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State-Based Paging/Registration:
A Greedy Technique

Christopher Rose, Member, IEEE

Abstract—For a mobile unit moving according to some ergodic
stochastic process, we show how to minimize the expected average
cost of paging and registration based on system state infor mation.
Speci cally, we assume that both the system and mobile unit
(user) have access to or can derive the following:

e the user location probability distribution as a function of

time given the last location known to the system;

 the time elapsed since this last known location.

We then derive methods by which the user decides whether to
register based on the following:

e current location ( );

« the time elapsed since last contact with the system ();

» the paging cost to be incurred by the system
at time given the current location  and the last known
location , i.e, the user knows the paging strategy to be
used by the system for each time .

If and dene the system state, the method can be called
“state based.” Since the optimization is based only on the current
expected cost rate and not that of all registration intervals, the
method is “greedy.”

The greedy method was compared to a timer-based method
using a simple diffusive motion process. Reductions in average
paging registration cost of approximately 10% were observed.
Themore striking improvement was a reduction in the variability
of paging/registration costs by afactor of three. Thus, taking both
cost variability reduction as a performance measure, even
suboptimal inclusion of location information in the registration
decision affords substantial improvement.

I. INTRODUCTION

SER TRACKING is usually accomplished through some

combination of paging and registration for mobile com-
munications systems. In previous work we have derived opti-
mal paging strategies given a probability distribution on user
location p,.(X) [1]. In subsequent work we used a timer-based
method to minimize joint paging/registration costs given the
time-varying conditional user location probability distribution
(2, [3].

For the timer-based method, registration is mandated if
no paging request is received before some carefully chosen
deadline. This deadline is measured from the time of last user
contact with the system. Here, however, we assume that the
user knows not only the current time ¢, but also:

¢ jts own location z;;
« the probability distribution on future location z, (s> t)
given the location at any time ¢;
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* the cost of paging F'(x,xo,t).

We then nd simple decision rules for when and where the
user should register.

The optimization criterion is minimum expected pag-
ing/registration cost per unit time as a function of mobility,
paging cost, and page arrival rate. The minimization is based
on the expected cost rate of paging/registration for the current
roaming interval where the roaming interval is de ned as the
time between a call termination or registration and the next
paging or registration event. The method can be considered
greedy since it does not explicitly optimize the average cost
rate over al roaming intervals.

Weillustrate our method on a simple time-varying Gaussian
user location distribution which often arises as a result of
isotropic random user motion [4]. We then study the improve-
ment obtainable over the simple timer-based method [2], [3].

Il. PROBLEM FORMULATION

A. Background

Let py, 1z, (X:|Xo) be the probability distribution on a user
residing in location x; at time ¢ given that its location was X,
at ¢t = 0. It isassumed that this distribution, which depends on
the underlying user motion, is either known, can be calculated,
or measured. Implicit in the x;|zo notation is the idea that
future location z, for ¢ > 0 depends upon x, in the Markovian
sense of

pmt|$07$j(Xt|X07Xj) :p-"lft|-"lfo(Xt|X0) (1)

for any j < 0. However, this need not be the case. In a more
genera notation, = might be replaced by a location process
state variable 3 which satis es the Markov property. However,
for the sake of clarity we retain the x|z, notation while
recognizing that it may be extended whenever necessary.

We de ne a paging cost function F(z,,xo,t) as the cost of
paging given that the last known location (or location state)
was zg at ¢t = 0 and the current location is x; at time t.
The cost function F(xy,x0,t) can be dened arbitrarily, but
we de ne it here as the total area searched when looking for
a unit to be consistent with previous work [2], [3], [5], [6].
Thus, if N(z;,z0,t) isthe number of locations searched given
a last sighting at («g,t = 0) and § is the size of a location
(cell), then F(xy,zo,t) = N(xy,x0,t)d. Thiscost corresponds
to ( xed network and wireless) signaling cost associated with
issuing polling requests at each location searched.
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We dene the average number of locations searched at
time t given zo as N(zo,t) and likewise F(z;,70,t) =
N(x¢,m0,1)6. N(zo,t) is minimized by searching locations
in decreasing order of probability [2].> Hence, the minimum
F(zy,20,1) is

I%i*n F(xy,20,1) = Z NP, |20 (Yo | X0)6

n

2

n=1

where Y,* is an ordering function such that p,, |, (Y,/|Xo) >
Pa oo (Yiy1|1X0). Therefore, under the assumption of optimal
paging, F(x¢,zo,t) is
F(zy,x0,t) = ¢0 (©)

where z, = Y and Y7 is the ordering function from (2).

The average number of polling events, and hence the
average polling delay, is identical to the average number
of locations polled. Although procedures exist whereby the
average polling delay can be greatly reduced at the expense
of a modestly increased average number of locations searched
[1], we will concentrate on the simpler case without delay
congtraints since it provides a lower bound on the average
paging cost. It is worth noting, however, that the methods
developed in this paper can be applied to any paging method
so long as the mobile user and the system agree upon the
paging cost F(x+,xzg,t).

B. Average Paging/Registration Cost

We assume a user’ slocation isknown to the system just after
a conversation, paging event, or registration. We will concern
ourselves with the time between the last known location
and the next paging/registration event: the roaming interval.
We do not consider intervals terminated by a call initiation
since no additional cost is incurred. We then assign costs to
registration events and seek to minimize the time average cost
of paging/registration. The cost of a registration event might
be measured in power/bandwidth used by the mobile handset
and any associated network signaling.

Let y; be the trgectory of the motion process during
roaming interval . ; is unknown to the system, but may
or may not be explicitly known by the user. Let © be a
registration decision rule used by the mobile, i.e., given the
time ¢, the current location z;, and the last known location
o, © is used to determine whether to register or not. De ne
Cije and d;)o, respectively, as the paging/registration cost and
duration of roaming interval ¢ under registration decision rule
O©. The average paging/registration cost per unit time is then

> e
i=1

(4)

e = lim

n—oo n ’
> dije
=1

1 Assuming the user does not move appreciably during the paging process.
For rapidly moving users, see [14].
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The law of large numbers allows us to rewrite this expression
as

> 57 Colx: Xo)pyes (x| X0)pay (Xo)

_ X0 X

e = —
Z Z de (X, X0)Dy|zo (X]X0)px, (Xo)
Xo X

()

where Co(x, Xo) and de(x,Xo) are, respectively, the ex-
pected cost and expected duration of the roaming interval
given motion tragjectory y, last known location Xy, and regis-
tration decision rule ©. The policy © is a collection of points
in space time {z, ¢} a which registrations are mandated.

IIl. FINDING A DECISION RULE

A. Assumptions

Assume the cost of registration is unity and the cost of
paging is P per location. Since paging events are generated by
incoming calls, also assume that paging events form a Poisson
point process of intensity A, independent of user motion.
Since Poisson processes are memoryless, the time until the
next paging event is described by the probability distribution
s:(t) = A\pe~™t, where ¢ is referenced to the start of the
roaming interval.

B. Searching for Good ©: Greedy Approaches

Finding the optimal decision rule © for the cost function of
(5) isdif cult since there is a complex interaction of the policy
© and p,, (Xo) when the motion process is space variant. In
particular, if the conditional location distribution p, |, (x|Xo)
varies as afunction of location, then the registration policy can
affect the relative frequency p..,(Xo) of the last known loca-
tion.2 Of course, we may circumvent this particular dif culty
by assuming that the motion process is spatially invariant, i.e.
the motion characteristics are identical for any starting state.

Unfortunately, even if spatial invariance is assumed, nding
the optimal © for this simpli ed problem is either impossible
or dif cult using standard approaches. For example, the con-
tinuous time variable ¢ frustrates attempts to directly apply
dynamic programming/Markovian decision processes [7]-9],
and discretizing time can lead to a large state space making
the method impractical.

Therefore, we propose a dlightly different, if possibly sub-
optimal, approach. Consider that at some time s and location
x5, the mobile knows only that:

* no paging event has occurred on [0, s;

e current location x;

 cost of paging, F(zs,zo, s);

e conditional distribution on
pmtlms(Xt|XS)'3

location z; for ¢>s,

2The interested reader is referred to [2], where this problem is discussed
in more detail for a simpler registration model. Also, methods of deriving

o as a function of the policy are suggested.

3|.e., we assume the mobile knows the statistics of its own motion process.
In fact, the mobile unit might even know its itinerary, in which case the
random variable  would be deterministic.
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Using this information, the mobile can compute the expected
cost of paging and registration to be incurred by the system at
some time 7 in the future given the current location process
state x, and the starting state «. If the mobile does not register
at time s and plans to register at time s+ 7, then the expected
cost is

F(.’L’S,.To, 7_) = Eacs+7|azs,a;0 ,T,S[F(‘TS+7‘7 Zo, S + 7_)] (6)

where E,. . ., isthe expectation with respect to the random
variable x4, given z,, xo, 7, and s.

We dene C, and 7,, as discounted cost functions [7] of
the n most recent paging/registration costs {¢;} and roaming
interval durations {¢x}, & = 1,2---n. Speci caly

Cn =) oo )
k=1
and
T, = Z Oéktk (8)
k=1

where 0 < o < 1.

We can now form an expression for the expected cost per
unit time assuming a planned registration at time s 4+ 7. C,
is the total discounted cost incurred in the previous roaming
intervals, and 7,, is the corresponding sum of discounted
durations of all previous roaming intervals. Without consid-
ering the current interval, the empirical average cost would be
7= C,/T,. Paging cost isincurred if a paging request arrives
before time r, otherwise, a registration cost is incurred. Thus,
the expected cost of the current roaming interval is the sum
of the expected paging and registration costs (integral term
and nal e¢~*7 term, respectively). Given that s units of time
have elapsed in the current roaming interval, the expected total
length of the current roaming interval is s + (1 — e=*7 /A,,).
Combining these expressions yields

ﬁ(xsv-TOv S, 7_)

C,+P / F(zy,m0,t)\pe™ b dt + 77
= 0 o .0
I, +s+
Ap

The numerator is therefore the sum of all past roaming interval
costs plus the expected cost in the current roaming interval and
the denominator is the duration of al roaming intervals plus
the expected duration of the current interval. This construction
is analogous to that in (5).

We then devise the following procedure:

Greedy Registration Algorithm

DO UNTIL registration or paging event
Minimize 7j(xs, xo, s, 7); 1N 7.
IF optimal 7> 0
do not register
ELSE
register.

Said another way, the mobile unit registers at the instant
s* the expected cumulative per unit time cost of paging,

and registration is minimized. Since the decision to register
depends only on the current and last known locations, the
time elapsed in the current roaming interval, and functions of
the past history (C,, and 7;,), the algorithm provides a state-
based policy ©,4. For o« = 0, we have C,, =1}, = 0, thereby
producing a completely greedy algorithm which only seeks to
minimize the cost of the current roaming interval. For n — oo
and o = 1, we seek to minimize the cumulative average cost
rate at each step. The level of greedinessis controlled by .

IV. RESULTS

We rst develop a decision rule with certain general re-
gtrictions on F(z,,7). Then, for illustration we apply the
decision rules to a simple linear diffusion model with drift
which allows concise analytic expressions to be obtained for
F. The details are relegated to Appendix A. We then compare
the performance of the greedy policy to that of a simpler
timer-based method [2], [3] in which registration is mandated
if no paging event occurs before some optimaly chosen
deadline. The timer-based method was previously compared
to a space-based scheme [5], [6] in which xed-boundary
location areas were derived for each user during each roaming
interval. Since at zero velocity this xed-boundary scheme
is essentially equivaent to the distance-based method used
elsewhere [10], [11], we are effectively comparing all three
previous methods—timer-based, space-based, and distance-
based—to the greedy state-based method.

A. Mapping the Greedy Policy

Using the greedy agorithm, we may obtain a map of
registration points by rst identifying those points (z:,t) for
which the optimum waiting time + is not zero—all other
points must registration points. Thus, for each time s, we
seek positions x, for which the minimizing = in (9) is
nonzero. Assuming that F'() is differentiable in 7, we may
nd the minimizing + by using standard analytic methods.
Differentiating 77 with respect to = yields

o7 —ApT o
a_z - c o Qe(PF(s,00,7) = 1) = 7).
T,+s+
)\P
(10)
Another differentiation with respect to + yields
0%7 e on
— 7 2 -
or? Ap + 1—e ™" | o7
To+s+———
)\P
—ApT 7,
n PApe - 8F(x5,xo,'r)' (11)
1—e 27 or
T, +s+
)\P

Extremal points occur when (10) is zero.
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Now, looking to (11), we see that for any extremal 7* < oo,
we have

8*n

ar?| __ . 1
- T,+s+

—)\p‘r* F . *
_ PApe i OF (x5, 20,7 ) (12)

_ e_)\PTm or

Ap

Notice that if F'(z,,zo,7) is strictly increasing in 7,* then

OF (zs,70,7)
or

and every extrema of 7 is a locad minimum, i.e,
(0?7/07%)|r—- >0. For any continuous function, at
least one local maximum must appear between each pair of
local minima. However, since 77 has no extremals which are
maxima, it must have exactly one minimum on 0 < 7 < co.

Thus, the restriction of (9F (x5, xo,7)/07) >0 ¥ alows
a simple test for whether a point (z,,s) is a registration
point. If (87/97)|-=0 < 0, then the optimal r is clearly greater
than zero and registration should not occur. Likewise, if
(871/97)|r=0 > 0, then the minimum must occur at 7 = 0
since any minimum at some 7> 0 would require an (impos-
sible) interposed maximum.

>0 (13)

Since

o 1 _ C. 41

haid) — > . 20,0) — 1) —
T [wm. 20,0~ 1) - 52 g

and F(z,,0) = F(z,,z0, s), the known paging cost at time s
and user location x5, we obtain the following decision rule;
register

Cn+1
Pl(xs,x0,5) — 1 z i

_ 15
do not register )\p (Tﬂ + 3) ( )

B. Application to a Smple Motion Model

We use a linear diffusion process with diffusion constant
D and drift velocity ». Since this motion process is spatialy
invariant, we may set zo = 0 and drop zo from our expressions
for clarity. We then have (see Appendix A)

D )2
ch(wsf’l/s) /DT

Fzs,7) =24/ —
aw
Ts —US
+ 2(zs — erf[ =2 . 16
(= vat(Z2E) g
Differentiation with respect to = yields
8F(a:s,7) — 26—(905—'1;5)2/1)7- >0 (17)
or V wr
for any nite = > 0.
From (23) we have (for zg = 0)
F(z,,0) = 2|z — vs| (18)
so that the decision rule of (15) becomes
register 1
2P|z —vs| — 1 gz Cn ¥ (29)

do not register )\p(T'n + 3)

4Since location uncertainty usually increases with time since last sighting,
the assumption is not unreasonable. This point is
further considered in the Conclusion.
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which translates to
Do not register if:

_)\p(Tn +s5)+C,+1
2PN (T + )

ATy +5)+Cpn+1
2PA(Tn + 5)

Typical registration regions for n = 0 are depicted in
Fig. 1. The horizontal axis represents time s since last contact
with the system and the vertical axis represents position. The
registration region is gray; if ever the mobile unit resides at
a (time and place) point in the gray area, a registration is
mandated. As can be seen, the optima greedy registration
procedure provides registration boundaries which vary as a
function of time and which track the expected position of the
mobile unit and whose “width” depends upon the call arrival
rate A,.

When seeking to minimize the expected cost of only the
current interval, the user should almost never register for s
small since the interval cost rate varies inversely with interval
duration given a registration. In addition, for smaller A, the
region where the user is not required to register becomes
larger, i.e., larger paging cost is tolerable since paging events
are less freguent.

+ vs

+ vs. (20)

— 5 =

C. Preliminaries: Performance Evaluation

Calculating the average cost of the state-based method is
suf ciently dif cult that we resorted to Monte Carlo simulation
to evaluate 7. Details are contained in Appendix B. For all
cases, we assume A, = 1 and P = 0.1 for ease of comparison
with previous results [2], [3].

We rst examined the variation of # with the discount
factor «. The typical dependence is shown in Fig. 2 where
the average paging/registration cost is plotted as a function
a for xed D = 10%. Five trials are superimposed to show
the range of experimental variability. As can be seen, n varies
rapidly between its maximum and minimum values with «.
The value of 1 achieved by the timer-based method® for this
case is 7 = 6.57. Thus, the greedy algorithm, even with
completely discounted history (o« = 0), performs on a par
with the timer-based method. For undiscounted history, the
performance improves by approximately 10%. This result was
typical over a range of values for both v and D.

We limited further tests to « = 1 to achieve good greedy
algorithm performance. We then examined the variation of
7 with velocity ». As shown in Fig. 3,  did not vary
systematically with v. Once again, vetrias are superimposed
to show experimental variability.

D. A Comparison to Timer-Based Registration

In Fig. 4, we compare the average paging/registration cost
rate n incurred by the greedy registration procedure to that
of a timer-based method [2], [3]. As previously mentioned
(Sections | and 1V), the timer-based method mandates regis-
tration if no paging event occurs before an optimally chosen

5Please see either Section | or the beginning of Section 1V for a description
of the timer-based method
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Fig. 1. Registration regions using the greedy algorithm for various drift velocities and call arrival rates
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v=-1, 7'-.,"1

10"
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Time

Paging cost factor If the mobile

position and time correspond to a point in the gray region, registration takes place and the process roaming interval timer is reset.

Fig. 2. Variation of  with discount factor

deadline. We also compared the standard deviation in cost per
roaming interval achieved by the two methods. v = 0 was
assumed for simplicity.

For the timer-based method, a theoretical curve and ex-
perimental values of » are shown. Experimental values are
shown for the greedy algorithm with undiscounted past costs
and interval durations, i.e, « = 1 in (7) and (8). The greedy

for greedy agorithm. Five trials superimposed.

and

algorithm reduces average paging registration cost rates by
approximately 10% as compared to the timer-based method
for larger mobility indexes.

However, the more pronounced difference is in the vari-
ability of the cost per roaming interval. The greedy algorithm
shows much lower variability than the timer-based method.
This result is not too surprising since the greedy agorithm
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