Minimizing the Average Cost of Paging and Registration: A Timer-Based Method

C. Rose

October 11, 1995

Department of Electrical and Computer Engineering Rutgers University PO Box 909 Piscataway NJ 08855

ABSTRACT

Methods of balancing call registration and paging are developed in this paper. Given that the probability distribution on the user location as a function of time is either known or can be calculated, previous work shows the existence of lower bounds on the average cost of paging. Here these bounds are used in conjunction with a Poisson incoming-call arrival model to formulate the paging/registration optimization problem in terms of timeout parameters, ø_m; the maximum amount of time to wait before registering given the last known location was m. Timer-based methods, as opposed to location-based methods, do not require the user to record and process location information during the time between location updates. This feature might be desirable for minimizing mobile transceiver use during idle periods.

We then consider uniform motion processes where a spatial translation of starting location produces an identical spatial translation of the associated time-varying probability distribution. This leads to a universal timeout parameter ø which may be readily calculated. We study ø and the minimum cost of paging/registration for a simple model of user motion and compare our results to an earlier method of location-based paging/registration cost minimization.

1 Introduction

The whereabouts of a user in a mobile communication system must first be known in order to correctly route an incoming call. This user location is usually obtained via some combination of paging and registration. Paging is the process whereby the system issues polling signals in various locations and waits for user response. Registration is initiated by the user explicitly to notify the system of its location. Since bandwidth may be scarce at both the radio level and the underlying switching level, unnecessary paging over wide areas can impose an additional burden on the system [1, 2]. Requiring frequent registration would serve to reduce the range over which the system needs to search but could be equally onerous for high frequencies of registration. This inverse coupling of paging and registration costs forms the basis of the paging/registration optimization problem.

Currently, users register when they change location areas [3]. A location area is a group of locations (usually specified in terms of a radius) all of which are paged when an incoming call is directed to the user. Location areas are currently independent of the detailed characteristics of user motion. Thus, a user who registers in a metropolitan area at the start of the day and never leaves the workplace, might still be paged throughout the region. This suggests that using more specific location information might benefit system performance.

Under the rubric of location area management, a number of different schemes have been proposed for minimizing the cost of paging and registration; see for example [4]- [10]. However, optimal paging and registration, whether explicitly stated or not, is predicated on location estimation using some notion of user location probability. It therefore makes sense to explicitly separate the paging, registration, and probability distribution estimation problems. Three basic questions result:

1. Given a probability distribution, what is the least average amount of effort necessary (number of locations searched) to find a user? What is the effect of delay constraints?

2. Given a time-varying distribution known both by the user and the system, what are the optimal paging procedures based on information available at the mobile? I.e., location-based, timer-based or ”state” based registration/paging.

3. How can these time-varying location probabilities be efficiently estimated based on measurement and/or models of user motion?

There are a number of approaches to the problem based on what information is available to whom (mobile unit and/or system). In this paper we develop timer-based methods of balancing call registration and paging using optimal paging algorithms developed elsewhere [11]. Timer-based methods, as opposed to location-based methods, do not require the user to record and process location information during the time between location updates. This feature might be desirable for minimizing mobile transceiver use during idle periods.

Specifically, we use a time-varying location probability distribution and previously developed analytic bounds on paging cost in conjunction with a Poisson page-arrival model, to formulate the paging/registration optimization problem in terms of a set of timeout parameters, {τ_m}. Each τ_m is defined as the maximum amount of time to wait before registering given the last known location was m.^1 These {τ_m} could be calculated by the system and given to the user as necessary (at call termination or last registration). They might also be calculated by the user directly.

However, finding the optimal {τ_m} for spatially variant models of user motion is difficult in general owing to the subtle interaction of the registration process and conditional location probabilities. We therefore concentrate on the spatially-invariant case. Specifically, we illustrate our method on a time-varying Gaussian user location distribution which often arises as a result of isotropic random user motion [12]. We then compare our results to a simple location-based paging/registration minimization scheme [4].

2 Analysis

Let p_{i|m}(t) be the probability distribution on a user residing in location i at time t given that its location was m at t = 0. It is assumed that this distribution, which depends on the underlying model of user motion, is either known or can be calculated. Implicit in the i|m notation is the idea that future location i for t > 0 depends only upon the current location m at t = 0. However, this need not be the case. In a more general notation, m might be replaced by a location process state variable β. However, for the sake of clarity we retain the i|m notation while recognizing that it may be extended whenever necessary.

We define a paging cost function, F_m(t), as the cost of paging (average number of locations searched) given that the last known location (or location state) was m. F_m(t) may be derived from arbitrary criteria and the conditional location probability distribution p_{i|m}(t). We seek to minimize this cost.

1The simple case of memoryless motion was chosen for clarity. However, the framework can be easily extended to include any other type of ergodic user motion. Please see section 2 for further explanation.

It has previously been shown [11] that F_m(t) is minimized by sequential search of each location in decreasing order of probability. Hence,

F_m(t) = ∞∑ ℓ=1 ℓp_{qℓ|m} (t) (1) where q_ℓ is an ordering function such that p_{qℓ|m} ≥ p_{qℓ+1|m} .

Notice then that the average number of polling events, and thus 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 modestly increased average number of locations searched [11], here we concentrate on the simpler case without delay constraints. This provides a lower bound on the average paging cost.

2.1 Average Paging Cost Without Registration

We assume a user’s location is known to the system during the course of a conversation, just after a paging event and just after 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 will then assign costs to registration events and seek to minimize the time average cost of paging/registration.

To this end, assume the cost of registration is unity and the cost of paging is P per location. Since paging events are primarily generated by incoming calls, we assume that paging events form a Poisson point process of intensity λ_p independent of user motion. Since Poisson processes are memoryless, the time until the next paging event is described by the probability distribution s_t(t) = λ_pe^{−λpt} where t is referenced to the start of the roaming interval. The cumulative distribution function of s_t() is S_t(T ) = 1 − e^{−λpt}.

If a user never registers, the expected cost of a roaming interval for which the last known location was m is then,

C_m(∞) = P ∫_∞ 0 F_m(σ)s_t(σ)dσ (2) If κ_m is the probability of the last known location being m and we assume independent paging events, then the average cost of a roaming interval is, C(∞) = P ∫_∞ 0 F̄ (σ)s_t(σ)dσ (3) where F̄ (σ) = ∑ m F_m(σ)κ_m Since user motion and paging are assumed independent processes, κ_m = π_m, the steady state probability of residing in location m.

C, however, gives no indication of the steady state expenditure rate. We therefore calculate the average cost per unit time of a roaming interval. Letting d(m_i, i, ∞) be the duration of the i^{th} roaming interval and c(m_i, i, ∞) its cost, we can define the average cost per unit time as

η(∞) = lim_{N →∞} ∑N i=1 c(m_i, i, ∞) ∑N i=1 d(m_i, i, ∞) (4) which via the weak law of large numbers becomes η(∞) = ∑ m C_m(∞)π_m ∑ m d̄(m, ∞)π_m (5) where d̄ is the average duration of a roaming interval. However, since the user never registers, the roaming interval is independent of location. Thus, the “null registration policy” average cost per unit time is, η(∞) = λ_p ∑ m C_m(∞)π_m (6)

2.2 Average Cost of Joint Registration and Paging

Suppose that the last known user location is m at t = 0. The user is assumed to register at time t = τ_m if a paging event does not occur first. Thus, the probability of the roaming interval being terminated by a paging event is S_t(τ_m), and 1 − S_t(τ_m) by a registration. The expected registration cost is then 1 − S_t(τ_m) so that the total cost is C_m(τ_m) = P ∫ τ_m 0 F_m(σ)s_t(σ)dσ + (1 − S_t(τ_m)) (7)

The probability distribution on the duration d(m) of a roaming interval started in location m is p_{d(m)}(d) = s_t(d) + δ(d − τ_m)(1 − S_t(τ_m)) (8)

for 0 ≤ d ≤ τ_m where δ() is the unit impulse function.

Letting d(m_i, i, τ_{mi} ) be the duration of the i^{th} roaming interval and c(m_i, i, τ_{mi} ) its cost, we can define the average paging/registration cost per unit time as η(⃗τ ) = lim_{N →∞} ∑N i=1 c(m_i, i, τ_{mi} ) ∑N i=1 d(m_i, i, τ_{mi} ) (9) where ⃗τ is a vector composed of the τ_m. Via the weak law of large numbers we have η(⃗τ ) = ∑ m C(m)κ_m / ∑ m d̄(m, τ_m)κ_m (10)

Notice that here κ_m is not necessarily the steady state probability of being in location m. This difference is caused by the dependence of κ_m on the registration process which is itself dependent on user location. Thus, for each choice of the {τ_m}, the associated κ_m must be calculated as well. This coupling makes it difficult to optimize the {τ_m} in general. For example, say τ_1 = 0 and all other τ_m are infinite. In location 1 we would have an infinite number of registrations. Thus, regardless of the steady state location distribution π_m, we would have κ_1 = 1.

Nonetheless, we may formally determine the κ_m in terms of the τ_m by first defining a probability distribution q_{l|m}, the probability that the next known location will be l given the last known location was m.^2 Since we assume the probability distribution p_{l|m}(t) is known we can write q_{l|m} = ∫ τ_m 0 p_{l|m}(t)s_t(t)dt + (1 − S_t(τ_m))p_{l|m}(τ_m) (11)

owing to the assumed independence of the paging and motion processes.

Now we note that q_{l|m} describes a Markov process on the last known location and that the κ_m form the stationary distribution for this process. It is therefore possible, using suitable numerical methods, to obtain the κ_m as functions of the τ_m, and thereby find the optimal set {τ_m} which minimizes η(⃗τ )

To gain analytic insight, however, in what follows we consider only spatially invariant user motion processes with identical distributions on location trajectories from any starting point; i.e., the κ_m are effectively uniform.

2Once again, it is important to note that general location process state variables χ and β could be substituted for the locations l and m. Thus, the motion process need not necessarily be Markov on the current location m.

3 Cost Minimization

Here we assume that the motion process is independent of the starting location; i.e. F_m(t) = F (t). A number of motion models, such as unconstrained random walks or walks on finite rings, spheres or tori are independent of starting state in that the probability distribution derived from starting in any one state is simply a spatial translation of that derived from starting in another state. Since the registration policy for each last known location should be identical under these conditions, we have τ_i = τ_j = τ so that C = P ∫ τ 0 F (σ)s_t(σ)dσ + (1 − S_t(τ )) (12) and d̄(τ ) = ∫ τ 0 σs_t(σ)dσ + τ (1 − S_t(τ )) (13)

For a Poisson paging process we have

η(τ ) = λ_p 1 − e^{−λpτ} ( P ∫ τ 0 F (σ)λ_pe^{−λpσ}dσ + e^{−λpτ} ) (14)

We then seek the τ which minimizes equation (14). Differentiating both sides and setting the result to zero shows that extremal points occur as τ → ∞ and when

η(τ ) = λ_p(PF (τ ) − 1) (15)

Equations (14) and (15) allow some general conclusions to be drawn. Since F (τ ) > 0 and η(τ ) > 0, if P max_τ F (τ ) < 1

then it is best never to register since the cost of paging is always smaller than that of registering. Conversely, if PF (τ ) increases without bound in τ at any rate such that F (τ ) ≤ Ge^{στ} for some suitably chosen G > 0 and σ < λ_p, then because η must be bounded, some optimum τ > 0 always exists for which the cost η(τ ) is minimized. Finally, if F (τ ) increases rapidly with τ then equations (14) and (15) suggest that frequent registration (small τ ) is optimal.

4 Application to a Simple Model of User Motion

4.1 Optimum ø and ȷ(ø ) for Isotropic Diffusive Motion

A number of motion models which are specified in terms of independent increments result in Gaussian distributions on location probability [12], [13]. The simplist is diffusive motion on a line which has probability density, p_g(x, τ ) = 1 √ πDτ e^{−(x−vt)2Dτ} (16) where x is the location variable, D is the diffusion coefficient (units of length^2/time), and v is the mean velocity. Two-dimensional motion is considered in Appendix A.

To obtain minimum average paging we must search each location in decreasing order of probability [11]. The most likely location is the mean of the distribution with symmetric equally likely locations to either side of the mean. Thus, assuming that locations are quantized in steps of δ centered about the mean vt we have,

F (τ, δ) = p_x(0, τ ) + ∞∑ n=1 (4n + 1)p_x(n, τ ) (17)

where p_x(n, τ ) = ∫_(n_+ 1_{2 )}δ_+vt

(n−^1_2 )δ+vt p_g(x, τ )dx = ∫_(n_+ 1_{2 )}δ

(n−^1_2 )δ 1 √ πDτ e^{−x2Dτ} dx Notice then that F (τ, δ) is independent of the mean velocity; i.e., F (τ, δ) reflects positional uncertainty rather than the rate of change in absolute position.

A useful simplification can be had if we define F(τ, δ) = F (τ, δ)δ. Letting χ = nδ and taking the limit of δ → 0 we find

F(τ ) = ∫_∞ 0 4χ √ πDτ e^{−χ2/Dτ} dχ (18) The integral of equation (18) may be simplified to,

F(τ ) = 2Dτ √ πDτ = √ 4τ D π (19)

Notice that although F(τ ) is unbounded as τ → ∞, we can find a G > 0 and σ < λ_p such that, F(τ ) ≤ Ge^{στ} Thus, an optimal τ > 0 which minimizes η exists. Also note that F(τ ) has units of distance.

We then have

η(τ ) = λ_p 1 − e^{−λpτ} P √ 4D π ∫ τ 0 √ ze^{−λpz}λ_pdz + e^{−λpτ} (20)

Substituting t = τ λ_p (and ω = zλ_p) while defining a mobility index ρ = D/λ_p produces,^3 η(t) = λ_p 1 − e^{−t} ( 2Pρ^{1/2} ∫ t 0 √ω π e^{−ω}dω + e^{−t} ) (21)

Using the identity [14] [15] ∫ √ ωe^{−ω}dω = 1 2 √ πerf( √ ω) − √ ωe^{−ω} we obtain η(t) = λ_p 1 − e^{−t} ρ^{1/2}P[erf( √ t) − 2 √ t π e^{−t}] + e^{−t}

(22)

Observe the monotonically increasing cost associated with increasing mobility index ρ. It is worthwhile to note that similar expressions can be obtained for motion in two dimensions. The primary difference is the growth rate of F(τ ) in τ . For two dimensions F(τ ) ∝ τ which leads to paging component in η which varies linearly in ρ (see Appendix A for details). However, here we concentrate on linear motion for ease of comparison to previous methods.

For clarity, we hereafter assume either that λ_p = 1 or that η is measured in cost per average page interarrival time, 1/λ_p. Regardless of how we choose to think about it, the end result is that the multiplicative factor of λ_p disappears from equation (22). A family of curves for η(t) parametrized in ρ is shown for P = 0.1 in FIGURE 1. Pronounced optimum t^∗ are readily apparent for higher mobility indices. We also plot the minimum η as a function of √ρ for P = 0.1 and 0.01 in FIGURE 2.

4.2 Comparison to Simple Location-Based Updating

Consider the currently popular location-based update scheme where a user is assigned a location area and registers the first time it breaches the area boundary. One might then consider sizing the location area optimally as a function of ρ the user mobility

3Notice that here the mobility index is the ratio of the diffusion coefficient to page arrival rate; an intuitively reasonable quantity.

Figure 1: Mean cost per normalized unit time η(t) for diffusive motion process with paging cost P = 0.1 and various mobility indices ρ.

index [4].

The optimization problem then becomes one of finding the interval size which minimizes the paging/registration cost per unit time. The location area is assumed to be an interval symmetric about the last known location. In keeping with previous work, we will assume the average paging cost per unit time is proportional to the product of the interval size and the page arrival rate; 2λ_pI. Normalizing by λ_p (or setting λ_p = 1) we have, μ(I) = 2PI + 1/T (I, ρ, ν) (23) where as before ρ is the mobility index, ν is the mean velocity and T (I, ρ, ν) is the mean time to first boundary crossing at ±I both referenced to the mean page interarrival time, 1/λ_p.

Following [13] (also see Appendix B), we may find T (I, ρ, ν) as,

T (I, ρ, ν) = 2I^2/ρ ν = 0 I ν tanh( 2νI ρ ) ν ≠ 0

(24)

For ν = 0, the optimum location area (interval) size is readily calculated as I^∗ =^3 √ ρ 2P .

Figure 2: Minimum mean cost per normalized unit time η_{min} versus the square root of the mobility index ρ for a diffusive motion process with paging costs P = 0.1 and 0.01.

Figure 3: Cost comparison of a simple location-based paging/registration scheme and the optimal timer-based methods developed here. Drift velocity ν as shown. Notice that the optimum method is independent of ν.

This leads to μ(I^∗) = 3^3 √ ρP^2 2 (25)

For ν ≠ 0, μ(I^∗) must be calculated numerically.

In FIGURE 3 we compare the optimized mean cost for this location-based method to that of the optimum timer-based method as a function of mobility index ρ and various ν. We set the relative paging cost P = 0.1. The optimum timer-based paging/registration method both underbounds and greatly outperforms the previous method especially for larger ν.

5 Discussion & Conclusions

Given any spatially invariant model of user motion, the resultant time-varying location probability distribution, a paging arrival process and the relative cost of paging, we showed how to calculate an optimum time-out parameter, τ which minimizes the average cost of paging/registration. Thus, if an incoming call or a new call initiation has not occurred within τ seconds of the last registration or call termination, the user should register its location with the system. The parameter τ should be relatively easy to calculate for a wide range of spatially invariant motion models after calculation of the associated expected paging cost F (τ ).

For the case where motion characteristics vary as a function of location, we showed that the optimization problem is in general difficult. However, a theoretical framework through which suitable numerical methods could be applied was also provided.

We then solved the optimal timer-based paging/registration problem for a simple model of user motion in one and two dimensions. and found that timer-based minimum paging/registration cost is dependent on location uncertainty rather than mean user velocity. This point is theoretically important since it is natural to think of high mobility users as those which move rapidly. For example, an automobile moving at a steady 100 kph in a known direction has a mobility index of ρ = 0 for the paging/registration problem; i.e., there is no uncertainty in the location given the velocity, time and starting point.

Owing to the difficulty of deriving general analytic expressions for mean first passage time under two dimensional isotropic diffusion we restricted our study to the one-dimensional case. We found that our method performed substantially better than a fixed location area-based procedure. The general form of the optimization equations, results from appendix A and heuristic bounds on the mean first passage time in two dimensions lead us to believe that similar comparative results can be expected for two dimensions. Regardless, the assertion that a timer-based method performed better than a location-based method is misleading since it is not necessarily true that all location-based registration schemes necessarily perform more poorly than timer-based schemes.

For example, optimal paging techniques could be applied to the location-based scheme thereby reducing the effective paging cost P by at least half. For ν = 0, this modification makes the location-based scheme perform almost as well as the timerbased scheme. In addition, if paging area boundaries are allowed to change during the roaming interval, then current research indicates that the strong dependence on ν can be removed [16].

In both this paper and in [11], the problem of how p_{i|m}(t) may be derived or measured is left open. Future work should consider the issue of location process characterization and prediction. Recent results in optimal prediction theory based on empirical sequences [17] may prove useful in this regard.

It is also possible to formulate the optimal paging/registration problem in terms of decision theory. In particular, one may assume the mobile terminal knows its location as well as the cost to be incurred by a paging event at time t. In as much as this information characterizes the state of the system, optimal decision methods such as Markovian Decision Theory [18, 19] can be brought to bear. Furthermore, this problem might be generalized to include whatever state information is available in a practical sense such as time of day, system geography or anything else easily obtainable. Methods which use both location and time information are currently under study [20].

A natural extension of this line of thought leads to the notion that the probability distribution used for optimal paging by the system depends upon the registration scheme used by the mobile. Thus, one could envision a treatment of the problem similar to cooperative game theory [21, 22] whereby the registration policy is iteratively refined until a fixed point in the policy space is identified. Such an approach, if successful would allow the calculation of absolute lower bounds on paging/registration costs.

A F (ø ) and ȷ(ø ) for Two-Dimensional Motion

For two dimensions, the probability density for isotropic diffusion with drift is p_g(x, y, τ ) = 1 πD_2τ e^{− (x−vxτ)} 2+(y−vyτ)2 D2τ (26)

Assume that the regions to be paged are annuli of equal area A. Thus the annuli, centered about the mean (v_x, v_y)τ , will be searched from smallest to largest radius. The first annulus is a disk of radius √ A/π. The second annulus has outer radius r_2 which must satisfy r^2 − r^2_1 = A/π. Thus, r_2 = √ 2A/π. Proceeding inductively we obtain r_n = √ nA/π. After rewriting the probability distribution in polar coordinates, F_2(τ ) is then

F_2(τ ) = ∞∑ n=1 n ∫ √_{nAπ} √_{(n−1)A} π 2r D_2τ e^{− r2D}2^τ dr = 1 1 − e^{−A/πD2τ} (27)

Defining F_2(τ ) = AF_2(τ ) and taking A → 0 we obtain

F_2(τ ) = πD_2τ (28)

which increases without bound in τ but which satisfies

F_2(τ ) ≤ Ge^{στ}

for suitable G > 0 and σ < λ_p. Thus, the associated paging/registration cost η_2(τ ) has a minimum for some τ > 0 (see text).

The expression for η_2 analogous to equation (22) is then

η_2(t) = λ_p 1 − e^{−t} ( Pρ ∫ t 0 ωπe^{−ω}dω + e^{−t} ) = λ_pPρπ + λ_pe^{−t} 1 − e^{−t} (1 − Pρπt) (29) where ρ = D/λ_p is defined as the mobility index. Thus, the paging cost contained in η_2 is linear in ρ. for two-dimensional motion. This result implies that as a general rule, given a mobility index ρ, the timer value which minimizes η_2 will be smaller than that of the corresponding one-dimensional motion; i.e., the paging cost grows more rapidly with τ in two dimensions than in one dimension and thereby requires more frequent registration.

B Mean First Passage Time for Random Walks

The following derivation is an adaptation and extension of methods used by [13].

Consider a particle at position integer position 0 ≤ X ≤ R at time t = 0. At each time step, the particle moves one unit to the right with probability p and left with probability 1 − p. Using a recursive method [13], the mean number of steps before the particle touches boundaries at 0 or R for the first time is,

D(X, p = 1/2) = X(R − X) (30) and D(X, p ≠ 1/2) = R 1 − (_{1−} p p )X 1 − (_{1−} p p )R − X 1 2p − 1 (31)

Now let the steps be of size Δx and let the steps occur at integer multiples of Δt. Define t = ΔtT where T is the number of steps. We can define the particle position x(t) as x(t) = x(0) + T∑ i=1 Δx_i Assuming that each step is independent and x(0) = 0 we have approximately p_{x(t)}(x(t)) ≈ N[t Δx Δt (2p − 1), t Δx^2 Δt 4p(1 − p)]

I.e., the distribution is approaches normal for a large number of independent steps, T . Following convention [12], we define diffusion constant D and mean velocity v as D 2 = Δx^2 Δt 4p(1 − p) and v = Δx Δt (2p − 1)

respectively. We further define X = x/Δx, R = r/Δx and d(x) = D(X)Δt.

For zero mean velocity we have p = 1/2. Thus, we obtain

d(x, v = 0) = 2x(r − x) D (32)

For p ≠ 1/2 we have

d(x, v ≠ 0) = 1 v r 1 − (_{1−} p p )x/_Δx 1 − (_{1−} p p )r/_Δx − x (33)

but we desire an expression in terms of D and v rather than Δx and p.

The definition for v yields p = (vΔt/Δx + 1)/2 and combined with the definition of D yields

Δx = √ v^2Δt^2 + DΔt/2 ≈ √ DΔt/2 for small Δt. From this we obtain p ≈ 1 2 + v 2 √ 2Δt D Substitution of these results into equation (33), letting Δt → 0 and utilizing the identity lim_{n→∞}(1 − a/n)^{bn} = e^{−ab} with a =^{2v}√_{D/2} , b =^x√_{D/2} and n =^{1√}_{Δt} yields

d(x, v ≠ 0) = 1 v r 1 − e^{− 4vD x} 1 − e^{− 4v}D^r − x (34)

For the special case of x = r/2 we can simplify equation (34) to obtain d(r/2, v ≠ 0) = r v [ 1 − e^{− vr}D (1 − e^{− 2vr}D )(1 + e^{− 2vr}D ) − 1 2 ] = r 2v tanh( vr D ) (35)

Derivation of corresponding results in two dimensions is difficult [13, 23].

References

[1] K.S. Meier-Hellstern, G.P. Pollini, and D.J. Goodman. Network protocols for the cellular packet switch. IEEE Transactions on Communications, 42(2–4/2):1235, 1994.

[2] K.S. Meier-Hellstern, E. Alonso, and D. O’Neil. The use of SS7 and GSM to support high density personal communications. In Proceedings of the International Conference on Communications ICC’92, 1992.

[3] S. Tabbane. Comparison Between the Alternative Location Strategy and the Classical Location Strategy. Winlab-TR 37, 1992.

[4] H. Xie, S. Tabbane, and D.J. Goodman. Dynamic location area management and performance analysis. In Proc. of IEEE Vehicular Technology Conference, 1993.

[5] A. Bar-Noy and I. Kessler. Tracking mobile users in wireless networks. In INFOCOM’93, pages 1232–1239, March 1993. San Francisco, CA.

[6] S. Tabbane. Evaluation of an Alternative Location Strategy for Future High Density Wireless Communications Systems. Winlab-TR 51, January 1993.

[7] G. Pollini and S. Tabbane. The Intelligent Network Signaling and Switching Cost of an Alternative Location Strategy Using Memory. In Proc. IEEE Vehicular Technology Conference, VTC’93, May 1993. Seacaucus, NJ.

[8] W. Wang, R.N. Saadawi, and K-i Aihara. Bandwidth allocation for atm networks. In IEEE Internation Conference on Communications–ICC’90, pages 439– 442, 1990.

[9] S. Okasaka, S. Onoe, S. Yasuda, and A. Maebara. A New Location Updating Method for Digital Cellular Systems. In Proc. IEEE Vehicular Technology Conference, VTC’91, pages 345–350, May 1991. Denver, CO.

[10] B. Awerbuch and D. Peleg. Concurrent Online Tracking of Mobile Users. In Proc.

ACM SIGCOMM Symposium on Communication, Architecture and Protocols, October 1991.

[11] C. Rose and R. Yates. Minimizing the average cost of paging under delay constraints. ACM Wireless Networks, 1(2):211–219, 1995.

[12] C. H. Papadimitriou and K. Steiglitz. Combinatorial Optimization: algorithms & complexity. Prentice Hall, 1982.

[13] W. Feller. An Introduction to Probability Theory and Its Applications, Volume I, Chapters IV & XIV. Wiley, third edition, 1968.

[14] University of Waterloo Symbolic Computation Group. Maple V. Ontario, Canada.

[15] I.S. Gradshteyn and I.M. Ryzhik. Table of Integrals, Series and Products, Corrected and Enlarged Edition. Academic Press, 1980.

[16] Z. Lei and C. Rose. Minimizing paging and registration through time-varying location area boundaries. (work in progress).

[17] M. Feder, N. Mehrav, and M. Gutman. Universal Prediction of Individual Sequences. IEEE Transactions on Information Theory, 38(4):1258–1270, September 1993.

[18] R.A. Howard. Dynamic Programming and Markov Processes. M.I.T. Press, 1960.

[19] S. Rao and B. Gopinath. Optimizing Call Management of Mobile Units. Winlab- TR 63, Rutgers University, September 1993.

[20] C. Rose. State-based paging/registration: A greedy technique. Winlab-TR 92, Rutgers University, December 1994. (submitted, IEEE Transactions on Vehicular Technology, 12/94).

[21] E.M. Valsbord and V.I. Zhukovski. Introduction to Multi-Player Differential Games and Their Applications. Gordon and Breach Science Publishers, 1988.

[22] R.B. Meyerson. Game Theory: analysis of conflict. Harvard University Press, 1991.

[23] W.H. McCrea and F.J.W. Whipple. Random Paths in Two and Three Dimensions. Proceedings of the Royal Society of Edinburgh, 40:281–298, 1940.