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Abstract

The IP-convergent personal communication networks
of the next generation are required to support the In-
tegrated Service Architecture for providing real-time
services to mobile users. Proposed techniques for
adapting the Reservation Protocol for mobility sup-
port have recognized the need for predicting device
mobility, but schemes for predictive reservation have
been mostly designed on ad hoc basis. Some concen-
trate on only in-session mobility without any regard
to out-of-session mobility. Here, we look for a uni-
versal mobility model which takes care of both kind
of mobility and fits the specifics of different wireless
network infrastructure. As a cellular architecture is
at the root of every such deployment, symbolic repre-
sentation of cells and trip-based user mobility profile
seem appropriate for device mobility prediction.

Keywords: QoS, RSVP, mobility model, location
prediction, LZ78 compression.

1 Introduction

Proposed standards for the next generation personal
communication systems are being heavily influenced
by the global convergence of land-line and land-
mobile telecommunication networks with IP-based
data networks. The vision of “wireless Internet,”
however, does not seem to be limited to the support
of best-effort data along with reliable voice calls. Pro-
jection necessarily includes QoS (Quality of Service)
support for real-time multimedia applications such as
audio and video conferencing, session directory and
shared multicast white-board. Moreover, subscribers
are to be provided with seamless global connectivity
and availability of all services, irrespective of their
mobility in a hybrid environment consisting of the
land-mobile networks (e.g. GSM or CDMA), packet
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radio services (e.g. GPRS or EDGE), wireless ATM
networks, wireless LANs (e.g. IEEE 802.11), wireless
MAN (e.g. Metricom Ricochet) etc. The success de-
pends on the inter-operability of the systems [16, 23].

Integrated Service Architecture (ISA) is the result
of IETF’s! efforts to standardize protocols for provi-
sioning QoS transport over IP-based networks. His-
torically, IP-based protocol suites were designed for
best-effort delivery of packets. Even though the ca-
pability of specifying precedence of flows (application
data streams) exists in the type of service field of the
IPv4 header, routing protocols have not made much
use of it until the proposal for ISA emerged [9]. How-
ever QoS routing necessitates reservation of enough
resources over the routes prior to service admission.
In fact, the inherent capability of ATM to provide
guaranteed QoS in terms of throughput, delay, jitter
or packet loss, comes as a result of implicit “hard”
reservation of resources during the process of virtual
circuit set-up. RSVP (ReSerVation Protocol) [10] is
the proposed standard for explicit resource reserva-
tion mechanism in IP-based networks. The protocol
involves receiver initiated reservation to request flow
specific QoS parameters from the network. RSVP ca-
pable routers can propagate QoS requests to all other
RSVP capable routers along the path(s) of the flows
and to establish and maintain “soft” state for holding
the necessary reservation. RSVP requests generally
result in resources being reserved in each node along
the routes.

QoS support for a mobile host thus tantamounts
to reservation of wireless bandwidth not only at the
current cell, but also at the cells the host would move
into while in session for the service that has been ad-
mitted. The goal of this paper is to find the basis of
such advance reservation, whether “hard” or “soft.”
The paper is organized as follows. In Section 2, we
take a look at several proposals for advance reserva-
tions to support mobility. In Section 3, we argue that
information related to out-of-session movement is no
less important than the in-session movement. This
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justifies the need for considering location manage-
ment issues and subscriber mobility model. Subse-
quently, an appropriate choice for individual mobility
model is made. In Section 4 we propose a scheme to
integrate location management and resource manage-
ment, so that future cells for an “in-session” mobile
terminal can be easily predicted for users with iden-
tifiable movement patterns. Section 5 concludes the
paper by summarizing the thoughts and describing
ongoing work.

2 Reservation for Mobile Hosts

Let us first review a scheme that was originally de-
signed for wireless ATM networks [19], i.e. to provide
QoS guarantee by hard-state based reservation. The
scheme has been later shown to be general enough
for QoS provisioning in any microcell-based wireless
network system [20]. The technique centers around
the idea of a shadow cluster around each mobile ter-
minal with active connection. A shadow cluster es-
sentially represents a region (cluster of cells) with im-
plicit demand for bandwidth, just in case the active
connection is handed over by one or more hand-off.
Obviously, it is inappropriate to designate just the
current cell of the active terminal and its immediate
neighbors to be the shadow cluster, because the di-
rection and speed of travel has considerable impact
on its characterization. Time-indexed active mobile
probability matrices for each terminal are used for
this purpose — the idea being that these probabilities
can be computed for “well-behaved” users. However,
neither the test for good behavior nor the technique
for computing these parameters have been outlined.
A resource estimation and call admission algorithm
have been proposed, and both depend on the mobility
prediction in terms of active mobile probabilities.

Another scheme that was designed in the con-
text of indoor wireless LANSs, essentially applies to
a similar micro-cellular architecture [7, 21]. How-
ever, the authors provide a detail algorithm for per
cell reservation of wireless bandwidth based on move-
ment history. Only in-session movements captured
by hand-offs are logged to create mobility profile for
a host. A related work, carried on the same labora-
tory infrastructure, outlines the detail framework of
the network-layer reservation using RSVP. The tech-
nique, named as mobility support using multicasting
in IP, treats any message sent to mobile host as multi-
cast message sent to a multicast group made of multi-
cast capable end-routers initiating proxy reservation
in the cells the mobile host are likely to hand over.
Apart from posing challenge in scalable location man-
agement and authentication, this proposal smoothly
integrates with the multicast architecture with little
or no change in RSVP.

A totally opposite approach is to enhance RSVP

with advance reservation and tunneling for sup-
porting mobility, that has been attempted by [28].
The modified protocol, termed as mobile RSVP (or
MRSVP), supports mobility of both sender and host.
The scheme centers around active and passive reser-
vation of resource. While active reservation is done
from the current cell of a mobile terminal, passive
reservation is done from the cells in the Mobility Spec-
ification (MSPEC) or a set of locations the termi-
nal will visit while it carries through the flow under
concern. Since this enhancement deals more with
the protocol description, the problem of acquiring
the MSPEC for a mobile terminal has been left out.

et, the performance of this protocol critically de-
pends on the accurate prediction of MSPEC loca-
tions. Such prediction helps in reducing unnecessary
passive reservation and thereby saving costly resource
being wasted. A similar advance reservation scheme
has also been proposed in [4], which makes use of
different levels of reservation guarantees. This differ-
ential reservation scheme is heavily dependent on the
mobility prediction scheme. Although the authors
have referred to a mobility profile-based prediction
scheme, the details have not been discussed.

Taking care of current mobility context, such as
past movement history and current direction of move-
ment, has been proposed in [2]. The prediction tech-
nique uses direction prediction method in geometric
space to derive directional probabilities of cells being
visited by a mobile unit. This essentially depends on
the tacit assumption of relative positions and struc-
ture of cells in the wireless network.

eed for niversal Mobilit Model

From the review presented till now, it is evident that
advance resource reservation is necessary for provi-
sioning QoS support to mobile clients for real-time
communication services. Prediction of future loca-
tions of the user is crucial to the e ciency of such
a system. Thus the problem is somewhat similar in
flavor to the mobility management problem in cellu-
lar networks. While mobility management in cellular
systems is a well-studied area, we must first take an
objective look at the two problems and compare the
underlying assumptions and models before tailoring
any existing solution to suit our purpose.

In session ut of session ro le

Mobility management in cellular telephony degener-
ates into problems of two different flavors, viz. man-
agement of in-session and the out-of-session mobility.
In-session mobility management essentially involves
the process of hand-off, and both the participating
base-stations as well as the switch are automatically
aware of the terminal’s change of location. However,



every change in location (in terms of cells) cannot
be logged at the location register, while the terminal
is in standby mode. This introduces the traditional
location management problem, whose objective is to
reduce the combined cost of registration (terminal ini-
tiated update) and paging (broadcast query for a ter-
minal). It may be argued that for creating a profile
of resource demand, only hand-offs are to be taken
into account. Movements outside the session are of
no consequence. As mentioned earlier, many propos-
als follow exactly this strategy for creating profiles.
We provide the following counter-argument.
Consider the hypothetical cellular map for PCS
coverage of a specific area in Figure 1. Let ” be
a typical route over which a user car-pools. Suppose
he starts an audio-conference quite often en route and
this service has its characteristic demand on wireless
bandwidth. The duration of the conference call is
such that it last long enough for only one hand-off.
The user is, however, not particular about the exact
location where he usually initiates the call. Natu-
rally, if only in-session location information is used
to create his profile, we would end up logging indi-
vidual paths like “ 7 “ 7 “ ” and “ ” which
are treated as different entities. In reality, they are
part of the same logical entity and should be counted
as statistical variation of service initiation along the
same path. This can only be captured when these
logs of in-session segments are put in perspective with
the out-of-session logs of paths. Of course, the sup-
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Figure 1 A cell map and its graph representation

port mechanism for out-of-session mobility may not
be available in every cellular system such as indoor
802.11 LANs. The logs of hand-offs remain to be
the only meaningful thing to do in such cases. Nev-
ertheless, the out-of-session movement profile, when-
ever available, would help in predicting the subse-
quent cells, no matter whether a session overlaps the
sojourn through all these cells or terminates earlier.
Thus, it is safe to reserve bandwidth following the
out-of-session movement pattern. Although it may
seem ine cient from the resource utilization point of
view, expiry of RSVP soft states and explicit tear-
down on session termination help improving the per-
formance for shorter sessions.

Looking at the out-of-session location management

problem, we observe that the paging mechanism re-
quires the residence probability distribution of the
respective user as input [24]. Fortunately, the same
distribution is needed as input by the advance reser-
vation mechanism.

A Model t at its

The existing literature on mobility models largely
deals with the kind of mobility that makes sense to
the wireless access infrastructure for typical land-
mobile network based on standards such as IS-41,
1S-95 or GSM. Aggregate models, which captures
group behavior, do not render themselves to be use-
ful for our purpose. Our interest lies in the models
for individual mobility, which describe the location of
the mobile terminal as a continuous of discrete-time
stochastic process. Diffusion model [24] and frac-
tional rownian motion model [1] are some examples
of geometric models (defined by spatial coordinates)
that appear in the literature. Performance figures
reported in the literature are usually derived out of
simulations where simplistic grid-structured square
or hexagonal cell maps are assumed. Even studies
that have taken special care to capture directional
components of vehicular motion [30] are no exception
to these restrictive assumptions. Symbolic models
(defined by cell-id’s) are often seen to start with simi-
lar unrealistic assumptions of hexagonal cell structure
and equi-probable transition to all six neighbors [15].
Random walk model over hexagonal grid or some gen-
eral graph [26] are other alternatives. It has been
argued that pedestrian movement over micro-cells is
well captured by the random walk model. On the
other hand, a coarse granularity (symbolic represen-
tation of macro-cell or zone) may mask some direc-
tional component of vehicular movement to make it
look like random walk. Thus there is absolutely no
general rule for selecting user mobility model. Even
in the land-mobile systems, there exist a wide set of
choices depending on the cell size (macro, micro or
pico) and base station antenna design (sectored or
omni-directional). Moreover, it is not clear whether
any of these models are suitable for an indoor wireless
LAN infrastructure (as prescribed by IEEE 802.11
standard), where cells are typically circular, some-
times overlapped and arranged according to the floor
plan of the building [7].

In spite of all these conflicts, most models still agree
upon one basic characteristic of user mobility. As
pointed out in [20], mobile users are believed to be
“well-behaved” in the sense that they travel on some
definitive paths following their lifestyle. The activity-
based model [25], which is based on transportation
engineering, corroborates this viewpoint. According
to this model, trips are considered to be the basic
element of a user’s long-term mobility profile. Trips



are categorized by the purpose behind them, such as
going to and coming back from work, shopping and so
on. The distribution or relative occurrences of such
trips depends on the user’s lifestyle.

When translated to the symbolic domain, such a
trip appears as a “phrase” of symbols. We believe
that a stationary distribution over a user’s favorite
trips constitutes a sensible representation of his her
mobility profile. It can be argued that neither the
lifestyle nor the stationary pattern of mobility re-
mains the same for one person. We can relax our
assumption and conjecture that the symbolic capture
o a well-behaved user s movement process is station-
ary or piecewise stationary. Such a weak assumption
may not be good enough to justify the selection of
any specific analytical model that leads to a closed
form solution. However, if we are interested in al-
gorithmic solution, the assumption leads to a nice
behavior from the complexity point of view. Intu-
itively, the complexity of the mobility tracking has a
monotonic relationship with the location uncertainty
of the mobile terminal. When Shannon’s entropy
measure [27] is used to quantify this uncertainty in
number of bits, the per-symbol entropy of any sym-
bolic valued stochastic process is known to converge
to a limit [12]. This guarantees the existence of an al-
gorithmically tractable solution for learning user mo-
bility profile for e cient location prediction [13].

redictive reservation

There is an interesting analogy between a user’s
movement trace and a stream of text. While the trace
is created by composition of the user’s common trips,
a text stream is composed by words and phrases of a
language, following some syntactic and semantic rules
and possibly authors own style. The performance of
any tracking algorithm can be measured in the num-
ber of bits exchanged between the mobile and the sys-
tem database. The algorithm certainly cannot track
the mobile by exchanging any less information on the
average than the uncertainty created by its mobil-
ity, and hence is optimal when these two amounts
are the same. The analogy, too, carries over to the
field of text compression [6]. A text message can-
not be compressed beyond its entropy without losing
any part of it. Optimality is achieved if the length
of the compressed message approaches the entropy,
i.e., the redundancy in the encoding approaches zero.
This duality insinuates an update scheme designed
around a compressor-decompressor duo [8]. The idea
behind this is that a good data compressor must also
be a good predictor, because one must predict future
data well to compress them. In fact, computing as
compression is a general principle of computational
learning with its roots lying in stochastic comple ity
and minimum description length principle [5, 29].

Figure 2 Encoder at the mobile

Figure 3 Decoder at the system

In [8], we have proposed the LeZi-update algorithm
following the motivation of universal learning using
Ziv-Lempel style of variable-to-fixed encoding. In a
cellular environment, such as IS-95 [14], dynamic up-
date scheme reports the user location triggered by
a timer (time-based) or a specific number of cell-
crossings (movement-based) since the last such up-
date. LeZi-update intercepts such updates, accumu-
lates these cell-ids and locally creates a stream of
symbols, and fires real updates so as to send them in
chunks. It maintains a dictionary of phrases, which
is initially empty, to check whether it contains the
phrase made of accumulated symbols since the last
real update. A real update happens when the check
fails, as shown in the pseudo-code of Figure 2. Fig-
ure 3 shows the corresponding decoder at the location
database which retrieves the phrase by looking at the
encoding and consulting its own dictionary, which too
was empty initially. This mechanism keeps consis-
tency between the two versions of dictionaries. The
dictionary at the decoding end may add some addi-
tional phrases, but that does not disturb the consis-
tency. Moreover it does some housekeeping to main-
tain the relative counts of the phrases seen so far. The
detail step-by-step design has been described in [8].

It is easier to show the algorithm in action
with a simple example. We use the same ex-
ample from [8] to explain the prediction mecha-
nism. With reference to the location space of



the mobile terminal is the cell map of Figure 1,
let “ ” be the stream
of symbol that LeZi-update encoder has seen so
far. The stream would be incrementally parsed
as “ ?. Com-
mas separate the parsed phrases and indicate the
points of updates. The symbol-wise model of the
incremental parse tree [17] can be represented as a
trie shown in Figure 4. The path to any node from
root (null context) represents the phrase, and the fre-
quency of the phrase is shown in parentheses.

a(5) b(3) c(3) d(1)

a a b b b d

a2)  b(1) a2 b) c(1) c(1)
ala  afb b|b

Figure 4 Trie formed by decoder showing symbol-
wise model

Suppose one needs to page the mobile terminal at
the end of the stream that finishes with the update
“ .7 The contexts one can use can only be suf-
fixes of “ ,” with the exception of itself. First, all
the possible paths are to be predicted at these con-
texts. A list of such paths are shown in Table 1,
with relative frequencies. The unconditional proba-
bilities of these phrases are then found by blending, in
which escape probabilities are used in a way similar
to the Prediction by Partial Match (PPM) compres-
sion techniques [11]. The probability of individual
symbols are then computed based on relative weights
of symbols on these phrases as shown in Table 2.

Table 1 Contexts and their frequencies

Order-2 | Order-1
(2) (2) (5
(1) (1) g) (1) (1)

The actual process of reservation is carried out as
follows. A threshold value of probability  is defined
for every system. Whenever the location probabil-
ity in a cell is greater than or equal to , a passive

reservation is initiated if the the mobile host is not
in the cell, and an active reservation is initiated if it
is within the cell. Thus is a tunable parameter
for every system, that is dependent on all the users’
mobility profile for the system. It is also possible to
classify cells according to their degree of hotness (in
terms of demands on wireless bandwidth) and use
different values of A service is to be admitted
with mobility support only when all the active and
passive reservations succeed. Admission without mo-
bility support is still possible if only the active reser-
vation succeeds.

onclusion

In this paper, we have outlined a scheme for reserva-
tion of wireless bandwidth with direct support from
the out-of-session location management infrastruc-
ture. For e cient prediction of direction and current
context of movement, it is apparent that a “path-
based” update technique is superior to the commonly
deployed “location-based” updates. The abstraction
of the reservation policy is equally applicable to any
micro-cellular architecture, irrespective of its ATM
or IP based framework. An active reservation takes
place at the current cell of the mobile host, whereas
a passive reservation takes place at the shadow clus-
ter. Cells belong to the shadow cluster for a host
depending on whether the probability of finding the
host there crosses a threshold. These probabilities are
dynamically computed at a rate appropriate to the
dynamism of the hosts mobility profile. Simulation
studies based on synthetic user profiles are currently
underway so that the typical values for the threshold
parameter and its sensitivity to system load can be
determined.
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Table 2 Probabilistic prediction of individual symbols on path until next update

Phrase r[Phrase] a b c d
I -1 1) 05391 | 05391 00000 00000 00000
- f 1(—) 00957 | 00057 00000 00000 00000
- 00145 | 00073 00073 00000 00000
-4 00145 | 00048 00048 00048 00000
- f 1(—) 01104 | 00145 01104 00000 00000
- 1) 00290 | 00000 00145 00000 00000
-1 00145 | 00048 00145 00000 00000
-1 00145 | 00000 00097 00000 00000
- f S 00812 | 00000 00406 00406 00000
- (=) 00435 | 00000 00000 00435 00000
-1 00145 | 00000 00000 00000 00145
-1 00145 | 00000 00000 00073 00073
[ Sum [ 06662 02018 00962 00218 |
1
1
11
! 111
1
1
11 1 1
1
1
1
1 1 1
1

1 1 1 1



