
location model.
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The variation of paging cost and delay with maximum
delay tolerance N is also examined. What we find is a
tradeoff similar to that seen in [3] where paging cost falls
of€ sharply as delay requirements are relaxed (Figure 3).
Finally, we have studied the effect of delay factor a on
the cost and the optimal strategies. The values of E [ P ]and
E [ D ] are given in Figure 4. The values show that the pag-
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Figure 3: Optimum paging cost and the corresponding average delay versus maximum delay, (Y = 0.5, IC = 20, 20
locations, uniform initial location distribution, race track
location model.
1841

30

L

1

polling event provides little information about unit location just prior to the next scheduled polling event. Thus,
there should usually be some benefit to sequential planned
polling of location groups in all but the most extreme cases.
The effect of increasing the importance of delay reduction had the expected effect of lowering delay at the expense of increased paging cost. However, the optimal
strategies lowered the paging cost substantially as compared to the classical strategy but with little increase in
the average delay. Thus, it may often be more efficient to
sacrifice a small amount of delay performance and thereby
gain a substantial reduction in paging cost.
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