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Message from the Conference Chair

The Second International Conference on Mobile Data Management (MDM 2001)
is the continuation of the First International Conference on Mobile Data Access
(MDA’99), which was also held in Hong Kong. Organizing MDM 2001 was a
very rewarding experience for me. It gave me an excellent chance to work with
many fine colleagues both inside and outside Hong Kong, and the opportunity
to interact with leading companies in the mobile industry.

I am thankful to Mike Franklin of UC Berkeley and John Lui of the Chinese
University of Hong Kong for putting together a world-class Program Committee,
which worked very hard to bring an excellent technical program to the confer-
ence.

MDM 2001 includes an industrial track consisting of both invited and sub-
mitted papers. I would like to thank David Cheung of the University of Hong
Kong and Wang-Chien Lee of Verizon, USA, for setting the program for the
industrial track. Wang-Chien, in particular, is responsible for inviting speakers
from the USA. I strongly feel that the interaction between academia and indus-
try is of particular importance in the mobile area since ideas and applications
cannot be realized if they do not fit into the mobile infrastructure built by the
industry.

I appreciate very much the support of the Hong Kong Polytechnic University
for hosting the conference, colleagues in the Department of Computing, namely,
Alvin Chan, Hong Va Leong, and Allan Wong, for taking care of every fine detail
in the operation of the conference, Kian-Lee Tan of the National University of
Singapore for his relentless effort in collecting the manuscripts and meeting the
publication deadline, Victor Lee of the City University of Hong Kong and Jeffrey
Yu of the Chinese University of Hong Kong for handling the publicity of the
conference, and Joseph Fong of the City University of Hong Kong for raising
funds for the conference.

Last but not least, the conference would not have been possible without the
generous support of our industrial sponsors, which include Hutchison Telecom,
Nokia (HK) Ltd., and Oracle (HK) Ltd. At the time of writing, I am still expect-
ing a few more industrial sponsors and invited presentations in the industrial
track. Those whom I cannot acknowledge here by name, I would like to thank
in advance in anticipation of their support!

November 2000 Dik Lun Lee



Preface

Welcome to the Second International Conference on Mobile Data Management
(MDM 2001). The conference serves as a forum for the exchange of technical
ideas and research results in the areas of mobility and database management.

This year, we have a very exciting program for MDM 2001. Many quality
papers were submitted to the conference. All of the submitted papers were re-
viewed by at least three PC members. Due to the limitations of the program
schedule as well as the desire to organize the conference using a single track
format, we selected only 18 papers for full presentation at the conference. As a
result many excellent papers could not be accepted.

The papers chosen for presentation span a large range of topics, from net-
work protocol issues up to the semantics of mobile applications. The common
theme of all these papers is their recognition of the central role played by data
management techniques in the development of the emerging world of mobile and
wireless applications.

We have loosely organized these papers into six areas:

1. DATA MANAGEMENT ARCHITECTURES,
2. CONTENT DELIVERY,
3. DATA BROADCASTING,
4. CACHING AND HOARDING,
5. COPING WITH MOVEMENT,
6. NETWORKS AND SYSTEMS ISSUES

In addition to the research track, we have sought to broaden the scope of the
conference with an industrial session as well as poster presentations. Overall,
the program strikes a comfortable balance between applied and theoretically
oriented papers.

We were fortunate to have the help of a large group of renowned and hard-
working researchers from around the world, who served on the technical program
committee and the organizing committee. Their invaluable efforts in helping put
together this technical program are most gratefully acknowledged. We would
also like to take this opportunity to thank our keynote speakers.

We are only at the very beginning of what will be an explosion in mobile
and wireless applications. These applications present new problems across the
range of computer systems, networking, and data management topics. Through
this forum, we hope to facilitate the dialog among leading researchers and prac-
titioners in all of these areas, and we look forward to a productive and lively
conference.

November 2000 Mike Franklin
John C.S. Lui
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Towards Sensor Database Systems 

Philippe Bonnet, Johannes Gehrke, Praveen Seshadri1 

Computer Science Department, Upson Hall 
Cornell University 

Ithaca, NY, 14853 USA 
{bonnet,johannes,praveen}@cs.cornell.edu 

Abstract. Sensor networks are being widely deployed for measurement, 
detection and surveillance applications. In these new applications, users issue 
long-running queries over a combination of stored data and sensor data. Most 
existing applications rely on a centralized system for collecting sensor data. 
These systems lack flexibility because data is extracted in a predefined way; 
also, they do not scale to a large number of devices because large volumes of 
raw data are transferred regardless of the queries that are submitted. In our new 
concept of sensor database system, queries dictate which data is extracted from 
the sensors. In this paper, we define the concept of sensor databases mixing 
stored data represented as relations and sensor data represented as time series. 
Each long-running query formulated over a sensor database defines a persistent 
view, which is maintained during a given time interval. We also describe the 
design and implementation of the COUGAR sensor database system. 

1 Introduction 

The widespread deployment of sensors is transforming the physical world into a 
computing platform.  Modern sensors not only respond to physical signals to produce 
data, they also embed computing and communication capabilities. They are thus able 
to store, process locally and transfer the data they produce. Still, at the heart of each 
sensor, a set of signal processing functions transform physical signals such as heat, 
light, sound, pressure, magnetism, or a particular motion into sensor data, i.e., 
measurements of physical phenomena as well as detection, classification or tracking 
of physical objects. 

Applications monitor the physical world by querying and analyzing sensor data. 
Examples of monitoring applications include supervising items in a factory 
warehouse, gathering information in a disaster area, or organizing vehicle traffic in a 
large city [6]. Typically, these applications involve a combination of stored data (a list 
of sensors and their related attributes, such as their location) and sensor data. We call 
sensor database the combination of stored data and sensor data. This paper focuses on 
sensor query processing – the design, algorithms, and implementations used to run 

                                                           
1 Praveen Seshadri is currently on leave at Microsoft: 3/1102 Microsoft, One Microsoft Way, 

Redmond, WA. pravse@microsoft.com. 

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 3-14, 2001. 
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queries over sensor databases. The concepts developed in this paper were developed 
under the DARPA Sensor Information Technology (SensIT) program [23].  
We define a sensor query as a query expressed over a sensor database. A typical 
monitoring scenario involves aggregate queries or correlation queries that give a 
bird’s eye view of the environment as well as queries zooming on a particular region 
of interest. Representative sensor queries are given below in Example 1.  
Example 1 (Factory Warehouse): Each item of a factory warehouse has a stick-on 
temperature sensor attached to it. Sensors are also attached to walls and embedded in 
floors and ceilings. Each sensor provides two signal-processing functions: (a) 
getTemperature() returns the measured temperature at regular intervals, and (b) 
detectAlarmTemperature(threshold) returns the temperature whenever it crosses a 
certain threshold. Each sensor is able to communicate this data and/or to store it 
locally. The sensor database stores the identifier of all sensors in the warehouse 
together with their location and is connected to the sensor network. The warehouse 
manager uses the sensor database to make sure that items do not overheat. Typical 
queries that are run continuously include: 
− Query 1: “Return repeatedly the abnormal temperatures measured by all sensors.” 
− Query 2: “Every minute, return the temperature measured by all sensors on the 

third floor”. 
− Query 3: “Generate a notification whenever two sensors within 5 yards of each 

other simultaneously measure an abnormal temperature”.  
− Query 4: “Every five minutes retrieve the maximum temperature measured over 

the last five minutes”. 
− Query 5: “Return the average temperature measured on each floor over the last 10 

minutes”.  
These example queries have the following characteristics: 
• Monitoring queries are long-running. 
• The desired result of a query is typically a series of notifications of system activity 

(periodic or triggered by special situations). 
• Queries need to correlate data produced simultaneously by different sensors. 
• Queries need to aggregate sensor data over time windows. 
• Most queries contain some condition restricting the set of sensors that are involved 

(usually geographical conditions). 
As in relational databases, queries are easiest to express at the logical level. Queries 
are formulated regardless of the physical structure or the organization of the sensor 
network. The actual structure and population of a sensor network may vary over the 
lifespan of a query. 

Clearly, there are similarities with relational database query processing. Indeed, 
most applications combine sensor data with stored data. However, the features of 
sensor queries described here do not lend themselves to easy mapping to relational 
databases and sensor data is different from traditional relational data (since it is not 
stored in a database server and it varies over time). 

There are two approaches for processing sensor queries: the warehousing approach 
and the distributed approach. The warehousing approach represents the current state-
of-the-art. In the warehousing approach, processing of sensor queries and access to 
the sensor network are separated.  (The sensor network is simply used by a data 
collection mechanism.) The warehousing approach proceeds in two steps. First, data 
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is extracted from the sensor network in a predefined way and is stored in a database 
located on a unique front-end server. Subsequently, query processing takes place on 
the centralized database. The warehousing approach is well suited for answering 
predefined queries over historical data. 

The distributed approach has been described by Bonnet et al. in [2][3] and is the 
focus of this paper. In the distributed approach, the query workload determines the 
data that should be extracted from sensors. The distributed approach is thus flexible – 
different queries extract different data from the sensor network – and efficient – only 
relevant data are extracted from the sensor network.  In addition, the distributed 
approach allows the sensor database system to leverage the computing resources on 
the sensor nodes: a sensor query can be evaluated at the front-end server, in the sensor 
network, at the sensors, or at some combination of the three.  

In this paper, we describe the design space for a sensor database system and 
present the choices we have made in the implementation of the Cornell COUGAR 
system. This paper makes the following contributions: 
1. We build on the results of Seshadri et al. [20] to define a data model and long-

running queries semantics for sensor databases. A sensor database mixes stored 
data and sensor data. Stored data are represented as relations while sensor data are 
represented as time series. Each long-running query defines a persistent view, 
which is maintained during a given time interval.  

2. We describe the design and implementation of the Cornell COUGAR sensor 
database system. COUGAR extends the Cornell PREDATOR object-relational 
database system. In COUGAR, each type of sensor is modeled as a new Abstract 
Data Type (ADT). Signal-processing functions are modeled as ADT functions that 
return sensor data. Long-running queries are formulated in SQL with little 
modifications to the language. To support the evaluation of long-running queries, 
we extended the query execution engine with a new mechanism for the execution 
of sensor ADT functions. The initial version of this system has been demonstrated 
at the Intel Computing Continuum Conference [7].  

Addressing these two issues is a necessary first step towards a sensor database 
system. In addition, a sensor database system should account for sensor and 
communication failures; it should consider sensor data as measurements with an 
associated uncertainty not as facts; finally, it should be able to establish and run a 
distributed query execution plan without assuming global knowledge of the sensor 
network. We believe that these challenging issues can only be addressed once the data 
model and internal representation issues have been solved.  

2 Sensor Database Systems 

In this section, we introduce the concepts of sensor databases and sensor queries. We 
build on existing work by Seshadri et al [20] to define a data model for sensor data 
and an algebra of operators to formulate sensor queries.  

2.1 Sensor Data 

A sensor database involves stored data and sensor data. Stored data include the set of 
sensors that participate in the sensor database together with characteristics of the 
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sensors (e.g., their location) or characteristics of the physical environment. These 
stored data are best represented as relations. The question is: how to represent sensor 
data? First, sensor data are generated by signal processing functions. Second, the 
representation we choose for sensor data should facilitate the formulation of sensor 
queries (data collection, correlation in time, and aggregates over time windows). 

Note that time plays a central role. Possibly, signal processing functions return 
output repeatedly over time, and each output has a time-stamp. In addition, 
monitoring queries introduce constraints on the sensor data time-stamps, e.g., Query 3 
in Example 1 assumes that the abnormal temperatures are detected either 
simultaneously or within a certain time interval. Aggregates over time windows, such 
as in Query 4 and 5, reference time explicitly. 

Given these constraints, we represent sensor data as time series. Our representation 
of sensor time series is based on the sequence model introduced by Seshadri et al. 
[20]. Informally, a sequence is defined as a 3-tuple containing a set of records R, a 
countable totally ordered domain O (called ordering domain – the elements of the 
ordering domain are referred to as positions) and an ordering of R by O. An ordering 
of a set of records R by an ordering domain O is defined as a relation between O and 
R, so that every record in R is associated with some position in O. Sequence operators 
are n-ary mappings on sequences; they operate on a given number of input sequences 
producing a unique output sequence. All sequence operators can be composed. 
Sequence operators include: select, project, compose (natural join on the position), 
and aggregates over a set of positions. Because of space limitation, we refer the reader 
to Bonnet et al. [4] for a formal definition of sensor time series 
We represent sensor data as a time series with the following properties: 
1. The set of records corresponds to the outputs of a signal processing function over 

time.  
2. The ordering domain is a discrete time scale, i.e. a set of time quantum; to each 

time quantum corresponds a position. In the rest of the paper, we use natural 
numbers as the time-series ordering domain. Each natural number represents the 
number of time units elapsed between a given origin and any (discrete) point in 
time. We assume that clocks are synchronized and thus all sensors share the same 
time scale. 

3. All outputs of the signal processing function that are generated during a time 
quantum are associated to the same position p. Note that in case a sensor does not 
generate events during the time quantum associated to a position, the Null record is 
associated to that position. 

4. Whenever a signal processing function produces an output, the base sequence is 
updated at the position corresponding to the production time. Updates to sensor 
time series thus occur in increasing position order. 

2.2 Sensor Queries 

Sensor queries involve stored data and sensor data, i.e. relations and sequences.  We 
define a sensor query as an acyclic graph of relational and sequence operators. The 
inputs of a relational operator are base relations or the output of another relational 
operator; the inputs of a sequence operator are base sequences or the output of another 
sequence operator. Thus relations are manipulated using relational operators and 
sequences are manipulated using sequence operators. We have defined two other 
operators that combine relations and sequences: (a) a projection operator that takes a 
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sequence as input and outputs a relation by projecting out the position attribute in the 
sequence, and (b) a cross product operator that takes as input a relation and a 
sequence and outputs a sequence by performing a position-wise cross product.  

Sensor queries are long running.  To each sensor query is associated a time interval 
of the form [O, O + T] where O is the time at which the query is submitted and T is 
the number of time quantums (possibly 0) during which the query is running. 

During the span of a long-running query, relations and sensor sequences might be 
updated. An update to a relation R can be an insert, a delete, or modifications of a 
record in R. An update to a sensor sequence S is the insertion of a new record 
associated to a position greater than or equal to all the undefined positions in S (see 
Section 3.1.1). Concretely, each sensor inserts incrementally the set of records 
produced by a signal processing function at the position corresponding to the 
production time. 

A sensor query defines a view that is persistent during its associated time interval. 
This persistent view is maintained to reflect the updates on the sensor database. In 
particular, the view is maintained to reflect the updates that are repeatedly performed 
on sensor time series. 

Jagadish et al. [13] showed that persistent views over relations and sequences can 
be maintained incrementally without accessing the complete sequences, given 
restrictions on the updates that are permitted on relations and sequences, and given 
restrictions on the algebra used to compose queries.  Informally, persistent views can 
be maintained incrementally if updates occur in increasing position order and if the 
algebra used to compose queries does not allow sequences to be combined using any 
relational operators. Both conditions hold in our concept of a sensor database. 

3 The COUGAR Sensor Database System 

In this section, we discuss the representation of sensor data, as well as the formulation 
and evaluation of sensor queries in the initial version of COUGAR. We discuss the 
limitations of this system and the conclusions that we have drawn.  

We have introduced in Section 2 the concept of a sensor database. We took a set of 
design decisions when implementing this model in the COUGAR system. We 
distinguish between the decisions we took concerning: 
1. User representation: How are sensors and signal processing functions modeled in 

the database schema? How are queries formulated? 
2. Internal representation: How is sensor data represented within the database 

components that perform query processing? How are sensor queries evaluated to 
provide the semantics of long-running queries? 

3.1 User Representation 

 
In COUGAR, signal-processing functions are represented as Abstract Data Type 
(ADT) functions. Today’s object-relational databases support ADTs that provide 
controlled access to encapsulated data through a well-defined set of functions [21]. 
We create a sensor ADT for all sensors of a same type (e.g., temperature sensors, 
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seismic sensors). The public interface of a sensor ADT corresponds to the specific 
signal-processing functions supported by a type of sensor. An ADT object in the 
database corresponds to a physical sensor in the real world.  

Signal-processing functions are modeled as scalar functions. Repeated outputs of 
an active signal processing functions are not explicitly modeled as sequences but as 
the result of successive executions of a scalar function during the span of a long-
running query. This decision induced some limitation. For example, as we will see 
below, queries containing explicit time constraints (such as aggregates over time 
windows) cannot be expressed. 

Sensor queries are formulated in SQL with little modifications to the language. The 
‘FROM’ clause of a sensor query includes a relation whose schema contains a sensor 
ADT attribute (i.e., a collection of sensors). Expressions over sensor ADTs can be 
included in the ‘SELECT’ or in the ‘WHERE’ clause of a sensor query.  

The queries we introduced in Section 1 are formulated in COUGAR as follows. 
The simplified schema of the sensor database contains one relation Sensors(loc 
POINT, floor INT, s SENSORNODE), where loc contains the location of the sensor,  
floor denotes the floor where the sensor is located in the data warehouse and  s 
represents a sensor node. SENSORNODE is a sensor ADT that supports the methods 
getTemp() and detectAlarmTemp(threshold), where threshold is the temperature 
above which abnormal temperatures are returned. Both ADT functions return 
temperature represented as float. 
• Query 1: “Return repeatedly the abnormal temperatures measured by all sensors” 

SELECT Sensors.s.detectAlarmTemp(100) 
FROM Sensors 
WHERE $every(); 
The expression $every() is introduced as a syntactical construct to indicate that the 
query is long-running.  

• Query 2: “Every minute, return the temperature measured by all sensors on the 
third floor”. 
SELECT Sensors.s.getTemp() 
FROM  Sensors 
WHERE Sensors.floor = 3 AND $every(60); 
The expression $every() takes as argument the time in seconds between successive 
outputs of the sensor ADT functions in the query. 

• Query3: “Generate a notification whenever two sensors within 5 yards of each 
other measure simultaneously an abnormal temperature”.  
SELECT R1s.detectAlarmTemp(100), R2.s. detectAlarmTemp (100) 
FROM Sensors R1, Sensors R2 
WHERE $SQRT($SQR(R1.loc.x – R2.loc.x) + $SQR( R1.loc.y – R2.loc.y)) < 5 
       AND R1.s > R2.s AND $every(); 
This formulation assumes that the system incorporates an equality condition on the 
time at which the temperatures are obtained from both sensors.  

Query 4 and 5 cannot be expressed in our initial version of COUGAR because 
aggregates over time windows are not supported.  
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3.2 Internal Representation 

Query processing takes place partly on a database front-end.  The query execution 
engine on the database front-end includes a mechanism for interacting with remote 
sensors. On each sensor a lightweight query execution engine is responsible for 
executing signal processing functions and sending data back to the front-end. 

In COUGAR, we assume that there are no modifications to the stored data during 
the execution of a long-running query. Strict two-phase locking on the database front-
end ensures that this assumption holds.  

The initial version of COUGAR does not consider a long-running query as a 
persistent view; the system only computes the incremental results that could be used 
to maintain such a view. These incremental results are obtained by evaluating sensor 
ADT functions repeatedly and by combining the outputs they produce over time with 
stored data.  

The execution of Sensor ADT functions is the central element of sensor queries 
execution. In the rest of the section, we show why the traditional execution of ADT 
functions (which is explained below) is inappropriate for sensor queries and we 
present the mechanisms we have implemented in COUGAR to evaluate sensor ADT 
functions. 

Problems with the Traditional ADT Functions Execution 
In most object-relational database systems, ADT functions are used to form 
expressions together with constants and variables. When an expression containing an 
ADT function is evaluated, a (local) function is called to obtain its return value. It is 
assumed that this return value is readily available on-demand. As for client-side ADT 
functions [15], this assumption does not hold in a sensor database for the following 
reasons: 
1. Scalar sensor ADT functions incur high latency due to their location or because 

they are asynchronous; 
2. When evaluating long-running queries, sensor ADT functions return multiple 

outputs. 
To illustrate these problems, let us consider Query 1 in our example. One possible 
execution plan for Query 1 would be the following. For each temperature sensor in 
the relation R, the scalar function detectAlarmTemp(100) is applied.  

There is a serious flaw in this execution. First, the function detectAlarmTemp (100) 
is asynchronous, i.e. it returns its output after an arbitrary amount of time. While the 
system is requesting an abnormal temperature on the first sensor of the relation R, the 
other temperature sensors have not been yet been contacted. It may very well be that 
some temperature sensors could have detected temperatures greater than 100 while 
the system is blocked waiting for the output of one particular function.  

Second, during the span of a long-running query, detectAlarmTemp (100) might 
return multiple outputs. The evaluation plan presented above scans relation R once 
and thus does not respect the semantics of long running queries we have introduced in 
Section 2. 

Virtual Relations 
To overcome the problems outlined in the previous paragraph, we introduced a 
relational operator to model the execution of sensor ADT functions. This relational 
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operator is a variant of a join between the relation that contains the sensor ADT 
attribute and the sensor ADT function represented in a tabular form. We call the 
tabular representation of a function a virtual relation.  

A virtual relation is a tabular representation of a method. A record in a virtual 
relation (called a virtual record) contains the input arguments and the output argument 
of the method it is associated with.2 Such relations are called virtual because they are 
not actually materialized, as opposed to base relations, which are defined in the 
database schema.  

If a method M takes m arguments, then the schema of its associated virtual relation 
has m+3 attributes, where the first attribute corresponds to the unique identifier of a 
device (i.e., the identifier of an actual device ADT object), attributes 2 to m+1 
correspond to the input arguments of M, attribute m+2 corresponds to the output 
value of M and attribute m+3 is a time stamp corresponding to the point in time at 
which the output value is obtained. In our example Query 1, the virtual relation 
VRdetectAlarmTemp is defined for the Sensor ADT function detectAlarmTemp(). 
Since this function takes one input arguments, the virtual relation has four attributes: 
SensorId, Temp, Value, and TimeStamp, i.e., the identifier of the Sensor device that 
produces the data SensorId, the input threshold temperature Temp, the Value of the 
measured temperature and the associated TimeStamp. 

We observe the following: 
• A virtual relation is append-only: New records are appended to a virtual relation 

when the associated signal processing function returns a result. Records in a virtual 
relation are never updated or deleted. 

• A virtual relation is naturally partitioned across all devices represented by the same 
sensor ADT: A virtual relation is associated to a sensor ADT function, to each 
sensors of these type is associated a fragment of the virtual relation. The virtual 
relation is the union of all these fragments. 

The latter observation has an interesting consequence: a device database is internally 
represented as a distributed database. Virtual relations are partitioned across a set of 
devices. Base relations are stored on the database front-end. Distributed query 
processing techniques are not implemented in the initial version of COUGAR; their 
design and integration is the main goal of COUGAR V2 that we are currently 
implementing. 

Query Execution Plan 
Virtual relations appear in the query execution plan at the same level as base relations. 
Base relations are accessed through (indexed) scans. Each virtual relation fragment is 
accessed on sensors using a virtual scan. A virtual scan incorporates in the query 
execution plan the propagation mechanism necessary to support long-running queries. 

Our notion of virtual scan over a virtual relation fragment is similar to the 
fetch_wait cursor over an active relation in the Alert database system [19]. A 
fetch_wait cursor provides a blocking read behavior. This fetch_wait cursor returns 
new records as they are inserted in the active relation and blocks when all records 
have been returned. A classical cursor would just terminate when all records currently 
in the relation have been returned.  

                                                           
2 We assume without loss of generality that a device function has exactly one return value; an 

extension to the general case is straightforward. 
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The join between a base relation and a virtual relation is basically a nested loop 
with a pipelined access to the virtual scans that encapsulate the execution of the 
sensor ADT function.  (Note that we make the simplifying assumption that arguments 
to the sensor ADT functions are constants.) Indeed, the sensor ADT function is 
applied with identical parameters on all sensors involved in the query. The algorithm 
is presented below. 

In: Base relation R, sensor ADT function f 
Out: join between relation R and virtual relation associated to f 
Initialize virtual scans for the virtual relation fragments associated to f on all sensors 
involved in the query 
FOREVER DO 
   Get next output from the sensor virtual scan 
   Find a matching sensor id in the base relation R 
   If match is found then return record 
END DO 

The incremental results produced by a virtual join are directly transmitted to the 
client, or they are pipelined to the root of the execution plan (as the outer child in a 
nested loop join for instance)3. Consequently, queries with relational aggregates or 
‘ORDER BY’ clauses do not return an incremental result. Indeed, such queries 
require an operator to accumulate all the results produced by its children. With such 
operators no incremental results are produced before the query is stopped. 

3.3  Conclusions 
Here are the conclusions that we have drawn from our experience with the initial 
version of COUGAR: 
1. Representing stored data as relations with an ADT attribute representing sensors 

and sensor data as the output of ADT functions is a natural way of representing a 
sensor database. 

2. Virtual joins are an effective way of executing ADT functions that do not return a 
value in a timely fashion (because they are often asynchronous, because they 
generally incur high latency or because they return multiple values over time).  

3. Representing all signal processing functions as scalar functions fails to capture the 
ordering of sensor data in time. As a result, queries involving aggregates over time 
windows or correlations are difficult to express. This problem has previously been 
identified in the context of financial data [22]. 

4 Related Work 

Two representative projects that build wireless sensor network infrastructures are the 
WINS project at UCLA [18] and the Smart Dust project at UC Berkeley [14]. The 
COUGAR system is implemented on top of the WINS infrastructure. 

The goals of the DataSpace project at Rutgers University are quite similar to the 
goals of a sensor database system [9]. Imielinski et al. recognized the advantages of 

                                                           
3 Note that queries with sensor ADT functions applied on more than one collection of sensors 

require that the join between two virtual joins is a double-pipelined join. 
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the distributed approach over the warehousing approach for querying physical 
devices. In a DataSpace, devices that encapsulate data can be queried, monitored and 
controlled. Network primitives are developed to guarantee that only relevant devices 
are contacted when a query is evaluated. We are currently integrating COUGAR with 
similar networking primitives, i.e., the Declarative Routing Protocol developed at 
MIT-LL [5], and the SCADDS diffusion-based routing developed at ISI [10]. Other 
related projects include the TELEGRAPH project at UC Berkeley [1], which studies 
adaptive query processing techniques, and the SAGRES project at the University of 
Washington [11], which explores the use of data integration techniques in the context 
of device networks. 

The environment of a sensor network with computing power at each node 
resembles a mobile computing environment [8]. Sensors differ from mobile hosts in 
that sensors only serve external requests but do not initiate requests themselves. Also, 
recent work on indexing moving objects, e.g. [17], is relevant in such environments. 
The techniques proposed however assume a centralized warehousing approach.  

Our definition of sensor queries bears similarities with the definition of continuous 
queries [23]. Continuous queries are defined over append-only relations with time-
stamps. For each continuous query, an incremental query is defined to retrieve all 
answers obtained in an interval of t seconds. The incremental query is issued 
repeatedly, every t seconds, and the union of the answers it provides constitute the 
answer to the continuous query. Instead of being used to maintain a persistent view, 
incremental results are directly returned to users. The answers returned by the initial 
prototype of COUGAR respect the continuous queries semantics.  

Time series can be manipulated in object-relational systems such as Oracle [16] or 
in array database systems such as KDB [12]. These systems do not support the 
execution of long-running queries over sequences.  

5 Conclusion 

We believe that sensor database systems are a promising new field for database 
research. We described a data model and long-running query semantics for sensor 
database systems where stored data are represented as relations and sensor data are 
represented as sequences. The version of the Cornell COUGAR system that we 
presented is a first effort towards such a sensor database system. The second version 
of COUGAR [4] improves on the initial prototype in that sequences are explicitly 
represented. This allows for more expressive sensor queries. In particular, queries 
containing aggregates over time windows can be expressed.  

This first generation of the Cornell COUGAR systems showed much promise for 
providing flexible and scalable access to large collections of sensors. It helped us 
identify a set of challenging issues that we are addressing with our ongoing research: 
• Due to the large scale of a sensor network, it is highly probable that some of the 

sensors and some of the communication links will fail at some point during the 
processing of a long-running query.  We are studying how sensor database systems 
can adjust to communication failures and return a more accurate answer at the cost 
of increased response time and resource usage.  

• Sensor data are measurements not facts. Sensor values can be thought of as drawn 
from a continuous distribution, e.g. a normal distribution. We are working on a 
data model and an associated algebra for representing and manipulating continuous 
distributions.  
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• Because of the large scale and dynamic nature of a sensor network, we cannot 
assume that a centralized optimizer maintains global knowledge and thus precise 
meta-information about the whole network. We are studying how to maintain 
meta-data in a decentralized way and how to utilize this information to devise good 
query plans. 
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Abstract. Mobile applications are required to operate in environments 
characterised by change. More specifically, the availability of resources and 
services may change significantly during a typical period of system operation.  
As a consequence, adaptive mobile applications need to be capable of adapting 
to these changes to ensure they offer the best possible level of service to the 
user. Our experiences of developing and evaluating adaptive context-aware 
applications in mobile environments has led us to believe that existing 
architectures fail to provide the necessary support for such applications. In this 
paper, we discuss the shortcomings of existing approaches and present work on 
our own architecture that has been designed to meet the key requirements of 
context-aware adaptive applications.  

1  Introduction 

Mobile applications are required to operate in environments that change. Specifically, 
the availability of resources and services may change significantly and frequently 
during typical system operation [8,11]. As a consequence, mobile applications need to 
be capable of adapting to these changes to ensure they offer the best possible level of 
service to the user [11]. While early research focused on applications which adapted 
to changes in network characteristics, there is now increasing interest in applications 
that adapt to general environmental and contextual triggers such as changes in a 
systemís physical location, e.g. the GUIDE system [2,3] which supplies users with 
information tailored to their current location.  

Current adaptive mobile applications are built using one of two approaches: either 
the adaptation is performed by the system which underpins the application (in an 
attempt to make transparent the effects of mobility) or, the application itself monitors 
and adapts to change. In some cases, these approaches are combined as, for example, 
in the MOST system [8] where the middleware platform adapts the operation of the 
network protocol in the face of changes in QoS and, additionally, reports these 
changes to the application to enable application level adaptation. However, in the 
general case, it has been demonstrated that maintaining transparency in the face of 
mobility is not practical and that it is difficult for a system to adapt without support 
from the application.  

Careful examination of current approaches to supporting adaptation reveals two 
important facts. Firstly, support for adaptation is often fragmented with a range of 
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mechanisms being used to notify applications of changes in different environmental 
and contextual attributes [4].  Secondly, there is a lack of mechanisms that support 
coordination of adaptive behaviour across the whole system, according to user 
requirements. In this paper, we explore the requirements for, and our research into 
creating, a unified architecture. It can support multiple contextual attributes coupled 
with a user driven adaptation control mechanism. The benefits of such an approach 
are clearly illustrated using a set of real-world examples.   

2  Drawbacks of Current Approaches  

Mobile systems need to be capable of adapting to a wide range of attributes such as 
network bandwidth, location, power etc. In general, current mobile systems provide 
support for adaptive applications by notifying applications when certain ëinterestingí 
changes in attributes occur, e.g. bandwidth falls below some specified minimum 
threshold. It is then the responsibility of the application to adapt in an appropriate 
way, e.g. by reducing its bandwidth requirements. However, this approach can be 
shown to lead to inefficient solutions because of the lack of support for enabling 
coordination between the adaptation policies of multiple applications that may co-
exist on the same system. In the following scenarios, we illustrate the kind of 
problems that could occur as a result of relying upon a simplistic notification based 
approach and isolated, uncoordinated, application adaptation.  

2.1  Scenarios  

The Need for Coordinated Application Adaptation for Power Management. This 
scenario illustrates the need for coordination in order to achieve efficient power 
management on a mobile system. One existing approach for handling power 
management, i.e. the ACPI [1] model, is to enable the operating system to switch 
hardware resources into low power mode when not in use, e.g. spinning down the 
hard-disk. This approach requires that applications leave hardware resources in an 
idle state for sufficient periods of time to make the transition between idle and active 
states worthwhile.  Although this approach is suitable when only one application is 
running on a mobile device, the approach can prove ineffective when multiple 
applications or system services are sharing hardware resources. In more detail, the 
lack of coordinated access to hardware resources can result in poor utilisation of the 
shared resource and therefore sub-optimum power management.  For example, 
consider the case of multiple applications that implement an auto-save feature.  In the 
absence of any coordination between applications each application may choose to 
checkpoint its state to the disk at an arbitrary time, without considering the state of the 
disk (i.e. spinning or sleeping). In contrast, if applications are able to coordinate their 
access to the hard-disk then access to the disk can be clustered, allowing longer 
periods of inactivity. This latter approach is clearly more power efficient than the 
situation in which usage of the hard-disk is completely arbitrary and uncoordinated.  
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The Problem of Conflicting Adaptation. In this scenario, we illustrate the potential 
problems that can occur in a system that utilises separate adaptation mechanisms for 
different attributes. We consider a hypothetical mobile system which utilises two 
independent adaptation mechanisms, one for managing power and the other for 
managing network bandwidth. The two mechanisms can conflict with one another as 
the following example illustrates. If the system needs to reduce power consumption, 
the power management mechanism will request those applications that are utilising 
network bandwidth to postpone their usage of the network device in order to place the 
network device in to sleep mode. As a consequence of applications postponing their 
use of the network, the available network bandwidth increases. However, the network 
adaptation mechanism will detect this unused bandwidth and notify applications to 
utilise the spare bandwidth. In this way, the request to utilise available bandwidth is in 
direct conflict with the request to postpone network usage.  

This example highlights the problem of relying on independent and uncoordinated 
adaptation mechanisms. Clearly, coordination or harmonisation is required in order to 
detect and avoid potentially conflicting adaptation mechanisms. In the example 
presented, the instruction given to applications to utilise more bandwidth should have 
been withheld if conserving power was the systemís primary goal.  

Utilising Alternative Location Sensing Mechanisms. This scenario considers the 
case of supporting multiple services for providing similar contextual information. In 
this case, we consider a location aware system that is capable of sensing its current 
location through two different mechanisms: a local GPS device and using beaconing 
in a cell-based wireless network. Using the latter mechanism, the system can identify 
the current cell in which it operates and thus specify its location. Both mechanisms 
deal with the same problem but they both have different characteristics. The GPS 
mechanism is typically the more accurate (accuracy in the region of 5m) but does 
require extra power to operate. Alternatively, the network-based solution is generally 
less accurate (depending on the size of a cell, e.g. approximately 200m for 
WaveLAN). However, the fact that the network device is already in use by the system 
for communications means that the addition power consumption required for 
identifying the location of the base-station would be minimal.  

It follows that the mobile system would select to use the GPS based solution if 
accurate location information was required and concern over additional power usage 
was not an important issue. Alternatively, if the lifetime of the systemís batteries (and 
therefore operation) was more important than achieving greater location accuracy 
then the network location mechanism would be the more appropriate mechanism. The 
adaptive strategy that would be most appropriate depends on both the userís 
requirements and the context of other attributes, such as power. In order for the 
system to make such decisions there is a basic requirement for system-wide 
adaptation policies. Without such policies, coordinated adaptation on the use of 
alternative context retrieval mechanisms is difficult because each application relies on 
a single mechanism without being able to identify the implications of its operation on 
other system resources and, consequently, other applications. 
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3  Analysis 

Multiple Attributes. The previous scenarios illustrated a number of potential 
problems with current approaches to developing adaptive context-aware mobile 
systems. In this section, we generalise on these findings to present a critique of 
existing mobile systems and their suitability for supporting adaptive applications.  

Based on the ideas of ubiquitous computing [20] future mobile systems should be 
able to discover changes in both the user and system environment and adapt to these 
changes. Current context-aware applications handle context in an improvised fashion. 
Application developers usually bundle the application with specific mechanisms for 
accessing context. However, this approach does not allow coordinated adaptation on 
context changes leading to the problems presented. Dey [5] has addressed this 
problem and suggested a general platform to support context-aware application. Our 
belief is that though a general platform for supporting context-aware application is 
necessary, this platform should also be capable of addressing the problems of 
coordinated adaptation. 

The situation is complicated still further by the fact that the adaptive behaviour 
triggered by one attribute can cause side-effects on other attributes. These side-effects 
could, in-turn, trigger adaptation requests to other applications that result in 
conflicting actions (as illustrated in the conflicting adaptation scenario in section 
2.1.2). Moreover, current research [4,6,7,12,13] has identified the need to provide 
adaptation solutions based on the combination of different attributes.  

Existing architectures do not provide the necessary support to enable programmers 
to construct applications, which can adapt to multiple attributes and identify and cope 
with conflicts in adaptation strategies.  

Adaptation Mechanism. Current mobile systems supporting adaptive applications 
tend to rely heavily on integrating QoS feedback and adaptation with network 
bindings. Examining the architecture of such systems allows us to identify a 
framework for analysing the architectural model of existing adaptive systems. The 
framework comprises two layers, the upper application layer and the lower 
representing the adaptation support platform. Between these two layers we can 
identify four distinct flows of control and information (see figure 1). 
Flow A. Represents the requirements set by the application concerning the resources 
or attributes supported by the underlying infrastructure. For example, in the case of 
network adaptation this flow could represent the applicationís network QoS 
requirements. 
Flow B. Represents the ability of the application to control the functionality of the 
underlying infrastructure. In the case of accessing a GPS device this could represent, 
for example, the control of the device by the application. 
Flow C. Represents an information flow from the platform to the application. This 
could be used, for example, as a notification mechanism to inform the application 
when certain requirements cannot be met. Such notification could then trigger the 
application to adapt. 
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Fig. 1. Directed flows between applications and platform 

Flow D. Represents the ability of the underlying platform to actually control the 
operation of the application. More specifically, this flow represents an explicit request 
from the system for the application to perform a specific adaptive behaviour. For 
example, the application might be requested to reduce its demand for network 
bandwidth or disk usage. 

Consideration of this framework enables a classification of current systems 
according to the types of flows supported. For example, network based adaptive 
systems such as BAYOU [18], Odyssey [16], MOST [8] and Rover [10] support 
flows A and C.  

Context aware applications like GUIDE [2,3], Stick-e Notes [17] and Cyberguide 
[14] are based on flows B and C. In more detail, for these applications, flow B 
represents the access to the various context-sensors while flow C represents the 
information flowing from the sensors to the application. 

According to our knowledge no platform supporting context-aware adaptation 
provides a flow of control from the platform to the application. Indeed, although 
examples of systems providing this type of flow can be found in the distributed 
systems community, e.g. ISIS-META [15], it should be noted that these systems 
consider only network triggered adaptation. 

4 Architectural Requirements  

The previous sections have described the limitations of current approaches for 
supporting adaptive mobile applications. In particular, these approaches do not 
provide appropriate support to enable applications to adapt to multiple attributes in an 
efficient and coordinated way. This section considers a set of requirements that could 
be used to develop an appropriate architecture for supporting adaptive mobile 
applications.  

4.1  Supporting a Common Space for an Extensible Set of Attributes  

The first key requirement of the architecture is to provide a common space for 
handling the adaptation attributes used by the system. It is important that new 
attributes can be introduced into the system as and when they become important, e.g. 
the cost of specific services for mobile users or information about human physiology 
for wearable computers. The fact that new contextual attributes for triggering 
adaptation can arise implies that:  

Application 

Platform 

A B C D 
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• the set of attributes that can trigger adaptation needs to be extensible,  
• the characteristics of all these attributes may vary.  

4.2 Application Control and Coordination  

A second architectural requirement is the need to support the control of adaptative 
behaviour across all components involved in the interaction. As described earlier, one 
of the main limitations of current approaches is that applications themselves are 
responsible for triggering an adaptive mechanism when the underling infrastructure 
notifies them about any changes. In order to support flexible and coordinated 
adaptation there is a requirement for the triggering of adaptation on a system-wide 
level. Given this approach, the decision about when and how an application should 
adapt is pushed into an external entity, with cross-application knowledge, while the 
adaptive behaviour is still a part of the applicationís characteristics.   

4.3 Support for System Wide Adaptation Policies  
A further requirement is to support the notion of system-wide adaptation policies. 
More specifically, such policies should enable a mobile system to operate differently 
given the current context and the requirements of the user.  

The specification of adaptation policies should be goal-oriented. Two kinds of 
goals can be identified:  
1. effects on resources. The policy specifies a specific aim for the use a specific 

resource. Example policies include reducing the required network bandwidth and 
maximising the duration of operation of the system. 

2. effects on applications. The policy specifies the mode of operation for specific 
applications. Example policies include defining priorities on applications which 
determine the order in which they are allocated resources and maximising the 
duration of operation of the system while having a specific application operating 
with full functionality.   

5. Architecture  

5.1 Structure of the Platform 

We propose that future mobile adaptive applications should adopt an architecture in 
which mechanisms and policies are decoupled and, furthermore, mechanisms can be 
exposed and externalised in order to enable control by independent entities. Our 
architecture has been designed to address these requirements.  

Figure 2 shows the relationship between the main components of the architecture 
of our proposed platform. The basic functionality of the architecture is two-fold, 
namely: the discovery and control of services offering contextual information and the 
coordination of adaptive behaviour of the system based on changes in context. More 
specifically, the platform discovers available context information in the systemís 
environment and manipulates the contextual information in the context database. 
Context aware applications expose their adaptive mechanism to the platform by 
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registering with the application database. The adaptation control driven by 
adaptation policies (as specified by the user) coordinates the coexisting applications 
according to changes in context. 

Fig. 2. The overall architecture of the system 

All communications between the main components of the architecture are 
performed using HTTP as the transport protocol and XML to represent the format of 
the messages. The reason for this decision was based on the fact that these 
technologies support the lightweight integration of distributed components. Other 
alternatives, such as CORBA and RMI, are too heavyweight, and would require 
additional infrastructure, i.e. an ORB or RMI daemon respectively. 

5.2 Context Discovery and Access 

This part of our architecture is responsible for locating services that provide 
contextual information. These services can either be sensors embedded within the 
system (e.g. a body temperature sensor) or services in the surrounding environment 
(e.g. active devices in the userís environment). In a mobile environment the 
availability of context information can change rapidly. Thus, it is important to be able 
to discover context services when they are available and receive notification when 
they are not. For this reason, a considerable part of the architecture is based on the 
UPnP architecture [19]. In more detail, the mechanism for discovering available 
context services is based on services advertising themselves (using multicasting) to 
any interested context-aware applications.  

Once a service is discovered the platform retrieves the XML description of the 
device, an abbreviated example of which is shown figure 3. The XML description 
provides the access points for sending control messages to the object and subscribing 
for event notifications. In addition, it defines the types of messages that can be sent to 
the service and the types of information that the service can offer. Given this 
information, the platform is capable of using the service and receiving notification 
events when the state of the service changes. 
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<service> 
 <category> Location </category> 
 <type> GPS </type> 
 <action> 
  <name> getXCoord </name> 
 </action> 
</service> 

Fig. 3. Sample of the XML definition of a service 

5.3 Context Database 

This component serves as a registry for all those context services currently available. 
An important part of the context database is a classification of the context services 
into context types. More specifically, each context service has to specify the type of 
context that it supports, e.g both the GPS and the network based locator provide 
location information. The specification of context type is achieved using an XML 
template that defines the kind of information this type offers. Using this approach, an 
application can retrieve the specific contextual data in a way that is decoupled from 
the service used for acquiring the data. 

This method of hiding the actual mechanism for retrieving contextual information, 
allows the platform to coordinate the access to context for different application. 
Moreover it offers our platform with the potential to switch between different services 
of the same type depending upon the predefined adaptation policies that have been 
specified. 

5.4 Application Database 

The application database serves as a repository for the adaptation mechanisms of all 
applications running on the system. The application developer is responsible for 
actually implementing the adaptive behaviour of his/her application. In addition, the 
application developer is also responsible for exposing this behaviour to the platform 
by ensuring that the application registers all of its adaptation mechanisms with the 
application database.  
The description of the adaptation mechanisms should specify the type of context that 
can trigger this mechanism. This information is used by the adaptation control in 
order to coordinate the triggering of the applications based on changes in context. In 
figure 4, we illustrate an example of the information that may be provided by an 
application in XML, concerning its adaptive functionality.  

5.5 Context Agents 

A context agent is a piece of code that can be plugged into the platform in order to 
perform the application specific manipulation of contextual information.  

<application> 
 <name> WebBrowser </name> 
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 <adaptationMode> 
  <name> lowBand </name> 
  <trigger> 
   <context> availableBand </context> 
   <condition> lessThan-9600 </condition> 
  </trigger> 
 </adaptationMode> 
</application> 

Fig. 4. Sample of the XML definition of applicationís operation modes. The XML based 
description provides the different operational modes of the application, coupled with the 
contextual trigger that would make the application switch into that mode. 

A common case of context manipulation is the combination of primitive context 
information for constructing a complex type of contextual data. For example, a 
context agent plugged into the platform can combine location data and current time in 
order to provide location-and-time tracking information similar to the data used by the 
Stick-e Note system [17]. 

To present even more clearly the operation of a context agent we will present an 
example based on the GUIDE system [2, 3]. The GUIDE system is a mobile 
electronic context-aware tourist guide. As part of its functionality it provides 
information about tourist attractions in HTML format, triggered by the location of the 
user. In order to introduce the GUIDE system into our platform we need to split the 
application into two parts: an ordinary web-browser and a location-triggered HTTP 
proxy. The HTTP proxy operates as a context agent which is plugged into the 
platform and has direct access to the location information provided by the platform. 
Triggered by changes in location, the agent can request the appropriate HTML data 
from the content server. 

The key motivation behind introducing the notion of context agents is to enable the 
developer to distinguish the functionality of the application from the acquisition and 
manipulation of context data. Importantly, this allows context agents to be used for 
integrating non-context-aware applications (like an ordinary web browser) into a 
context-aware system. 

5.6 Adaptation Control 
This module is responsible for monitoring the status of contextual triggers and 
making decisions about the behaviour of the platform and the applications. The 
decision taking procedure is based on a set of adaptation policies specified by the 
user. These adaptation policies are specified by defining priorities both among the 
applications running on the system and among the resources of the system. This 
prioritisation represents the importance of these entities according to the user needs. 

The adaptation control is further divided into two sub-modules: internal adaptation 
and external adaptation as explained below. 

Internal adaptation. This module coordinates the context monitors that are required 
for all applications running on the system and coordinates potential adaptation within 
the platform itself.  The adaptation actions that can be performed on context 
acquisition are tightly coupled with the context classification that has been described 
earlier (in section 5.3). Context services are clustered into context types according to 
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the type of information they provide. For example, a GPS device and a network based 
location mechanism would be members of the same type of context, i.e. location. 
Both these mechanisms can provide similar types of information but have different 
specifications and different requirements. When the system gets into a state whereby 
one of the two mechanisms is favoured (according to the adaptation policies specified 
by the user) then the platform will switch to the mechanism that is preferred (as 
illustrated in figure 5). 

Fig. 5. Internal adaptation: switching between different location mechanisms. 

In the example discussed, all applications that require location information do so 
via the location proxy object. Thus, the actual mechanism for retrieving contextual 
information is hidden from the application. This transparent access to context enables 
the platform to switch between mechanisms without affecting the applications 
involved. To illustrate this, consider the example described in section 2.1.4 and a 
scenario in which it is crucial to reduce the aggregate level of power consumption. In 
such a scenario, the platform could reduce power consumption by switching off the 
GPS device, and using the network locator in order to retrieve location information. 

External adaptation. This module is responsible for coordinating the adaptive 
behaviour of the applications running on the system. Its operation is driven by both a 
set of adaptation policies defined by the user and the XML description of each 
application specifying its various operation modes (as described in section 5.4). 
Recall that the XML description of each operation mode is marked according to its 
effect on resource utilisation (e.g. power, network) and the use of context services. 
The adaptation control module can use this information in order to decide which 
operation mode has to be triggered under each potential set of circumstances. In more 
detail, when resources (power, network, etc.) become unavailable the adaptation 
control picks the adaptation mechanism with the lowest resource requirements.  

In order to clarify this approach, consider the following example (which is 
illustrated in figure 6). Two adaptive applications run on a mobile device: a web 
browser and a video player. The adaptation policies specified by the user define 
priorities between the applications and the resources (such that the lower the number 
the greater the priority). The adaptation control module is aware of the adaptive 
modes that these applications can support by accessing the application database. It 
also knows the status of all the contextual data that is available on the system. When 
any of the contextual triggers reach a value that triggers a reaction by the system, the 
adaptation control has to decide which adaptation mechanism should be invoked. In 
the example presented, both power and available bandwidth are low. However, the 
adaptation control would choose to overcome the power problem, because the user 
has specified that power is the most important resource. Note that enabling the user to 
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specify priorities has in this case enabled the platform to overcome an area of 
potential conflict (as highlighted in section 2.1.2). 

Fig. 6. External adaptation: making adaptation choices according to adaptation policies 

In order to decide which application to invoke, the adaptation control component 
checks the prioritisation of the applications and picks the application that is less 
important to the user (i.e. the video player). The appropriate adaptation mode would 
then be triggered causing the video player to switch to low power mode. If the 
reduction in power resulting from this action is insufficient then the adaptation control 
component would proceed with the next course of action, i.e. turning off the video 
player and triggering the web browser to enter low power mode. 

6. Conclusions 

In this paper, we have argued that existing architectural approaches for supporting 
adaptive mobile applications have a number of shortcomings. Furthermore, analysis 
of these shortcomings has led to the identification of a set of architectural 
requirements. Namely: support for a common contextual space, mechanisms to 
support co-ordinated adaptations between multiple adaptive applications and support 
for user defined adaptation policies. We have also described the architecture of our 
platform, which has been designed to meet these requirements and which enables 
mobile systems to extend their awareness of all relevant contexts that might affect 
overall system adaptation policies. Fundamental to our approach is the idea of having 
system-wide decision making policies that consider the most efficient adaptation 
outcome from a number of possible adaptations.  This is achieved by requiring the 
applications to provide information about themselves, their adaptation mechanisms, 
and the contextual triggers that can affect their behaviour. 
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Abstract. To cope with the highly resource constrained and dynami-
cally changing mobile computing environment, we propose an architec-
ture which employs an active event engine to detect current resource and
environment status, inform registered applications about status changes,
and provide a suite of actions for application adaptation. Preliminary im-
plementation and evaluation results demonstrate that the event engine
can successfully detect the registered events and invoke application spec-
ified actions to bring the system to a desired state.

1 Introduction

The operating condition of a mobile host is constantly subject to resource avail-
ability and environment variability such as changing mobile support stations,
connection status, as well as terrain and weather. Effective information services
in such a demanding environment is undoubtedly a great challenge to informa-
tion system designers [2,3,11]. Our goal is to develop enabling technologies for
building effective information systems in mobile computing environment.

To cope with the problem of change, a mobile application must first be aware
of the change before proper action can be taken. We propose an architecture for
application adaptation based on an active event engine for application aware-
ness. The availability of resources on a mobile host and the status changes in the
operating environment are modeled as events. Applications can register events
of interest to be notified when the events occur. The event engine keeps monitor-
ing the resource and environment status for the detection of registered events.
Once the events occur, all registered applications of the corresponding events
are notified for possible adaptive actions. Applications can either choose from
a suite of predefined actions provided by our framework or supply customized
actions for application adaptation. Being resource and environment aware, an
application can easily optimize its operating mode and execution strategy to bet-
ter utilize available resources and to cope with the changing environment. The
relationship between the event engine, applications and the operating system on
a mobile host is depicted in Figure 1. As a summary, the main contributions of
this paper are:

– An architecture for adaptive mobile computing based on active event engine.

K . -L. Tan e t al . ( E d s. ): M DM 2001, LNCS 1987, p p . 27–38 , 2001.
c© Springer-Verlag Berlin Heidelberg 2001
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– An event language for specifying events of interest.
– API for applications to interact with the event engine.
– Change detection and event triggering mechanism for monitoring resource

and environment status.
– A suite of responsive actions for application adaptation.

Application1 Application2 Application3

Event Engine

�����������
��

��
���

�
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�����������

��
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���

Operating System

�

�

Fig. 1. The event engine, applications, and the operating system.

The rest of the paper is organized as follows. Section 2 provides a background
survey of related issues and research work. Section 3 presents the event classi-
fication and event language for the applications to specify events of interest.
Section 4 describes the structure and operation of our event engine which is cen-
tral to the proposed architecture. Preliminary implementation and evaluation
results presented in Section 5 demonstrate the feasibility of our framework to-
ward the construction of highly adaptive mobile information systems. Section 6
concludes the paper.

2 Related Work

The need for intelligent adaptation is considered essential for mobile data man-
agement [9,16]. Similar ideas have been discussed under terms like context-aware
[14], application-aware [13], environment-directed [17], and adaptive [8] informa-
tion systems. Various techniques on dynamic power adaptation have been pro-
posed for mobile computers [1,7]. In general, the decision on when and how to
adapt can be made by either the underlying system (application-transparent
adaptation) or the application programs (application-aware adaptation) [12].
Application-transparent implies that no change is needed to existing applications
which also means no application-specific feature can be exploited. On the other
hand, the performance and flexibility offered by the application-aware adapta-
tion may very well come with higher complexity and software development cost.
The approach we propose in this paper is inspired by the work on active database
systems which successfully augment traditional database systems with the ca-
pability of actively responding to changes [10,18]. More specifically, we provide
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event modeling, specification, registration, and detection mechanisms, as well as
proper actions for intelligent adaptation, which offers an active framework to-
ward the construction of effective mobile information systems. Our framework is
different from other event engine work such as [6,15] in that our event modeling
and triggering mechanisms have been specially tailored for mobile computing
environment for which, as far as we know, no other similar system exists.

3 The Event Language

The events in an active data base system represent any change to the database
itself or the way it is being used. We model changes to the resource availability
and environment status as events. Events in our system can be primitive or
composite [4,5]. A primitive event is to model a certain level of change on a single
source (such as disk capacity, free memory, bandwidth, etc.). Primitive events
can be combined using event operators to form composite events. We classify the
events of interest in a mobile environment into resource events, mobility events,
and environment events as depicted in Figure 2.
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Fig. 2. Event Classification.

Resource events model the change in resource availability on a mobile host.
An application must be aware of the current resource status in order to better
utilize the usually limited resources. In particular, we have identified the available
disk space, free memory, battery power, and the wireless bandwidth level as the
primary resources for monitoring and detection. For disk space, we monitor the
free disk space left on the hard drive in MB. For memory, we measure both the
available free memory space in MB and in percentage with respect to the total
memory on the mobile host. Similarly for the battery power, we monitor the
estimated power left in seconds remaining as well as in percentage with respect
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to the fully charged battery. For bandwidth, we measure the current level in
Kb/second to enable the applications to be aware of the connection quality and
status.

Mobility events are related to the change in position of the mobile host under
consideration. This is a unique characteristic in mobile computing which has no
direct counterpart in traditional distributed computing environment. We propose
to monitor the current position, speed, and direction as three key parameters for
representing the mobile host’s current mobility status. As a first step, we use the
current cell ID within which the mobile host resides as its current position. The
speed is represented as km/second or as symbolic levels such as low, medium, and
high. The direction is the current direction of movement of the mobile host. This
is especially useful in conjunction with speed to estimate the mobility pattern
of the mobile host in the near future.

Environment events are changes to the operating environment that are ex-
pected to have significant effect on the mobile host. We have identified discon-
nection and handoff as the two most distinctive state changes to monitor for the
mobile client. This allows applications to take preventive actions in response to
these changes.

Resource, mobility, and environment events are primitive events since each
event of the above types is detected directly from status change of a single source.
Primitive events alone are not expressive enough to express various situations
of interest. We therefore provide event operators to combine primitive events
into composite events. To simplify our system design and implementation, we
provide only the AND and OR operators for combining events. For example,
the composite event ”E1 AND E2” occurs only when both E1 and E2 occur.
Similarly, the composite event ”E1 OR E2” occurs when any one of the events
occurs.

Primitive events are specified using the following three formats:

ON <event type> <op> <value> <unit>
ON <event type> LEVEL <level>
ON <environment event type>

where <event type> is the name of a resource or mobility event. <op> is a
relational operator such as >, <, = etc. <value> and <unit> are used together to
specify the exact value threshold to be detected by the event engine. The second
form allows user-defined symbolic levels to represent value ranges of interest. The
third form is used to denote environment events for which only the occurrences
of the events are of interest.

Some examples should make the event specification formats clear. The re-
source event

”ON Bandwidth < 100 kbps”

will be triggered whenever the current wireless bandwidth goes down below 100
kbps. Similarly, the mobility event

”ON Speed LEVEL high”
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will be triggered if the current speed of the mobile host reaches a level defined
by the user as high. Take another example, the environment event

”ON Disconnection”

will be triggered if the mobile host is disconnected from the server.
Primitive events as specified above can be further combined using the event

operators to form composite events. For example, the event

ON Disk < 100 mb AND ON Handoff

will be triggered only when both the free disk space is low and the mobile host
is in the handoff process.

Any application can register its events of interest to the event engine. Events
specified by applications must be carefully managed to reduce redundancy and
improve efficiency. For such purposes, registered events are organized into an
event forest as depicted in Figure 3. All primitive events are at the leaf nodes.
Others are either OR nodes or AND nodes. Applications registered for the same
event(s) can share the same event node(s). We keep the application’s ID and the
associated actions with the event node(s) that the application registered. These
nodes are depicted as shaded nodes in the figure. The event forest is used by the
event engine for managing registered events as well as for event triggering to be
discussed in the next section.
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Fig. 3. The Event Forest.
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4 The Event Engine

The event engine plays the central role in our adaptive mobile computing frame-
work. It consists of an event register, a change detector, an event detector, and
an action activator as depicted in Figure 4. Applications register their events of
interest through the event register which then classifies the events and builds
the event forest as described in the previous section. The change detector is
responsible for detecting changes on the resource or environment status that
are of interest to the registered applications. The event detector periodically
compares the status changes with registered events to determine if any event(s)
occurs. Once a registered event occurs, the action activator triggers the asso-
ciated actions to respond to the changes. The process of event detection and
action triggering is done by marking and traversing the event forest as follows:

– On each event detection period, all leaf nodes are checked first to determine
if any primitive event occurs. A leaf node is marked if the corresponding
event occurs.

– For each marked node, if there are application IDs stored with it, the action
activator is invoked to inform the applications about the event occurrence
and to trigger the corresponding registered actions.

– Once a marked node is processed, it is unmarked to prevent unnecessary
repeated triggering. The marker is then passed upward to its parent.

– An OR node is considered marked if it receives at least one marker from any
of its children. An AND node is considered marked if it has received markers
from all its children.

– The process repeats until no more node need to be processed in the event
forest.

We note that if an application terminates, all its records are removed from the
event forest such that the subsequent event detection and action triggering do
not perform wasted work on applications that are no longer exist. From the
experience of our preliminary implementation to be discussed in Section 5, we
found the above approach to be a simple yet efficient way of managing events
and actions.

For applications to specify proper actions to respond to status changes, we
also provide a simple action specification format as follows.

DO <action> [ <parameters> ]

The <action> is the name of a built-in or user-defined action. An action can be
invoked with optional parameters if required. For example, the following action
instructs the event engine to trigger a power suspend action to save the energy.

DO power suspend

And the action that follows directs the event engine to trigger a save action to
protect valuable file.

DO save C:\DOC\budget.doc
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5 Implementation and Evaluation

To evaluate the feasibility and performance of our approach, we have finished
a preliminary implementation of the event engine that handles resource events.
The event engine is implemented on a Windows98 based PC platform using
MFC and experimented on a Pentium 266 notebook. As a first step, we have
developed an event engine API for the applications to register events of interest
and the actions to respond. The API is in a function format that can be invoked
in any C/C++ application program.

Registration( APid, Event, Action )

The APid is a unique identifier to represent the application that are registering.
Both Event and Action are character strings to specify the event to be detected
and the associated actions to perform once the event occurs. To simplify the
implementation, we adopt a prefix notation for specifying composite events. For
example, the event

ON Disk < 20mb AND ON Power < 10%

is specified as

"AND ( disk < 20 mb ) ( power < 10 % )"
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The action is also specified similarly as the following example.

"(power_suspend)"

Whenever an application invokes the Registration API, the event register im-
mediately records the ID, events, actions, and incorporates them into the current
event forest. An application can register multiple event-action pairs by invoking
the Registration API multiple times. Once registered, the event engine will
start detecting the specified events for the application immediately.

To evaluate the performance of the event engine, we develop a simple text
editor application which registers events and actions with the event engine. We
then conduct a series of experiments on each resource event type to see if the
event engine can successfully detect the specified events and trigger the desired
actions. We are also interested in observing that, after invoking responsive ac-
tions, how fast the system can adjust itself to reach a desired state.

The first set of experiments is on the effectiveness of power adaptation. For
each experiment, the editor application registers power event on a percentage
of power remained on the battery and requests for the triggering of power sus-
pension action once the power level goes below the specified percentage. We
then measure how long the mobile host lasts from power on till power exhausted
completely. The result depicted in Figure 5 demonstrates that power suspension
is quite effective in keeping the mobile host on. For example, if the action is
activated when power level goes below 40%, the mobile host can last for more
than 5 hours.

The second experiment is on memory adaptation. In order to control the
memory usage, the experiment follows a sequence of steps that mimics a typical
operation by opening a number of applications, one of which is our editor ap-
plication which registers a memory event to trigger adaptive actions when the
memory usage goes above 54MB. The actions are to close the system tray first,
and then clear the clipboard. The sequence of steps are as follows.

1. Start the Windows98 and the System Monitor.
2. Start up the File Manager.
3. Open the editor application.
4. Copy a number of text and image files.
5. Open the ACDSee32 graphic application.
6. When the memory usage goes above 54MB, trigger the action to close the

system tray first.
7. Then clear the clipboard.

The Windows98 System Monitor is activated to display the memory usage on the
screen for recording. Figure 6 demonstrates the result as displayed on the System
Monitor. It is quite clear from the figure that once the physical memory usage
goes above 54MB, the event engine immediately triggers the adaptive actions
which quickly bring the system back to a state where the memory usage is below
50MB.
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Figure 7 displays the change in resource availability along each operating
steps. We can observe the significant increase in available resources after the
event engine triggers the adaptive actions.

The last set of experiments is on bandwidth adaptation. In mobile environ-
ment, bandwidth is considered a scarce resource and is consistently subject to
variation as well as frequent disconnection. It is therefore necessary to manage
the bandwidth carefully. We use the Web browser as an example, and test the
effectiveness of the adaptation action of switching from full retrieval mode to
text only mode (i.e. without loading the images). We measure the response time
of both modes from four major ISPs in Taiwan under fixed network as well as
wireless network. It is quite clear from Figure 8 that changing the retrieval mode
on a Web browser is an effective way of responding to bandwidth drop in mobile
environment.

As a summary, our preliminary implementation of the mobile event engine
framework can effectively detect the change in resource availability and trigger
registered actions for adaptation. The set of built-in actions we provided is also
a valuable tool for responding to different resource challenging situations.

6 Conclusions and Future Work

We have proposed an event-driven architecture and implemented a mobile event
engine to detect resource and environment status for mobile application pro-
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grams and to trigger responsive actions when application specified events occur.
Evaluation results demonstrate that our approach is quite effective as a mecha-
nism for building adaptive applications. The work reported in this paper is part
of a modular framework for adaptive mobile information management [19,20].
The framework integrates an event engine and a rule system to facilitate in-
telligent adaptation in mobile environment. We are now in the stage of system
integration and testing. We plan to apply our technology to turn a Web browser
an adaptive application such that it can automatically adjust its browsing strat-
egy in the constantly changing mobile environment.
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Abstract. This paper discusses the sources of variability in heterogeneous and 
mobile networks that make it difficult for traditional applications to work 
properly. The problems associated with delivering multimedia content to clients 
of varying capabilities are also investigated. Adaptivity is presented as a tool to 
extend the lifetime of critical applications as well as a technique to meet client 
device variability. To this end we have developed prototypes for the mobile 
environments that aim to reduce dependency on scarce resources. The 
adaptation space framework is used to provide a flexible and consistent design 
strategy. 

1 Introduction 

The design of adaptive applications is driven by one main inspiration, to give the best 
service possible under a given set of conditions [1]. This design philosophy is not new 
with robust systems, re-configurable systems and evolving systems considered to be a 
variation of adaptive systems [7], [ 8], [9].  Designing for adaptivity means designing 
for change; change in the availability of resources and demands placed on them. The 
sources of changes in an applicationís operational environment are further discussed 
in Section 2.  

Applications need a minimum set of resources to sustain a specified level of 
service. Traditional applications assume that the demands on the resources are either 
static or that resources are available at the time that they are requested. If it turns out 
that this assumption is violated, then the utility of the application drops to zero 
altogether. The idea behind adaptivity is that the quality of service (QoS) provided to 
an application depends on the level at which the operational environment is able to 
supply the required resources. When a reduction in the supply of resources occurs the 
application does not ëdieí altogether but instead, it gives service that is commensurate 
with the levels of available resources.   

The service given by an application can be defined in terms of a set of functions 
carried out by the application or accessible to the user. An application needs a set of 
resources to carry out a specific task, and the QoS is a measure of the level at which 
resource requirements are met by the operational environment. QoS has dimensions 
that include timeliness, volume and reliability and these translate to environmental 
attributes such as latency (or delay), jitter, throughput, and bit error rates [10].  
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2 The Environment 

The support environment of networking applications typically consists of underlying 
communications and client hardware. Adaptive applications are required to deal with 
variability in resources that are directly related to the communications and hardware.  

Heterogeneous networks [2], [7] have variable performance that mainly arises from 
technology and traffic factors. The link capacities range from 64 Kbps to 155 Mbps 
and more for ISDN, LANs, FDDI and ATM technologies. The networks also consist 
of various communication and processing components of different speeds and that use 
different protocols.  Many networks such as the original Internet use best-effort 
approach and that makes it hard if not impossible to guarantee a certain level of 
performance. Network faults and load variability often result in congestion that shows 
up as delay, and increased error rate. It is noted that even contention-free, dedicated 
links may suffer performance degradations when used with TCP/IP algorithm that 
requires positive acknowledgement [3]. The maximum transmission rate in such a 
case is independent of the physical linkís capacity to carry the data but is limited by 
the delay. This problem is called the bandwidth * delay limit [3] and is of particular 
importance to networks with variable delay such as the Internet. 

Mobile networks [14], [15], [17], [18] are increasingly becoming an extension to 
existing networks giving a further dimension of variability. The mobile environment 
[12] is popularly characterised as turbulent because of its underlying physics.  Its 
performance can change drastically in space and time, sometimes within a short time 
interval or small degree of movement. In some areas the mobile infrastructure 
overlays fixed networks [12] so that geographic coverage depends on the level of 
deployment.  

Client hardware on the other hand consists of a wide range of devices ranging from 
PDAs to high-end workstations each with different multimedia-related capabilities.  
Mobile clients are by design poorer in resources than their fixed counterparts arising 
from the design goal to achieve low power consumption, lightweight and small 
physical size [15]. In spite of these differences, the clients are expected to access the 
same information and this requires applying some content adaptation schemes. 

3 Adaptation Techniques 

Traditional applications are structured to follow the all or nothing law since they tend 
to assume full availability of required resources. The goal of adaptivity is to design 
applications that respond dynamically and continuously to their environment. This 
makes it possible for the performance of applications to scale up and to degrade 
gracefully under deteriorating conditions. The ability to respond to detected changes 
in the environment results in extended lifetimes and economic viability of adaptive 
applications. Particularly in the mobile environment, adaptivity is a necessary 
precondition since the inherently instability means that the QoS cannot be realistically 
fixed nor maintained beyond certain time intervals [1]. An environment that supports 
adaptive applications benefits from the relaxed QoS negotiation and resource 
management, however, at increased cost and additional complexity. 
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3.1 The Basic Mechanisms of Adaptation 

The problem of adaptation is presented in [1], who defines two spaces: the 
performance space, P, and resource space, R. P is dimensioned along user-oriented 
QoS parameters such as play-out quality, response time, etc. R on the other hand is 
dimensioned along resource characteristics of the support environment that includes 
CPU power, memory, bandwidth, jitter, loss rates, etc. We can define the acceptance 
region AR of P as the region in which the application is considered to be working 
properly.  Formally, ìfor a given application class without adaptation there exist a 
mapping M:P⇒R that maps AR onto region B in R. Introducing adaptation changes M 
so that AR now maps onto a larger region A that would normally include Bî [1]. 
Effective adaptation inflates the region A towards the limit of application usability.   

3.2  Adaptation Support at Data and Communications Levels 

Adaptation is centred on secure and timely delivery of data objects. Multimedia 
applications are gaining popularity because of the expressive power of multimedia 
[10], [11], [13]. Since multimedia covers all types of data with their associated 
delivery constraint, they can benefit from adaptive approaches. There are several 
communications and data based strategies that can be employed to achieve this goal. 
How can data be structured to support adaptation?  
• intelligent data can be created by wrapping code around the data object for 

autonomous response to changing network conditions. For example, congestion 
could force the data object to drop its non-critical data in order to guarantee its 
timely delivery by matching its size to the prevailing network conditions. Such an 
approach requires adherence to standards in data formulation and infrastructure.  

• hierarchical/progressive data coding allows applications to receive the quality of 
data commensurate with network resources. The data object is encoded in multiple 
scans arranged in successive order of refinement.  The first scan encodes a rough 
but recognisable version of the object (e.g. image). In the case of images, the first 
image scan is sent quickly and successive scans refine the image to a given quality.  

• compression is used to reduce the size of a data object while retaining the quality 
of the original object.  Images tend to consume large bandwidth on a network 
because of their size. Conventional loss-less compression techniques for images 
have modest ratios ranging from two to three [3]. The success of lossy reduction 
techniques are demonstrated by the wide use of JPEG, MPEG and similar 
standards [6], [10] which give much higher compression for multimedia data with 
little degradation from the userís perceptive.  

• layered encoding is based on distributing media as multiple streams [2], [4]. The 
layered steams provide cumulative information such that receiving more steams 
provides the application with better media quality. The layers are arranged to be 
independent or hierarchical. In hierarchical layers, the decoding of higher layers 
relies on having properly decoded all lower layers hence it is unsuitable for the 
unpredictable mobile environment.  

• scaling is used to reduce the data size by selecting an appropriate quantasation 
level that in turn gives corresponding a coarseness in the final data object. 
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Examples include the JPEG algorithm for images while audio exists at different 
qualities ranging from stereo CD-quality to mono low-quality sound. 

• reduction techniques destructively change the data object. For example frame 
packets or non-critical data can be dropped to ease congestion. 

•  transforming changes the data object from one format into another for 
transmission or storage. For example speech technology enables transformations 
between speech and text. 

• Simulcasting is a communication feature that simultaneously sends data as 
independent streams to receiver groups of different bandwidth requirements. The 
clients subscribe to an appropriate group according to their support network.   
Combining communication strategies with data coding strategies achieves greater 

efficiency in the use of network resources such as in the application presented in [2]. 
Out of the realisation that multimedia data needs to be adapted to diverse client 
devices in addition to network-centric conditions, [23] developed an InfoPyramid 
framework that makes it possible to describe multimedia content in different 
modalities, resolutions, multiple abstractions and methods to manipulate, translate, 
transform and generate data (Fig.1).  

 

 

Fig. 1. Information pyramid multimedia content 

4 Formal Adaptation Framework For Multimedia Content 

Multimedia systems have generated a lot of interest in adaptation mechanisms as 
indicated by developments in QoS frameworks. Applications tailored to continue to 
offer service despite loss of resources (reflected by degraded QoS) or limited 
capabilities of the target devices (device heterogeneity) must adapt. Most of the work 
looks at strategies to manage quality of service, typically performing a trade-off 
between quality of service and quality of content. Such trade-off can be considered to 
be a survivable adaptation whose aim is to reduce resource consumption when 
resources are scarce or need to be freed for other important applications. Adaptation 
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presents numerous modes of operation, and the set of possible combinations of 
adaptation modes can get complex. We see adaptation spaces as a useful theoretical 
tool in the design and description of adaptive systems that enables us to [25]: 
• identify different operational modes and environmental parameters to monitor; 
• define a framework to reason about alternative strategies and selection criteria; 
• provide a theoretical basis to enhance confidence during design and promote 

thorough understanding of the systemís  operation under various conditions; 
•  integrate with other adaptation frameworks such as the InfoPyramid to identify 

possible granularities of adaptation along link and client capabilities. 
The role of adaptation spaces is to provide a formalism to navigate among 

combinations of adaptive behaviour. This approach enables us to reason about various 
alternatives and gives confidence that all alternative strategies have been considered. 

An adaptation space is a collection of alternative configurations called adaptation 
cases. An adaptation case takes various forms that include independent software 
modules that accomplish similar functionality, variants of code within software 
modules that accomplish the same task, selection of different parameters during 
configuration and exhibiting different behaviour under different conditions. 

Each adaptation case is characterised by a use condition, a predicate that must be 
true to instigate its use. The use condition is expressed in terms of the environmental 
variables in which the adaptation space operates thereby providing a convenient way 
to identify and define the relevant environmental parameters. In addition, each case 
has a set of properties, which define the conditions that will hold if that adaptation 
case is selected.  Such properties of a case capture its behaviour, and this provides a 
convenient way to define an adaptation strategy or policy of adaptation. Typically, 
properties of interest are enabled functionality, resource use, precision, and accuracy 
of representation of a multimedia object or data. 

4.1 Formal Implementation and Manipulation of Adaptation Spaces  

An implementation of an adaptation space requires the provision of a mechanism to 
verify that the use conditions hold for the current case, and means to switch to another 
case if they do not. There is also a need for a policy that specifies how to select one 
case among the cases when multiple cases are enabled according to the use condition. 
The selection policies should reflect preferences for the provided properties in a case, 
restrictions on movement between adaptation cases and associated costs of moving to 
a particular case. Costs considerations include computational overheads in moving 
from one case to another, initialising states, refreshing data structures/caches, etc. 

Formally, an adaptation space is a set of adaptation cases, partially ordered by the 
relation ìmore specialised thanî [25]. Case A is more specialised than Case B if the 
use condition of Case A is logically implied by the use conditions in Case B i.e. the 
use conditions of Case B are a subset of the use conditions of Case A represented as a 
⊇ b. A complete adaptation space can be computed by taking the power set r(S) of all 
individual predicates that form a set S. The set is infinite if one of the predicates is 
continuous. Being also lattice structured, not all cases are of interest so that the 
selected adaptation space may only cover a subset of conceivable configurations.  

Cases can be manipulated by the meet and join operations in order to simplify, 
combine and prune implementations. The meet operation of two cases in the lattice 
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provides a new case that generalises the two cases, and its use conditions is the 
intersection of the use conditions of the two cases i.e. Case C =  Case A meet Case B  
⇔   c = a ∩ b.  Similarly the join of two cases results in a new case that specialises 
the two cases, and its use conditions is the union of the use conditions of the two 
cases (Case C =  Case A JOIN Case B  ⇔ c = a ∪ b ).  

Implementing an adaptive system consists of mapping an adaptation space to a set 
of implementations. The process is done algorithmically as described in [25]. The 
final transition diagram indicates allowable system degradation paths as the resources 
change or as the device capabilities differ depending on the design scope problem.  

In this case, part of the information pyramid is used as a basis to carry out the 
algorithm (Fig. 2). Adaptation case navigation is usually based on user preferences 
and some quality specification, properties than can be derived from the information 
pyramid. Audio data can be related to the required bandwidth for its transmission by 
the applied sampling rate, number of bits per sample and the number of channels 
supported. For documents, different levels of summarization can be applied. 

 

 
Fig. 2. An adaptive system implementation for text and audio 
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5 Design Principles and Goals 

This section describes the design principles for implementing adaptation. The specific 
issues and questions to be addressed are presented.  

5.1  Design Principles 

Can some applications benefit from data transformation technologies? Information 
can be presented at various levels of fidelity as well as formats or modalities. 
Transcoding is the process of changing information from one format into another. For 
example, speech encoding and synthesis technologies allow transformation of text to 
speech and vice versa. The extra degree if freedom in the design of adaptive 
applications may prove invaluable in meeting variable network resources as well as 
different client capabilities. Adaptive applications that employ this approach are 
therefore able to continue operating under otherwise prohibitive conditions. This 
approach is readily applicable to the development of critical applications such as 
emergency where information has to reach its destination at all costs. 

Can computational opportunity be used on the client side? The time interval during 
which the CPU waits for the delivery of data translates to a waste of computational 
cycles. Such wastage is particularly pronounced in powerful clients and 
multiprocessors machines, which are gaining wider applicability. Any approach that 
fully utilises this computational opportunity makes it possible to reduce dependency 
on the scarce network resources by sending smaller data objects over the network, 
which can later be reconstructed on the client machine. It is envisaged that the use of 
computational opportunity will gain greater attention as processing power becomes 
relatively less scarce than bandwidth   

5.2  Design Goals 

The first and most important goal of the prototypes is to reduce reliance on variable 
and scarce resources within the mobile environment, such as bandwidth. The second 
goal is to demonstrate the use of data transformation techniques with multimedia data. 
This raises challenges in how to deal with real-time encoding and decoding as well as 
synchronisation aspects of multimedia. Successful development of such a framework 
proves its viability that can even be extended to other forms of multimedia content. 
The bandwidth is chosen as a resource to which to adapt as mobile clients are 
normally faced with fluctuating bandwidth. Other resources constraints such as power 
consumption could be used instead as demonstrated in [5]. The third goal is to operate 
within a formal framework based on sound engineering and software principles. 

In this design, we have considered that information content can be mapped directly 
onto client capabilities and vice versa (Fig. 3). It is noted that client capabilities and 
multimedia content form similar hierarchies that readily conform to adaptation cases 
and the concept of specialisation. The initial lattice of adaptation space is generated 
from the use conditions of interest. Within the lattice we are guaranteed 
substitutional-ability of all cases less specialised than the current case based on the 
implication of a use condition of a more-specialised case to a less-specialised case. 
For example, a high-end workstation is expected to have all the multimedia features 
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of those devices below it in the hierarchy (e.g. palmtop devices). Similar reasoning 
holds for multimedia content. We are guaranteed that all more specialised cases than 
the current will provide more desirable properties. In both cases applications can 
survive by adapting to a less specialised case, and thrive by adapting to a more 
specialised case. 

 

 
Fig. 3. Adaptation space based on the information pyramid and device capabilities 

 
The adaptation controller performs a mapping between the device capabilities or 

resources and the multimedia content that can be supported. Event based mechanisms 
are used to communicate the changes in the environment. Each event notification 
carries with it information that the adaptation controller uses to derive its mapping. 
Event based notification is considered an appropriate and efficient strategy [24]. 

6 Prototype Design 

The implementation is based on two approaches, real-time and static multimedia 
content. 

6.1 Real-time Multimedia  

The first approach deals with a real-time multimedia audio conferencing application 
[16], [17] (Fig. 4). A client communicates with a server via a wireless link. The server 
dispatches voice conferencing content in two formats depending on network 
conditions and client capabilities. It is assumed that the client has speech conversion 
capabilities. The adaptation space consists of two cases, sampled audio when the 
network conditions suit and audio transcoding when the bandwidth is prohibitive for 
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audio content. The adaptation mechanism uses speech recognition to convert speech 
to text, which is then represented by a Voice Markup Language (VoiceXML) [21], an 
efficient format for delivery over low bandwidth links. VoiceXML multimedia 
content is decrypted and played back on the mobile client to emulate natural speech. 
The challenge is to preserve some of the characteristics of the original speech such as 
tone, volume, and synchronisation using the mark up language.  

VoiceXML [21] is expected to yield an open and broadly applicable voice mark up 
language standard. The expected features will support development of sophisticated 
interactive voice services as well as provide speech driven interfaces to all types end 
users. Such features include handling telephony input and output, automatic speech 
recognition support, audio recording, ability to play recordings (such as WAV files), 
speech synthesis from textual input, conferencing and other management features.  

Our interest in VoiceXML is guided by its ability to create and describe 
multimedia object. Speech input can be sampled, converted into text, and its 
description together with its synchronisation features packaged using VoiceXML. The 
resulting multimedia object is a description of the original object (substantially 
smaller) and therefore requires fewer resources to communicate. This approach is 
radically different from streaming in that the actual multimedia objects is not 
transmitted, but rather its description instead. This raises interesting issues such as 
how to deal with synchronisation of discrete multimedia objects than need to be 
decoded to emulate the original input. It is also noted that in this approach the 
resources space is changed completely. For example speech synthesis and recognition 
trades computational resources for bandwidth. 

Speech recognition and synthesis is carried out using Java speech APIs based on 
IBMís Via Voice product [19]. The implementation relies heavily on the accuracy of 
the speech to text conversion, which in turn depends on the physical environment of 
the user. An important parameter to be included in composing the adaptation space is 
therefore the background noise. 

 
Fig. 4. System layout of prototype to demonstrate real-time adaptive multimedia delivery 
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6.2 Static Multimedia Content 

The second approach transcodes multimedia content based on client capabilities, 
user preferences and link quality (Fig. 5). On first establishing a connection, the 
system has to recognise the mobile clientís preferences and capabilities. The clientís 
capabilities are communicated via an HTTP request through a Composite Capability 
Preference Profile (CC/PP). The CC/PP is a standard framework under development 
by W3C (World Wide Web Consortium) [22] employed in adaptation and delivery 
purposes. The request is next passed to the web server for content fetching and 
handed back to the proxy for adaptation. In the latter process, both context and 
network conditions are factored in before content can undergo adaptation. Information 
gathered through CC/PP and the network agent allows adaptation of data for best 
delivery and display. Device and preference checks are included with the detection 
and selection of data types. For example the adaptation policy can be implemented via 
XML based on client profiles and device characteristics. This can be used as a basis to 
scale the data to meet device and environmental constraints.  

The prototypes have been implemented and presently their performance proves that 
this type of adaptation is viable. In addition, the concept of adaptation space 
framework provides a consistent basis in which the implementation was based. There 
is still a question of accuracy in the recognition of free-form speech. The real-time 
multimedia prototype shows marked improvement in the speech recognition time and 
accuracy when the vocabulary is constrained. The static-media prototype still needs 
refinement to cater for different types of devices.  Another area that needs refinement 
is the levels of granularity supported by the multimedia objects from a web server. 

 

 
Fig. 5. Client-Server content adaptation for static multimedia 
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These prototypes form a basis for further work that includes defining and selecting 
a degradation path at design or run-time, performance measurement of adaptive 
schemes, predictive schemes and other heuristics for adaptation and finally the use of 
formalisms to define a framework of adaptivity. This work is further inspired by the 
realisation [20], [21] that the bandwidth in a wireless system is perhaps the most 
precious and scarce resource of the whole communication system, and should be used 
wisely. The popularity of multimedia with the convenience of mobile computing 
indicates that while the design of future wireless systems will support a wide range of 
applications with diverse bandwidth requirements, multimedia content also needs to 
be structured to meet a diverse range of client capabilities. Applications will also have 
to adjust to customised QoS parameters on a per call and/or service basis, an approach 
that will enable users to select a level of service according to a pricing plan.  

7 Conclusion 

Adaptivity is a tool to maintain acceptable performance during unpredictable and 
uncontrollable QoS variations that arise from heterogeneity and the mobile 
environment. The goal of adaptivity can be achieved by focusing on data and 
communication techniques. Greater adaptivity can be achieved by using methods that 
conserve network resources (e.g. bandwidth) and fully utilising the computational 
opportunity presented by the client computers. We are developing prototypes that aim 
to demonstrate that multimedia data manipulation is a feasible approach to extend the 
operational range of some applications. We take advantage of the fact that digital data 
has the desirable ability to represent different media as objects that can be 
manipulated in a flexible manner. In addition, device dependency adaptation has to be 
factored in.   
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Abstract. We describe our investigation of the effectiveness of Web con-
tent negotiation using CC/PP. CC/PP is a proposed specification on a
user-side content negotiation framework to comply with various clients.
CC/PP is based on common technologies such as XML and HTTP ex-
tension and is expected to provide a generic content negotiation solu-
tion, but neither its performance nor effectiveness has ever been shown.
We have implemented a CC/PP capable Web browser and a CC/PP
proxy, and measured the performance of CC/PP and various different
settings. The result shows that the use of indirect reference and abbre-
viating profile-diffs have good improvements on retrieval time when the
client connection is as narrow as cellular phones. When the connection is
faster than that, the use of inline encoding would be better provided that
the profile size is less than a certain threshold, in our tests, approximately
one-tenth the value of effective bandwidth of the client connection. The
observed traffic with content conversion by CC/PP was smaller than the
case without CC/PP for all tested environments, and the retrieval time
is better or comparable for cellular phone clients. The result confirms
that CC/PP is an effective solution for general content negotiation.

1 Introduction

As World Wide Web includes wide range of clients, a general mechanism for
content negotiation is demanded in order to provide suitable contents for each
one. Particularly, the appearance of new types of Web clients, such as Web-
capable cellular phones which have only small displays and limited resources or
Web-capable appliances which have only interfaces devices such as microphones
and speakers, have dramatically changed the common image of Web clients.

CC/PP (Composite Capability/Preference Profiles) [1] and CC/PP Exchange
Protocol [2] are new specifications for user side content negotiation. They are
now being proposed in W3C1 and IETF2, and also are being incorporated in
WAP (Wireless Application Protocol) architecture [7]. CC/PP (and its exchange
protocol) is expected to provide a general content negotiation solution because
1 World Wide Web Consortium (http://www.w3.org/)
2 Internet Engineering Task Force (http://www.ietf.org/)
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of its inherent openness. The openness mainly comes from the use of common
technologies like XML (Extensible Markup Language) [5], full compatibility with
HTTP/1.1 [10], and allowing of multiple sources to provide capability/preference
profiles. However, currently many things are left unspecified about handling
CC/PP on Web. Also there has so far been no evaluation of CC/PP based on
implementation, though CC/PP has some trade-offs to be discussed. For exam-
ple, the use of XML is expected to encourage the adoption of CC/PP, but it is
also anticipated degrading network performance because of its verbosity.

This paper is intended to reveal the performance and effectiveness of CC/PP.
We have developed a mobile Web browser and a CC/PP proxy by which CC/PP’s
overhead and merits are measured. The rest of this paper is organized as follows:
section 2 introduces a brief summary of CC/PP specification and explains the
design and implementation of our prototype. Section 3 describes the setting of
experiments for performance evaluation. In section 4, we show the results of the
experiments and give some discussions. Finally, we conclude the paper in section
5.

2 Design and Implementation

2.1 Overview of the CC/PP Specification

We begin this section by giving a brief summary of CC/PP specifications. More
details can be found in the W3C notes and working drafts of the specifica-
tions [1,2,3,4].

The framework proposed in the specification consists of four types of network
nodes: CC/PP clients, CC/PP repositories, CC/PP proxies, and CC/PP servers.
These nodes exchange CC/PP profiles which describe user agent capabilities
(with respect to both hardware and software) and user preferences in XML
format for content negotiation. Each node has following roles:

CC/PP Client: A web client that is the original compositor of a CC/PP pro-
file. When a CC/PP client sends a HTTP request to a server, it appends
a CC/PP profile (or a URI to a CC/PP repository) to the request header.
It also appends a difference between original profiles and newer ones to the
request when some capabilities or preferences are changed from the original
profile: e.g., a speaker is turned off during the session. Such difference is
called profile-diff.

CC/PP Repository: A server that stores the user agent profile or profile seg-
ments persistently in a form that may be referenced by and incorporated into
a profile. A CC/PP repository is typically a Web server that provides CC/PP
profiles or profile segments in response to HTTP requests. A CC/PP client
can send the URI as an indirect reference to the profile on the repository
instead of sending the whole profile data inline.

CC/PP Proxy: An intermediate node that locates between client and server.
A CC/PP proxy receives HTTP requests, recognizes CC/PP profiles, and
forwards that requests toward the origin server. It also receives the response
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from the origin server and forwards it to the requesting client. In providing its
forwarding functions, the proxy may modify either the request or response in
order to provide suitable content negotiation functionalities (e. g., generating
Accept header fields from the profile).

CC/PP Server: A Web server that may perform dynamic content generation
or content selection when it responds the request in order to comply with
the provided profile.

2.2 Overview of the Prototype

We have designed an experimental CC/PP system that consists of a CC/PP
capable mobile browser which can emulate multiple hardware capabilities and a
CC/PP proxy which converts Web contents to fit the provided profiles (figure 1).
The reason why we do not place a CC/PP capable server in the system is that we
wanted to preserve the possibility to use existing real Web servers and contents
for the evaluation. Figure 1 shows the overall structure of the system.

Internet

CC/PP Proxy

CC/PP Client

CC/PP
Repository

Web
Servers

(1) 

(2) (3)

(4)

(Our Browser)

(Our Proxy)
(5) 

Fig. 1. The outline of CC/PP operation is as follows: (1) The CC/PP client sends an
HTTP request piggybacked with its CC/PP profile. (2) The CC/PP proxy intercepts
the request and parses the CC/PP profile. If there is an indirect reference to an external
CC/PP profile, the proxy retrieves the profile from the indicated CC/PP repository. (3)
The CC/PP proxy forwards the request to the server. (4) The CC/PP proxy receives
the Web content from the server and converts it to fit the provided CC/PP profiles.
(5) The CC/PP proxy forwards the converted content to the CC/PP client.

2.3 The Proxy

Our CC/PP proxy provides the functionality of content conversion by using the
provided CC/PP profiles. In the initial specifications [1,2], there has been no
explicit notion about the functionality of CC/PP proxies. However, the solution
such as generating Accept header fields from the profile seems clearly insuffi-
cient, therefore we have decided to implement a CC/PP proxy which converts
the content by using the provided profiles. In the newer specification [4], there
are explanation about content conversion proxies. The newer specification also
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Table 1. Conversion Functionalities of Our Proxy

Name Description

Image format conversion Converts image formats between GIF, JPEG and PNG
Color reduction Reduces color depth to 8bits, 4bits, 2bits and 1bits
Image size reduction Reduces the size of images
HTML conversion Converts HTML to valid HTML or to XHTML-Basic [8]
Char-code conversion Converts Japanese character codes

describes how to provide capabilities for conversion proxies to advertise their
conversion capabilities, though our proxy has not supported it yet.

There have been a lot of Web proxies which convert the Web contents in
order to adopt the contents to various network and client environment. Most of
previous proxies such as [12,13] assume the existence of specific network path to
enable content conversion, and others such as [11] force users to tune how the
proxies should convert contents. Compared with those previous attempts, the
key advantages of our CC/PP approach are:

– Enabling best-effort content conversions on the existing Internet by con-
structing the service on the common protocol, HTTP extension.

– Avoiding troubles to tune their profiles by allowing the composition of pro-
files originating from multiple sources (e.g. vendors, developers, users, etc).

– Encouraging the adoption of the proxies by using common technologies.

Our proxy implements basic functionalities as a CC/PP proxy and several
content conversion functionalities as listed in table 1.

2.4 The Mobile Browser

Our mobile browser implements a simple hardware emulator and a compositor of
CC/PP profiles, in addition to basic functionalities as an ordinary Web browser.

Users can dynamically change several parameters to set hardware capabil-
ities, software capabilities and user preferences. Then the browser generates
profile-diffs to the default CC/PP profiles corresponding to the parameters.
Some parameters can be set interactively via GUI, and others can be set as
command-line options.

3 Test Setup

In this section, we describe the setting of experiments for performance evaluation.

3.1 Test Machine Environment

New types of Web clients such as cellular phones could have very different ma-
chine environment as compared with existing clients. However, we decided to
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Campus
Network

CC/PP Proxy
CC/PP Client

CC/PP Repository

Test Server

LAN (10M Ether)

(Pentiun II/266
FreeBSD)

(Pentium II/300,
FreeBSD, Apache)

(Pentium II/300
FreeBSD, Apache)

(Dual Pentium II/300
FreeBSD)

PHS/PDC
Dial-up
Server

Fig. 2. Test environment. Each machine is connected to a campus network which is
also connected to the Internet. A dial-up server for cellular phones is also located in
the campus network. There are 4 hops from the segment which the CC/PP proxy is
located to the dial-up server and to the CC/PP repository respectively.

Table 2. Connection between Client and Proxy

Connection Bandwidth Latency (RTT)

Wireless LAN (IEEE802.11b, Low) High (1Mbps) Low (4∼10ms)
Wireless LAN (IEEE802.11b, Std) High (2Mbps) Low (4∼10ms)
Cellular Phone (PHS/PIAFS [14]) Medium (64Kbps) High (220∼260ms)
Cellular Phone (PDC) Low (9600bps) High (500∼600ms)

use ordinary PCs for the test since we mainly focus on the network performance
of CC/PP. The tested environment is shown in figure 2.

Between the CC/PP client and the CC/PP proxy, we have set up four types
of connection as shown in table 2.

3.2 Test Web Sites

We also measured the performance of content conversion by CC/PP in the Inter-
net by using 50 real Web sites. Test sites are chosen from a list of most referred
Web sites at Saitama University3. The summary information of test sites are
shown in table 3.

For the test of content conversion, we used two CC/PP profiles totaling about
600 bytes which consists of the 250 bytes software capability profile and 350 bytes
hardware capability profile.

4 Performance Evaluation

4.1 Basic Performance of CC/PP

In order to evaluate the basic performance of CC/PP and examine the optimal
settings, we have compared the retrieval time between with inline encoding and
3 We used the statistics data from Jan. to Dec. 1999 of
http://www.saitama-u.ac.jp/squid stats/.
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Table 3. Summary of Tested Sites

# of embedded images 2∼62
# of requests 3∼65
Total size of embedded images (Kbytes) 1.54∼134.4
Total size (Kbytes) 2.18∼231.9
# of hops to the server 10∼30
RTT to the server (msec) 6∼210

with indirect reference, with cache and without cache, and with normal profile-
diffs and with abbreviated profile-diffs.

Effects of Indirect Reference Indirect reference is considered as an optimiza-
tion technique to enhance network performance despite the verbosity of XML.
While using indirect reference saves the traffic between client and proxy, the
amount of the whole network traffic can be, without caching mechanisms, larger
than the case using inline encoding. Therefore, the use of indirect reference is
thought as a kind of trade-off problem and the effects of indirect reference de-
pends on the network condition.

We have investigated the optimal point to switch from indirect reference
to inline encoding by comparing the elapsed time under four types of network
environment (table 2). Figure 3 and figure 4 shows the time elapsed to retrieve
a zero-size document without profile cache.
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Fig. 3. Comparison between inline encoding and indirect reference for low bandwidth
connections. The horizontal axis indicates the size of CC/PP profiles of the client and
the vertical axis indicates the retrieval time for the zero-size document. In the case of
PIAFS, a threshold can be found at the 800 bytes of profile size.

The result shows that indirect reference is essential in the case where the
connection between client and proxy is as narrow as 9600bps cellular phones
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Fig. 4. Comparison between inline encoding and indirect reference for high bandwidth
connections. The horizontal axis indicates the size of CC/PP profiles of the client and
the vertical axis indicates the retrieval time for the zero-size document. In the case
of 1M mode, a threshold can be found at the 10KB of profile size. In the case of 2M
mode, also a threshold exists around 16KB.

regardless of the profile size. Other cases (PIAFS and Wireless LAN) show ex-
istence of threshold at which we should switch from inline encoding to indirect
reference. To roughly conclude, in our test environment, the threshold is approx-
imately B × 0.1 bytes, where B is for the value of effective bandwidth B bytes
per second of the client connection.

Effects of Profile Cache Each CC/PP profile can be cached at CC/PP proxies
or CC/PP servers independently in order to reduce overhead to retrieve it from
external CC/PP repositories. We have investigated the performance effects of
profile cache by comparing the elapsed time with various sizes of profiles. We
also tested effects of cache in another setting: the CC/PP server case by running
the CC/PP proxy in server mode (i. e., the CC/PP proxy acts as a Web server).
Figure 5 shows the measured result. Each value is measured with Wireless LAN
2Mbps connection.

The result shows that the cache has a little improvements on the measured
retrieval time in the normal proxy case. On the other hand, in the case at CC/PP
server, existence of profile cache has a big impact on the measured time. This is
probably because that, when the indicated profile is cached locally, the CC/PP
server needs not perform any network operations until it sends back the re-
sponse to the client. Furthermore, if both the profile and the desired content
are cached in the local memory, no blocking operations are performed on the re-
quest. Therefore, profile cache at CC/PP servers have the possibilities to achieve
better performance than the cache at proxies in the optimal case.

The real-world performance will depend on the condition of the repository;
for example, if the indicated CC/PP repository is very popular one and is always
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Fig. 5. Effects of profile cache. Values labeled proxy means that we tested with the
normal Web server (Apache), the CC/PP proxy (our proxy with/without cache) and
the CC/PP client (our browser). Values labeled server means that we tested with the
CC/PP capable Web server (our proxy in server mode) and the CC/PP client (our
browser). Each value labeled with cache does not include any cache miss cases.

crowded, using the profile cache would have more visible effects on the elapsed
time improvements.

Effects of Abbreviation of Profile-Diff CC/PP is intended to provide light-
weight exchange mechanism that permits the client to avoid re-sending the el-
ements of the CC/PP profiles that have not changed since the last time the
information was transmitted. The mechanism of profile-diff is introduced in or-
der to meet this requirement. In usual cases, sending only differences changed
since the last time as profile-diffs will be far more effective than re-sending the
whole CC/PP profiles. However, since each profile-diff can also be verbose, the
total amount of profile-diffs could become very large as the number of profile-diffs
becomes large.

In order to avoid making the request size large, we have investigated the
possibility of abbreviation of profile-diffs. For example, if we have following two
profile-diffs,

99-Profile-Diff-1: <?xml version="1.0"?><RDF xmlns="http://www.w3.org

/TR/1999/PR-rdf-syntax-19990105#" xmlns:PRF="http://www.w3.org/TR/WD-

profile-vocabulary#"><Description ID="HardwarePlatform" PRF:ScreenSiz

e="220x220x24" /></RDF>

99-Profile-Diff-2: <?xml version="1.0"?><RDF xmlns="http://www.w3.org

/TR/1999/PR-rdf-syntax-19990105#" xmlns:PRF="http://www.w3.org/TR/WD-

profile-vocabulary#"><Description ID="HardwarePlatform" PRF:Speaker=N

o" /></RDF>

we could consider another expression of it as following:



Effects and Performance of CC/PP 61

99-Profile-Diff-1: <?xml version="1.0"?><RDF xmlns="http://www.w3.org

/TR/1999/PR-rdf-syntax-19990105#" xmlns:PRF="http://www.w3.org/TR/WD-

profile-vocabulary#"><Description ID="HardwarePlatform" PRF:ScreenSiz

e="220x220x24" PRF:Speaker=No" /></RDF>

By adopting such abbreviation technique, we can dramatically reduce the
total amount of profile-diffs. However, to abbreviate in this fashion, clients should
dynamically combine and generate a new profile-diff from multiple profile-diffs.
In addition, clients should take care about the length of combined profile-diffs,
because some older proxy and server implementations may not properly support
such very long header-field.

We have measured the retrieval time with both normal profile-diffs and ab-
breviated ones. Figure 6 shows the result of the measurement. The result shows
that the abbreviation of profile-diffs will be desirable when the connection to the
proxy is as slow as cellular phones, while abbreviation shows few improvements
when the connection is fast. Also we found that sending whole CC/PP profiles
as inline encoding will be better than sending normal profile-diffs provided that
the number of profile-diffs is larger than three, because the total size becomes
larger than that of normal profile-diffs in normal cases.
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Fig. 6. Effects of diff abbreviation.

4.2 Effects of Content Conversion using CC/PP

Traffic Saving In order to compare between the CC/PP overhead and the
savings by content conversion, we measured the network traffic for retrieval tests
for 50 Web sites using 15 combinations of five types of color reduction (color (no
conversions), gray256 (8bits grayscale), gray16 (4bits grayscale), gray4 (2bits
grayscale), and mono (monochrome)) and three types of image size reduction
(full (no conversions), 240x320 (240×320), and 110x110 (110×110)).
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The result shows that, for all cases, the measured traffic using CC/PP was
smaller than the traffic without CC/PP (the case of no conversions). Figure 7
shows how the merit by content conversion changed as the size of embedded
images varied. Notice that the figure only compares the conversions for color
reduction, because image size reduction showed few impacts on saving traffics
in our tests.
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Fig. 7. Conversion Merit against the CC/PP Overhead: The horizontal axis indicates
the total size of embedded inline images and the vertical axis indicates the conversion
merit (the amount of CC/PP overhead traffic subtracted from the amount of network
savings obtained by content conversion).

When the client user-agent needs the color reduction to 4bits grayscale or
less, the content conversion using CC/PP likely to reduce the network traffic
at a high probability (86% of documents in our test). Especially in the cases of
monochrome and 2bits grayscale, the saving always exceeds the overhead when
the image size is larger than 20 Kbytes (88% of documents in our test). As a
result, the content conversion using CC/PP is effective in terms of traffic saving,
especially in the case where the client’s display capability is 4bits grayscale or
less.

Retrieval Time Saving Also we have measured effectiveness of content con-
version in terms of retrieval time saving. For the test, we set up a test Web server
and a document which have 10 Kbytes texts and GIF images totaling from 0
Kbytes to 140 Kbytes. Figure 8 shows the result.

The result shows that when the connection is as fast as Wireless LAN, the
retrieval time with proxy is worse than that without proxy for all cases. How-
ever, in the case of PIAFS (64K in the figure), the retrieval time with proxy is
comparable provided that with the color reduction to monochrome. In the case
of PDC cellular phones (9600 in the figure), the reduction to 4bits grayscale or
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less can achieve better performance when the total size of images are larger than
60 Kbytes.

5 Conclusion and Future Work

This paper is intended to investigate the performance and the optimal settings
of CC/PP for content negotiation. For the actual evaluation of CC/PP, we have
implemented a mobile browser which generates and sends its CC/PP profiles
and a CC/PP proxy which converts Web contents by using the provided CC/PP
profiles.

The measured performance shows that the use of indirect reference dramati-
cally improves the performance in the case where the connection between client
and proxy is as narrow as 9600bps PDC cellular phones. The abbreviation of
profile-diffs had also a great improvement when the connection is slow, though
abbreviation would incur some implementation problems. On the other hand,
with faster connections than PDC cellular phones (but slower than the con-
nection between the proxy and the repository), the use of inline encoding will
outperform provided that the profile size is less than a certain threshold, in our
test environment, approximately B × 0.1 where B is for the value of effective
bandwidth B bytes per second of the client connection. When the connection is
as fast as Wireless LAN, use of indirect reference improves the performance only
if the profilie size is larger than 10 Kbytes. However, normally the profile will not
exceed 10 Kbytes (especially if some kind of compaction technique is adopted),
therefore, without cache mechanisms, it would be questionable that introducing
indirect reference improves the performance when the connection speed is fast.

With profile cache, indirect reference will perform better for all cases, though
the effect of profile cache at CC/PP proxy has not shown significant improvement
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in our tests. Our test also shows the profile cache at CC/PP server found more
valuable than that at CC/PP proxy.

We have also investigated whether content conversion using CC/PP en-
hances the network performance despite CC/PP overhead caused by its ver-
bosity. Though our proxy is still prototype and is not tuned properly, the ob-
served traffic was smaller than the case without CC/PP for all tested environ-
ment, and the retrieval time with CC/PP is better or comparable in the case
with cellular phones. The result confirms that CC/PP is an effective solution for
general content conversion.

We are currently considering our CC/PP proxy to incorporate new speci-
fications [4] so that it can advertise and chain a profile of its behavior to the
downstream client or proxy. We are also examining the compaction of CC/PP
profile to avoid the verbosity of XML using binary XML [9].
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Abstract. We design and implement an information announcement ba-
sic software toolkit that realizes a new using style in mobile computing.
This style regards a mobile computer as a server as well as a client.
The proposed toolkit has two features. One is that the toolkit can solve
problems such as disconnections and narrow network bandwidth. The
other is that the toolkit allows a wide variety of legacy network appli-
cations designed for stationary environments to be adapted to mobile
environments easily and smoothly. In this paper, we design an informa-
tion announcement toolkit that supports the construction of information
announcement systems from mobile computers. In addition, through im-
plementing server applications on the toolkit, we show that the system
works well and gives useful environment to clients.

1 Introduction

A mobile computer has become popular because of the advance in packaging and
low power technologies. Users can carry it and do their jobs anywhere. A mobile
computer is usually used to keep, generate, and modify personal information.
Thus, the latest personal information usually exists on a mobile computer. On
the other hand, with the advance of the network environment, a mobile com-
puter can be connected to a network at any place using various communication
vehicles. Therefore, the mobile computer can make full use of a distributed en-
vironment. In distributed environments, a computer can obtain information on
other computers through networks. The Internet is worldwide distributed envi-
ronment. By using the Internet, a great deal of beneficial information can be
distributed all over the world.

Many studies [1,2] on mobile computing have been done. Under these studies,
however, mobile computers only play the role of getting some information from
computers connected to fixed networks. That is, these studies regard a mobile
computer as a client or an intelligent terminal. In order to wide application fields
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of mobile computing, it is important that a mobile computer plays the role of
a server as well as a client; an information announcement system from mobile
computer. If a mobile computer can announce information from any place, the
latest personal information on the mobile computer can be provided. Moreover,
it is possible to construct live broadcasting systems from the outside and handy
phones through a network very easily.

In order to realize an information announcement system on mobile comput-
ers, many issues have to be solved. The typical issues are as follows:

– The underlying network condition in a mobile environment changes such as
connections and disconnections frequently.

– The low quality network such as a wireless communication one is usually
used in mobile environments.

– Legacy applications are not designed for mobile environments.

Even for the above situations, a software system on mobile computers have
to provide stable services. This paper proposes an information announcement
system in mobile environments and a software toolkit that supports the con-
struction of the system. The proposed toolkit has the following features.

– In order to address the above issues in mobile environments, the toolkit
provides three mechanisms: (1) providing stable services under any network
condition such as connections and disconnections, (2) automatically limiting
announcing information to effectively use a given network bandwidth, and
announcing in order of priority of the information, and (3) using a well-suited
protocol for a type of transferring information and an environment.

– The toolkit allows a wide variety of legacy network applications designed for
stationary environments to be adapted to mobile environments easily and
smoothly.

This paper designs and implements the toolkit. In addition, we show that two
applications, a web system and an Internet TV telephone system, are constructed
on the toolkit as examples, and the applications can be adapted to the mobile
environment with little programming overhead by using the toolkit.

2 Information Announcement from Mobile Computers

2.1 Motivation

Many useful network applications in stationary environments have been devel-
oped. Since most of them are designed for fully connected, high speed, and low
latency network environment, we cannot use the applications in mobile environ-
ments. In addition, since the applications are distributed with binary format, we
cannot modify them. Therefore, the system that makes the applications avail-
able in mobile environments without modification is required. Our purpose is to
design and implement a software system, a toolkit, which allows the following
applications to be implemented in a mobile environment easily.
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Web system in mobile environments A mobile computer can announce in-
formation with a web system. A mobile computer can announce not only text
information, but also many types of information such as sounds and images.
A substitute server prepared by the system keeps copy of information on a
mobile computer. The substitute server can announce the copy on behalf of
the mobile computer during its disconnection period.

Handy phone system on the Internet An Internet telephone system is ad-
apted to mobile environments. The system can be extended to handy phone
system. During disconnection period, an answering machine replies on behalf
of the mobile computer.

2.2 Issues of Announcing Information in Mobile Environments

Some issues occur in announcing information from mobile computers. We discuss
the issues and the facilities required to address them.

(1) Management of network connectivity Disconnections of a mobile com-
puter from a network occur due to an empty battery energy or a physical
disconnection. When a mobile computer is disconnected, a service from the
mobile computer is intermitted because the communication with the mobile
computer is unavailable. A mobile computer is frequently disconnected for
long periods. In addition, a mobile computer can be connected to a network
using a variety of communication vehicles. The differences among the hard-
ware characteristics of the vehicles influence the bandwidth and latency. For
example, wired communication vehicle has enough bandwidth for announc-
ing information (strong connectivity). Wireless communication vehicle has
insufficient bandwidth, and the communication is often interrupted by noise
(weak connectivity). The proposed system needs to have the facility that
manages the network connectivity.

(2) Auxiliary processing according to network connectivity When a
mobile computer is disconnected, a service from the mobile computer is
intermitted. A substitute service on a stationary host is needed instead of
the original service from the mobile computer. The proposed system needs
to have the facility that can provide suitable services for the network con-
nectivity.

(3) Efficient utilization of network bandwidth The communication with
a mobile computer becomes unstable frequently even when the mobile com-
puter is connected to a network. If the given network bandwidth is narrow,
the system needs to have the flexible communication method considering a
communication area, a type of data, and an objective of an application to
utilize the network bandwidth effectively. Examples of the situation are as
follows.

(a) In a wide area network, the packet loss rate is high. In this case, the
TCP based communication is suitable. A resume facility is added in order
to guarantee the communication.
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(b) In a local area network, the packet loss rate is low. In this case, the UDP
based communication is suitable. A resume facility and a retransmission
facility are added to avoid the overhead in TCP.
(c) In case of transmitting real-time data as MPEG movies, the UDP based
communication is also suitable because of low latency. A time-stamps facility
for synchronization and a parity packet facility [3] to recover lost packet
without retransmission, are added to the communication protocol.
(d) In case of transmitting the same data type in (c), choice of communi-
cation methods depends on objectives of applications. For example, another
application can focus on quality in transmitting MPEG movies.

(4) Control of simultaneous announcing information If multiple applica-
tions announce information concurrently, the total traffic exceeds the upper
limit of the performance of a mobile computer and the network bandwidth.
In this case, the system needs to have the facility that can control the num-
ber of simultaneous announcing information. Moreover, high priority has to
be given to the application that transmits time-constraint data.

2.3 Related Work

In order to adapt applications to mobile environments, many system softwares
have been proposed.

The paper [4] has proposed the system providing the facility which keeps
the appropriate quality of data for mobile environments. The system adopts
the application-aware adaptation method with which the system administrates
a load of the network and the performance of a mobile computer, and notifies
applications of the load. The applications lower the appropriate quality of data
for the load by using each application-dependent method. Disconnections of
mobile computers is, however, not considered.

Indirect transport layer protocol [5,6], which supports a wide variety of appli-
cations in a low quality network, was proposed. Disconnected operations target
short and medium term disconnections. Mechanisms for handling disconnections
are provided by the system to be used by a wide variety of applications. How-
ever, mechanisms for handling long-term disconnections in these systems cannot
adapt to the system that regards a mobile computer as a server.

The Coda file system [1,2] and Rover [7] employed other approaches for dis-
connected operations. In the Coda file system, disconnection handling is based on
caching of files on a mobile computer expected to be used during disconnection.
The system can handle disconnections operations for only the file system and
cannot support a wide variety of applications. Rover can provide disconnected
operations for any type of application. The study regards a mobile computer as
a client rather than as a server. The proposed system regards a mobile computer
as a server as well as a client, and can provide the facility that adapts a wide
variety of applications to a mobile environment.

It is important for our system to provide disconnected operations from a
viewpoint of not only a client but also a server for a mobile computer. In our
previous work [8], we have constructed an information announcement system
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Fig. 1. Structure of Information Announcement System.

from a mobile computer. The system can support only disconnected operations.
The quality of communication and a wide variety of applications, however, are
not considered. In this paper, the proposed system solves the problems in mobile
environments and aims at realizing an information announcement system from
mobile computers dealing with network connectivity. The system allows many
kinds of applications to be adapted to mobile environments smoothly.

3 Design of Information Announcement System

In this section, we design an information announcement system and an infor-
mation announcement toolkit with which network applications including legacy
ones can be easily implemented. We explain an information announcement sys-
tem for mobile computers. Figure 1 shows the overview of our system. The
proposed toolkit has the following features.

– The toolkit can solve the issues in mobile environments described in Sec-
tion 2.2.

– The toolkit allows a wide variety of legacy network applications designed for
stationary environments to be adapted to mobile environments easily and
smoothly.

In order to implement legacy network applications in mobile environments
without modification, the system adopts a similar model to a client-server model
which is popular for them. In this model, an application server runs on a mobile
computer. A SMH (System Management Host) as a stationary host is located
at a fixed network between a server as a mobile computer and clients in order
to manage mobile computers.

3.1 Software Architecture Model

We adopt the above model to our information announcement system because the
model has the following advantages compared with a centralized control model
in which information on a mobile computer is stored on a stationary host and
provided by it.
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– In a centralized control model, announcing information is restricted because
of the stationary host’s facilities. In the model, announcing information can
be unrestricted because mobile computers can directly announce their own
information.

– The model allows our system to be available in ad-hoc network, because a
facility of announcing information by itself is installed in a mobile computer.

3.2 Structure of Information Announcement System

The information announcement system consists of the toolkit, a MAPM (Mo-
bile Application Processing Module), and a legacy client-server application. The
mesh area in Figure 1 shows the proposed toolkit for announcing information.
Application developers only prepare a MAPM which can cope with any network
connectivity of a mobile computer. A SMH consists of three parts: State Admin-
istration Part, State Processing Part, and Communication Processing Part.

State Administration Part (SAP) In order to address the issue (1) described
in Section 2.2, this part manages network connectivity of a mobile computer.
This part consists of two parts put into a SMH and a mobile computer. Both
parts cooperate each other in deciding a connectivity state which is described
in Section 3.3.

State Processing Part (SPP) In order to address the issue (2) described in
Section 2.2, this part performs a suitable auxiliary processing for a connectiv-
ity state of a mobile computer. This part is partitioned into the application
independent part and an application dependent part. We call the applica-
tion dependent part MAPM. In order to adapt a legacy application to mobile
environments, its developers only create a MAPM for it.

Communication Processing Part (CPP) In order to address the issue (3)
and (4) described in Section 2.2, this parts provide the following two facilities.
Flexible Application Protocol (FAP)
In order to effectively announce information under the narrow network band-
width between a SMH and a mobile computer, this protocol realizes a well-
suited communication method for the objective of an application. FAP con-
sists of protocol modules. A protocol module can cope with a variety of
conditions on mobile environments. An application can decide a combina-
tion of modules and make use of a well-suited protocol for its objective.
Connection Control Mechanism (CCM)
In order for excessive announcing information to be limited, the number
of connections in announcing information is controlled automatically. The
control mechanism is provided by connection control mechanism [9] described
in Section 3.4.

When a SMH gets a request for a mobile computer from a client, the SMH
gets a connectivity state of the mobile computer from SAP. The SMH performs
the auxiliary processing specified in a MAPM which was prepared in advance.
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For example, when a state is the connection state, the request is relayed to a
server application on the mobile computer by SPP. The client can get data
provided from the mobile computer through CPP. If the quality of communica-
tion becomes low, SAP detects the change of the quality and updates the state.
CPP decreases the number of connections to reject a new request or suspend a
current connection. As the quality becomes lower, SAP makes transition from
connections into disconnections. SPP replies to a request on behalf of the mobile
computer.

3.3 Connectivity State

The information announcement toolkit administrates a state of network connec-
tivity for a mobile computer by using connectivity states as shown in Figure 2.
In order to manage the quality of the communication depending on the commu-
nication condition and the distance from an access point, the states represent
not only the connection state and the disconnection state, but also the quality
of the communication.

1. Unready State
This state means that a mobile computer is disconnected from a network. A
mobile computer cannot provide any service to clients.

2. Ready State
This state means that a mobile computer is connected to a network. A mobile
computer waits for a request from clients.

3. Data Transfer State
This state means that a mobile computer is sending data to clients. The
attribute of this state includes the communication quality.

4. Transfer Suspend State
This state means that transfer data is suspended. Transition only from Data
Transfer State to Transfer Suspend State is available.

Transfer Suspend State is introduced. The reason is that the system can deal
with temporary disconnections of a mobile computer. When a mobile computer is
disconnected and immediately reconnected to a network, the system can recover
the suspended communication.
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3.4 Connection Control Mechanism (CCM)

In order to maximize throughput of the communication with a mobile computer
and satisfy the required throughput of transmitting real-time data, this mech-
anism controls connections of the communication using the parameter on Data
Transfer State.

By using multiple connections simultaneously, total elapsed time of trans-
ferring data is expected to be reduced because the protocol overhead of each
connection, such as open connections, waiting for acknowledgment, and multi-
plex I/O may be reduced. Individual elapsed time, however, becomes longer with
multiple connections since the allocated bandwidth of a connection becomes nar-
rower. This also affects transferring real-time information. Thus, the deadline of
transferring real-time information cannot be guaranteed. When the number of
connections is less than the optimum number, the total throughput decreases.
In order to make the best use of the narrow bandwidth and obtain efficient
throughput, this mechanism can keep the optimum number of connections.

In addition, information is set to have priority. The priority of real-time
information and frequently accessed information is high in order to keep the
deadline. Lower priority information is provided during little traffic term or idle
term

We adopt the mechanism that controls the number of connections for commu-
nication, because the mechanism is available for many kinds of communication
vehicles and many kinds of network protocols such as TCP/IP.

4 Implementation of Information Announcement Toolkit

We describe the implementing of SAP, SPP, and CPP in this section.

4.1 State Administration Part (SAP)

When unexpected disconnections occur, the system cannot keep the coherency
between network connectivity and the connectivity state the system manages.
The incoherency influences providing stable services. For examples, a SMH has
the connection state as connectivity states, even if a mobile computer is physi-
cally disconnected from a network. In this situation, the SMH waits for a reply
from a mobile computer. There is an opposite situation that a SMH has the
disconnection state as connectivity states, even if a mobile computer is physi-
cally connected to a network. In this case, the SMH performs a disconnection
processing. SAP works toward avoiding the incoherency.

When a mobile computer starts to communicate with its own SMH, SAP
on the mobile computer sends a connection message to the partner on the SMH.
The partner replies a ACK message. SAP on the SMH periodically sends a
check messages to check the connection of the mobile computer. SAP on the
mobile computer replies a ACK message to the partner on the SMH. SAP on
the SMH measures RTT (Round Trip Time), keeps its average, and manages the
parameter of the communication throughput.
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Table 1. List of Entry Points

connect c2m Process in Ready State is specified.
This function is used to communicate between a client and a mobile.

connect m2c Process in Ready State is specified.
This function is used to communicate between a mobile and a client.

suspend Processing in Transfer Suspend State is specified.

reconnect Processing, when a mobile computer is reconnected, is specified

disconnect Processing in Unready state is specified.

Figure 2 shows transition of connectivity states. Here, α and β shows the
number of the loss of ACK messages. α is decided by the toolkit and β is given
by an application. The initial state is Unready State.

1. When SAP on a SMH receives a connection message, the state is Ready
State.

2. A SMH relays a request from a client to a mobile computer. When transfer-
ring information between the SMH and the mobile computer starts, it makes
the transition to Data Transfer State.

3. When all transactions with clients are completed, it makes the transition
back to Ready State.

4. When there is no response to a check messages out of average RTT, the
number of the loss is counted up. When there is a response within average
RTT, the number of the loss is set to be zero. If the number is more than α
times, the current state changes. If the current state is Data Transfer State,
it makes the transition to Transfer Suspend State. If the current state is
Ready State, it makes the transition to Unready State.

5. When there is a response, it makes the transition back to Data Transfer
State.

6. When the number of the loss is more than β times, it makes the transition
back to Unready State.

4.2 State Processing Part (SPP)

SPP gets a connectivity state of a mobile computer from SAP and performs
an auxiliary processing according to the state. The processing is specified in a
MAPM for each application. A MAPM is embedded into the system as Dynamic
Loadable Module. A MAPM provides the entry points as shown in Table 1.
Getting a request from a client, SPP calls the MAPM entry according to the
state.

4.3 Communication Processing Part (CPP)

CPP provides FAP and CCM. Figure 3 shows CPP in detail. APS in the fig-
ure shows a server application. CPP consists of CCP (Communication Control
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Part), CAP (Connections Administration Part), and PR modules. FAP consists
of PR modules that have a specified API. A PR consists of a PRS (PR on a mo-
bile computer) and a PRC (PR on a SMH). In order to realize a suitable protocol
for mobile environments, PR modules encapsule a packet in the communication
between a mobile computer and a SMH. Socket Wrapper is introduced to en-
capsule a packet. Socket Wrapper Part provides the same API as that is usually
used in network programming [10]. A packet for the communication from an ap-
plication is hooked by Socket Wrapper Part and passed to CCP. CCP passes the
packet to PRSs. PRSs encapsule the packet and send it to PRCs. PRCs receive
the packet and passes it to a MAPM.

SAP administrates the throughput between a mobile computer and a SMH.
CAP controls communications for applications in order to maximize the through-
put of communication with a mobile computer.

5 Evaluation

We evaluate the proposed toolkit through constructing a web system and an
Internet TV telephone system as applications on it. The softwares on a mobile
computer and a client are implemented on Windows98/NT. A SMH is imple-
mented on FreeBSD. Socket library on Windows is provided by wsock32.dll. The
original library is replaced with a toolkit library provided by the toolkit.

Web System
We realize a web system for mobile computers with the toolkit. When a

mobile computer is connected with a network, information is directly announced
from the mobile computer and copies of the information are created on a SMH.
When a mobile computer is disconnected from a network, the SMH announces
the copies of the information on behalf of the mobile computer.

Figure 4 shows the structure of the system. A web server software runs on
a mobile computer and a client makes use of a browser software. The system
prepares PR resume as FAP. PR resume can present the function that can
resume a suspended communication.

We compare the system using the toolkit (say X system) with the system
proposed in [8] (say Y system) by program code size. The Y system is imple-
mented for mobile environments by adding program codes to the original web
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system developed for stationary computers. In the Y system, the added code size
is 2930 lines at a stationary host and 4655 lines at a mobile computer. In the X
system, the required code size is 346 lines. The ratio is approximately 5% in the
code size. In the Y system, application developers also have to understand the
whole code of a web system. On the other hand, in X system, they only focus
on the entry points for a MAPM to construct an application.

Thus, application softwares developed for stationary computers can be adapted
to the mobile environment with little programming overhead by using the toolkit

Internet TV Telephone System
We construct an Internet TV telephone system on mobile computers with

the toolkit. The application can provide an uni-directional transmission from a
mobile computer to the other mobile computer. To prepare a server software on
each computer can make the interactive system.

When a mobile computer is connected to a network, a SMH relays the com-
munication of movies and sounds from a mobile computer to a client. When the
SMH detects Suspend State in the connectivity state of the mobile computer,
the SMH notifies the prepared message for Suspend State by a MAPM to the
client. When the connectivity state of the mobile computer is Unready State,
the SMH can work as a simple answering machine. The added code size is 200
lines to implement this application.

6 Conclusion

In this paper, we have proposed the information announcement system for mo-
bile computers. We have described the issues in announcing information from
mobile computers and the facilities required to address them. The information
announcement system can realize the facilities, and a software toolkit can sup-
port the construction of the system. The proposed toolkit has the following
features.
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– The toolkit can address the issues in mobile environments.
– The toolkit allows a wide variety of legacy network applications designed for

stationary environments to be adapted to mobile environments easily and
smoothly.

In this paper, we have designed and implemented the toolkit. Moreover, we
have shown that two applications, a web system and an Internet TV telephone
system, are constructed as examples, and the applications can be adapted to the
mobile environment with little programming overhead by using the toolkit.

The future works include:

– The system is extended to change dynamically the combination of FAP
according communication environments, and

– Various applications are applied to the system. We realize the system that
allows particular applications to be adapted to mobile environments.
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Abstract. Broadcast scheduling algorithms have received a lot of attention 
recently, since they are important for supporting mobile/ubiquitous computing. 
However, a comprehensive system's perspective towards the development of 
high performance broadcast servers is very much lacking. With this paper we 
attempt to fill this gap. We contribute four novel scheduling algorithms that 
ensure the proper interplay between broadcast and disk scheduling in order to 
attain high performance. We study comprehensively the performance of the 
broadcast server, as it consists of the broadcast scheduling and the disk 
scheduling, algorithms. Our results show that the contributed algorithms 
outperform the algorithms, which currently define the state of the art. 
Furthermore, one of our algorithms is shown to enjoy considerably higher 
performance, under all values of the problem and system parameters (such as 
the skew of access distributions, the system load, the data object sizes, cache- 
and disk-intensive workloads, etc.). An important conclusion of this study is 
that broadcast scheduling algorithms have only a small effect on the overall 
broadcast system performance, a fact that necessitates the refocusing of related 
research. 

1. Introduction 

Mobile computing and wireless networks are quickly evolving technologies that are 
making ubiquitous computing a reality. As the population of portable wireless 
computers increases, mechanisms for the efficient transmission of information to such 
wireless clients are of significant interest. Such mechanisms could be used by a 
satellite or a base station to disseminate information of common interest.  Many 
emerging applications involve the dissemination of data to large populations of 
clients. Examples of such dissemination-oriented applications include information 
dispersal systems for volatile time-sensitive information such as stock prices and 
weather conditions, news distribution systems, traffic information systems, electronic 
newsletters, software distribution, hospital information systems, public safety 
applications, and entertainment delivery.  
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Many of the dissemination-oriented applications we mention above, have data 
access characteristics that differ significantly from the traditional notion of client-
server applications as embodied in navigational web browsing technology. A fairly 
limited amount of data is distributed from a small number of sources to a huge client 
population (potentially many millions) that have overlapping interests, meaning that 
any particular data item is likely to be distributed to many clients. Data broadcasting 
is considered to be an efficient way, in terms of bandwidth and energy, for the 
distribution of such information for both wireless and wired communication 
environments and has been extensively studied (see [11], [12], [14] and [15]). 
Furthermore, broadcast transmission compared to traditional unicast can be much 
more efficient for disseminating information, because unicast by having to transmit 
every data item, often identical, at least once for every client who requests it, creates 
scalability problems as the client population increases. Thus, the main advantage of 
broadcast delivery is its scalability: it is independent of the number of clients the 
system is serving. Much of the communication technology that has enabled large-
scale dissemination supports broadcast, and in some cases, is primarily intended for 
broadcast use. For instance, direct broadcast satellite providers, and cable television 
companies (through the use of high-bandwidth cable modems) are now, or will soon 
be, capable of supporting multi-megabit per second data broadcast. Intel has also been 
broadcasting data along with normal TV signals, [9]. 

1.1 Related Work 

The problem of determining an efficient broadcast schedule for information 
distribution systems has been extensively studied in the past ([1], [2], [3], [4], [5], 
[10], [11], [12], and [14]). In  [1] the authors propose the RxW scheduling algorithm 
which calculates the product of the number of outstanding Requests (R), times the 
Wait time (W) of the oldest outstanding request for all data items corresponding to the 
requests pending in the broadcast server queue. The data item with the highest 
product value is chosen for broadcast. Therefore, RxW broadcasts a data item either 
because it is very popular (high R value) or because it has at least one long-
outstanding request. It provides a balanced treatment of requests for both popular 
(hot) and not-so-popular (cold) items. 

In [2], Acharya and Muthukrishman, study the scheduling problem arising in on-
demand environments for applications with data requests of varying sizes and they 
introduce an alternative to the response time of a requests metric- the stretch of a 
request, which seems better suited to variable-sized data items. They present an 
algorithm called MAX based on the criteria of optimizing the worst case stretch of 
individual requests. In [3] and [16] memory is assumed available at each user. The 
management of this memory was considered in order to reduce the mismatch between 
the push-based broadcast schedule and the userís access pattern. In [4], the authors 
consider the problem of scheduling the data broadcast such that the access latency 
experienced by the users is minimized. Push-based and pull-based systems are 
considered. In [5], algorithms for determining broadcast schedules in asymmetric 
environments that minimize the wait time are considered. Variations of those 
algorithms for environments subject to errors, and systems where different clients 
may listen to different number of broadcast channels are also considered. 
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1.2 Problem Formulation and System Model 

The abundance of dissemination-based applications caused the rapid development of 
scheduling algorithms for data broadcast. All such algorithms attempt to select which 
item to broadcast in order to improve performance. The root implicit or explicit 
assumption of existing scheduling algorithms is that the data items are immediately 
available in the broadcast serversí main memory, (see [1], [2], [4], [5], [10], and the 
references therein). This assumption ignores the fact that in many cases data items 
must be retrieved from secondary storage before they can be broadcasted. They also 
typically ignore the existence of the broadcast serverís cache and the related cache 
management issues. By ignoring these issues, such scheduling algorithms when used 
in real systems can cause significant degradation of the broadcast efficiency, or at the 
very least the reported results, regarding the efficiency of proposed broadcast 
scheduling algorithms are misleading. In our paper, we take into account the fact that 
broadcast scheduling, disk scheduling, and cache management algorithms affect the 
performance of each other and the overall performance of the broadcast server. 

With this paper we put forward a comprehensive study from a systemsí 
viewpoint of the problem of pull-based broadcast scheduling. We consider a 
broadcast server with the architecture shown in Figure 1. All newly generated client 
requests enter into the broadcast server queue. The requests may need service from 
the disk server or alternatively, when cache memory exists, the data items may be 
found in the cache (i.e., they had been retrieved earlier from disk) and they are 
forwarded directly to the transmittersí queue. From the transmittersí queue all data 
items are transmitted through the communication channel, reaching the clients that 
had made the corresponding requests. When a data item is broadcasted, all requests 
for the particular data item are satisfied simultaneously regardless of the time of their 
arrival. 

Broadcast
Server

        Client
          Requests

Disk
 Server

Cache
Server

Transmitter
Server

 
Fig. 1. Broadcast Server Architecture 

The system we study consists of a large and possibly time varying client 
population that requests data items from an information source equipped with a data 
broadcasting capability. Clients use two independent networks for communicating 
with the server: an uplink channel for sending requests to the server, and a  ìlisten 
onlyî downlink channel for receiving data from the server. When a client needs a data 
item (e.g., a database object) that cannot be found locally, it sends a request for the 
item to the server. Client requests are queued up (if necessary) at the broadcast server 
upon arrival. Requests that correspond to the same item are grouped together forming 
a multi-request. In the remainder of the paper, we refer to such multi-requests as 
requests. 
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We make the following assumption. First, we assume, for simplicity reasons 
only, that data items are of fixed-length (e.g., database objects). Second, we assume 
that clients continuously monitor the broadcast channel after they send a request to the 
server and we do not consider the effects of transmission errors, so that all clients 
waiting for a data item receive it when is broadcasted by the server. We ignore the 
delay for sending requests via the client-to-server uplink, which we expect to be small 
compared to the latency of obtaining broadcast items from moderately or heavily 
loaded servers. 

1.3 Overview of Contributions 

Our study is comprehensive in that it considers the interplay between the broadcast 
scheduling algorithm and the disk scheduling algorith. The contributions  are: 

 
• We propose mechanisms that ensure the required interplay of the above algorithms 

in order to ensure high performance. These mechanisms consist of four novel 
scheduling algorithms. 

• We show that without such mechanisms the algorithms for broadcast scheduling 
found in the literature can be of little practical use. 

• We conduct a detailed performance study: we quantify the expected performance 
under different values of the problem parameters and we identify the critical 
mechanisms that limit performance under different configurations.  

1.4 The Remainder of the Paper 

The remainder of the paper is organized as follows. In Section 2, we describe the 
scheduling algorithms ADoRe, FLUSH, OWeiST, RxW/S that we propose. In Section 
3, we present the simulation model, the performance metrics and the performance 
behavior of these algorithms. In Section 4, we introduce a novel cache management 
mechanism and we present performance results. In Section 5, we include the 
transmitter and we present performance results for the FLUSH algorithm. Finally, we 
conclude this paper in Section 6.  

2. Broadcast and Disk Scheduling Algorithms 

The broadcast scheduling algorithm that we have chosen is the exhaustive RxW 
algorithm, which appears to be a practical, low-overhead scalable scheme that 
requires no a-priori advanced knowledge (such as the access probabilities of items), 
[1]. Our group has performed performance studies comparing RxW with other 
algorithms (e.g., the algorithms in [2], and [5]), and we have found it to have the best 
performance. These are the reasons we have chosen it as broadcast scheduling 
algorithm. 

For the disk scheduling we selected the C-LOOK algorithm [18], unless stated 
otherwise. The C-LOOK algorithm sorts data items to be retrieved from the disk in 
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ascending order of their cylinder position on the disk. The read-write head is only 
moved as far as the last request in each direction. It services requests from the service 
queue as it reaches each cylinder, until there are no requests in the current direction. 
Then, it immediately returns to the first requested item of the other end, without 
servicing any requests on the return trip, and repeats the process.  

In this section, we disregard the existence of a cache and we assume that each 
requested data item must be retrieved from the secondary storage. This is done for 
two reasons: first in order to measure the impact of the disk system in the 
performance of the server, and second, because in applications where the data items 
will be very large and the distribution of the requests to data items will not be skewed, 
the cache will have little impact. Furthermore, in some system configurations the 
cache size might be quite small (e.g., as an extreme example, consider a broadcast 
server on a network attached disk which has a cache size that is a negligible 
percentage of the database size).  

2.1 Combining Separate Broadcast and Disk Scheduling Algorithms 

The first of the algorithms we present below extend and combine the RxW broadcast 
scheduling algorithm with a disk scheduling algorithm through various mechanisms. 
In the literature ([1]), RxW is described as being applied after the transmission of the 
previously selected item from the broadcast queue has been completed. The second 
uses FCFS, as broadcast scheduling algorithm. The algorithms depend on the C-
LOOK disk scheduling algorithm.  

2.1.1 The ADoRe Algorithm: Active Disk on Requests 
The ADoRe is a fairly simple algorithm. When the disk becomes idle, K or fewer 
requests (corresponding to the case when the broadcast queue does not contain K 
requests) are directed from the broadcast server queue to the disk scheduler queue to 
be served. If there are more than K outstanding requests in the broadcast server queue, 
the RxW algorithm is applied and a group of K requests with the highest RxW values 
are directed to the disk queue.  

A straightforward implementation of the RxW algorithm would imply that each 
time it is called the broadcast scheduling algorithm forwards a single request to the 
disk system and once the item is retrieved and broadcasted, RxW is called again to 
pick the next item, and so on. This, obviously, results in poor disk system 
performance. The ADoRe algorithm attempts to avoid this shortcoming by using 
RxW to select a group of K requests. The parameter K allows the formation of groups 
of requests, in contrast to the straightforward implementation of the RxW algorithm 
mentioned before. Intuitively, the ADoRe algorithm tries to keep the disk system as 
highly utilized as possible, while on the other hand it tries to reduce the average disk 
service time by forwarding a group of requests to be served on which the disk 
scheduling algorithm seek optimization will produce better results. For example, a C-
LOOK sweep with 10 requests served (i.e., when K=10) will take less time than 
running the RxW algorithm 10 times picking one request at a time and giving it to the 
disk. Therefore, if K equals to 1 the ADoRe algorithm resembles the straightforward 
implementation of the RxW algorithm since it directs one request from the broadcast 
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server queue by applying the RxW algorithm, to the disk server queue every time the 
broadcasting of the previously selected data item is completed. 

2.1.2 The FLUSH Algorithm  
The requests in the disk queue are served using the C-LOOK algorithm. The FLUSH 
algorithm manipulates differently the requests on the broadcast server. Every time the 
disk finishes the service of a single request, all the requests in the broadcast server 
queue are flushed to the disk server and incorporated into the C-LOOK lists. 

2.2 Amalgamating Broadcast and Disk Scheduling Algorithms 

The amalgamated algorithms combine information available at the broadcast server 
and at the disk server.  

2.2.1 The OWeiST Algorithm: Optimal Weighted Service Time 
The OWeiST algorithm attempts to improve performance in two ways. First, it 
exploits information available at the broadcast server and at the disk server. Second, it 
employs a different disk scheduling algorithm, which for larger groups of requests, 
introduces further optimizations. 

According to the OWeiST algorithm whenever the disk becomes idle, K or fewer 
requests as in the AdoRe algorithm, are being selected from the broadcast queue and 
forwarded to the disk queue. The service of the requests is being carried out in such 
order that the sum of the products R times Disk Service Time of the requests is kept 
minimum. The operation of the algorithm is as follows. We maintain a graph of K 
requests. The edge connecting two requests ri and rj has a label RjxSj where Rj is the 
number of requests in the broadcast queue for item j and Sj represents the disk access 
cost to access item j, given that the previously retrieved item from the disk was item i. 
The disk access cost contains both the seek time from the cylinder of item i to the 
cylinder of item j, plus the rotational delay necessary to access item j once the disk 
head is positioned on jís cylinder, plus the time to retrieve item j from the disk. The 
algorithm computes all possible permutations for the K requests and selects the 
optimal permutation that gives the smallest total weighted cost. Note that, obviously, 
this is analogous to computing a solution to the Traveling Salesman Problem (TSP). 
However, by bounding the value of the parameter K we can control the overhead 
involved in computing the optimal service schedule. Notice that, when K equals 1 
OWeiST is identical to ADoRe with K equal to 1. 

2.2.2 The RxW/S algorithm 
We also propose the amalgamated algorithm RxW/S, where S is the disk service time, 
which takes into account information of the broadcast scheduling algorithm (i.e., R 
and W for every requested data item) and the disk service overhead. It is an one step 
algorithm, which is being activated whenever the disk becomes idle and selects a 
request from the broadcast queue to be serviced from the disk. The selected request, is 
the one that has the higher value of the fraction (RxW)/S. In this algorithm there is no 
grouping of requests because requests are directed to the disk one at a time. The 
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selection of the data item to be broadcasted, favors items of high RxW value and low 
disk access times.  

3. Performance Study 

The performance of the algorithms has been studied through simulation. The 
simulations were executed on a Pentium II PC, 400MHz. Each run simulates the 
transmission of one million data items. We observed, that by simulating 1,000,000 
transmitted data items, we were able to estimate with accuracy the steady-state 
algorithms performance.  

Table 1 shows the 
parameter setting for the 
simulated disk system. We 
assume that the database 
consists of 10,000 16KB (or 
alternatively 200KB data 
items). 

Disk Characteristics 
Cylinders 6,900 
Surfaces 12 
Sector Size 512 
Revolution Speed 10,000 RPM 
Number of Zones 20 
Average Transfer Rate 12 MBps 

Table 1. 

 
 
 

3.1 Simulation Model 

We developed a model, as depicted in Figure 1. We used a Request Generator, which 
generates a stream of requests according to a Poisson arrival process. The request 
arrival rates we used in our simulations vary between 10 and 500 requests per second. 

Requests are generated from the Request Generator and then they enter the 
broadcast server queue. By the application of the algorithms in section 3, requests are 
directed to the disk server queue where the corresponding data items are retrieved 
from disk and are then forwarded to the transmittersí queue (see paragraph 3.3), or in 
the presence of cache memory the data items that are located in the cache are sent 
directly to the transmittersí queue (see paragraph 4.2). When a cache exists, all the 
data that are forwarded to the transmittersí queue are first moved from disk to the 
cache (provided that they are not already located in the cache). The transmitter 
conveys all the data items to the clients through the channel link. Finally, the statistics 
collector records all relevant statistics in order to measure the performance. 

In our simulation, it is assumed that the request probabilities of all data items 
follow a Zipf distribution. The Zipf distribution may be expressed as follows: 

pi = c (1/i)θ,    1 ≤ i ≤M (1) 

where c=1/ ∑
=

M

i
i

1

)/1( θ  is a normalizing factor, and θ is a parameter referred to as the 

access skew coefficient. The distribution becomes increasingly ìskewedî as θ 
increases, [5], [6]. We will report results for two values for θ; θ = 0 (uniform 
distribution), and θ=1.17 (highly skewed access distribution). 
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3.2 Performance Metrics 

In client-server information systems, the user response time, namely the time between 
the arrival of the request at the broadcast server and its service, is one of the most 
important factors for evaluating the systemsí performance. A metric that gives an 
overall view of the response time of all clients in the system is the mean response 
time. As is remarked in [6], it is natural in the real world some usersí demand patterns 
to completely differ from the overall demand pattern and their own response time may 
be much worse than the overall mean. In this paper, we address this problem by 
adopting as a performance metric an index of fairness that always lies between 0 and 
1, [7]. We have chosen this metric over the square coefficient of variation since the 
fairness index is a further normalization giving a number between 0 and 1. This 
boundedness aids intuitive understanding of the fairness index. For example, an 
algorithm with a fairness index of 0.10 means that it is unfair to 90% of the users, and 
an algorithm with a fairness index of 0.90 means that is fair to 90% of the users. The 
fairness index, if n contending users are in the system such that the response time of 
the request of the ith user is denoted by xi, is defined as follows: 
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where x is the random variable denoting the response time of a clientís request. We 
have also considered the ratio of the standard deviation to the mean response time of a 
request, (i.e., the square root of the square coefficient of variation), as an additional 
fairness indicator. 

3.3 Performance Results 

The results we present below are only a small indicative sample of the results we have 
obtained since we cannot present them all, due to the space limitations. We conducted 
a number of experiments under different combinations of the arrival rate, the grouping 
parameter K (for algorithms ADoRe and OWeiST), and the access skew coefficient θ. 
The two primary performance metrics, the mean response time and the fairness index, 
are plotted versus λ, for different values of the parameter K. The CPU overhead for 
the RxW algorithm and for calculating the optimal permutation of the OWeiST 
algorithm is not included in the mean response time results1 

Figures 2 through 5, present the results under the assumptions of no cache 
memory available and of infinite broadcast channel speed. The response time of a 

                                                           
1 The CPU time (overhead) of the application of the RxW algorithm on the broadcast server queue was 

estimated to be less than 1ms and the corresponding time for the disk scheduling mechanism of the 
OweiST algorithm for figuring out the optimal permutations when K equals 5 was estimated to be 
approximately 1ms. These estimations were based on experiments executed a Pentium II PC, 400MHz. 
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clientís request corresponds to the time between the arrival of the request at the server 
and the retrieval of the corresponding data item from the disk. 

Figures 2 through 4 present the mean response time of the proposed scheduling 
algorithms, ADoRe, FLUSH, OWeiST, and RxW/S. As we mentioned in section 2, 
the ADoRe algorithm with K equal to 1 resembles the RxW algorithm. Figure 2, 
presents the mean response time (in milliseconds) versus the arrival rate λ, for θ=1.17, 
16KB data item size, and K=1 (which means that each group of the requests contains 
1 element). We observe that as the aggregate request arrival rate increases beyond 50 
(λ>50), the mean response time of the ADoRe, and the OWeiST is sharply increased, 
reaching the value of 590ms for arrival rate λ=120 requests/sec. On the contrary, the 
mean response time is maintained low for the FLUSH, and the RxW/S algorithms, 
with mean response time values less than 130ms for the RxW/S and less than 100ms 
for the FLUSH, with arrival rate λ=120 requests/sec. This demonstrates that the latter 
two algorithms perform considerably better. The same trend is observed for 200KB 
data item size, as is shown in Figure 3. The difference in the mean response time is 
due to the retrieval time from the disk of the 200KB data item, which is a multiple of 
the corresponding time of the 16KB data items. 
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0

100

200

300

400

500

600

10 25 50 75 100 120
λ (requests/sec)

M
ea

n 
R

es
po

nc
e 

Ti
m

e 
(m

s)

ADoRe FLUSH RxW/S OWeiST

K=1, 200KB, θ=1.17

0

500

1000

1500

2000

2500

3000

3500

4000

10 25 50 75 100
λ (requests/sec)

M
ea

n 
R

es
po

nc
e 

Ti
m

e 
(m

s)

ADoRe FLUSH RxW/S OWeiST

  

Fig. 2.  Fig. 3.  

In Figure 4 the value of K increases to 5 and we notice similar behavior. Notice 
that K refers only to ADoRe and OWeiST algorithms, while the curves of FLUSH 
and RxW/S are the same as in Figure 2. OWeiST performs much better than before, 
and the mean response time is similar to that of the FLUSH and the RxW/S for all λ 
values examined. This improvement of the OWeiST was expected, since its 
optimization (i.e., the calculation of the shortest path for visiting all K data items on 
the disk in accordance to their popularity) introduces greater benefits as K increases. 
ADoRe with K equal to 5 performs slightly better than with K equal to 1, because the 
RxW algorithm forwards a group of requests to the disk and not just one at a time. 

The improved performance of FLUSH over the other three algorithms, as λ 
increases, shown in Figures 2 through 4 was expected since FLUSH forwards requests 
to the disk server as they arrive, increasing the number of requests that are waiting to 
be serviced in the disk queue. This gives the disk scheduling algorithm (C-LOOK) the 
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chance to further optimize the disk access time. The OweiST algorithm cannot do that 
since given the NP-Completeness of calculating the optimal schedule, the disk system 
queue must be relatively small. The critical observation is that the broadcast server 
must keep the disk server as busy as possible and this outweighs in importance any 
improvement from the other disk scheduling algorithms. 

Figure 5 shows the fairness index plotted versus the request arrival rate λ for the 
case of 16KB data item size, and K equal to 1. We observe that FLUSH and RxW/S 
have a fairness index above 70% even for increased arrival rates, while the fairness 
indices of ADoRe and OWeiST drop abruptly. Even for 200KB data item sizes (due 
to lack of space these results are not shown), FLUSH maintains a fairness index 
around 70% when the fairness indices of the other algorithms drop well below 50%. 
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Fig. 4.  Fig. 5.  

As an additional fairness metric we have examined the ratio of the standard 
deviation to the mean response time. FLUSH maintains the value of this ratio below 
0.7 for all values of the arrival rate, and data item sizes we examined. We also 
simulated the demand for data items using the Uniform distribution (θ=0). As 
expected, the mean response time of all algorithms for θ=0, increases rapidly with  
arrival rate increases (compared to the results in Figures 2, 3, and 4).  This is due to 
the decreasing possibility of serving more than one client by a single broadcast. 
FLUSH, however, continues to perform best and has a fairness index above 65%. 

4. Contributions and Concluding Remarks 

Looking at related work for broadcasting scheduling, one can find several 
interesting algorithms for deciding which data item to pick for broadcasting. 
However, all these algorithms make the (implicit or explicit) assumption that the 
chosen data item is immediately available to the transmitter for broadcasting. In a real 
system this obviously does not hold. This fact begs the question of how all the basic 
system components of a broadcast serverís system infrastructure should interact in 
order to build high performance broadcast servers. With this paper we attempt to 
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address this question. We put forward a comprehensive study from a systemís 
viewpoint of the problem of broadcast scheduling. Our study is comprehensive in that 
it considers the interplay between the broadcast scheduling algorithms, the disk 
scheduling algorithms, and the cache management algorithms. 

We study the interplay between broadcast and disk scheduling algorithms, which 
will be the critical performance issue in applications and system configurations where 
the impact of caches will be secondary. We propose four novel scheduling algorithms, 
the ADoRe, FLUSH, OWeiST, and RxW/S classified under two categories: those that 
combine separate broadcast and disk scheduling algorithms and those that 
amalgamate the information available at the broadcast queue and at the disk queue, 
producing a single scheduling criterion. We study their performance in terms of mean 
response time and their fairness under different values of the problem parameters 
(system load, access distributions, object sizes, etc.).  

The major conclusions of this work are: 
In environments where the broadcast server depends heavily on the disk system, 

(i.e., it is disk-intensive as opposed to cache-intensive) the critical issue is to design 
mechanisms which ensure that the server keeps the disk system highly utilized and 
allowing the disk scheduling algorithm to perform its optimizations. Our results show 
that our FLUSH algorithm can outperform significantly other mechanisms, which are 
based on either more efficient disk scheduling algorithms or on algorithms based on 
combining information at the broadcast and the disk queues. 

Our performance study has shown that the proposed algorithms namely, ADoRE, 
FLUSH, OWeiST, and RxW/S can achieve significantly better performance than that 
of the RxW algorithm (as it is straightforwardly implemented using the ADoRe (K=1) 
mechanism) under a large variation of the values of the basic problem parameters 
(e.g., access skew distribution, system load, object sizes, cache or disk intensive 
workloads etc.). Furthermore, our results show that FLUSH, consistently outperforms 
all others under all the above workload and system parameters, while being fair. 

A conclusion worthy of special notice is that we have actually found that 
ìefficientî broadcast scheduling algorithms found in the literature have a negligible 
impact. Specifically, if instead of employing the RxW algorithm at the broadcast 
queue we employed FCFS scheduling the difference in the overall performance of the 
broadcast system would barely be noticeable. Notice that, in the FLUSH algorithm, 
every time we have an arrival, it is passed to the disk system. Viewed differently, this 
implies that FLUSH essentially uses a FCFS scheduling at the broadcast queue. This 
conclusion is a strong indication that the main attention of most related research 
efforts needs to be refocused. 
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Abstract. Since the advent of wireless networks and portable comput-
ing devices, push-based data delivery has been discussed as an attractive
communication framework for wireless environments. This paper focuses
on the way of scheduling that leads to the minimum access delay for
a hierarchical push-based data broadcast mechanism. This mechanism,
called “Broadcast Disks”, partitions data items into a number of logical
disks spinning at different speeds and superimposes the disks on a single
broadcast channel. In this paper, we mathematically model the Broad-
cast Disks program generation and suggest concrete design principles for
deciding (a) how many disks to use, (b) how to segment data items into
disks based on the user access patterns, and (c) how to determine the
relative spinning speeds for disks in order to minimize the average access
delay. In addition, we present our simulation study that substantiates
the optimality of the suggested algorithms with detailed analyses.

1 Introduction

This paper explores the problem of optimal broadcast program generation for a
push-based repetitive data broadcast model called “Broadcast Disks” [1, 3, 9].
In the model, the server is assumed to have knowledge of the client requirements
beforehand and to emphasize the most popular data items by broadcasting them
frequently.

Since the Broadcast Disks approach partitions data items into a number of
logical disks spinning at different speeds of rotation based on the access proba-
bilities of data items, our research focuses on these three issues:

– In order to minimize the average access delay, how many disks should be
used?

– Given a number of disks, how many data items with similar access probabil-
ities should be assigned to each disk?

– For given broadcast disks, how to choose the relative frequency (spinning
speed) for each broadcast disk?

The problem of schedule design for broadcast information distribution sys-
tems has been widely studied in the past [2, 3, 4, 5, 9]. In [4, 5], Ammar and
Wong, using a stochastic Markov Decision Process (MDP) formulation, con-
cluded that the optimal schedule for a push-based broadcast system will be pe-
riodic. They also proposed that, in the absence of a cache, the optimal bandwidth

K . -L. Tan e t al . ( E d s. ): M DM 2001, LNCS 1987, p p . 91–104 , 2001.
c© Springer-Verlag Berlin Heidelberg 2001



92 Jeong-Hyon Hwang et al.

for each data item is proportional to the square root of its access probability. In
contrast to the researches that studied scheduling policies for pull-based systems
[2, 3], Nitin H. Vaidya and Sohail Hameed presented an approach that attempts
to minimize the average access time for push-based asymmetric environments [9].
Even though our approach bears some similarities to theirs, there are differences
as follows:

– Their bucketing algorithm segments data items with similar access probabil-
ities into a number of buckets by paying too much attention to the probabil-
ities of the most and the least popular items. To the contrary, by finding the
optimal disk segmentation based on the overall pattern of user popularity,
our GS (Growing Segments) algorithm outperforms the bucketing algorithm
significantly.

– Their proof on the optimality was developed under an assumption that the
average access delay must have a minimum value. However, we didn’t impose
any assumption on the average access delay.

The remainder of this paper is structured as follows. In Section 2, we present
our mathematical modeling and proofs on the optimailty of broadcast program
generation. Section 3 introduces our algorithms for finding the optimal multi-
disk segmentation and the optimal disk frequencies and Section 4 describes the
simulation model and analyzes the experimental results derived from the model.
Finally, Section 5 presents our conclusions.

2 Mathematical Modeling

In this section, we present our mathematical study on the Broadcast Disks pro-
gram generation. Due to page limitation, most of the proofs are not included.
For more detail, refer to [10].

Let database D consist of n pages (data items of a uniform and fixed length).
I.e.,

D = {x1, x2, . . . , xn} (1)

where each xi denotes a page in the database. Here, it is assumed that the pages
are ordered from most popular to least popular and each page is assigned its rank
according to its position in the order. Note that the rank of the most popular
page is 1. Let R = (0, n].

Definition 1. If (a, b] is a half-open interval defined on R, a set of points

P = {r0, r1, . . . , rN},

satisfying the inequalities

a = r0 < r1 < . . . < rN−1 < rN = b,
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is called a partition of (a, b]. The interval (rk−1, rk] is called the kth subinterval
of P and we write nk = rk − rk−1, so that

n∑
k=1

nk = b − a.

Definition 2. Let prank(r) and r(x) denote the access probability of the data
item whose rank is r and the rank of a page x, respectively. Then, the access
probability of a page x, p(x), is defined by

p(x) = prank(r(x)). (2)

Definition 3. Let P = {r0, r1, . . . , rN} be a partition of R = (0, n]. Then, for
each i such that 1 ≤ i ≤ N , the kth broadcast disk Dk is defined as follows:

Dk = {x ∈ D| r(x) ∈ (rk−1, rk]}. (3)

Note that each disk Dk is defined on the subinterval (rk−1, rk] and it has nk

data pages.

Lemma 1. The set of Broadcast disks {Di}i=1,...,N satisfies the following prop-
erties:

1. Di ∩ Dj = ∅ for all i, j (i �= j)
2. D = ∪i=1,...,NDi

Definition 4. Let freq(x) denote the frequency of a page x. Note that, for all
x ∈ Dk,

freq(x) = fk (4)

where fk denotes the frequency of Disk Dk.

Definition 5. The Major Cycle of the broadcast, say C, is defined by

C =
∑
x∈D

freq(x). (5)

Lemma 2. The Major Cycle of the broadcast, C, satisfies this following prop-
erty:

C =
N∑

i=1

nifi. (6)

Definition 6. For a page x ∈ D, the expected delay of x, ω(x), is defined by

ω(x) =
C

2 · freq(x)
. (7)
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Definition 7. The expected delay for page requests (ω) is calculated by multi-
plying the probability of access with the expected delay for each page and summing
the results. I.e.,

ω =
∑
x∈D

p(x) · ω(x). (8)

Lemma 3. Let Bi be the sum of the access probabilities of pages in Disk Di.
I.e.,

Bi =
∑

x∈Di

p(x). (9)

Then, Bi can be expressed as

Bi =
ri∑

i=ri−1+1

prank(i). (10)

Lemma 4. The expected delay w is expressed as

ω =
C

2

N∑
i=1

Bi

fi
. (11)

Theorem 1. Given {Di}i=1,...,N , the expected delay ω has the minimum value

ωmin =
1
2

( N∑
i=1

√
niBi

)2

(12)

when each fi, the frequency of Disk Di, is proportional to
√

Bi

ni
, i.e., for all

fi (1 ≤ i ≤ N),

fi = k

√
Bi

ni
for some fixed value k (k > 0)

where Bi is the sum of the access probabilities of pages in Disk Di, and ni is the
number of pages in Disk Di.

Proof. As Lemma 4 states, the expected delay ω satisfies

ω =
C

2

N∑
i=1

Bi

fi
.

Since C =
∑N

i=1 nifi by (6), we have

ω =
1
2

( N∑
i=1

nifi

)( N∑
i=1

Bi

fi

)
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=
1
2

∑
1≤i, j≤N

nifi
Bj

fj

=
1
2

N∑
i=1

niBi +
1
2

∑
1≤i�=j≤N

nifi
Bj

fj

=
1
2

N∑
i=1

niBi +
1
2

∑
1≤i<j≤N

(
nifi

Bj

fj
+ njfj

Bi

fi

)
.

Using the fact that for two variables x and y, the arithmetic mean (x+y
2 ) is

always greater than the geometric mean (
√

xy) except when x and y are equal1,
we have

nifi
Bj

fj
+ njfj

Bi

fi
≥ 2

√
ninjBiBj for each i, j (i < j). (13)

The equality in (13) holds when

nifi
Bj

fj
= njfj

Bi

fi
. (14)

In addition,

nifi
Bj

fj
= njfj

Bi

fi
⇔ f2

i

Bj

nj
= f2

j

Bi

ni
⇔ f2

i : f2
j =

Bi

ni
:

Bj

nj
⇔ fi : fj =

√
Bi

ni
:

√
Bj

nj
.

Therefore, when each fi is proportional to
√

Bi

ni
(i.e., for all fi (1 ≤ i ≤ N),

fi = k
√

Bi

ni
for some fixed value k (k > 0)), since nifi

Bj

fj
+ njfj

Bi

fi
has the

minimum value 2
√

ninjBiBj for every i, j (i < j), the minimum value of the
expected delay ωmin is expressed as follows:

ωmin =
1
2

N∑
i=1

niBi +
1
2

∑
1≤i<j≤N

2
√

ninjBiBj

=
1
2

( N∑
i=1

√
niBi

)2

.

3 Algorithms

3.1 Optimal Multidisk Segmentation

In this section, we design an algorithm that determines the number of pages for
each disk based on the data access pattern in a way that minimizes the average
access delay. This algorithm, called “GS (Growing Segments)” is stated in Figure
1.
1 In this case, the two means are equal
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function minDelay(Partition (r0, r1, · · · , rN)) {
for i = 1 to N {

ni = ri − ri−1;
Bi =

∑ri
r=ri−1

prank(r);

}
return 1

2

(∑N
i=1

√
niBi

)2

;

}

function GS(Rank start, Rank end, int N) {
/* getNextIncrement(): returns an appropriate value for the next increment. */

increment=getNextIncrement();
r0 = start;
for i = 1 to N /* initial setup of (r0, r1, · · · , rN) */

ri = ri−1+increment;
while(rN < end) do {

increment = getNextIncrement();
for i = 1 to N {

p0 = r0;
for k = 1 to N

if (k ≥ i) pk = rk+increment;
else pk = rk;

Pi = (p0, p1, · · · , pN );
}
Find a partition (r0, r1, · · · , rN ) among Pis such that
minDelay(r0, r1, · · · , rN )=min {minDelay(Pk) } for k = 1, 2, · · · , N .

}
return (r0, r1, · · · , rN);

}

Fig. 1. GS Algorithm

Basically, minDelay() returns the minimum expected delay for a given parti-
tion (r0, r1, · · · , rN ) (for more detail, see Theorem 1) and GS suggests a partition
as the optimal one after taking three parameters into account: the start point of
rank (start), the end point of rank (end), and the number of disks (N). Initially,
GS sets up the initial rank partition that starts with the rank start and has N
segments whose sizes are of the default increment value. For i = 1, 2, · · · , N , it
generates a new partition Pi whose segments are of the same size of those of the
initial partition except for the ith segment. The ith segment is larger than the
corresponding segment of the initial partition by the increment value. Then, the
algorithm chooses the partition whose minimum expected delay is the smallest
among the generated partitions. The same procedure is applied over and over
until the ”growing segments” cover the whole pages (rN = end). As Figure 1
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shows, GS allows substantial flexibility in determining the increment value at
each step by calling getNextIncrement(). Not to mention, the way of deciding
the next increment value will heavily affect the performance of the algorithm.

3.2 Selection of Optimal Disk Frequencies

Now, we present an algorithm that returns a list of integer disk frequencies for
a given partition. As Figure 2 shows, for i = 1, 2, · · · , N , the OIDF (Optimal
Integer Disk Frequencies) algorithm sets ni and Bi as minDelay() does and
assigns the square root of Bi

ni
to fi as Theorem 1 states. Then, the algorithm

adjusts fis to make fN = 1 by setting each fi to the integer value closest to
fi

fN
, for i = 1, 2, · · · , N − 1. Finally, OIDF returns the resulting frequencies. In

contrast to this OIDF algorithm, assigning fN to some integer greater than 1
may result in a little bit shorter access delay. However, in this case, the period
of the broadcast program will be much larger. Since period is important for
providing correct semantics for updates (e.g. as was done in Datacycle) [1, 6],
we determined to set fN to 1 so as to make the period as short as possible.

function OIDF(Partition (r0, r1, · · · , rN)) {
for i = 1 to N {

ni = ri − ri−1;
Bi =

∑ri
r=ri−1

prank(r);

fi =
√

Bi
ni

;

}
for i = 1 to N − 1 /* adjust fis to make fN = 1 */

fi = � fi
fN

+ .5�;
fN = 1;
return (f1, f2, · · · , fN );

}

Fig. 2. OIDF Algorithm

4 Simulation Study

4.1 Modeling a Broadcast Disks Environment

This section addresses the simulation model that we constructed using SimJava
1.2 [8]. The structure of our simulation environment was affected by the pre-
vious simulation environments in [1, 7]. The simulator models a single server
that continuously broadcasts pages and a great number of clients that contin-
uously access pages from the broadcast. The parameters of our simulator are
summarized in Table 1. In our simulation study, the main performance metric
is broadcast unit which is the time required to broadcast a single page.



98 Jeong-Hyon Hwang et al.

Table 1. Parameter Description

AccessRange Number of pages in range accessed by clients

θ Zipf distribution skewness parameter

ThinkT ime Time between client page accesses

DBSize Number of distinct pages

N Number of disks

ni Size of disk Di (in pages)

fi Relative frequency for disk Di

NClients Number of clients in the system

increment Increment for segment expansion in GS

Client Model Each client is composed of two modules, namely the Query Gen-
erator and the Page Receiver. The Query Generator runs a continuous loop that
randomly requests a page according to a specified distribution. Pages to access
are chosen from the range 1 to AccessRange, which is a subset of the pages that
are broadcast. All pages outside this range have a zero probability of access at
the client. Within the range the page access probabilities are assumed to fol-
low a Zipf distribution [1, 11], with page 1 being the most frequently accessed,
and page AccessRange being the least frequently accessed. The Zipf distribu-
tion adopts a parameter θ to model the degree of skewness of page accesses by
assuming the probability of accessing a page numbered r to be proportional to
(1/r)θ as in [1]. Parameter θ is called the access skew coefficient and can vary
from zero to one. In short, the distribution becomes increasingly “skewed” as θ
increases. Once the Query Generator requests a page, the Page Receiver waits
for the page to arrive on the broadcast. When the requested page arrives, the
Query Generator makes the next request after waiting ThinkT ime broadcast
units of time.

Server Model The server is composed of two parts: the Database and the
Broadcast Manager. The Broadcast Manager broadcasts pages in the range of
1 to DBSize, where DBSize ≥ AccessRange. The structure of the broadcast
program is described by several parameters. N denotes the number of disks in
the multidisk program and the disks are numbered D1 (fastest) to DN (slowest).
For i = 1, 2, · · · , N , ni is the number of pages assigned to each disk Di and the
sum of ni over all i is equal to the DBSize. The relative frequency fi for each
disk Di has only one restriction that it must be a positive integer. In addition
to those parameters that describe the server resource and the structure of the
broadcast programs, parameters NClients and increment denote the number of
clients in the system configuration and the increment value for the next segement
expansion in the GS algorithm, respectively.
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4.2 Experimental Results

Table 2 shows the parameter settings adopted in our simulation study. Through-
out the experiments, both the server database size (DBSize) and the client
access range (AccessRange) were varied from 500 pages to 10000 pages. Those
pages were assumed to follow a Zipf distribution (θ = 0.95) as in [1, 7] and the
server broadcast them to 5000 clients. The increment value for the GS algorithm
was set to 1 for the finest segment expansion granularity. We chose the three-
disk broadcast configuration (i.e., N was set to 3) in all experiments except for
the final experiment, where we explored the effect of the number of disks on the
average and worst-case responsiveness by varying N from 2 to 10.

Table 2. Parameter Settings

DBSize 500, 1000, 2500, 5000, 7500, 10000

AccessRange 500, 1000, 2500, 5000, 7500, 10000

θ .95

NClients 5000

N 3 (except Experiment 4)

ni set automatically by GS

fi set automatically by OIDF

ThinkT ime 2.0

increment 1

Experiment 1: Optimality of GS As described in Figure 1, the GS (Growing
Segments) algorithm suggests a rank partition after repeatedly expanding the
segment that leads to the minimal access delay among N segments at each step
until the union of segments covers the whole pages.

In this section, we show the simulation results that verify the optimality of
GS. Given N , when GS returns a partition P = (R0, R1, · · · , RN ), the simulator
examines the average access delay for five test partitions: P and four slightly
changed partitions. For partition P = (R0, R1, · · · , RN ), the test rank partitions
are generated depending on a modification parameter δ as follows:

Test rank partition Pδ = (r0, r1, · · · rN ) (15)

where ri = 
R0 + ( Ri−R0
RN−R0

)1+δ(RN − R0) + .5� for i = 1, 2, · · · , N . Note that
r0 = R0 and rN = RN for any δ. In addition, if δ = 0, then ri = Ri for
i = 1, 2, · · · , N (i.e., P0 = P ). We are to show that the average access delay for
P0 = P is the smallest. The values used for δ in our simulation are -0.2, -0.1, 0.0,
0.1, and 0.2. For example, when N = 3 and DBSize=1000, algorithm GS returns
partition P = (0, 22, 205, 1000) and the resulting test rank partitions are P−0.2

= (0, 47, 281, 1000), P−0.1 = (0, 32, 240, 1000), P0.0 = (0, 22, 205, 1000) = P ,
P0.1 = (0, 15, 174, 1000), and P0.2 = (0, 10, 149, 1000).
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Fig. 3. Multidisk Segmentation with
Ideal Frequencies
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Fig. 4. Multidisk Segmentation with
Integer Frequencies

In the first experiment, in order to precisely investigate the effectiveness of
GS, we eliminated the effect of approximating the disk frequencies to integer
values (See OIDF in Figure 1). I.e., the disk frequency fi for each disk Di does

not take an integer value but an ideal real value proportional to
√

Bi

ni
. Figure

3 depicts the differences among the access delays of the five test partitions in
terms of access delay deviation with varying DBSize. The x-axis in the fig-
ure represents DBSize and the y-axis represents the access delay deviation.
The access delay deviation for partition Ptest is defined by minDelay(Ptest) −
min{minDelay(Pδ)}δ=−0.2, −0.1, 0.0, 0.1, 0.2, where minDelay(Ptest) denotes the
minimum access delay for partition Ptest. For example, when N = 3 and DBSize
= 1000, the minimum access delays for P−0.2 = (0, 47, 281, 1000), P−0.1 =
(0, 32, 240, 1000), P0.0 = (0, 22, 205, 1000), P0.1 = (0, 15, 174, 1000), and P0.2 =
(0, 10, 149, 1000) are 305.069, 302.708, 302.057, 302.692, and 304.42, respectively
(Note that the access delay for P0.0 is the smallest). Therefore, the access delay
deviation for partition P0.2 is 304.42− 302.057 = 2.363. It should be noted that
the access delay deviation for partition P0.0 is always 0. It means that, ideally,
the partition returned by GS is optimal for any DBSize.

However, in order to practically generate broadcast programs, the relative
frequency for each disk must be a positive integer. Figure 4 shows the experiment
results when integer values are assigned to the disk frequencies by rounding ideal
real disk frequencies to the closest integers. In Figure 4, the access delay deviation
for partition P0.0 is not always 0 (i.e., in some cases, the average access delay
for other partitions is less than that of the partition suggested by GS). It means
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that, sometimes, the GS algorithm does not return the optimal rank partition
for actual program generation even though the difference is small. This kind of
anomaly occurs in spite of the correct behaviour of GS because OIDF forces the
ideal disk frequencies to be approximated to the nearest integers during disk
frequency determination. In addition, the lines in the figure are irregular for the
same reason. This observation implies that using a new version of GS that returns
an approximately optimal partition while incurring much less computational
overhead may be more desirable than trying to find the optimal partition by
strictly expanding a segment by 1 at each step.

Experiment 2: GS vs. Bucketing In [9], Nitin H. Vaidya and Sohial Hameed
have presented a heuristic to determine the membership of items to buckets
which correspond to broadcast disks. Their heuristic for determining the mem-
bership of an item i to a bucket Bj is as follows: Let Amin and Amax denote
the minimum and maximum values of

√
pi, respectively, where pi is the access

probability of i. Let δ = Amax − Amin. If, for item i,
√

pi = Amin, then item i
is placed in bucket B1. Any other item i is placed in bucket Bj (1 ≤ j ≤ N) if
(j − 1)δ/k < (

√
pi − Amin) < (jδ/k). However, their bucketing algorithm has

a shortcoming that the algorithm concentrates too much on the probabilities of
the most and least popular items.

Figure 5 summarizes our experiment on the performance of GS and buck-
eting with varying DBSize when θ = 0.95. As the figure shows, GS algorithm
outperforms bucketing significantly for any DBSize. Interestingly, the difference
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between access delays for two algorithms was increased as DBSize increases. In
addition, we verified by simulation that GS is superior to bucketing for any
access skewness (See Figure 6). In this experiment, DBSize was set to 5000.
Conclusively, as the access popularity pattern becomes more skew, the access
delay of GS is much more shortened than that of bucketing.

Experiment 3: Optimality of OIDF In this section, we present the results
of our simulation that substantiate the optimality of OIDF. In this experiment,
when N (the number of disks) and DBSize (the number of pages to be broad-
cast) are given, the rank partition returned by algorithm GS is used for broadcast
program generation. As in the previous experiment on GS, once OIDF returns
the list of frequencies, the simulator examines the average access delay for five
test frequency lists: the optimal and four slightly changed ones. For a frequency
list FL = (F1, F2, · · · , FN ), the test frequency lists are generated depending on
the modification parameter δ as follows:

Test frequency list FLδ = (f1, f2, · · · fN ) (16)

where fN = 1 and fi = 
F 1+δ
i + .5� for i = 1, 2, · · · , N − 1. Note that if δ = 0,

then fi = Fi for i = 1, 2, · · · , N (i.e., FL0 = FL). The values used for δ in this
experiment are -0.2, -0.1, 0.0, 0.1, and 0.2.

Figure 7 plots the differences among the access delays for the five test cases
with varying DBSize. Note that the access delay deviation for FL0.0 is always
0. I.e., the frequency list returned by the OIDF algorithm is optimal for any
DBSize.

0 2000 4000 6000 8000 10000
-20

0

20

40

60

80

100

120

140

A
cc

es
s 

D
el

ay
 D

ev
ia

tio
n

DBSize

 δ = -0.2
 δ = -0.1
 δ =  0.0
 δ =  0.1
 δ =  0.2

Fig. 7. Selection of Disk Frequencies



Optimized Scheduling on Broadcast Disks 103

Experiment 4: Number of Disks The final goal of our simulation study is to
study the effect of the number of disks in broadcast program on the access delay
and the period of broadcast. In this experiment, when N (the number of disks)
and DBSize (the number of pages to be broadcast) are determined, the rank
partition returned by GS and the resulting frequency list returned by OIDF are
used. Then, the simulator examines the average access delay and the broadcast
period for the generated broadcast program.
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For N = 2, 3, 4, 5, 7, 10, Figures 8 and 9 plot the average access delay and
the broadcast period with varying DBSize, respectively. The simulation results
show that as the number of disks (N) increases, the average access delay tends to
decrease in contrast to the mostly increasing broadcast period. In other words,
the more disks the broadcast program has, the more the “average responsiveness”
improves regardless of the declining “worst-case responsiveness”. Besides, Figure
8 shows that, in terms of average access delay, much improvement is not expected
by superimposing more than 4 disks on the broadcast channel.

5 Conclusion

This paper explores the problem of optimal broadcast program generation for
a hierarchical data broadcast framework called ”Broadcast Disks”. In order to
answer the problem, we mathematically modeled the program generation mecha-
nism and suggested concrete design principles for deciding (a) how many disks to
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use, (b) how to segment items with similar access probabilities into disks, and (c)
how to determine the relative spinning speeds for disks for the minimal average
access delay. Contributions of this paper are as follows:

– We developed a mathematical model on the optimality of broadcast program
generation.

– Based on our mathematical foundation, we suggested algorithms for finding
the optimal multidisk segmentation and disk frequency selection: namely
GS (Growing Segments) and OIDF (Optimal Integer Disk Frequencies). By
showing that the average access delay for the broadcast program structured
by GS and OIDF is the smallest for all experimental cases, we substantiated
the optimality of our algorithms. In addition, we showed that GS outperforms
“bucketing” significantly for any database size and any access skewness.

– We addressed our analyses on the number of disks: 1) The more disks the
broadcast program has, the more the “average responsiveness” improves, in
contrast to the declining “worst-case responsiveness”. 2) In terms of average
access delay, much improvement is not expected by increasing the number
of disks beyond 4.
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Abstract. In this paper, we propose transaction processing algorithms
in the broadcast environment. We take an optimistic approach for mo-
bile transactions because (a) it needs a small number of messages for
maintaining transactional consistency, and (b) it can make good use of
broadcasting facilities from the servers. The more data conflicts occur,
however, the more mobile transactions may be aborted. Thus, we accept
reordering technique to reduce the number of aborted transactions; that
is, whenever any kind of conflict is found from broadcast information, the
system determine the operation orders without violating transactional
consistency, not just aborting the mobile transactions unconditionally.
The proposed algorithms - O-Post algorithm for update transaction and
O-Pre algorithm for read-only transaction - do not need much informa-
tion from the server while resulting in serializable executions. Finally, we
also evaluate the performance behavior through simulation study

1 Introduction

Rapid advances in computer software/hardware and wireless network technolo-
gies have led to the development of mobile computing system. In this environ-
ment, mobile users retrieve information with a portable computer. The issues
related with efficient information dissemination from the data server to a large
volume of mobile clients has been the one of major research areas.

Broadcast disks[1] are a form of data dissemination systems. The server con-
tinuously and repeatedly pushes all data objects in the databases. The mobile
clients view this broadcast as a disk and can read the values of data objects
being broadcast. A periodic broadcast program is constructed to schedule the
broadcast of data objects cyclically according to certain popularity criteria. Some
extra broadcast slots in each broadcast cycle can be used to broadcast additional
information such as the control information described below in our algorithms.

Generally, the performance for transaction processing systems highly depends
on the underlying scheduling algorithms. Although data management in broad-
cast environments receives a lot of attention in these years, however, there are

K . -L. Tan e t al . ( E d s. ): M DM 2001, LNCS 1987, p p . 105–117 , 2001.
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only a few studies on transaction processing. In [13], they proposed two pro-
tocols, F-Matrix and R-Matrix for mobile read-only transactions. Although the
F-Matrix shows better performance, it suffers from high overhead in terms of
expensive computation and high bandwidth requirement for additional control
information for consistency check. Also, they develop a new correctness criterion
for transaction processing but it weakens serializability.

In [11], [12], a number of broadcast methods were introduced to guaran-
tee correctness of read-only transactions. The multiversion broadcast approach
pushes a number of versions for each data object along with the version. This
method increases considerably the size of the broadcast cycle and accordingly
response time. Moreover, the serialization order is fixed at the beginning of the
read-only transaction. It is too restrictive and lacks flexibility. For the conflict
serializability method, both the mobile clients and the server have to maintain
a copy of the serialization graph for conflict checking. It incurs high overhead to
maintain the serialization graph.

In this paper, we suggest new transaction processing algorithms. We choose
optimistic technique because it needs a small number of messages during execut-
ing transactions. If optimistic scheduling algorithm utilizes broadcast informa-
tion, it is possible to check whether the executing transactions until that time is
correct or not. However, the more data conflicts occur, the more mobile transac-
tions may be aborted. Thus, we also accept reordering technique to reduce the
number of aborted transactions; that is, whenever any kind of conflict is found,
the system determines the conflict operations order without violating transac-
tional consistency, not just aborting the mobile transactions unconditionally.

The proposed algorithms - O-Post algorithm for update transaction and O-
Pre algorithm for read-only transaction - do not need much information from the
server to maintain the consistency and also maintain the serializability as the
correctness criterion for transaction processing. The effects of various parameters
on the overall performance are carefully studied with our experiments. The main
contributions of our research is as following:

1. Because the proposed algorithms decrease the number of aborted transactions,
mobile clients can make good use of limited resources.

2. The server’s overhead can be reduced considerably because the most part of
the responsibility for executing transactions is transferred to clients. Thus, the
server can be a scalable system.

The remainder of this paper is organized as follows. Section 2 gives a brief
overview for system model and the notion for reordering. Section 3 describes the
basic algorithms and Section 4 describes related issues, say maintaining cache
data. Section 5 describes the simulation model developed for the evaluation of
the proposed algorithms and presents a set of experiment results. Finally, section
6 concludes the paper.
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Fig. 1. examples for reordering

2 Motivation - the Notion of Reordering

2.1 System Model

Mobile computing systems are generally composed of three important parts: data
server, mobile support station(MSS), mobile computer.

Data servers maintain data objects and process mobile transactions. The
detailed issues related with transaction processing will be explained in the section
3. Moreover, servers periodically and repeatedly broadcasts data objects to a
large mobile clients population. We assume that servers push all data objects
during one cycle. That is, all data items in one cycle are in consistent state. The
smallest logical unit of broadcast is called bucket. The first bucket of broadcast
BCi (i ≥ 1), has a serial number i, which means that servers will start to send the
(i+1)th periodic broadcast. Before broadcasting data object, servers will allocate
some buckets for useful information, which is called BCi.Cont, and send them
first. The buckets contain the following information, which were collected during
the last cycle:

BCi.Cont = {Update, Commit, Abort}
Update : the identifiers of data objects updated by committed transactions
Commit : the identifiers of committed transactions
Abort : the identifiers of aborted transactions

Mobile support stations(MSS) are located between data servers and mobile
clients and do a role of relaying messages. Since the issues related with user’s
mobility are not main concerns in this paper, we assume that MSSs do not play
an important role in our system.

The mobile clients view broadcast as a disk. Data operations are executed
in optimistic manner based on data objects being broadcast. If they receive
BCi.Cont while executing transactions, they examine the correctness according
to some criteria. To simplify the system model, we assume that there is only one
data server.
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2.2 Reordering

Generally, serializability(SR) is adopted as the correctness criterion in transac-
tion processing systems [4]. Although several algorithms have been proposed, we
take an optimistic concurrency control algorithm(OCC). This approach seems to
be appropriate in the mobile environment, because (a) it needs a small number
of messages for maintaining transactional consistency, and (b) it can make use
of broadcasting facilities from the server. However, the more the data conflicts
occur, the more mobile transactions may be aborted. Therefore, we also accept
a reordering technique to reduce the number of aborted transactions.

In this paper, we classify the conflict type into w-w, w-r, and r-w. a-b con-
flict means that the transaction which was committed in the server executed a
operation, a mobile transaction executed b operation, and a conflicts with b. If
a mobile transaction finds conflicts from BCi.Cont, it will determine whether
it should be aborted or not. Now, we will explain them in detail in the next
subsection.

Update Transaction - Post-Reordering If w-w or r-w conflicts are found for
a mobile transaction Tm,we will apply Post-Reordering. Consider the fig.1-(a):

The fact that Ts accessed data object x, y and committed in the server will
be shown through BCi.Cont. (In the detailed algorithm, the data objects read
by Ts does not be sent. see below.) At the same time, Tm executed two update
operations, which occur conflicts with the operations of Ts. When r-w or w-w
conflicts are found, we can determine that the operations of Ts were executed
first and then the write operations of Tm are executed considering data seman-
tics. That is, if we consider the final states of the data objects, the result is the
same as the decision. Therefore, we can ignore r-w or w-w conflicts, because the
committed transactions in the server never depend on the updated data by Tm.

Definition 1. If a mobile computer finds r-w or w-w conflicts from BCi.Cont,
it determines that the committed transactions in the server were executed before
the mobile transaction. We call it Post-Reordering.

Although Post-Reordering is applied to current mobile updated transactions,
it has no effect on them (see also 3.1). Therefore, we can ignore the process of
checking the occurrence of r-w or w-w conflicts. However, in case of w-r conflict,
it may violate the transactional consistency among them. As a consequence, if
w-r conflicts are found, the mobile transactions should be aborted. The server
only need to send the set of updated data objects.

Lemma 1. The Post-Reordering for r − w or w − w conflicts does not violate
serializability

Proof. Let us assume that r-w or w-w conflicts between Tm and Tsi(i ≥ 1) have
occurred after a mobile computer received control information, BCj .Cont. If w-r
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conflict are found, Tm is aborted. r−w or w−w conflicts are concerned with write
operations, wm(x), of Tm. Since Tsi has been committed and they would never
depend on the result of write operations of Tm, we can determine the conflict
order as Tsi → Tm. After that, the occurrence of r−w or w−w conflicts, if any,
also have the same ordering. Therefore the result of Post-Reordering does not
violate SR. ��

Read-Only Transaction - Pre-Reordering Unconditional abort due to w-
r conflict in Post-Reordering may cost too much if most of transactions are
read-only such as stock trading, weather information or traffic updates, etc.
Therefore, whenever w-r conflict occurs for read-only transactions, we will apply
Pre-Reordering. Consider the fig.1-(b):

In the figure, a mobile transaction Tm reads a data object x. However, the
data object x was already updated by the committed transaction Tsi(i ≥ 1)
during the same period. When Tm listens to next period BCi.Cont, it will find
w-r conflict. Considering the data semantics, we can easily determine the conflict
order as Tm → Tsi. That is, instead of just aborting Tm, we determine that
the read operation was executed before write operations. After that, we have
to execute the remaining operations in pessimistic manner not to violate the
decision. Of course, the transaction should be aborted if any of the remaining
operations may violate the pre-reordered semantics.

Definition 2. If w-r conflict occurs, we determine that read operations of a
mobile transaction happens before the write operations of committed transactions
in the server. We call it Pre-Reordering.

Lemma 2. The Pre-Reordering does not violate serializabilty

Proof. w-r conflicts are related with one or more committed update transactions,
Tsi(i ≥ 1) during the last period. The fact that the Pre-Reordering is not correct
means that Tm has read the data objects which were updated by Tsi. However,
the broadcast program is generated periodically and the updated data objects
will be shown only when next period broadcast starts. As a result, although w-r
conflicts are found, the conflict order can be determined as pre-reordering. ��

3 Optimistic Scheduling Algorithms

3.1 Optimistic Algorithm Based on Post-Reordering: O-Post

mobile computer’s algorithm The operations of Tm are executed optimisti-
cally. When a mobile computer listens to BCi.Cont, it only check the occurrence
of w-r conflict; if found, it aborts Tm; otherwise, it continues to execute the re-
maining operations. After all data operations are executed, it has to send a
commit request to the server with the following MobileData and waits for the
result:
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MobileData = { Tid, ReadSet,WriteSet,BC−id }
Tid : Transaction identifier
ReadSet : The set of data objects which Tm has read
WriteSet: The set of data objects and its new value which Tm has updated
BC−id : The identifier of broadcast which Tm has received recently

From the next period BCi.Cont, it can obtain the result of commit request.
BC−id should be maintained to prepare against the difference between the pe-
riod that the transaction sends the commit request and the server starts to check
the validation for it. That is, there may be some BCi.Cont which the mobile
transaction didn’t listen to after sent the commit request due to the network
delay and the validation processing delay. Algorithm 1 summarizes the mobile
computer’s algorithm.

Algorithm 1. the O-Post algorithm for mobile computers

♦ when receives a r(x) (or w(x,new value))
- execute it from broadcast data
- ReadSet (or WriteSet) ← x (or (x, new value)).

♦ when receives a commit request
- send the commit request with MobileData and then wait.

♦ when receives BCi.Cont
if (Tm is active) /* check for the occurrence of w-r conflicts */

- S ← ReadSet∩ BCi.Cont.Update.
- if (S �= null) abort Tm;

else BC−id← i.
else /* when it waits for the result of commit request */

- if (BCi.Cont.Commit � Tm.Tid) commit Tm;
else if (BCi.Cont.Abort � Tm.Tid) abort Tm;
else wait for BCi+1.Cont

Server’s algorithm The server performs the following functions:

- processing the commit requests for mobile update transactions
- collecting the necessary information for the next period control information
- broadcasting both control information and all data objects

In the server, there is one system queue for commit requests. When a request
arrives, it will be enqueued and then be served in FIFO mode. When the request
is dequeued, the server only check the occurrence of w-r conflict between Tm

and the transactions which were committed but does not transferred to clients.
That is, the server has to consider all the transactions, Tsi (i ≥ 0), which were
committed after MobileData.BC−id. The result will be added on next period
control information.

Theorem 1. Every history H generated by O-Post algorithm is serializable

Proof. Tm is only compared with the committed transactions Tsi (i ≥ 0). If w-r
conflicts are occurred, Tm is aborted. If r-w or w-w conflicts are found, they
are post-reordered(Tsi → Tm). Therefore, the history H generated by O-Post
algorithm has no cycle; the history is always serializable. ��
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3.2 Optimistic Algorithm Based on Pre-Reordering: O-Pre

mobile computer’s algorithm When w-r conflicts are occurred between Tm

and Tsi (i ≥ 1), we can determine that read operations are executed before
update operations (Tm → Tsi).

Once Tm is Pre-Reordered, the remaining operations are executed in pessimi-
stic manner. First of all, the mobile computer has to maintain BCi.Cont.Update
into UpdateList for the remaining read operations. When a read operation r(x)
of the remaining operations is submitted, the mobile computer checked whether
data x is an element of UpdateList; if so, Tm is aborted. This is to prevent the
incorrect result which may be generated if the read operation is executed. For O-
Pre algorithm, each mobile computer should maintain the following information:

MobileData = { Tid, ReadSet,UpdateList }
Tid : transaction identifier
ReadSet : the set of data objects which Tm has read
UpdateList : Data objects which contain the BCi.Cont.Update

UpdateList will be maintained only after the transaction was pre-reordered.
Algorithm 2 summarizes the O-Pre algorithm for mobile read-only transactions.

Algorithm 2. the O-Pre algorithm for mobile computers

♦ when receives a r(x)
if no w-r conflict occurred

- execute r(x) from broadcast data; ReadSet← x
else /* if the transaction was already pre-reordered */

if (x ∈ UpdateList) abort Tm

else execute r(x); ReadSet← x

♦ when receives a commit request
- commit it unconditionally

♦ when receives BCi.Cont
if no w-r conflict occurred

S ← ReadSet∩ BCi.Update
if (S �= NULL) /* pre-reordering */

UpdateList← UpdateList ∪BCi.Cont.Update
else UpdateList← UpdateList∪ BCi.Cont.Update

As shown in the algorithm, once pre-reordered, no check for w-r conflicts is
needed. To explain the reason, let’s assume that another w-r conflicts occurred
after pre-reordered. However, the decision for conflicts is similar with the pre-
vious conflicts, which does not violate the concept of pre-reordering. Of course,
if the operation is related with the data objects which are the elements of Up-
dateList, Tm is aborted. Therefore, the conflict check can be omitted.

Read-only transactions can commit without contacting with the server. This
is because the pre-reordering does not violate SR(Lemma 2) and the remaining
operations are executed to preserve the serializability (Theorem 2).
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server’s algorithm Unlike O-Post algorithm, the server only needs to broad-
cast the control information and data objects.

Theorem 2. Every history H generated by O-Pre algorithm is serializable

Proof. If w-r conflict is found, the conflicts order is determined as Tm → Tsi

(i ≥ 1) according to pre-reordering. After that, let’s assume that another edge,
Tsj → Tm is added into history H. At the server, all update transactions are
committed in order of validation. Therefore, the new edge is added since Tsj

was committed after pre-reordered and Tm has read the data objects which Tsj

has updated. However, Tm can detect such conflicts by executing the remaining
operations in pessimistic manner and then, will be aborted. As a consequence,
the history H generated by O-Pre algorithm has no cycle; the history is always
serializable. ��

4 Related Issues

4.1 Cache Data

Client caching reduces not only the latency but also the span of transactions,
since transactions find data of interest in their local cache and thus need to
access the broadcast channel for a smaller number of cycles. To maintain cache
data consistent, BCi.Cont information can be very useful. The accessed data
are stored into local cache and the replacement policy is LRU(Least Recently
Used). If the value of cached data becomes stale, we simply assume that a form
of autoprefetching is applied [2].

For data operations of mobile transactions, Tm, when it will access cache
data, it can do it unconditionally. It is because that the consistency check for
cache data can be delayed until next periodic BCi.Cont. Of course, whenever
Tm listens to BCi.Cont, it has to check the consistency of cache data. The rest
part of the algorithms are the same as section 3.

4.2 Disconnections

One key aspect of the mobile computing systems is the ability to deal with
disconnection. There are many research efforts to cope with this problem [?],
many of which are based on optimistic replication schemes and reconciliation.

In this section, we would just extend our algorithms so that the transactions
can continue their remaining operations although the system has been discon-
nected and reconnected. To cope with disconnection, the server has to maintain
the control information for the previous N period (BCi.Cont = the array [1..N]
of {Update, Commit, Abort}); N periods turns out the tolerable period. After
reconnection, clients first have to check how long they are disconnect. If they
are in tolerable range, they have to check all control information which they did
not listen to.
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5 Experiment

5.1 Simulation Model

In this section, we aim at studying the performance of our algorithms for broad-
cast environments. The performance model is similar to the one presented in
[1]. The server periodically broadcasts all data objects(1 to NumOfData). For
simplicity, we assume that broadcast model is flat; that is, the server broadcasts
all data objects just one time during one cycle. We also assume that there is
one queue for validation in the server. When a mobile update transaction com-
pleted all data operations, the commit request is delivered to the server and then
enqueued; they are processed in FIFO mode. The client accesses data objects
within the range of ReadRange and WriteRange which are the subset of the
broadcast data objects (ReadRange, WriteRange ≤ NumOfData). The first
data object for each range is selected at random. Within this range, the access
probabilities follow a Zipf distribution with a parameter theta to model non-
uniform access. Access patterns become increasingly skewed as theta increases.
The clients stays for ThinkTime units and then executes the next data operation
(we set time unit as the time needed for mobile transaction to read one data
object from broadcast).

There are N mobile clients executing update transactions. Each transaction
has 12 data operations. Parameter ReadWrite means the rate for write operation
per transaction; that is, the value of 40, for example, means that 40% are write
operations. Table 1 summarizes the parameters and the default values are set.
In the experiment, we don’t consider the effect of disconnection.

Table 1. parameter setting

parameter value meaning

NumOfData 1000 total number of data in the server

CacheSize 50 the size of local cache

Bandwidth 106 total bandwidth of the broadcast channel

DataUnit 500 the size of each data object

Theta(θ) 5 zipf distribution parameter

ReadRange 300 access range for read operation

WriteRange 300 access range for read operation

ThinkTime 10 time between operations in broadcast units

RestartTime 10 time between aborts and restart

ReadTime 1 execution time for read operation - time unit

WriteTime 3 execution time for write operation

BCCheckTime 3 the time for validation when receive BC.Cont

After setting the relevant parameters, we implemented the simulator. In the
experiments, we compare our algorithms both with Invalidation-Only method in
case of update transaction. In case of read-only transaction, Invalidation-Only
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method, Multiversion method are considered [12]. Note that Invalidation-Only
method does not consider update transactions. However, we choose it since its
environment is very similar to ours. For the experiment, we change Invalidation-
Only method a little; namely, clients executes update transactions optimisti-
cally. When all operations are completed, it also requests commit for the server,
which validates the request identically with O-Post algorithm. For Multiversion
method, mobile computers maintain cache data and also accept the same form
of autoprefetching.

Per each mobile client, 100 transactions are executed per client and the av-
erage value is taken from the result. Both abort rate and response time are
measured to compare the performance. In case of abort rate, the value of 10, for
example, means that 10 % of the transactions are aborted more than one time.

5.2 Experimental Result

We choose two main experiment components to compare the performance for
update transaction. The first is the number of clients. Each client executes the
update transactions. Therefore, the probability of the occurrence of conflicts
will be higher as the number of clients increases. The second one is the number
of write operation per transaction. We assume that each update transaction
executes 12 data operations. In addition to both components, we may consider
various parameters such as hot spot data, local interest data, disconnection, and
so on which have an effect on the performance. However, due to the limitation
of the space of the paper, we will not touch those factors.

Figure 2, 3 show the comparative results obtained by executing update trans-
actions. Abort rate, n, means that n % among total transactions in a client are
aborted more than once. In case of (a), the performance is evaluated with respect
to the number of clients and the number of write operation is 3. In case of (b),
while the number of clients is fixed (= 40), the number of write operation per
transaction varies. As the value in both parameters increases, many data ob-
jects are updated, thereby resulting in higher conflict rate. Figure 2 shows that
proposed O-Post algorithm less sensitive to the parameter than Invalidation-
Only algorithm. In particular, while almost transactions in Invalidation-Only
are aborted more than once under high conflict rate, several transactions in
O-Post can continue the remaining operations without being aborted. If our al-
gorithm makes use of cache data, the transaction span decreases and therefore,
abort rate is lower because the transaction listens to a fewer BC.Cont.

Since response time means the passed time from the start of transaction until
the commit, the frequent abort makes worse the response time. In figure 3, the
reason that performance differences between algorithms is relatively lower in case
of (a) than (b) is paradoxically higher abort rate of Invalidation-Only method;
that is, many transactions are aborted frequently, and therefore the number of
updated data is small.

The point to note for update transaction is that O-Post algorithm is not very
sensitive to the number of write operation. This is because the algorithm does



Mobile Transaction Management 115

 

0

10

20

30

40

50

60

70

80

90

100

10 20 30 40 50 60 70 80

(a) Number of Clients

T
r
a
n
s
a
c
t
i
o
n
 
A
b
o
r
t
e
d
 
(
%
)

Invalidation-Only

O-Post

O-Post with cache

0

10

20

30

40

50

60

70

80

90

100

1 2 3 4 5 6 7

(b) Number of write operation

T
r
a
n
s
a
c
t
i
o
n
 
A
b
o
r
t
e
d
 
(
%
)

Invalidation-Only

O-Post

O-Post with cache

Fig. 2. Abort rate for update transaction

(a) Number of Clients

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

10 20 30 40 50 60 70 80

R
e
s
p
o
n
s
e
 
T
i
m
e

Invalidation-Only

O-Post

O-Post with cache

(b) Number of write operation

0

10000

20000

30000

40000

50000

60000

70000

1 2 3 4 5 6 7

R
e
s
p
o
n
s
e
 
T
i
m
e

Invalidation-Only

O-Post

O-Post with cache

Fig. 3. response time for update transaction

not have an effect on the conflicts which occur due to write operations of mobile
transaction.

Figure 4, 5 relate with read-only transaction. To compare the performance
for read-only transaction, we changed the two parameters: (a) the number of
updated data object during one cycle and (b) the number of data operation per
transaction. For the case of (a), we assume that each transaction executes 10
read operations. Since read-only transaction does not interfere with each other
and the result for updated transaction is shown until next period, we consider
just one mobile client and one server in this experiment. The performance is
compared with Invalidation-Only algorithm and Multiversion algorithm [11],[12].
Basic Multiversion method is used and 3 old versions are transmitted.

The results of Invalidation-Only algorithm is similar to those for update
transaction. However, Multiversion shows opposite results for abort rate and
response time. Since the server sends multiple version, the algorithm maintains
abort rate low. Since the size of broadcast disk considerably increases, response
time justly makes worse. While O-Pre shows comparatively low abort rate, the
response time can be approved highly. This result can obtain due to the following
reasons: comparatively low abort rate is obtained from reordering and the size
of broadcast rarely increases, thereby improving response time. In particular,
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O-Pre algorithm shares in benefits of cache data than O-Post algorithm since it
can commit read-only transactions without contacting with the server.

6 Conclusion and Future Work

We presented two scheduling algorithms- O-Post and O-Pre- in the broadcast
environments. These algorithms are highly based on the optimistic technique. We
also accept a reordering technique to reduce the number of aborted transactions,
which utilizes the transactional consistency.

By using our algorithms, the server side and the client side can have the
virtue as following:

1. Because the proposed algorithms decrease the number of aborted transactions,
mobile clients can make good use of limited resources.

2. The server’s overhead can be reduced considerably because the most part of
the responsibility for executing transactions is transferred to clients. Thus, the
server can be a scalable system.

However, as shown in the simulation results, our algorithms cannot be free
from high abort rate. That is, due to optimistic execution, a lot of transactions
must be aborted in spite of applying reordering technique as conflicts occur more
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frequently. Therefore we have to devise another algorithms which overcome the
above limitation.

In addition, we simply assume that the broadcast from the server is flat disk
model[1]. In practice, the organization of broadcast disk deeply affects the per-
formance for transaction processing in the broadcast-based systems. Therefore,
we should analyze the properties of broadcast disk.
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Abstract. In a mobile dabase system, caching at a mobile host could
conserve the limited wireless bandwidth while reducing the query re-
sponse time, and yet cache consistency needs to be maintained. The
basic cache consistency scheme is for the server to periodically broadcast
an invalidation report that identifies the updated data objects so that the
mobile hosts may purge the stale data objects from their caches. In case
that long period of disconnection prevents a reconnecting mobile host
from guaranteeing validity of its cache based solely on the invalidation
report received, the mobile host could request the server to check valid-
ity of its cache. In this paper, we propose a set of new cache validation
schemes that can efficiently conserve the bandwidth both in cache vali-
dation and query processing afterwards. The performance of our schemes
is evaluated through the detailed simulation experiments.

1 Introduction

Thanks to advance of wireless communication technology, users are now able
to get data service not just at the fixed location on the wired network but
at any place in the wireless network environment [2]. Fig. 1 depicts a generic
architecture of the mobile computing environment. There are two types of hosts:
fixed and mobile. The fixed ones are connected to the wired communication
network and some of them called MSS (Mobile Support Station) are equipped
with the wireless communication interface to communicate with the mobile hosts.
Each MSS (the server) covers a certain physical area called a cell employing some
wireless communication technology, and communicates with the mobile hosts
within the cell through wireless channels. A mobile host can move within a cell
or among the cells while maintaining its network connection.

One characteristic of the mobile computing environment is that the network
bandwidth of a wireless channel is very limited compared to that in the wired
network environment. As such, caching whereby the frequently accessed data
objects are brought into the non-volatile memory of the mobile host is one of
the core mobile data management technologies, and has been widely investi-
gated. Caching could result in reduction of query response time, conservation
of the network bandwidth, and thus, of the battery of the mobile host, and
� This work was supported by the Chung-Ang University Research Grants in 2000.
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yet incurs the overhead of cache consistency maintenance, requiring the efficient
cache consistency schemes. In [1], the cache consistency schemes with the state-
less server that are employing the invalidation report were proposed. The server
periodically broadcasts to all the mobile hosts in the cell the invalidation report
which identifies which data objects were updated at the server and their last
update timestamps. The mobile hosts listen to the report and purge the stale
data objects from their caches by comparing the update timestamps.

The basic problem with the above approach is the disconnection of the mo-
bile hosts from the network. The network connectivity of the mobile computing
environment is not so stable as in the wired network counterpart, sometimes
disconnecting the active mobile hosts from the network. Besides, the battery life
of the mobile hosts is also not long enough, and to conserve the battery, the
mobile hosts often operate in a doze mode or are completely turned off. As such,
the mobile host could miss the invalidation report because of disconnection, and
cannot guarantee validity of its cache when it reconnects, forced to discard the
entire cache. Since the entire cache was invalidated, the forthcoming queries will
experience bulk of cache misses, incurring costly bandwidth consumption which
could have been avoided.

[5] investigates the alternative approach where instead of invalidating the en-
tire cache in such a case, the mobile host contacts the server through the uplink
channel to request for the server to validate its cache. There is a performance
tradeoff in the cache validation approach in terms of bandwidth requirement.
The process of cache validation requires the bandwidth. In return for that, the
forthcoming queries referencing those objects retained in the cache could con-
serve the bandwidth.

In this paper, we propose a set of new cache validation schemes called
2PCV (2 Phase Cache Validation), 1PCV (1 Phase Cache Validation), and BCV
(Broadcast Cache Validation) that can efficiently conserve the bandwidth both
in the process of checking cache validity and in query processing afterwards.
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The rest of this paper is organized as follows: Section 2 reviews the previous
cache consistency schemes in the mobile database system. Section 3 proposes
three new cache validation schemes. Section 4 presents the results of performance
evaluation. Finally concluding remarks are in Section 5.

2 Previous Cache Consistency Schemes

In this section, the cache consistency schemes in the literature directly related
to this paper are reviewed. In those schemes, it is assumed that the database is
fully replicated at each server (MSS) connected to the wired network, and the
timestamp of the last update for each data object in the database are maintained.
The mobile hosts are to perform queries only, and the update transactions are
executed only at the server. The data object referenced by a query is retrieved
from the cache, and if cache miss occurs, the corresponding data object with
its most recent update timestamp is requested to the server to be cached. For
cache consistency, the server periodically broadcasts the invalidation report. In
case that a mobile host wakes up from a long period of disconnection and the
invalidation report received is of no use in guaranteeing validity of the cache,
either the entire cache is dropped or some cache validation scheme is employed
to retain as many valid data objects as possible.

2.1 Schemes TS, AT, and BS

A series of steps repeated by a mobile host in the cache consistency schemes,
called TS (Broadcasting Timestamps) and AT (Amnesic Terminals), proposed
in [1] are as follows:

1. Listen to the next invalidation report.
2. If cache validity can be guaranteed with the invalidation report received,

delete the stale data objects from the cache and go to step 4.
3. Drop the entire cache.
4. Process all the pending queries submitted before the current invalidation

report is received.
5. Record the timestamp of the current invalidation report.

Scheme AT [1] is similar to TS except that the server broadcasts only the iden-
tifiers of the data objects that were updated since the last invalidation report.
Thus, AT reduces the bandwidth consumption in broadcasting compared to TS
but the mobile host which misses at least one invalidation report is forced to
discard the entire cache.

[3] addresses the problem of optimizing the invalidation report size, proposing
the scheme called BS (Bit-Sequences). The basic technique in BS is called bit-
sequence naming which employs a sequence of N bits where N is the number of
data objects in the database. Each bit represents a data object in the database,
and indicates the update status of the corresponding data object. As such, the
naming space for N objects is reduced to N bits from NlogN bits. Such a bit
sequence and the timestamp information comprise the invalidation report to
conserve the bandwidth while maintaining the cache invalidation effectiveness.
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2.2 Schemes SCC, SGC, and GCORE

[5] investigates the cache validation schemes called SCC (Simple Checking Ca-
ching) and SGC (Simple Grouping Caching), and proposes a scheme called
GCORE (Grouping with Cold Update Set Retention). In these schemes, a re-
connecting mobile host first listens to the next invalidation report. If cache va-
lidity can be guaranteed with the invalidation report received, the mobile host
is already in the normal operating mode, deleting the stale data objects from
the cache, processing queries, and listening to the next invalidation report and
so on. Otherwise, it deletes the data objects identified as stale according to the
current invalidation report from the cache, and then for the rest of the data
objects in the cache, it contacts the server through the uplink channel to verify
their validity. After cache validation is done, the mobile host enters the normal
operating mode.

In SCC, the mobile host sends the server the identifiers of all the data objects
in its cache and the timestamp of the invalidation report it has received most
recently. Then, the server notifies to the mobile host which objects are still
valid and which are now obsolete by comparing the timestamp sent with the
timestamps of the data objects. In doing so, a bit vector where each bit indicates
the update status of the corresponding data object could be used to conserve
the bandwidth.

SCC usually consumes quite a large amount of bandwidth because the iden-
tifiers of all the data objects in the cache are sent to the server. To alleviate
bandwidth requirement, in SGC, cache validation is done at the group level.
The database is partitioned into groups according to some rules so that each
data object is mapped to a unique group. The mobile host sends the server
the identifiers of the groups represented in its cache instead of the data object
identifiers. Then, the server informs the mobile host of groups’ validity, and the
mobile host deletes all the data objects that belong to the invalid groups from
its cache.

Although SGC can considerably conserve the bandwidth compared to SCC,
there is the false invalidation problem with SGC, the phenomenon where the
valid data object is invalidated from the cache just because it belongs to an
invalid group. False invalidation of a data object eventually incurs bandwidth
consumption if the query that references it is processed, requesting the server to
send it back to the mobile host.

To overcome the limitation of SGC, GCORE tries to avoid invalidating the
invalid group in its entirety. It considers the fact that the database consists
of the hot update set and the cold update set. The former represents the set
of data objects frequently updated at the server while the latter is the set of
data objects rarely updated. The data objects of the hot update set are to be
often invalidated if they are cached. As such, for an invalid group, instead of
invalidating the entire group, GCORE could retain the data objects of the cold
update set if all the updated objects (most likely belong to the hot update
set) have been included in the most recently broadcasted invalidation report [5].
Although GCORE could salvage more data objects in the cache than SGC, it
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requires the server to maintain the history of data object updates done over
the invalidation broadcast window longer than that in TS of [1], and to maintain
the group update history for each group. Besides, GCORE could still suffer from
false invalidation and might have to drop the entire cache in case that the mobile
host wakes up after a long period of disconnection.

3 Bandwidth-Conserving Cache Validation Schemes

As we have seen in the previous sections, a basic problem with the conventional
cache validation schemes is that bandwidth requirement could be high either in
the cache verification process or in query processing afterwards. This problem
gets more apparent as the number of data objects cached into the mobile host
increases. Another problem with cache validation is that the contention on the
wireless channels could be quite severe if a number of mobile hosts try to validate
their caches almost at the same time. Such a case could be observed when the
daily work begins in the morning, for example. In this section, we propose three
new cache validation schemes that can efficiently deal with these problems in
order to conserve the bandwidth.

When a reconnecting mobile host needs to check the validity of its cache with
the server, SCC described in [5] should not be employed because its bandwidth
requirement is too high. Rather, some grouping-based scheme should be used.
However, SGC is prone to falsely invalidate the cache, resulting in high band-
width consumption in later query processing. As such, a new cache validation
scheme that is grouping-based but avoids false invalidation is desired.

When the reconnecting mobile hosts try to validate their caches, they first
have to acquire the wireless channels. If the number of the reconnecting mobile
hosts is far more than the number of available channels, the delay of cache vali-
dation at each mobile host could be quite long because of the severe contention
on the channels with limited bandwidth. Besides, the bandwidth consumed by
the server to reply to each of the mobile hosts separately with information on
the validity of the cache gets very high. In such a situation, it could be more ef-
ficient for the server to broadcast the validity information through the broadcast
channel to all the mobile hosts in the cell. The rationale behind such broadcast-
ing is that most of the mobile hosts in the cell might have cached considerable
amount of common data objects, say the hot data objects. As such, a new cache
validation scheme that incorporates broadcasting deserves investigation.

3.1 Message Types and Data Structures

The messages transmitted between the server and the mobile hosts for cache
consistency are in Table 1, where Type, OID, GID, and MHID denote the mes-
sage type, the data object identifier, the group identifier, and the mobile host
identifier, respectively.

IR is the invalidation report periodically broadcasted by the server. It consists
of (timestamp, OID-list) pairs, and identifies the data objects updated in the
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Table 1. Message types and Data Structures

Type Data Structure

Broadcasted Type, (Ti, OID, OID, . . . ),
Invalidation Report (IR) . . . , (Ti−k+1, OID, OID, . . . )

Request of Data Object (Req D) Type, OID

Data Object (D) Type, Data Object

Request of Invalidation Req IR o Type, Tl, (OID, OID, . . . )
Report (Req IR) Req IR g Type, Tl, (GID, GID, . . . )

Requested Invalidation RIR o Type, (OID, OID, . . . )
Report (RIR) RIR g Type, (GID, GID, . . . )

Request of Validation Req IR o Type, Tl, (OID, OID, . . . )
Report (Req VR) Req VR g Type, Tl, (GID, GID, . . . )

Validation Report VR o Type, MHID, Tl, (OID, OID, . . . )
(VR) VR g Type, Tl, Tc, (GID, GID, . . . )

last k broadcast intervals. That is, the size of the invalidation broadcast window
is w which equals to kL seconds where IR is broadcasted every L seconds at
times Ti = iL. The first (timestamp, OID-list) pair of IR broadcasted at Ti is
(Ti, OID, OID, . . . ) where OIDs are the identifiers of the data objects updated
in the time interval [Ti−1, Ti]. Similarly, the last (timestamp, OID-list) pair of
IR broadcasted at Ti is (Ti−k+1, OID, OID, . . . ) where OIDs are the identifiers
of the data objects updated in the time interval [Ti−k, Ti−k+1].

Req D is the message for the mobile host to send to the server at cache miss
to request (and cache) the missed data object, and D is the response of the server
to Req D, sending the requested data to the mobile host.

Both Req IR and Req VR are the messages for the mobile host to send to the
server to request information on the validity of its cache, where those data objects
whose validity needs to be checked could be delivered either with the list of
data object identifiers or with the list of group identifiers. Req IR o (Req VR o)
denotes the former case while Req IR g (Req VR g) denotes the latter. Req IR
and Req VR are the messages equivalent to each other in terms of the purpose
and contents, and yet the server’s response to each message is different (see
below). Tl denotes the timestamp of the most recent IR the mobile host has
received, informing the server of the mobile host’s disconnection point.

RIR and VR are the responses of the server to the messages Req IR and
Req VR, respectively. RIR is the message to identify the data objects that are
now invalid at the cache, whereas VR is the message to identify the data objects
that are still valid at the cache. Another important difference between the two
messages is that RIR is to be sent only to the mobile host which sent the server
the corresponding Req IR message, while VR is broadcasted to all the mobile
hosts in the cell not just to the mobile host which sent the server the correspond-
ing Req VR message. Tl of VR is the very timestamp which the mobile host sent
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to the server in Req VR, indicating the mobile host’s disconnection point. Tl and
the current time, which is more specifically the time when the most recent IR
was broadcasted by the server, specify the time interval during which the data
objects listed in VR have not been updated. MHID of VR is to indicate which
mobile host has requested this VR. It is necessary because VR is broadcasted.
As in Req IR and Req VR, the data objects to be purged from the cache (RIR)
and the data objects to be retained in the cache (VR) could be sent to the mo-
bile host either with the list of data object identifiers or with the list of group
identifiers. RIR o (VR o) denotes the former case while RIR g (VR g) denotes
the latter.

3.2 Cache Validation Schemes Avoiding False Invalidation

In this section, two cache validation schemes are proposed that are grouping-
based but avoid false invalidation.

2 Phase Cache Validation 2 Phase Cache Validation (2PCV, hereafter) could
be more efficient than both SCC and SGC. It allows the mobile host to retain
as many valid data objects as SCC would retain without sending the entire list
of identifiers of data objects in its cache. Besides, contrary to SGC, it does not
falsely invalidate the cache.

In 2PCV, a mobile host checks validity of its cache with the server in two
phases. In the first phase, the mobile host sends the server the identifiers of the
groups represented in its cache with the timestamp of the most recent invalida-
tion report it has received. Then, the server replies to the mobile host, sending
the obsolete group identifiers. After this phase, the mobile host could retain as
many valid data objects as SGC could. In the second phase, the mobile host
sends to the server the identifiers of the data objects that belong to the groups
identified as obsolete in the first phase. Then, the server replies to the mobile
host, sending the obsolete data object identifiers. After this phase, the mobile
host now retains as many valid data objects as SCC could.

1 Phase Cache Validation The disadvantage of 2PCV is that the mobile host
needs to send to and receive from the server messages in two phases, consuming
the bandwidth in both phases. If the number of groups whose validity need
be checked is large or if the number of data objects that belong to the groups
identified as obsolete is large, performance of 2PCV is expected to be poor
because of high bandwidth requirement. As such, a false invalidation-free scheme
that conducts cache validation in one phase is desirable. Such a 1 phase cache
validation (1PCV, hereafter) could be realized as follows:

When the server receives from the mobile host the identifiers of the groups
represented in the cache with the timestamp of the most recent invalidation
report the mobile host has received, the server replies to the mobile host with
the data object identifiers, not the group identifiers, for those data objects that
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belong to the groups whose identifiers were received and are now stale in the
cache.

1PCV is a scheme that downgrades the granularity of the identifiers trans-
mitted between the server and the mobile hosts. The disadvantage of 1PCV is
that the server may possibly send the mobile host the irrelevant information as
well, that is, the identifiers of the data objects that belong to the obsolete group
but not cached there. Despite that, if the update ratio is not high, 1PCV could
be an efficient scheme, conserving the bandwidth.

3.3 Broadcast Cache Validation

In this section, a cache validation scheme called Broadcast Cache Validation
(BCV, hereafter) that features the broadcast by the server is proposed. BCV is
effective when the number of available channels is far less than the number of
reconnecting mobile hosts that are supposed to validate their caches, competing
for the channels that might hardly be allocated.

When the contention on the channels is severe, the mobile host that is to
validate its cache is very likely to suffer from possibly unpredictable long delays.
To resolve the problem while conducting cache validation, BCV works as follows:

The mobile host first initializes Req VR message by listing the identifiers of
all the cached data objects whose validity status is not known. Then, while it is
waiting for a channel, instead of doing nothing, it listens to the broadcasted VRs,
which other mobile hosts have requested with the Req VR messages, in order to
remove the identifiers of the data objects whose validity is certified from its
Req VR message. Such validity certification is possible because VR identifies
(1) a time interval [a, b] where a = Tl of VR and b is the current time (more
specifically, the time of the most recent IR broadcasted by the server) and (2)
the data objects that are not updated in that interval (refer to Section 3.1 and
Table 1), and because each mobile host maintains the timestamp (i.e., Tl) of
the last IR it has received. As such, the mobile host waiting for a channel could
reduce the size of its Req VR message, resulting in the reduction of bandwidth
consumption eventually when a channel is allocated. This reduction could be
significant if most of the reconnecting mobile hosts have cached a large set of
common data objects.

4 Performance Evaluation

The performance of the schemes proposed in this paper is evaluated through
a set of detailed simulation experiments. Our simulator consists of two subsys-
tems: the mobile host and the server communicating with each other through
the Communication Managers. The server is modeled with the Transaction Gen-
erator, the Invalidation Report Broadcaster, the Update Log Manager, the Data
Object/Group Validity Checker, and the Data Object Manager, whereas the mo-
bile host is modeled with the Query Generator, the Cache Validation Processor,



Bandwidth-Conserving Cache Validation Schemes 129

Table 2. Simulation Parameters

Parameter Description Setting

DatabaseSize size of the database at the server 100,000 objects

CacheSize size of the cache at a mobile host 5,000 objects

ObjectSize size of an object 256 bytes

GroupSize size of a group 100 objects

IDSize size of an identifier 64 bits

TimestampSize size of a timestamp 64 bits

UplinkBandwidth bandwidth allocated between 1.2 KBytes/sec
a mobile host and the server

DownlinkBandwidth bandwidth allocated for 1.2 KBytes/sec
broadcasting by the server

BroadcastInterval interval between two consecutive IRs 20 sec

w invalidation broadcast window 10 IR intervals

TranArrRate arrival rate of update 0.01 Xactions/sec
transactions at the server

UpdObjPerTran average number of objects 5 objects
updated by a transaction

HotUpdRegRatio ratio of hot update region size 0.1
to database size

HotUpdProb probability of 0.9
updating the hot update region

QueryArrRate arrival rate of 0.1 query/sec
queries at the mobile host

RefObjPerQuery average number of objects 20
referenced by a query

DisconnectProb probability of mobile host being 0.1
disconnected after processing a query

DisconnectTime average time for disconnection 700 sec

ChannelCompete channel competition as the number 1 ∼ 150
of mobile hosts per channel

the Query Processor, the Query Queue, the Cache Manager, and the Connec-
tion Status Manager. Our simulator was implemented in Visual C++ 6.0 with
C++SIM [4], a simulation library for C++, in Windows NT 4.0.

4.1 Performance Metric and Simulation Parameters

There is a tradeoff in terms of bandwidth consumption between the cache verifi-
cation process and query processing afterwards. As such, the performance metric
is defined as the sum of bandwidth consumption both in the cache verification
process and in query processing afterwards. The simulation parameters are sum-
marized in Table 2. The baseline parameter settings are in Table 2, which are
sustained throughout our experiments unless stated otherwise.
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4.2 Experimental Results

Fig. 2 ∼ Fig. 7 show the bandwidth consumption in the schemes compared with
respect to some varying parameters. The summary of the experimental results
is as follows:

1. As the group size, the size of the hot update region of the database, or
the object size increases, performance of our 2PCV and 1PCV that are false
invalidation free did not degrade, while that of the conventional SGC scheme
which suffers from false invalidation degraded considerably.

2. Performance comparison between the proposed 2PCV and 1PCV shows that
if the cache size is small and the update frequency at the server is high, 2PCV
outperforms 1PCV. Otherwise, 1PCV is superior to 2PCV.

3. BCV is the best scheme under the severe contention on the uplink channels
by the reconnecting mobile hosts. However, when the contention is not so
severe, BCV performs poorly.

5 Concluding Remarks

Some further works currently under way on cache validation include the follow-
ings: First, further performance enhancement could be possible in our 2PCV
and 1PCV by optimizing the size of the server’s response to the mobile host’s
request of cache verification. Seconly, the update propagation, whereby the stale
data objects are not dropped from the cache but replaced with the up-to-date
copies propagated from the server, could be adopted to further conserve the
bandwidth in our schemes. Thirdly, the process of cache validation could be
interleaved with query processing, reducing the query response time while not
consuming the additional bandwidth.
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Abstract. The challenges ensuing from the asymmetric communication 
capabilities of mobile environments have led to an increased interest in 
broadcast-based data dissemination. Among the concurrency control (CC) 
techniques for transactional clients in broadcast environments, BCC-TI has 
been shown to be more efficient than a traditional technique [1]. We propose 
two ways of improving CC performance in broadcast environments: caching 
and a weaker consistency criterion. We demonstrate that caching improves 
query response time in BCC-TI. We propose a new CC technique called Quasi-
TI that enforces a correctness criterion called quasi-consistency [2] ó useful 
when serializability is too expensive to enforce. We introduce a new caching 
scheme (PIT) and study its effects on Quasi-TIís performance. Through 
simulation, we demonstrate the benefits of the proposed techniques. 

1 Introduction 

In asymmetric communication environments, server-to-client capacity is greater than 
client-to-server capacity, because of physical attributes (e.g. mobile systems with 
cellular uplinks) or workload characteristics (e.g. a very large number of clients). 
Transmission by mobile systems over the air is monetarily expensive due to limited 
bandwidth [3]. In such environments, pull-based techniques are ineffective, and data 
dissemination techniques like broadcast disks are popular [4, 5, 6, 7, 8, 9, 10, 11]. 
Many applications in broadcast environments involve a large number of read-only 
transactions. In information dispersal systems for stock or auction data, numerous 
speculators read prices frequently, making efficient query processing essential. Many 
systems have real-time constraints too (e.g. deadlines to avoid financial loss). 

CC techniques have been proposed for transactional clients in broadcast 
environments. Broadcast CC using Timestamp Interval (BCC-TI) achieves 
serializability more efficiently than a traditional technique [1]. We explore two ways 
of improving CC performance in broadcast environments: a weaker consistency 
criterion, and caching. We propose a new CC technique called Quasi-TI that uses 
timestamp intervals. Quasi-TI guarantees a weaker consistency criterion (quasi-
consistency [2]), which allows a controlled amount of imprecision in the data read by 
a query. Quasi-TI results in lower query response times than BCC-TI. We propose a 
new caching scheme (PIT) and study the effects of caching on Quasi-TI and BCC-TI. 

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 133-144, 2001.
© Springer-Verlag Berlin Heidelberg 2001  
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2 Related Work 

Broadcast-based data dissemination has been studied extensively over a few years [3, 
12, 14]. In a broadcast disk model, the server broadcasts all objects in its database in a 
broadcast cycle and the cycle is executed repeatedly. Clients can read the values of 
the objects as they are broadcast. The model can be that of a flat disk or of multiple 
disks. The multiple disk model has been extended to allow updates at the server [12]. 

Typical applications in broadcast environments have clients that execute read-only 
transactions (queries), and a server that executes update transactions. Datacycle [13] 
supports transactions, guaranteeing serializability. CC techniques that exploit the 
semantics of read-only transactions are proposed in [1, 15]. In [15], different queries 
can observe different orders of update transactions. Quasi-consistency differs from 
this correctness criterion in that it allows a query to specify the amount and type of 
imprecision it can tolerate. The BCC-TI [1] scheme guarantees serializability using 
dynamic adjustment of timestamp intervals [16], and works as follows. During each 
broadcast cycle, the server stores information on update transactions that committed 
in that cycle, building a control information table (CIT). The server broadcasts the 
CIT in the next cycle. At clients, every query has a timestamp interval that is used to 
record the temporary serialization order induced during execution. When a query 
reads an object or a CIT, its timestamp interval is adjusted to reflect dependencies 
between the query and committed update transactions. If the interval becomes invalid 
(lower bound ≥ upper bound), a non-serializable execution is detected and the query 
is aborted. BCC-TI has been compared to optimistic CC with forward validation 
adapted to broadcast environments, and performance gains have been shown [1]. 
Broadcast methods for queries in [3, 17] do not consider real-time constraints. 

Semantic-based consistency criteria that are weaker than serializability are 
presented in [2], in the context of caching data at clients in information retrieval 
systems in order to improve query response time. In order to reduce the overhead of 
keeping cache copies consistent, applications allow cache copies to diverge from the 
central server copy in a controlled manner. Quasi-caching is a technique that allows 
such controlled divergence. Examples of quasi-caching constraint types include: 
1. arithmetic: based on difference in values of cache copy and central copy. 
2. version: based on number of changes between cached and central copies. 
3. delay: based on time by which cache copy lags behind central copy. 
Quasi-caching would be appropriate for a stock trading application. A user interested 
in stock prices of chemical companies may be satisfied if she reads prices that are 
within 5% of the true prices (arithmetic constraint). On an update, the server decides 
whether to propagate the value, based on the clientís tolerable imprecision level. 
Propagation-overhead is cut and flexibility in scheduling propagation increases. 

3 Quasi-consistency in Broadcast Environments 

We propose a new CC technique for broadcast environments called Quasi-consistent 
Timestamp Intervals (Quasi-TI) based on quasi-caching constraints. Enforcing  



  Quasi-consistency and Caching with Broadcast Disks 135 

quasi-consistency instead of serializability can reduce aborts. Consider a query Q  
that has read some objects, and requires some more objects before it can commit. If  
an update transaction U modifies one of the objects that Q has read and then  
commits, it may be impossible to guarantee serializability by ordering either Q after  
U or U after Q; so Q must be aborted. But if Uís modifications leave objects within  
an imprecision level that Q can tolerate, Q will not be aborted. Let Q1 be a query at a 
mobile client, that reads the stock prices of X and Y. Q1 can tolerate imprecision of  
up to $2.50 in the values it reads. U2 and U3 are update transactions at the server, and 
update X by $3 and $1 respectively. U4 is an update transaction that updates Y  
by $5. Consider the following events, where r=read, w=write, and c=commit. 

Time  8  11 14  16  20 
Operations w2(X) c2  r1(X) w3(X) c3  w4(Y) c4  r1(Y) 

If we enforce serializability, Q1 proceeds as follows. Q1 starts with a timestamp 
interval of (0, ∞). At time 11 when Q1 reads X, the lower bound of its timestamp 
interval becomes 8 (last update time of X), because Q1 must be ordered after U2 to 
achieve a serializable execution. At time 14 when X is updated by U3, the upper 
bound of Q1ís timestamp interval becomes 14 as Q1 must be ordered before U3. At 
time 20 when Q1 reads Y, the lower bound becomes 16 (last update time of Y), as Q1 
must be ordered after U4. Since the lower bound > the upper bound, Q1 is aborted. 

If we take advantage of Q1ís tolerable imprecision and enforce quasi-consistency, 
the sequence of events changes. At time 11, when Q1 reads X, the lower bound of its 
interval becomes 8 (last update time of X), as Q1 must be ordered after U2. At time 14 
when X is updated by U3, Q1 can ignore the update and still hold a sufficiently precise 
value of X. The upper bound remains at ∞. At time 20, when Q1 reads Y, the lower 
bound becomes 16 (last update time of Y), as Q1 must be ordered after U4. As Q1ís 
timestamp interval is valid, Q1 commits. This illustrates that a quasi-consistent system 
can potentially reduce aborts and perform better than a serializable system. 

3.1 Server Algorithm 

The server stores a database of objects. Update transactions execute at the server and 
update the values of the objects. Let U be an update transaction, and WS(U) the write 
set of U (set of objects that U modifies). When U commits, the server assigns TS(U) 
(the timestamp of U) to be the current time. For every object d, the server maintains 
WTS(d), the largest timestamp of a transaction that has modified d and committed. In 
a broadcast cycle, the server broadcasts every database object d with WTS(d). 
Periodically, the server broadcasts a control information table (CIT) containing 
information about recently-committed update transactions, so that clients can check 
the validity of outstanding queries. When a transaction U commits, the server: 
1. Sets TS(U) to the current time. 
2. Copies TS(U) into WTS(d), for all d in WS(U). 
3. Records TS(U) and WS(U) in the CIT. 
The CIT is broadcast at least once (and possibly multiple times) every broadcast 
cycle. This allows a client to detect conflicts at an early stage and abort invalidated 
queries. Every time the server broadcasts the CIT, it resets the CIT to an empty table. 
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3.2 Client Algorithm 

Queries execute at mobile clients. Before a query starts execution, it optionally 
specifies its quasi-consistency limits: how much inconsistency the query can tolerate. 
This information is specified in three forms: [1] imprecision in value of any object: 
ImpLimit(Q); [2] number of version lags between read version and latest version of an 
object: VersionLagLimit(Q); [3] time lag between read version and latest version: 
TimeLagLimit(Q). If any of these limits is exceeded before Q commits, Q is aborted. 
If Q does not specify one of these limits, it is assumed that Q does not care about the 
inconsistency introduced in that form. Consider an application where any update can 
modify d by at most 1.0. If Q can tolerate an imprecision of 3.0 in d, Q can leave 
ImpLimit unspecified and specify a VersionLagLimit of 3 to ensure correctness. 

When a client starts executing query Q, it assigns a timestamp interval of (0, ∞) to 
Q. Let LB(Q) and UB(Q) be the lower and upper bounds of this interval. When Q 
requests a read, the client adds the request to the list of objects to be read off the air. 
The client reads only those objects that are requested by its queries, and also reads 
every CIT. For every object d that Q reads, Q stores the value of d, WTS(d), and a 
running estimate (versionLag[d]) of the number of versions by which Qís copy of d 
lags. When Q reads an object or a CIT, Qís quasi-consistency limits are checked. Qís 
timestamp interval is adjusted only if its quasi-consistency limits make it necessary to 
reflect the serialization order induced between Q and committed update transactions. 
If the timestamp interval becomes invalid, Q is aborted and restarted. 

When a requested object d is broadcast, the client reads dës value and WTS(d). For 
every query Q that requested the read, the client checks Qís validity as follows: 
1. Store the value of d and WTS(d), and set versionLag[d] to zero. 
2. Set LB(Q) to max (LB(Q), WTS(d)). 
3. If LB(Q) ≥ UB(Q), then abort and restart Q. 
In other words, the timestamp interval of Q is set to reflect the fact that Q must be 
ordered after the last transaction that modified d. When a CIT is broadcast, the client 
checks the validity of each outstanding query Q as follows: 
1. For every d that has been read by Q and has since been written by a transaction U 

in the CIT, versionLag[d] is incremented by the number of such transactions U. If 
versionLag[d] > VersionLagLimit(Q), then UB(Q) is set to min (UB(Q), TS(U)). If 
LB(Q) ≥ UB(Q), then Q is restarted. 

2. For every d that has been read by Q and has since been written by a transaction U 
in the CIT, the time difference between TS(U) and the read time of d (WTS(d)) is 
calculated. If this difference exceeds TimeLagLimit(Q), then UB(Q) is set to min 
(UB(Q), WTS(U)). If LB(Q) ≥ UB(Q), then Q is restarted. 

3. If ImpLimit(Q) is 0, UB(Q) is set to min (UB(Q), TS(U)) for all U in the CIT that 
have updated an object d read by Q. If LB(Q) ≥ UB(Q), then Q is restarted. 

4. If ImpLimit(Q) > 0, the actual imprecision must be checked the next time the 
object is broadcast. Therefore, a reread request is enqueued for every such object. 

If U leaves objects read by Q within imprecision limits tolerable by Q, then Q does 
not adjust its timestamp interval in order to serialize after U. But if Q must be ordered 
after U, Qís interval is adjusted to reflect this order, and Q is aborted if the resulting 
order is unserializable. 
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Requests for a reread of object d are processed when the server broadcasts d. For 
every query Q that requested a reread of d, the client checks Qís validity as follows: 
1. Calculate difference between previously read value of d and new value of d. 
2. If difference exceeds ImpLimit(Q), then set UB(Q) to min (UB(Q), WTS(d)). 
3. If LB(Q) ≥ UB(Q), then restart Q. 

4 Caching 

Without caching, a client waits an average of half a broadcast cycle to read an object. 
Caching can improve performance by reducing this waiting time. First, we describe 
the P-caching (P=Probability-of-access) scheme, where a client caches objects that it 
will access with a high probability. If the set of queries at a client is static, access 
probabilities can be computed in the beginning. If the set of queries is dynamic or 
unknown, the client can keep a running estimate of the access probability per object. 

4.1   P-Caching 

In P-caching, the entry for a cached copy c consists of the value of the object (val[c]), 
its timestamp (TS[c]), the version lag that the copy has accumulated (versionLag[c]) 
and the time lag accumulated (timeLag[c]). The changes to the clientís algorithm are 
as follows. When a query Q requests a read, the client checks if there is a cached 
copy of the object. If there is a copy (c), the client does the following: 
1. If versionLag[c] and timeLag[c] are both zero, then Q uses the cached copy c. 
2. If ImpLimit(Q) is unspecified, and versionLag[c] < VersionLagLimit(Q), and 

timeLag[c] < TimeLagLimit(Q), then Q uses the cached copy c. Otherwise, Q 
waits and reads the object the next time the object is broadcast. 

When a requested object is broadcast, the client checks if a copy of the object already 
exists in its cache. If a copy exists, the value and timestamp of the cache entry are 
updated, and the versionLag and timeLag of the entry are reset to zero. If a copy does 
not exist, the object is inserted into the cache if there is an available cache slot. If no 
slot is available, the cache entry with the lowest P-value (probability of access) is 
selected as a victim to be replaced by the new object. 

Every time a CIT is broadcast, the client checks if it has cached copies of any of 
the modified objects. For every such copy c, timeLag[c] is set to (TS(U) - TS(c)), 
where U is the last transaction that modified the object. versionLag[c] is incremented 
by the number of transactions that have updated the object since the last CIT. 

4.2 PIT Caching 

P-caching uses the criterion of probability of access to decide which objects to cache. 
In a quasi-consistent system, another criterion becomes important: the tightness of  
the consistency constraints of a query. The constraint tightness of a query is inversely 
proportional to the amount of imprecision it allows in ImpLimit, VersionLagLimit  
and TimeLagLimit. Intuitively, if an object is read by queries with very tight  
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consistency constraints, then caching the object is not very useful because queries 
may have to read the object off the air anyway, to obtain sufficient precision. 

We introduce a new caching scheme PIT (Probability-of-access Inverse constraint-
Tightness). Every cached object has a PIT value stored with it. An objectís PIT value 
is the access probability of the object divided by the maximum of the constraint 
tightness values of the queries that have read the object. During cache replacement, 
the victim cache entry is selected to be the one that has the lowest PIT value. 

Table 1. Baseline Parameters 

Parameter Value Parameter Value 
ServerObj 600 HotObjects 200 
ClientObj 300 ClientHotObj 100 
ObjectSize 8000 UpdArrive 100 
QryArrive 132 ThinkTime 64 

MinUpdSize 3 MaxUpdSize 4 
MinQrySize 3 MaxQrySize 4 

MinSlack 2.0 MaxSlack 8.0 
CITcycle 100 CacheSize 100 
AvgImp 30.0 AvgVLag 6 

AvgTLag 3000 HotProb 70 
PercNoImp 0 MaxValChange 5.0 

5 Performance Evaluation 

We simulated a flat broadcast disk 
with one server and one client. The 
client accesses only a subset 
(ClientObj) of the objects that the 
server broadcasts, modelling the fact 
that the server is serving other clients. 
HotObjects among a total of 
ServerObj are very frequently 
updated (with probability HotProb). 
The simulation runs in units of bit 
times (1 bit time = time to broadcast 
one bit. We assume that the network 
delivers objects in FIFO order. Each 
object is of size ObjectSize bits. An 
update transaction commits at the 
server every UpdArrive Kbit time 
units. Update transaction size is uniformly distributed between MinUpdSize and 
MaxUpdSize. An update can change the value of an object by ≤ MaxValChange 
units. The server broadcasts a CIT after every CITcycle objects. For the client, there 
are ClientHotObj hot objects. The probability of reading hot objects is HotProb. No 
attempt was made to match up hot spots at server and client. A query arrives every 
QryArrive Kbit time units, and submits a read every ThinkTime Kbit time units. 
Query size is uniformly distributed in [MinQrySize, MaxQrySize]. Queries specify 
ImpLimit, VersionLagLimit and TimeLagLimit when they arrive. These limits are 
chosen from uniform distributions centred around AvgImp, AvgVLag and AvgTLag. 
PercNoImp percent of the queries leave ImpLimit unspecified. A query can read 
objects from a cache of size CacheSize objects. A query is allowed to use a cached 
copy only if it is known that the copy is sufficiently accurate, given the queryís quasi-
constraints. A query is aborted if objects that it has read become too stale before it 
commits. An aborted query is restarted and run until it commits, even if it has missed 
its deadline (soft real-time transaction). We simulate a restart by starting a new query. 
The deadline is (current time + slack factor * predicted execution time), where slack 
factor is uniformly distributed in [MinSlack, MaxSlack]. Performance metrics are 
average query response time, percentage of queries restarted and percentage of 
queries that missed deadlines. 
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5.1 Experiment 1: P-Caching in BCC-TI 

We ran BCC-TI with no caching and with P-caching, and compared response times 
and miss rates. Imprecision limits are set to zero to enforce serializability. Fig. 1a 
shows average query response time for different arrival rates of update transactions. 

Fig. 1. Effect of Caching on BCC-TI 
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The response time increases as updates 
become more frequent, since more and 
more queries are aborted due to object 
copies becoming stale. When caching is 
used, the average wait time for a read is 
reduced since the query can use a cached 
copy instead of having to wait for the next 
broadcast of an object. Moreover, the 
earlier a query completes execution, the less 
likely it is to abort due to its copies 
becoming stale. Fig. 1a shows that caching 
is most useful when updates are rare. The 
improvement in response time is about 
28.5% at the lowest update arrival rates, 
and about 12.2% at the highest update 
arrival rate. As updates become more frequent, caching becomes less beneficial, 
because cache entries are frequently invalidated. The reduction in response time is 
reflected in a decreased deadline miss rate (Fig. 1b). Fig. 1c shows the average 
response time of a query, given different cache sizes. As the cache size increases, 
more objects can be stored in the cache, and it is more likely that a query will find a 
cached copy of the object. Caching is most effective at the maximum cache size 
(when all the objects accessed by the client are cached), reducing the average query 
response time by up to 64% at an update arrival time of 100 Kbit time units. 

c. 
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5.2 Experiment 2: Quasi-TI compared to BCC-TI 

BCC-TI enforces serializability, while Quasi-TI enforces quasi-consistency. Quasi-
consistency can reduce the number of aborts because a queryís semantics may allow 
it to ignore updates to previously-read data, within certain tolerable limits. Reducing 
aborts reduces the average response time because fewer queries have to be restarted. 

Fig. 2. Effect of Update Arrival Rate on BCC-TI and Quasi-TI 
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Fig. 2a shows the percentage of queries 
aborted as the update arrival rate is varied. 
As updates become more frequent, aborts 
in BCC-TI increase rapidly, while aborts in 
Quasi-TI increases less rapidly. As a result 
of the increased aborts, the average 
response time increases more rapidly for 
BCC-TI than for Quasi-TI (Fig. 2b). The 
UpdArrivTime used for this experiment is 
25 Kbit time units. Quasi-TIís response 
time grows very slowly because queries 
stay within tolerable imprecision limits 
even when objects that they have read are 
updated. The reduction in the percentage of 
aborts by Quasi-TI is up to 41%, and the 
resulting improvement in response time of 
Quasi-TI as compared to BCC-TI is up to 19.2%. The decrease in query response 
time manifests itself as a reduced deadline miss rate (Fig. 2c). 

c. 

The looser the consistency constraints of queries, the less likely it is that the 
queries will be aborted. Fig. 3a shows percentage of queries restarted as the looseness 
of consistency constraints is varied. The looser the constraints, the higher the values 
of AvgImp, AvgVLag and AvgTLag. A looseness of zero represents BCC-TI. As 
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constraints become looser, aborts decrease, reducing query response time, letting 
Quasi-TI outperform BCC-TI by up to a 21.6% reduction in response time (Fig. 3b). 

Fig. 3. Effect of Constraint Looseness on BCC-TI and Quasi-TI 
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5.3 Experiment 3: Caching in Quasi-TI 

In this experiment, we studied caching effects on Quasi-TI. Recall that in addition to 
P-caching, a new scheme called PIT-caching becomes appropriate for Quasi-TI. We 
ran Quasi-TI without caching, and then with P-caching and PIT-caching, and 
compared the average query response time and deadline miss rate. Caching benefits 
Quasi-TI if consistency constraints are loose and there are a significant number of 
queries which donít care about the imprecision in object values. 

Fig. 4. Performance of Caching in Quasi-TI 

      

b. a. 
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The PercNoImp used from now on is 50, and UpdArrivTime is 25. Fig. 4a shows 
query response time as update transaction arrival rate is increased. The difference 
between P-caching and PIT-caching is very small and not apparent in the graphs for 
response time and miss rate. P-caching reduces the response time of Quasi-TI by 
28.7% (PIT-caching by 28.6%) when updates are rare. With frequent updates, the 
improvement in response time goes down to 9.7% for P-caching (9.8% for PIT-
caching). This is because at high update rates, more cache copies become invalid, and 
queries have to read objects off the air. The average wait time to read an object off 
the air is half a broadcast cycle. The longer execution time makes an abort more 
likely, and an abort implies a longer response time because the query is restarted. A 
long response time means that the query is more likely to miss its deadline (Fig. 4b). 

P-caching and PIT-caching perform similarly. PIT-caching would perform better if 
there were a large number of objects that are frequently accessed but have such tight 
consistency constraints that caching them would be useless. We conjectured that our 
workload did not have this property. In order to confirm this hypothesis, we modified 
our workload to have the above property for experiment 4. 

5.4 Experiment 4: Caching in Biased Quasi-TI 

In order to confirm the above hypothesis, we modified our workload so that the most-
frequently-read objects had the tightest consistency constraints, that is, tolerable 
imprecision limits of zero. We ran Quasi-TI without caching, with P-caching and 
with PIT-caching, on this modified (biased) workload. Fig. 5a shows query response 
time as update transaction arrival rate increases. PIT-caching now outperforms P-
caching by 23-28%, due to the fact that objects cached in P-caching become 
invalidated frequently, while PIT-caching selects objects that have loose consistency 
constraints and that are therefore less frequently invalidated. 

Fig. 5. Performance of Caching in Biased Quasi-TI 
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The frequent invalidation of cache entries in P-caching has two implications: [1] 
Queries donít often find usable cached copies. [2] Even when queries are able to use 
cached copies, they may be aborted due to the copy becoming invalid. The benefits of 
PIT-caching are tempered by the fact that the objects that it caches are not accessed 
frequently. The improvement in response time is reflected in the miss rate (Fig. 5b). 

5.5 Experiment 5: Effect of Object Size 

As object size increases, the length of the broadcast cycle increases. Therefore the 
average wait time for a read becomes higher, increasing the query span. A longer 
query span implies a higher probability of data conflict and hence a higher abort 
probability. Therefore, the average response time (in BCC-TI and Quasi-TI) increases 
with object size. The deadline miss ratio in both techniques also increases, because it 
is more difficult for a query to meet its deadline after an abort. BCC-TI is slightly 
more sensitive to object size than Quasi-TI because Quasi-TI has fewer aborts and 
restarts than BCC-TI. The performance of BCC-TI and Quasi-TI for different object 
sizes are shown in terms of average response time (Fig. 6a) and deadline miss rate 
(Fig. 6b). The difference in average response time of the two schemes varies from 
10.6% at small object sizes to about 15% at larger object sizes. 

Fig. 6. Effect of Object Size 
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6 Conclusions 

We have presented a new CC technique for asymmetric communication environ- 
ments (Quasi-TI), which allows queries to specify semantic consistency constraints 
and enforces these constraints. Quasi-TI can result in fewer aborts, a lower query 
response time and a lower deadline miss rate than BCC-TI. Through simulation, we 
have demonstrated the benefits of caching for BCC-TI and Quasi-TI. We have 
presented a new caching scheme, PIT-caching, for quasi-consistent systems. BCC-TI 
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benefits from P-caching when updates are rare and the cache is large. Quasi-TI 
outperforms BCC-TI, especially when updates are frequent and consistency 
constraints are loose. Caching benefits Quasi-TI when consistency constraints are 
loose and a significant number of queries leave their tolerable imprecision in object 
values unspecified. PIT-caching outperforms P-caching when many frequently-
accessed objects have tight consistency constraints. We plan to extend this work to 
multiple broadcast disks and study broadcast-frequency-based caching. Prefetching 
objects into the cache is an interesting issue. We plan to run extensive tests with 
different workloads and study the effect of matching hot spots at server and client. 
Finally, we would like to explore other caching schemes. 
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Abstract. In mobile environments, information systems are often ac-
cessed through wireless WANs. Thus the users often have to cope with
difficulties such as low bandwidth, high delay, and frequent disconnec-
tions. Hoarding is an efficient method to overcome these difficulties. The
idea is to transfer information, which is probably needed by the user in
the near future, in advance, so that it is already stored on the user’s
mobile device when it is actually accessed. In this paper, we present a
location-aware hoarding mechanism that is based on the use of wire-
less LANs, so-called info-stations. Due to its flexibility, we claim that
our mechanism can be applied in any location-dependent information
system.

1 Introduction

With the increasing pervasiveness of mobile computing devices the need for mo-
bile information access grows continuously. A large variety of mobile information
systems already exists, e.g. map/navigation systems [10] or mobile guides [4].
Many of these systems are location-aware, i.e. they consider the users’ locations
in order to improve the service they offer. For example, location information,
which is gathered by a GPS sensor, can be used to determine the information
items that are probably of interest for the user. Since the same basic function-
alities are useful in almost all location-aware information systems, we currently
develop an infrastructure for such systems, which provides these functionali-
ties [6]. One of these functionalities is the location-aware hoarding mechanism
described in this paper.

Hoarding tries to overcome the drawbacks of wireless WANs, in particular
the low bandwidth, high delay, and frequent disconnections. It aims at providing
mobile information access for the users that can not be distinguished from an
information access through a wired network. The idea is to transfer information,
which is probably needed by the user in the near future, in advance, so that it is
already stored on the user’s mobile device when it is actually accessed. It is even
possible to access hoarded information in areas where no network is available at
all, e.g. within buildings or tunnels. The problem with hoarding is to predict,
which information the user will need. In our mechanism the decision about what
information to hoard (hoarding decision) is primarily based on predictions of

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 145–157, 2001.
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a user’s future movement. In addition, we consider the number of information
items that the user will probably access at each of his future locations.

The remainder of this paper is structured as follows: In Section 2 we present
our mechanism in detail. Afterwards, we analyze the efficiency of our algorithm
in Section 3 and discuss the related work in Section 4. Finally, we conclude our
paper in Section 5.

2 Hoarding Mechanism

In this section we describe our hoarding mechanism in detail. We begin with a
description of the system environment. We also show how we gather and maintain
the knowledge on which the hoarding decision is based and how this knowledge
is finally used for the hoarding decision.

2.1 System Environment

We consider information systems that provide access to a set of discrete infor-
mation items. The users access these items through mobile devices. We assume
that the information access is location-dependent, i.e. it depends on the users’
locations, which items they preferably access. Therefore, it is possible to use
knowledge about a user’s future location in order to predict the information
items he will most probably request.

An example for a strongly location-dependent information access is the access
to a map server in order to get a map of a user’s current environment. Here,
we exactly know, which parts of a map belong to each location. Thus, we can
easily predict which information items will be accessed, if we know the user’s
future location. Further examples are the access to situated information [5] or
to information provided by mobile guides.

For the communication infrastructure we use the info-station concept pro-
posed in [2]. There, a number of high-bandwidth wireless LANs with a typically
low range, so-called info-stations, are placed in an area otherwise only covered
by a wireless WAN (see Figure 1). In our approach, the hoarding is exclusively
performed at the info-stations. Each info-station has an associated proxy server,
which coordinates the hoarding processes for the mobile clients arriving at the
info-station. In the remainder of this paper we use the term info-station for the
entirety of the wireless LAN and the associated proxy server.

Each info-station serves a geographically limited area, its so-called hoarding
area. In reasonable configurations the hoarding area of an info-station will be
bigger than the area covered by its wireless LAN. Each hoarding area is logically
separated into non-overlapping zones, e.g. equally sized squares (see Figure 2).

2.2 Overview

The hoarding process for each user is performed in a cyclic manner. Every time
a user visits an info-station, a new hoarding cycle begins. The cycle ends when
he reaches the next info-station. Every cycle consists of the following three steps:
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Fig. 1. Theinfo-station infrastructure. Fig. 2. Info-stations (IS), their hoard-
ing areas (HA), and zones.

1. Download: During this step, the information items that the user will proba-
bly need before reaching the next info-station are transferred to his mobile
device. The decision about what information items should be hoarded is
based on predictions of the user’s future movement. The total number of
items that are transferred to the user’s device depends on the memory size
of the device and the time the user is willing to wait for the download process
to finish.

2. Inter info-station movement: This step begins after the user has left the
info-station. During this period, the information system can not be accessed
through a wireless LAN. The user’s information requests are primarily an-
swered with the information hoarded at the previous info-station. Only in
the case of hoard misses a connection to the information system has to be
established through the wireless WAN. Ideally, the wireless WAN has not to
be used at all. Actually, we can even rely on an infrastructure without a wire-
less WAN. However, then the user has to accept that in case of a hoard miss,
his information request can not be answered. During the inter info-station
movement, the identifiers of all visited zones are logged in a file on the user’s
mobile device. Additionally, the identifiers of all requested information items
are logged together with the zones where they occurred.

3. Upload: When the user reaches the next info-station, the movement step ends
and the upload step starts. The main task during this step is to propagate
the information gathered in the log-file to the corresponding info-stations.

After the upload step has been terminated, the cycle restarts with the subsequent
download step. In order to realize this hoarding mechanism we have to gather,
maintain, and use knowledge about the users’ information requests and their
movement patterns. How we do this, is described in the following subsections.

2.3 Evaluation of Log-Files

The primary source of information about the users’ behavior are the log-files,
which have been written to their mobile devices during the period of inter info-
station movement. In this subsection, we show how these log-files are evaluated
during the upload period.
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When a user arrives at an info-station, the evaluation of the log-file stored on
his mobile device starts with the transfer of the file to the info-station’s proxy
server. After the transfer is completed, the file is deleted on the mobile device.

The log-files are further processed on the proxy server as follows: First, the
reports about the information requests in the log-file are grouped, according
to the zone where they occurred. So we get a table containing zones and the
identifiers of all the information items that the user requested in that zone.
Second, this table is extended with the identifiers of the zones that have been
visited, but where no information request occurred. We end up with a table,
which contains pairs (z, l) of zone identifiers z and lists l of information items
requested in zone z. Each list l contains each information item at most once.

Finally, the proxy sends a report message to every info-station whose hoard-
ing area covers at least one of the zones zi in the table. To every info-station s
at most one report message is sent, which includes all pairs (z, l) of the table for
which the zone z belongs to the hoarding area of s. Although it would be more
efficient to draw the required information directly from the log-file, we assume,
for simplicity, that the evaluating proxy also sends a report message to itself.

To find out which info-stations serve a certain zone, the proxy asks a directory
server which knows the hoarding area of every info-station. The log-files are
transferred anonymously from the users’ mobile devices to the proxy servers.
However, the info-stations have to know the address of a user’s device in order
to communicate with it. Thus, information about a user’s behavior might be
mapped to the address of his mobile device. This leads to privacy problems that
are comparable to those that appear when a user accesses a standard web server.

2.4 Knowledge

Every info-station maintains three different types of knowledge about each zone
within its hoarding area: knowledge about which items are preferred at each
zone, the probability with which each zone is visited, and the average number
of information items that are requested at each zone.

Hot Spot Tables The knowledge about the preferred information items is stored
in so-called hot spot tables. For every zone in an info-station’s hoarding area the
proxy server maintains a separate table. The tables contain pairs (i, c), where
i is the identifier of an information item and c is a hit counter. The tables are
sorted by the values of the hit counters.

In order to keep their hot spot tables up to date, the proxy servers process
each incoming report message. Let us assume that a report message contains an
entry that tells the proxy that information item i has been accessed in zone z.
Then, the hot spot table of zone z will be updated in the following way: if there
is already an entry for item i, the according hit-counter c is increased by one.
Otherwise, a new entry for item i is added to the table. In this case, the according
counter is initially set to one. To avoid that the hot spot tables become too
big, all hit-counters are periodically decreased by one. If a hit-counter has been
decreased to 0, the according entry is removed from the hot spot table. A further
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advantage of decreasing the counters is that the hot spot tables dynamically
adapt to changes in the users’ information request patterns.

Probability Maps The second source of information, which is used to select the
items to hoard, is knowledge about the visit probabilities of each zone in an info-
station’s hoarding area. This knowledge is stored at each info-station in so-called
probability maps.

Formally, a probability map is a function p : Z �→ [0, 1], where Z is the set of
zones located in the info-station’s hoarding area. The function p assigns to every
zone z in the hoarding area the probability with which the zone is visited. We
call these functions probability maps because of their graphical representations.
Such a representation is depicted in Figure 3. The brighter a square is depicted,
the higher is the visit probability of the according zone.

Fig. 3. A probability map.

Like the hot spot tables, the probability maps are continuously updated.
For this purpose each info-station maintains a visit counter vz for every zone z
within its hoarding area. Every time a configurable time period ∆ has elapsed an
update is performed. At the beginning of each time period ∆, all visit counters
are set to 0. During a period ∆ the visit counter vz of a zone z is increased by
one, every time a report message is received, which contains an entry for z. At
the end of the time period ∆ the visit probability p∆(z) of zone z during the
time period ∆ can be calculated as follows:

p∆(z) =
vz

n
,

where n is the total number of report messages received during the time period
∆. Finally, the probability map p is updated by assigning new values p′(z) to
each zone z according to the following formula:

p′(z) = α · p(z) + (1 − α) · p∆(z)

The parameter α determines how strong former time periods are reflected in the
new probability map.

Request Maps Each info-station also maintains a request map of its hoarding
area. Like the probability maps, the request maps are functions. A request map
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r : Z �→ [0..∞) assigns to every zone z in the info-station’s hoarding area, the
average number of different information items, a user requests during a visit of
zone z.

The update algorithm for the request maps, works quite similar to the one for
the probability maps. For the time between two subsequent updates, the same
interval ∆ is chosen as for the update of the probability maps. In addition to
the visit counters vz, the update algorithm for the request maps uses request
counters rz . They are also set to 0, at the beginning of every time period ∆. The
request counter rz of zone z is increased, every time a report message is received
that contains an entry for zone z with a non-empty list of information items. It
is always increased by the number of information items in the list. At the end
of an observation period ∆, the average number r∆(z) of information items a
user requested during a visit of zone z is determined. This is done by using the
counters vz and rz :

r∆(z) =
rz

vz

Finally, the new values r′(z) for the probability map are determined as follows:

r′(z) = β · r(z) + (1 − β) · r∆(z)

β is again a parameter to determine how strong former time periods are reflected
in the new values.

2.5 Selection Algorithm

The selection algorithm uses the knowledge available at the info-stations, in
order to determine the information items a user will most probably need before
he reaches the next info-station. The algorithm is executed at the beginning of
every download step.

In the following, we describe one of two different variants of our selection
algorithm. It performs well, as long as the hot spot tables of different zones do not
have many items in common. If there are items which appear in two or more hot
spot tables, the performance of this variant decreases. The reason for this is that
the same item is selected repeatedly for the download, and therefore resources are
wasted. This problem is solved in the second variant, which is not described here
due to space limitations. However, this second variant requires more calculations
than the first one. Therefore, it should only be used if a significant number of
information items appear in more than one hot spot table.

In the variant described here, the selection algorithm begins with the cal-
culation of a hoarding score h(z) for each zone z in the info-station’s hoarding
area. Since we want to transfer the most information items for the zones that are
visited with the highest probabilities and where the highest number of different
information items are accessed, we calculate the hoarding scores as follows:

h(z) =
p(z) · r(z)∑

j∈Z

p(j) · r(j) (1)
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Basically, the hoarding score of a zone is the number of different information
items, an average user requests in the zone, weighted with the zone’s visit prob-
ability. In addition, these weighted request numbers are normalized, so that the
sum of all hoarding scores within an info-station’s hoarding area is 1.

Using the hoarding scores, the number n(z) of information items that are
hoarded for each zone z is determined as follows:

n(z) = N · h(z), (2)

where N is the maximum number of information items that can be transferred
to the mobile client. Finally, for each zone z, the n(z) information items that
are most frequently accessed in z are hoarded on the user’s mobile device. The
information about what the most frequently accessed items are is drawn from
the zone’s hot spot table.

2.6 Enhancements

The main advantage of our mechanism is that we can easily exploit any kind of
user-specific information about a user’s future movement in order to improve the
selection of the hoarded information items. In the following, we give two exam-
ples of such user-specific information and show how we use it for the hoarding
decision. If no such information was available, our mechanism could be simplified
to the use of only one zone covering the whole hoarding area. However, as we
show in our analysis (see Section 3), it is highly beneficial to use user-specific
information, what would then not be possible at all.

External Specifications In many cases the user or the application he runs, can
provide information about where the user will go. For example, a navigation
system can exactly predict the path on which the user will move.

To be able to use such information, we allow the applications and users to
specify visit probability maps on their own. In contrast to the maps maintained
by the info-station, such externally specified maps do not have to cover the whole
hoarding area of an info-station. The externally specified maps are functions:

pi : Zi �→ [0..1], where Zi ⊆ Z

If more than one external map is specified, we assume that Zi ∩ Zj = ∅, if
i �= j. All externally specified maps and the info-station’s map are integrated
into one map p′ : Z �→ [0..1]:

p′(z) =

{
pi(z), if z ∈ Zi

p(z), if z �∈ ⋃
∀i

Zi

The definition of p′ says that the info-station’s map is only used in zones,
where no external specification is available. We decided to do so, because the
external information is user-specific, whereas the info-station’s map only reflects
the behavior of the average user. Therefore, it is expected to be less accurate
than the external specification.
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Masks A user moving towards a certain destination will probably not return
to a zone that he has previously visited. To reflect this fact in the selection
process, we offer the option to mask zones, which have already been visited.
When masking is enabled, the selection algorithm uses a modified probability
map p′ : Z �→ [0..1] instead of the original map p. For the modification of p,
the log-file stored on the user’s mobile device has to be analyzed. The log-file
contains the identifiers of all zones, the user has visited, while encountering the
info-station. We denote the set of these zones with V . The modified probability
map is defined as follows:

p′(z) =
{

0, if z ∈ V
p(z), if z �∈ V

To use externally specified knowledge, the selection algorithm itself does not
have to be modified. It just has to rely on the maps p′ instead of p.

3 Analysis

In this section, we analyze our algorithm, especially the benefits that we get from
the enhancements described in Section 2.6. The metric, we use to evaluate our
algorithm, is the hit-ratio. The hit-ratio is the number of a user’s information
requests that can be answered with the hoarded information items divided by
the total number of the user’s information requests.

3.1 Model

In our model we assume that there are two different kinds of zones: preferred
zones and normal zones. The preferred zones are those zones that are of special
interest to the users. In a shopping guide system these might be the zones where
malls and supermarkets are located. In contrast, the normal zones are not of
interest for the average user and hence they are rarely visited.

Whether a zone belongs to the group of preferred zones or not, depends on
whether its visit probability is higher than a given threshold or not. Although, in
reality, each zone has its individual visit probability, we assume, for simplicity,
that each zone is visited with the average visit probability of all zones within
its group. We denote the average visit probability of the preferred zones with pp

and that of the normal zones with pn. Thus, we assume, in the following, that
each preferred zone is visited with the probability pp and each normal zone is
visited with the probability pn.

Since the preferred zones are more interesting to the user, we assume that the
average user requests more information items while he is located in a preferred
zone than during his stay in a normal zone. The number of information items
requested in a preferred zone is denoted with rp, while the number of items
requested in a normal zone is denoted with rn. For the same reason we assume,
that there is more information offered for the preferred zones and therefore more
information items will be associated with them. The number of items associated
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with each preferred zone is denoted with ap, whereas an denotes the number
of items associated with each normal zone. We further assume that there are
np preferred zones and nn normal zones within the considered info-station’s
hoarding area.

3.2 Hoarding Scores

In the following, we calculate the hoarding scores that we get with the basic
mechanism, the use of masking, and the use of an externally specified visit prob-
ability map.

Basic Mechanism If no user-specific knowledge is available at all, we get, ac-
cording to equation (1), for the hoarding score hp of a preferred zone and that
of a normal zone hn:

hp =
rp · pp

np · rp · pp + nn · rn · pn
and hn =

rn · pn

np · rp · pp + nn · rn · pn

Masking If masking is used, we get different hoarding scores, since no information
items are hoarded for the zones that a user visited before reaching the info-
station. To calculate these hoarding scores, we first have to determine how many
zones actually are visited before reaching the info-station. Therefore, we assume
that each info-station is located in the center of its hoarding area. Thus, one
half of the zones that a users visits while crossing a hoarding area will be visited
before reaching the info-station and the other half will be visited thereafter. We
can calculate the average number of preferred zones vp, which a user visits during
a trip through an info-station’s hoarding area, and the average number of visited
normal zones vn as follows:

vp = np · pp and vn = nn · pn

For the hoarding scores of the unmasked zones, i.e. zones that have not been
visited previously, we then get:

hp/n =
rp/n · pp/n

(np − vp

2 ) · rp · pp + (nn − vn

2 ) · rn · pn

The hoarding score of a masked zone is 0. However, we assume that the user
will not visit these zones. Thus, the masked zones must not be considered in the
calculation of the average hit-ratios in the subsequent section.

External Specification For the analysis of the potential of external specifications,
we chose a scenario where the user or the application is able to specify the whole
path on which the user will move after visiting the info-station. This means that
the hoarding mechanism gets an externally specified visit map p1 that covers
the whole hoarding area. The visit probability p1(z) of a zone z lying on the
specified path is 1, that of all other zones is 0.
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Since only the zones visited after reaching the info-station are considered for
hoarding, we get for the zones lying on the specified path the following hoarding
scores:

hp =
rp

vp

2 · rp + vn

2 · rn
and hn =

rn
vp

2 · rp + vn

2 · rn

The hoarding scores of all other zones are 0, since their visit probabilities are
0. As with the masked zones, we assume that these zones are not visited and
therefore must not be considered in the calculation of the average hit-ratios.

3.3 Hit-Ratios

With the hoarding scores the number of items tp transferred for each preferred
zone and the number of items tn transferred for each normal zone can be deter-
mined according to equation (2):

tp = hp · N and tn = hn · N
If we assume that each of the items associated with every zone is accessed with
the same probability, we can calculate the hit-ratios hitp and hitn for the average
user in a single preferred zone and a normal zone as follows:

hitp =
tp
ap

and hitn =
tn
an

If the access probabilities are not equally distributed, the hit-ratios will be higher,
since then the items with the highest access probabilities are hoarded. Finally,
the average hit-ratio hit that a user achieves, while he is crossing an info-station’s
hoarding area, is:

hit =
vp · rp · hitp + vn · rn · hitn

vp · rp + vn · rn

3.4 Results

In the following, we illustrate the hit-ratios that we get from the formulas in-
troduced above. As long as a parameter is not varied for the calculation of a
plot, we used the default settings summarized in Table 1. We assumed that 80
information items can be hoarded on a user’s mobile device.

In our first set of calculations, we varied the number of preferred and normal
zones. Figures 4 and 5 show the results for the basic algorithm and the algorithm
using knowledge about the user’s path. The number of preferred zones is shown
on the x-axis, the number of normal zones on the y-axis, and the hit-ratio on
the z-axis. If knowledge about the user’s path is used, we get significantly higher
hit-ratios. The results do not differ that much, when comparing the hit-ratios
achieved without masking of previously visited zones to those achieved with
masking. However, the hit-ratios achieved with masking are still up to 10%
higher than those achieved without it.
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Table 1. Default values of the used parameters.

Parameter Value Parameter Value

rp 10 items rn 1 item
np 10 zones nn 50 zones
ap 20 items an 2 items
pp 0.5 pn 0.1
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Fig. 4. Hit-ratios for different num-
bers of preferred zones and normal
zones (no external knowledge).
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Fig. 5. Hit-ratios for different num-
bers of preferred zones and normal
zones (externally specified path).

We also found that the hit-ratios get higher, when the visit probability of the
preferred zones is increased. In contrast, the hit-ratios decrease, when the visit
probability of the normal zones is increased.

Figures 6 and 7 show the effect that the average number of information
requests in each zone have on the hit-ratios. The x-axes show the average number
of information items that the users request while they are located in a normal
zone. The y-axes show the same for preferred zones. For graphical reasons, we
interchanged the x- and y-axes in the two figures. Differing from the default
value, we set the number of information items associated with a normal zone to
10.
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Fig. 6. Hit-ratios for different num-
bers of requests at preferred and at nor-
mal zones (no external knowledge).
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Fig. 7. Hit-ratios for different num-
bers of requests at preferred and at nor-
mal zones (externally specified path).
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4 Related Work

In this section we reflect the work on mobile information access done so far.
We evaluate the usability of the existing approaches in the context of location-
dependent information systems and compare them to our solution.

In [3] an asynchronous information access is proposed, i.e. if an information
request occurs while no or only a low bandwidth is available, it is delayed until a
high bandwidth network connection is available. The problem with this approach
is that the users might then not be interested in the requested information
anymore, as in the meantime they moved on to another location.

Other approaches, like [1] or [7], are based on broadcast dissemination of in-
formation. Broadcast-based dissemination mechanisms usually do not make any
predictions on the information items the users will need after leaving the current
broadcast cell for another location. Furthermore, they are mainly based on the
access patterns of the average user and do not exploit user-specific knowledge.

The first hoarding approaches that were especially designed to support users
during disconnections, e.g. [9], relied on user interactions and required a list of the
user’s preferred information items. This is not applicable in our scenario, because
the users do not know in advance which information items they will access.
Automated hoarding mechanisms, like [8], use semantic relationships between
files in order to predict which files a user will need. In contrast to our approach
the user’s location is not considered there.

In [10] the user’s position and movement pattern is considered for the de-
termination of the items to be hoarded. This approach is focused on a map
application for people driving on roads and can not be used as a generic mecha-
nism for different types of location-dependent information systems. For example,
the considered request patterns are restricted to the driving scenario. It is also
assumed that the start and end point of the users’ trips are known. With our
mechanism this is not necessary, since it can rely on the internal knowledge to
determine the direction a user will probably follow.

5 Conclusion

In this paper, we presented a map-based hoarding mechanism that uses location
information in order to predict the information items that a user will most prob-
ably access. Our mechanism is applicable in any location-dependent information
system. Its main advantage is that it can easily use any kind of additionally
available, user-specific location information. For two examples, the masking of
previously visited zones and the external specifications, we showed in our anal-
ysis how valuable such user-specific information can be.

Currently, we develop a simulation environment for mobile information ac-
cess, which will allow us to make further evaluations of our mechanism. For the
near future we plan to investigate how the selection process can be improved, e.g.
by considering user profiles or hyperlinks between information items. We also
plan to integrate the mechanism in our platform for location-aware applications
[6].
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Abstract. In many real-life applications, objects need to be both spa-
tially and temporally referenced. With the advancements of wireless com-
munication and positioning technologies, the demand for storing and in-
dexing moving objects, which are the objects continuously changing their
locations, in database systems rises. However, current static spatial in-
dex structures are not well suited for handling large volume of moving
objects due to massive and complex database update operations.
In this paper, we propose a new idea based on hashing technique: using
buckets to hold moving objects. The database does not make any change
until an object moves into a new bucket; therefore, the database update
cost is greatly reduced. Then, we extend the design of existing system
structure by inserting a filter layer between the position information
collectors and the database. Based on the new system structure, we also
present two indexing methods. Finally, different aspects of our indexing
techniques are evaluated.

1 Introduction

Traditionally, database management systems adopt a “static” model which as-
sumes that data stored in database remain stable until being explicitly changed
through update operations. This model serves well if the properties of the ob-
jects rarely change. However, in reality, many objects change their properties
continuously. One example of such applications is to maintain an air-traffic con-
trol system. In this application, the objects we studied are flying airplanes. The
location property of the objects is dynamic. To maintain such dynamic loca-
tion data under the “static” model, a “naive solution” is to update the location
information of the objects in the database after every certain period of time.

The “naive solution” fails when the number of moving objects becomes in-
creasingly large. Supposedly a database management system can process up to
Nt transactions per second, and the number of objects is No. At each time in-
terval, in the “naive solution”, the location information of all objects needs to

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 161–172, 2001.
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be refreshed in the database. Thus, there are No update operations per cycle. It
takes at least No/Nt seconds to finish. When No is small, for example several
thousands in an air-traffic control application, the “naive solution” may still be
acceptable. However, when No is large, for example, hundreds of thousands in
a traffic monitoring system, or even more in mobile communication scenarios,
each update cycle takes tens of minutes or even longer to finish. The location
information of an object stored in database may be the location of that object
more than ten minutes ago! Obviously, the query result based on these data is
unacceptable.

Our main focus in this paper is to efficiently index large number of moving
objects without generating high volume of database updates. For the most part,
we discuss how to quickly respond to range queries over the objects’ current
location because range queries serve as basic operations for other queries such
as nearest neighbor queries [CG99,SK98].

The paper is organized as the following: in part 2, we discuss related works
in spatiotemporal database area. Subsequently in part 3, we propose the basic
idea of our bucketized hashing technique and the system structure to implement
it. In the next part, we present two specific methods. The experiment results are
given in part 5 and the last part includes the conclusions and future research
directions.

2 Related Work

Recently, many researchers have been focusing on indexing the locations of mov-
ing objects. The works has been mostly concentrated on point data. Various at-
tempts can be classified into two categories, depending on the type of information
being stored in the database.

The first approach stores the moving object location information, which is
obtained by periodical sampling. The location of an object at a time between
two consecutive sampled positions is estimated using interpolation. The move-
ment of one object in d-dimensional space is described as a trajectory in a
(d + 1)-dimensional space after combining time into the same space [TUW98].
The methods which adopt this approach mainly focus on trajectories indexing.

In [PTJ99], the authors defined a R-tree-like structure called STR-tree. They
used linear interpolation method, so that the trajectory of an object was a set of
line segments. In a STR-tree, the line segments within the same trajectory were
more likely to be stored together. Later, the authors proposed another structure
called TB-tree, which totally preserved the trajectories[PTJ00]. They claimed
that these two novel tree structures worked better than traditional R-tree family
for range searches over trajectories.

The drawback of this approach is that for large amount of objects, too many
database update operations may be triggered after each sampling. For example,
in a STR-tree, each sampling period generates n line segment insertions in the
database, where n is the population of objects. Due to the limited database



Hashing Moving Objects 163

processing capability, sampling can not occur too often for a large n. In addition,
the uncertainty factor reduces query accuracy [WCD+98].

The second approach uses functions to describe the movement of objects
and stores the functions in the database. In [KGT99], the authors used linear
functions to describe the trajectories of objects. Since it was very hard to index a
line in most spatial databases, the authors mapped a line into a point in the dual
plane. The duality transformation formulated the problem in a more intuitive
manner. However, it is worth noting that a rectangle query range becomes a
polygon in dual space thus the query turns to be more difficult to execute.

Sistla, et.al. proposed a data model called MOST [SWC+97]. In that model,
each object has a special attribute called function. This attribute is a function
of time. Without explicit update, the position of each object can be found by
combining the function attribute with others such as position and time. The
model allows the DBMS to execute instantaneous, continuous and persistent
queries. The idea is also later used in TPR-tree [SJL+00].

This approach can partially solve the overwhelming database update problem
if the objects’ movements follow some descriptive rules. However, in real life, a
good movement description function hardly exists.

3 Hashing Techniques

One of the differences between moving objects and static objects is that the
location of moving objects varies over time. In the database, if we want to store
the exact location information of objects, it is inevitable to employ a large volume
of database updates. Therefore, we apply a “fuzzy” view: we do not update the
location of objects in database unless it leaves its original position very far.

There is some uncertainty in the query result. In range queries, given a query
range R, the result includes two parts: some objects are definitely in the query
range and some may or may not be and need further validation. The uncertainty
causes the idea less useful in cases when exact answers are needed.

DB

......

Mobile Objects

Queries

Object Status

Query Results

Fig. 1. The structure of other methods

In order to solve the problem, we design a new system structure. Before
we present our design, we first review the structure of the other methods. In
the traditional structure (see Fig. 1), moving objects send their latest statuses
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(such as location, function, velocity etc.) directly to the database. The database
then updates the corresponding records. Different index structures (STR-tree,
TPR-tree) are used in the database to accelerate the update procedures. All the
queries are answered based on the information stored in database.

Transformed
Query

Object
Candidates

Query
Result

Location
Pre-processing

Location
Pre-processing

DB

Query
Transformation

Range Query

Bucket Information

Bucket Information

...... ......

Mobile Objects

Location Information Location Information

Fig. 2. The structure of hashing technique

Our method (Fig. 2), which is called Hashing Technique, works in a different
way. We first introduce a hash function which uses objects’ statuses as input.
From this function, the system is able to find out which bucket each object
belongs to. Only bucket information is stored in database, such as how many
objects are in each bucket, which bucket each object is currently in, etc. Be-
tween the database and moving objects, we add a filter layer called “Location
Pre-processing Layer (LP)”. Each LP monitors a small set of objects and uses
an array to store the latest status of those objects. When an object changes its
location and generates an update request, the request first goes to the corre-
sponding LP. The LP updates object’s status locally, then it applies the hash
function to the object’s latest status to see whether the object is still in the same
bucket. If so, the request is ignored. When the object moves into a new bucket,
the request is translated into a bucket update request and sent to the database.

In our structure, most work is done in LPs. There are many benefits in doing
so. Firstly, each LP only monitors a small set of objects and all the LPs are
working in parallel. After sampling, the system can finish the corresponding
LP update and computation quickly. Hence, the sampling can be performed
more frequently. Secondly, the scalability of the system is high. When the object
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number increases, we only need to add more LPs and do not need to make
changes in database.

Each bucket in the database contains all the objects which, by using hash
function, have the same return value. The bucket can be viewed as a union region
of all possible locations with the same hash value. For the rest of the paper,
without confusion, the term region and bucket will be used interexchangably.

To answer range queries in our system, when a range query arrives, it first
goes to a “query transformation module (QT)”. QT translates the range query
into a bucket query. For example, if a query is to “Find all the objects in range
R”, after translation, the query becomes: “Find all the buckets that intersect
with R”. Each bucket in the database belongs to one of the following three
cases:

1. The bucket does not intersect with the query range. In this case, the objects
in the bucket can not be the answer.

2. The query range encloses the bucket. Then, the objects in the bucket must
be the answer.

3. The bucket intersects with the query range. Based on the information in
database, the system can not distinguish which objects in the bucket are
in the range and which are not. There are two possible solutions. The
database could either give a statistically approximated result as suggested
by [PIH+96,APR99], or retrieve all the objects in bucket and sends their
id’s to LPs. In the second case, LPs then check the objects’ latest positions,
filter out the “false alarms”, and report the results. In our experiment, we
adopt the later approach.

4 Hash functions

This section presents two different hash functions and gives detail description of
corresponding methods.

4.1 Overlap-free Space Partition Method

I

II

Fig. 3. Example of object moving

The first step of this method is to partition the space into many small zones. In
Fig. 3, the square is the working space. The dashed lines divide the space into 12
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zones. The region covered by each zone can be viewed as a bucket in database. A
perfect partition makes each bucket contain almost the same number of objects
all the time. However, the partition is done beforehand and we have no clue
about the objects’ movement, it is very hard to find such a perfect partition.
But in some special case, a perfect partition can be simulated. For example, if
objects are uniformly distributed and move randomly, an equally-sized partition
is almost perfect. Or if we know that objects are moving close to some predefined
locations, we could use Vorronoi diagram to partition the space.

In the next step, we give each zone a unique id number. The hash function
now is: f(p) = i where p is an object and i is the id of the bucket where p is
currently in.

At time t, an object leaves from one zone to another one, like path I in Fig.
3, the LP which monitors this object sends an update request to database. The
request has the form: update(zone id, old bucketid, new bucketid, t). Sometimes,
after an object changes its location, it still stays in the same zone, like path II
in Fig. 3. According to our design, the database does not make any change.

The query execution is very intuitive after f is defined. For an ad hoc query,
the database passes the query to the LP which monitors the object. The LP
fetches the object’s current location and returns the result. For a range query,
the procedure is just like what we discussed in the last section.

It is worth noting that the bucket information is static. The information (size,
location, etc.) of the buckets never changes once the hash function f is given.
This allows us to use existing spatial index structures (R*-tree, Quad-tree) to
manage the buckets in the database. Static bucket configuration also accelerates
query execution procedure.

4.2 Augmented Space Partition Method

I III II

(a) (b)

1

2

Fig. 4. An object moves along the border

In overlap-free space partition method, objects zigzagging along the bucket bor-
ders can cause big trouble. As showed in Fig. 4(a), I and II are two buckets.
An object moves along the border. Anytime when it crosses the border (from
bucket I to bucket II or vice versa), an update request is generated by the LP.
The object is originally in bucket I. When it finishes the path, eight database
updates are requested.
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In order to solve the problem, we increase the size of each bucket slightly
so that there is some overlapping between two buckets. An update request is
generated only when an object leaves the augmented area. Showed as Fig. 4(b),
the dashed square and dotted square are two augmented buckets. The object is
at first in bucket I (the dashed square). At point 1, it leaves bucket I and goes
into bucket II (the dotted square), then it moves in bucket II and at point 2, it
goes back to bucket I. Now, following the same path, there are only two database
updates being submitted.

The augmented space partition method works as following. At first we gen-
erate an overlap-free space partition, then we hash objects into buckets accord-
ing to their original positions. After that, each bucket makes a δ-expansion.
A δ-expansion means that the center of each bucket does not change, but the
covered area increases a small length δ on all sides. For example, if a bucket
covers a rectangle [(x0, y0)(x1, y1)], after the δ-expansion, the bucket covers
[(x0 − δ, y0 − δ)(x1 + δ, y1 + δ)].

The next step is to find an appropriate hash function. Only using the cur-
rent location information of objects as input is not sufficient: when an object
moves into an area covered by more than one bucket, the function can hardly
decide which bucket the object should be in. So we introduce an extra attribute
called previous bucketid. This attribute keeps track of which bucket an object
is previously in and is sent to the hash function along with the current location
information. After each time period, if an object currently stays in an area cov-
ered by only one bucket, everything is fine. Otherwise, i.e., if the area is covered
by more than one bucket, the LP first checks if the object previously stayed in
any of these buckets (using previous bucketed). If so, the LP sends no update
request to the database. If not, the system randomly picks one of these buckets
for that object, then makes the change in database as well.

The index and query procedures are the same as in overlap-free space parti-
tion method.

5 Experiment Results

To access the merit, we implemented a simulation program and performed some
experimental evaluation on different methods.

5.1 Experimental Setup and Data Generation

Since there are very few real data sets available in this field, we adopt a famous
benchmarking environment called “Generate Spatio-Temporal Data (GSTD)”
[NST99].

We use Java programming language in our experiments due to its strong
thread support. In our test system, there are two LPs. Each LP monitors half of
the objects. At the end of each time period, both LPs check the latest status of
the moving objects and send the filtered update requests to the database. The
database collects the requests and reports the experiment results.
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The experiments are running on a Pentium II 300MHz machine with 128M
memory. We use 20 bytes to represent each two dimensional object (2 doubles
for location information and 1 integer for object id). The disk page size is 4K
bytes. Each page can hold upper to 204 2-d objects.

Most other methods index the history information of each object, which
makes them impossible to index large number of objects. So it is unfair to com-
pare our method with them. Besides our four methods, we also implemented the
R-tree method. The R-tree method works in traditional static way. It maintains
a R-tree in database which stores the latest location information of objects.

The notation used in this section and abbreviations of algorithms are sum-
marized in Table 1 for easy reference.

v Speed of an object

v̄ Average speed of all objects

σ(v) Standard deviation of speed

S Bucket size

DU# Number of database update

σ(D) Standard deviation of initial distribution

RT R-tree method

SP Overlap-free space partition method

ASP Augmented space partition method

Table 1. Notation and Algorithm abbreviations used in our experiment

The dataset consists of 100,000 moving objects in working space which is a
unit square [0, 1]2. We study the performance of various methods on two initial
object distributions and two movement patterns, which are described below:

Two initial distribution types: The first one is uniform distribution. In
this case, objects are uniformly distributed in working space. the second one is
Gaussian distribution. This time, objects are clustered around one or several
central points. When we use Gaussian distribution, we set σ(D) to be 0.1.

Two movement types: We defined two movement types for our experi-
ment: random movement and directed movement. The second movement type is
illustrative when we study cars’ movement during rush hours. The settings are
showed in Table 5.1. The detailed meaning of each parameter can be found in
[NST99].

v̄ σ(v) maxx(speed) maxy(speed) minx(speed) miny(speed)

Random movement 0 0.005 0.005 0.005 -0.005 -0.005

Directed movement 0.005 0.005 0.01 0.01 0 0

Table 2. Settings for two movement patterns
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The query sets consist of 1000 rectangles residing within the working space.
We choose the centers of the rectangles randomly. The size of the query rectangle
is 1% of the total area. At the end of each time interval, one query is randomly
picked from the query set and applied to the current object distribution.

5.2 Experiment Results

Experiment 1: Impact of Bucket Size In this section, we want to study the
index performance under different S and v̄ in SP method.

We define the hash function to be f(x, y) = i ∗ int(y ∗ i) + int(x ∗ i). This
function divides the working space into i× i equally-sized square buckets. Then
we fix v̄ to be 0.005 and record the performance under different i values. The
result in Fig. 5 shows that the total number of database updates is proportional
to i. When we fix i and change v̄, as showed in Fig. 6, we find that the number
of database updates is also proportional to v̄. From the results obtained, we can
conclude:

DU# ∝ v̄√
S
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Fig. 5. Performance vs. S, v̄ = 0.005
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Fig. 6. Performance vs. v̄

Experiment 2: Impact of Overlapping Size In this experiment, we study
the impact of overlapping size in ASP method. This time, the bucket size is fixed
as 0.1 × 0.1. Fig. 7 shows the average number of database updates for different
overlapping size. The x-axis is the size of expansion on each side, and the y-axis
is the total number of database updates. Two curves illustrate the results under
different v̄.

At a first glimpse, it is clear that allowing overlapping between buckets helps
considerably. This can filter many database updates requested by objects near
the bucket borders. Note that the curve values decrease very fast at the begin-
ning, then they decelerate in both cases. When v̄ is slow, this pattern is even
more obvious.

When the bucket expands on each side, the actual size of each bucket in-
creases too. Thus, given a query range, the possibility for each bucket to intersect
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with that range increases and it degenerates the query performance. Therefore,
to find a good overlap size is an important task for an ASP algorithm. From this
experiment, we find that the best selection of the overlap size is v̄. For example,
if v̄ is 0.005 in one case, in ASP, we should make a 0.005-expansion on each
bucket. The benefit obtained from an expansion over that point is marginal.
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Fig. 7. Impact of overlapping size

Experiment 3: Study of index performance In this experiment, we want
to observe the index performance of different methods in various initial distri-
bution and movement types. Two metrics are used in evaluation: the number of
database update and the number of disk pages used to store the data set. The
number of database updates includes two parts: database updates generated by
LPs and updates generated in bucket merges and splits. Fig. 8 and 9 show the
results.
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Fig. 8. Number of database updates
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Fig. 9. Number of disk pages used

RT method updates the locations of all the objects at the end of each time
period. Therefore, the number of database updates at each time period is the
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same as the number of objects. The other two methods are much better than
RT method in this respect. In ASP method, the overlapping area is set to be v̄.
We find that the total number of database updates is about 60% to 70% of that
in SP. There is significant improvement.

Experiment 4: Comparison on Query Performance In this part, we
want to test the query performance for both of our two methods. We collect two
sets of data in experiments: disk pages accessed and objects checked in LPs.
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Fig. 10. Number of disk pages checked
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ASP is a little worse than SP because after expanding the buckets, the pos-
sibility for each node to intersect with the query area increases a little bit. This
results in extra query cost. However the difference is minor.

Discussion and Method Selection The first discussion is whether we
should expand the buckets, i.e., using ASP instead of SP. Our answer is yes.
The benefit of doing so is remarkable: about 30% - 40% of the database update
requests are filtered. And the cost is small: the query is a little slower after that.
The best overlapping size is the same as v̄, which, in most cases, is very small
too.

Another discussion is about the bucket size. In our experiment, we show that
the following function can be used to describe the number of database updates:
DU# = K v̄√

S
where K is a constant. Suppose a system can finish up to Nt

update operations within a given time period, the selection of S should follows:

S ≤ (
Nt

Kv̄
)2

6 Conclusion and Future Works

In this paper, we studied moving object indexing problem. The technique we
used is called hashing technique which saves the bucket information of each
object instead of the object’s exact location. A system structure and two hashing
methods are suggested to support the application of this hashing technique. This
work makes it possible to index and manage large number of moving objects.
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Future researches include the following. Firstly, we want to find a way to
index rectangle objects and the objects whose shapes change over time (such as
forest fire, etc). Secondly, we plan to perform research on spatial distance join
between moving objects. Finally, we want to find more hash functions based on
our system structure.

Acknowledgments: The authors would like to thank Dr. Samir Khuller,
Lusheng Ji, and Sherwood Yao for their helpful advice.

References

APR99. S. Acharya, V. Poosala, S. Ramaswamy. Selectivity Estimation in Spatial
Databases Proc. of SIGMOD 1999. 165

CG99. Surajit Chaudhuri, Luis Gravano. Evaluating Top-k Selection Queries Proc.
of VLDB, 1999. 162

Gut84. A. Guttman. R-Trees, A Dynamic Index Structure for Spatial Searching
Proc. of the ACM SIGMOD, 1984.

KGT99. G. Kollios, D Gunopulos, V. J. Tsotras. On Indexing Mobile Objects In Proc.
of PODS, 1999. 163

NST99. M. A. Nascimento, J. R. O. Silva, Y. Theodoridi. Evaluation of Access
Structures for Discretely Moving Points Intl. Workshop on Spatio-Temporal
Database Management (STDBM’99), Edinburgh, UK, September 1999. 167,
168

PIH+96. V. Poosala, Y. E. Ioannidis, P. J. Haas, E. J. Shekita. Improved Histograms
for Selectivity Estimation of Range Predicates Proc. of SIGMOD 1996. 165

PJ99. D. Pfoser, C. S. Jensen. Capturing the Uncertainty of Moving-Object Rep-
resentations Advances in Spatial Databases, 6th International Symposium,
SSD’99, Hong Kong, China, July 20-23, 1999.

PTJ99. D. Pfoser, Y. Theodoridis, C. S. Jensen. Indexing Trajectories of Moving
Point Objects Chorochronos Technical Report, CH-99-3, October, 1999. 162

PTJ00. D. Pfoser, Y. Theodoridis, C. S. Jensen. Novel Approaches in Query Process-
ing for Moving Objects Chorochronos Technical Report, CH-00-3, February,
2000. 162

Sam90. H. Samet. The Design and Analysis of Spatial Data Structures Addison-
Wesley, Reading, MA, 1990.

SK98. Thomas Seidl, Hans-Peter Kriegel. Optimal Multi-Step k-Nearest Neighbor
Search Proc. of SIGMOD 1998. 162

SR00. Zhexuan Song, Nick Roussopoulos. Hashing Moving Objects Technical Re-
port, CS-TR-4143, University of Maryland, 2000.

SJL+00. S. Saltenis, C. S. Jensen, S. T. Leutenegger, M. A. Lopez. Indexing the
Positions of Continuously Moving Objects Proc. of SIGMOD 2000. 163

SWC+97. A. P. Sistla, O. Wolfson, S. Chamberlain, S. Dao. Modeling and Querying
Moving Objects Proc. of ICDE 1997. 163

TJ98. Nectaria Tryfona, Christian S. Jensen. A component-Based Conceptual
Model for Spatiotemporal Applications Design CHOROCHRONOS project,
technical report CH-98-10, 1998.

TUW98. J. Tayeb, O. Ulusoy, O. Wolfson. A Quadtree Based Dynamic Attribute In-
dexing Method The Computer Journal, 41(3), 1998. 162

WCD+98. O. Wolfson, S. Chamberlain, S. Dao, L. Jiang, G. Mendex. Cost and Impre-
cision in Modeling the Position of Moving Objects In Proc. of ICDE, 1998.
163



Storage and Retrieval of Moving Objects �

Hae Don Chon, Divyakant Agrawal, and Amr El Abbadi

University of California, Santa Barbara
Santa Barbara, CA 93106, USA

{hdchon,agrawal,amr}@cs.ucsb.edu

Abstract. We investigate the problem and provide a data model stor-
ing, indexing, and retrieving future locations of moving objects in an effi-
cient manner. Each moving object has four independent variables which
allow us to predict its future location: a starting location, a destination, a
starting time, and an initial velocity. To understand the underlying com-
plexity of the problem, we investigate and categorize the configurations
where two variables can vary. Based on that understanding, we choose a
configuration which is to some extent restrictive, but still can be used in
a wide variety of realistic settings. A performance study shows that our
model has much less overhead in processing range queries compared to
other proposed approaches.

1 Introduction

Imagine you are driving a car equipped with an intelligent computer system that
can communicate with a control center via a wireless network. While you are on
a highway approaching a city area, you decide to stop for a cup of coffee and
your car computer tells you that there are several upcoming exits on the road
which have a coffee shop nearby. You ask the computer which one to choose to
avoid traffic congestion in such a way that if you stop at the one after passing
the city area, then you would avoid the upcoming congestion or if you stop at
the one before the city, then existing congestion would disappear during your
stopover. Alternatively, imagine that you have a flight scheduled at 11 a.m. at
the airport two hours from your home and there is a highway control center
which guarantees you the two hours travel time if you notify the control center
of your schedule in advance. Then you do not have to leave your home earlier
than necessary. There has been significant research in the area of Advanced
Transportation Systems [4,7] in the past decade and the next generation of
wireless communication will soon be able to make these scenarios real [3,1].

In order to develop enabling technologies to realize the above scenarios, a
crucial component is to maintain up-to-date information about the location of
moving vehicles on the road. There could be thousands of cars on a small segment
of a highway at any given time of a day. And of course, they are moving con-
tinuously unless there is an accident or heavy traffic congestion on their paths.
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Updating their current locations once per second causes thousands of update
transactions per second, not to mention the query transactions. Therefore, keep-
ing track of each and every car’s current location in real time is very hard to
achieve if not impossible. However, instead of updating continuously, if we have
a way of predicting the current locations of moving objects using some static
information they provide either when they enter into the highway system or
when they decide to get on the highway sometime in the future, then answering
queries such as the above may become feasible.

Although we use cars on a highway as an example, any objects with some
intelligent equipment such as airplanes or cellular phone users fall into the same
category so that we can apply this technology to other applications. In this pa-
per, we analyze the problem and propose a data model which abstracts moving
objects as line segments and develop an efficient indexing technique explicitly de-
signed for moving objects. The paper is organized as follows: Section 2 formalizes
and reviews related work. In Section 3, we categorize all possible configurations
so that we can pinpoint the best possible configuration on which we can build an
efficient index structure. In Section 4, we give the performance results. Lastly,
Section 5 gives conclusions and future work.

2 Problem Statement and Related Work

Objects such as automobiles, cellular phone users, and air planes change their
locations continuously; we will use the term moving objects to refer to such
entities. The problem we analyze and solve in this paper is the following: how
to model moving objects so that we can store, index, and retrieve their future
locations in an efficient manner. In particular, we are interested in answering a
typical range query such as: Q = return all moving objects which would be in a
section of a highway at some time in the future. Each moving object in a one
dimensional space has four independent variables which allow us to predict its
future location: a starting location(s), a destination(e), a starting time(ts), and
an initial velocity(v0). We assume that a moving object will notify the database
system whenever it changes one of these four variables. Updating the database
will be done by deleting first and inserting it again.

We can think of a moving object as a point in a four dimensional space.
However, modeling a moving object this way is not appropriate for our purpose
since first, they do not necessarily preserve the proximity in the real world mean-
ing that two objects near each other in the real world may not be close in the
four dimensional space. Second, indexing in a higher dimensional space is not as
efficient as in a lower dimensional space.

Another way of modeling moving objects is to draw its expected trajectory
in a two dimensional space with time and location as the two axes, and its
trajectory becomes a line segment. Thus, we can also model a moving object
as a line segment in two dimensional space. Then a typical query Q becomes a
range query with range [t1, t2] × [y1, y2], in other words, find all moving objects
that are between the location y1 and y2 during the time t1 and t2. The query
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can be stated as follows: from a line segments database, find all line segments
which intersect the query rectangle R([t1, t2] × [y1, y2]).

One critical assumption that affects the definition of the problem is the notion
of registration (or reservation) meaning that before you actually get a service
whether it is a highway or an airplane, you need to tell the system your schedule.
Without registration, predicting congestion would be difficult. For instance, if
we predict traffic congestion only based on the current information, then there
would be no congestion whatsoever if the prediction is based on the information
that exists in the database at 5 a.m. With the assumption of registration, we can
use the result set of this query to predict traffic congestion or to guarantee the
fixed travel time. Without it, we can predict at least how long and until which
exit the congestion stays so that we can flexibly open or close exits in between.

Jagadish [10] considered the problem of indexing line segments that (i) go
through a specified point or (ii) intersect a specified line segment. He first extends
a line segment to an infinite line, gets the line equation, and uses the slope and
y-intercept to transform a line into a point in a two dimensional space called the
dual space. The transformation is known as Hough transformation [9]. It seems
to have good storage utilization, however, when a line segment is transformed
to a point in a dual space, half of the information is lost because a line segment
has four parameters whereas an infinite line has only two parameters. Hoel and
Samet [8] used PMR Quadtrees [13] to store and index line segments. They
focused on queries such as finding a nearest line segment from a specified point.
In many cases, they have to store information for a line segment over and over
again which leads to significant storage overhead.

In [16], Sistla et al. proposed a data model called Moving Objects Spatio-
Temporal(MOST) for representing moving objects. In the MOST data model,
the concept of dynamic attributes is introduced, which consists of three sub-
attributes, update value, update time, and function. Each moving object is as-
signed a dynamic attribute which is used to get its current location. They also
proposed Future Temporal Logic as the query language for the MOST data
model which is built on top of existing DBMS and takes advantage of the dy-
namic attributes. Wolfson et al. [19] addressed the uncertainty issues which de-
termine the frequency with which the database has to update the locations of
moving objects to provide a bound on the error. Erwig et al. [6] described an
approach to model moving and evolving spatial objects introducing data types
for moving points and moving regions together with a set of operations on such
entities. They do not propose a specific design of such types and operations or
a formal definition of their semantics. Instead, they give an outline of the work
that should be done. They also developed an SQL-like query language with some
new types of operators. However, their work concentrates on the queries for the
current and the past information. Pfoser and Jensen [14] assumed that the po-
sitions of moving objects are tracked by using Global Positioning System and
discussed sampling errors and uncertainty. As proposed by Erwig et al. [6], they
only handled current and past information.
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To the best of our knowledge, [17] is the first work that addresses the is-
sue of indexing moving objects to query their future positions. They present a
method to index moving objects using the PMR quadtree which shares the same
drawbacks as the method proposed by Hoel et al. [8]. Kollios et al. [11] have pro-
posed two methods that index moving objects in one dimensional space, and
they have developed extensions for indexing moving objects in two dimensional
space. One of the two methods uses a point access method. The other is a query
approximation algorithm that uses multiple B+-Trees. We will be comparing the
methods proposed in this paper with those in [11]. Recently, Saltenis et al. [15]
proposed a variant of R∗-Tree [2], Time-Parameterized R-Tree(TPR-Tree) to
index the current and future positions of moving objects. Minimum Bounding
Rectangles(MBR) of TPR-Trees grow or shrink to enclose containing moving
objects. A moving object is assigned to an MBR so that the size of the MBR is
minimum in some point of time when most of the queries will arrive.

3 Models

As stated earlier, a moving object has four independent variables, 〈s, e, ts, v0〉. In
this section, we investigate and categorize the configurations where two variables
can vary so that we can choose the best possible configuration on which we can
build an efficient indexing structure. The configurations where only one variable
can vary are quite simple and not realistic [5].

3.1 Moving Objects with Two Degree of Freedom

In this section, we consider scenarios in which two of the four parameters are con-
stants. With four parameters, there are 6 different combinations to consider. Due
to the space limit, we enumerate only three of them with the figures(Figure 1)
in the original space as well as in the dual space. In the figure, the upper graph
shows the line segments in the original space and the shaded area of the lower
graph is the result set of the range query. The reader can find all the enumera-
tions and the figures in [5]. Since the y location starts from zero, the contraint
on s and e is that they should be greater than or equal to zero.

The first combination (A) is the case where s and e can vary, in other words,
all moving objects start at the same time with the same velocity. First, check the
conditions on s. Define ylr as the y-intercept of the line which passes through
(t2, y1) and yul as the y-intercept of the line which passes through (t1, y2). Then
for a line segment to intersect with the query rectangle R, the y-intercept of the
line should be greater than or equal to ylr and less than or equal to yul. The
equation of the infinite line extended from the line segment which passes through
(t1, y2) is y = v0t + yul. If we substitute (t1, y2) for (t, y), we get yul = y2 − v0t1.
In the same fashion, we can get ylr = y1 − v0t2. The y-intercept of the line
segment which passes (t1, y1), say yll, is y1 − v0t1. Second, check the conditions
on e. For the line segment which passes the horizontal line between [t1, t2], the
destination(e) being greater than or equal to y1 is enough to intersect with the
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query rectangle R. However, that is not enough for one whose y-intercept is in
between ylr and yll. It should cross the vertical line at t1. The e value of such a
line at t1 is v0t1 + s for a fixed s. Therefore, we have one more condition on e,
s + v0t1 ≤ e. See Figure 1(A). In summary, a moving object 〈s, e, ts, v0〉 where
s and e can vary should satisfy the following conditions to be included in the
result set for the query R([t1, t2] × [y1, y2]):

y1 − v0t2 ≤ s ≤ y2 − v0t1,

e ≥
{

y1 if y1 − v0t2 ≤ s ≤ y1 − v0t1,
s + v0t1 if y1 − v0t1 < s ≤ y2 − v0t1 .
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Fig. 1. Two parameters vary

The next combination (B) is the case where s and v0 can vary. In this com-
bination, all moving objects start at the same time to the same destination, but
with different starting locations and different velocities. Suppose s is fixed, and
define vlr as the slope of the line which passes through (t2, y1) and whose y-
intercept is s. Likewise, vul as the slope of the line which passes through (t1, y2)
and whose y-intercept is s. Then, for a line segment with s less than y1 to inter-
sect with the query rectangle R, its slope should be greater than or equal to vlr

and less than or equal to vul. The equation of the line which passes a fixed s is
y = v0t + s, and the slope of such line which passes through (t1, y2) is y2−s

t1
, and

the slope of such line which passes through (t2, y1) is y1−s
t2

. Therefore, we have
vlr = y1−s

t2
and vul = y2−s

t1
. For s greater than y1, the slope being less than or

equal to y2−s
t1

is enough to intersect with the query rectangle R, assuming the
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slope should be greater than zero. See Figure 1(B). In summary, a moving object
〈s, e, ts, v0〉 where s and v0 can vary should satisfy the following conditions to
be included in the result set for the query R([t1, t2] × [y1, y2]):

y1 − s

t2
≤ v0 ≤ y2 − s

t1
if s ≤ y1,

v0 ≤ y2 − s

t1
otherwise .

In combination (C) where e and ts can vary, all moving objects start from
the same location with the same velocity. Define tul as the t-intercept of the
line which passes through (t1, y2) and tlr as the t-intercept of the line which
passes through (t2, y1). For a line segment to intersect with the query rectangle
R, their t-intercept(ts) should be greater than or equal to tul and less than or
equal to tlr. The equation of the infinite line extended from the line segment
which passes through (t1, y2) is y − y2 = v0(t − t1). If we substitute (tul, 0) for
(t, y), we get tul = t1 − y2

v0
. Similarly, we can get the t-intercept of the line which

passes through (t2, y1), tlr = t2− y1
v0

. Besides, t-intercept of the line which passes
through (t1, y1) is t1 − y1

v0
, say tll. Now, let us consider the bounds on e. For a

line segment whose t-intercept is greater than tll and less than tlr, i.e. the line
segment which passes the horizontal line between t1 and t2, e being greater than
y1 is enough for it to intersect with the query rectangle R. However, the line
segment for which t-intercept is in between tul and tll should cross the vertical
line at t1. The equation of the infinite line which passes through a point (t1, e) is
y−e = v0(t−t1). If we substitute (ts, 0) for (t, y), we get the e value of the line at
t1, e = −v0ts + v0t1. See Figure 1(C). In summary, a moving object 〈s, e, ts, v0〉
where e and ts can vary should satisfy the following conditions to be included
in the result set for the query R([t1, t2] × [y1, y2]):

t1 − y2

v0
≤ ts ≤ t2 − y1

v0
,

e ≥
{−v0ts + v0t1 if t1 − y2

v0
≤ ts ≤ t1 − y1

v0
,

y1 if t1 − y1
v0

< ts ≤ t2 − y1
v0

.

We have considered three of six possible combinations and summarized them
in Figure 1. An interesting thing to note is that in the dual space the shapes of the
result sets of the range query differ from each other, and the shapes are irregular,
meaning that they are not rectangular or circular. The reason we care about the
shape being rectangular or circular is that most popular multidimensional index
structures such as R∗-Trees [2] or SS-Trees [18] are based on the fact that the
shape of the range queries is either rectangular or circular.

3.2 SV Model

In this section, we analyze each of the parameters(s, e, ts, and v0) and choose the
most suitable configuration for building an efficient index structure and realistic
combination of the six possible cases as our data model.
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We start by considering a simple transformation that can be used to gener-
alize the problem from one with fixed starting location s to one with variable s.
We can transform an object with variable nonzero s and ts into one with s = 0
and new ts as follows,

newTs = −s/v0 + ts . (1)

With Transformation (1), we represent a moving object with any starting point
as one that starts from the origin. Therefore, solving the limited problem where
s = 0 is the same as solving the general problem where s could be anywhere,
meaning that we can have constant s and variable ts without restricting the
problem. If we visualize the conversion, it corresponds to extending a line seg-
ment to the t axis and getting the new ts coordinate. This conversion introduces
some overhead if we ask a query about the past. For example, if a moving object,
m, starts to move from s = 10 at time ts = 10 with velocity v0 = 1, then the
newTs by Transformation (1) is 0. Next, if we ask a query about the vehicles
in the time period between 3 and 5, m would come up as a result, although m
does not exist at that time. This is an example of the overhead that we could
have avoided if we do not convert ts to newTS . However, this is not a significant
problem since we need the filtering when we query the past. In this case, quick
response time is not as important as in the real time system.

Next, consider the destination parameter e. When e varies, there are two
ways to convert the variable e to some fixed e. One is to set it to some con-
stant and apply some filtering technique at the end of every query, which could
introduce significant overheads. The other is to move the line segment so that
the y coordinate of the right end point(e) of the line segment becomes a fixed
constant. In this case, two other parameters(s and ts) change correspondingly,
which could make the problem more complex. In any case, converting variable e
to some fixed constant is not helpful to solve the problem. Therefore, e should be
a variable, which leaves us no choice except v0 being constant. However, requir-
ing constant v0 is actually not a significant constraint. In real world highways
with vehicles equipped with discrete speedometers, the number of different ve-
locities is actually not so large. We can therefore easily create multiple instances
of fixed velocity models for any given stretch of a highway under consideration.
The more instances we have, the more precision we would gain. However, for a
moving object whose velocity does not match one of the instances, we can insert
it into the one which has the closest velocity and make it update more often
than other objects whose velocity match exactly an instance.

Among the six combinations, (C) fits in with our purpose of choosing a
configuration that has the most realistic assumptions and at the same time cap-
tures the abstraction of the problem well. Since (C) assumes s = 0, we can
apply Transformation(1) without restricting the problem. Secondly, as we have
discussed above, (C) assumes variable e and constant v0. We call this combina-
tion SV model(fixed s, v) and claim that this model captures the abstraction of
the problem well. In the next section, we support this claim by considering an
experimental evaluation with realistic database workloads.
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4 Performance

In this section, we introduce the SS-Tree [18] as the underlying index structure,
explain experimental settings, and show the result of a performance study.

We use the SS-Tree [18] as the underlying index structure. The SS-Tree is
a high-dimensional search tree proposed by White and Jain [18] for similarity
searches such as k-nearest neighbor query. It has been shown to outperform the
R∗-Tree [2] in high-dimensional k-nearest neighbor query. We expect the SS-
Tree to perform better also for range queries than the R∗-Tree due to the same
reasons.

As discussed earlier, we can cluster moving objects with the same velocity
by associating them with an instance of the SS-Tree. Another benefit of using
the SV model is that the shape of the result set in the SV model is close to
rectangular (as shown in Figure 1(C)) which is easier to handle since many
index structures(e.g., R∗-Tree variants) use it as a result set of a range query.

The SV model requires an index structure for a fixed velocity and we assume
that there are only 5 different velocities, therefore we need 5 SS-Trees for the SV
model. Each SS-Tree for the SV model is associated with a fixed velocity, v =
0.8, 0.9, ..., 1.2. The Dual transform model does not require multiple instances of
an index structure, therefore, only one SS-Tree is used.

4.1 Experimental Setting and Uniform Data Distribution

In this section, we describe the experimental setting, the data sets and the met-
rics used. We first generate N objects, where N = 10000, 20000, ..., 80000. Each
object has 5 variables: a unique ID(id), a starting location(s), a destination(e),
a starting time(ts), and a velocity(v0). We assign a sequence number to each
object as its ID and set the starting location to zero. After randomly generat-
ing two numbers in the range [0,500], we assign one to the destination and the
other to the starting time. We maintain two lists, one sorted based on ts and the
other sorted on the time when a moving object reaches the destination and is
supposed to remove itself from the system. The time to remove is te = e−s

v0
+ ts.

The system starts the clock running from 0 to 500. At each tick, it inserts the
objects which are supposed to start at that time, and deletes the objects which
are supposed to reach their destinations by that time. To start with, the system
is run for the first 20% of the time. A new object is inserted into the SV model
by inserting into the SS-Tree corresponding to the same velocity as the object’s
together with (id, ts, e). In the Dual transform model, the object is inserted into
the SS-Tree with id, the velocity, v0, and the y-intercept, −v0× ts. After that, at
every other tick, we run 5 random queries ([t1, t2]× [y1, y2]) against the two mod-
els and collect the results. If the width(t2− t1) is 5, we call the query a 1% query
and if it is 50, a 10% query. t1 should be greater than the current tick value.
For a given query, the SV model first converts the rectangle to another rectangle
as follows(See Figure 2(a)): (t1, t2) → (t1 − y2

v0
, t2 − y1

v0
), (y1, y2) → (y1, ymax) .

With the converted rectangle, the SV model runs the query against the 5 SS-
Trees and merges all the results. The Dual transform model also converts the



Storage and Retrieval of Moving Objects 181

A

(a) SV model (b) Dual model

v

b = −t2v + y1

(vmin,−t1vmin + y2)

b

(vmax,−t2vmax + y1)

b = −t1v + y2

D1

D2

E

ts

e (t1 −
y2
v0

, ymax)

(t2 −
y1
v0

, y1)

e = −v0ts + v0t1

Fig. 2. Two Models

rectangle to another one as follows (See Figure 2(b)): (t1, t2) → (vmin, vmax),
(y1, y2) → (−t2vmax + y1,−t1vmin + y2) .

The overhead of the SV model is the number of objects for which (ts, e)
satisfies e < −v0ts + v0t1, where v0 is the velocity of the corresponding SS-Tree,
i.e., the number of objects which are in the area A in Figure 2(a). We refer to
this as the SV overhead . The rest of the objects are the exact answers.

Before we identify different overheads in the Dual transform model, we need
to take a closer look at [11] in which Kollios et al. propose a query approximation
algorithm using multiple B+-Trees. Kollios et al. noticed that depending on
where the origin is considered, the y-intercept of the corresponding line segment
can be different, resulting in the areas D1 and D2 in Figure 2(b). Multiple B+-
Trees are kept, which contain the same information about the moving objects but
use different origin values. When a query arrives, the sizes of the area D1+D2 are
computed from all indices to choose the one with the minimal size, and process
the query against that index structure. In this fashion, the overhead associated
with the areas D1 and D2 is minimized. We call this the index overhead which
is the number of objects that would not have been retrieved if the rectangle is
not used to retrieve the answer set. Since we use one multidimensional index
structure the size of the areas D1 and D2 that is generated is an upper bound of
what is incurred in [11]. For the comparison, we define another kind of overhead
that cannot be avoided even if the size of the area D1 + D2 is reduced to 0 by
using multiple B+-Trees. That overhead is the number of objects that are inside
E but not the exact answer. We call this the dual transformation overhead . This
dual transformation overhead is introduced because the Dual transform model
loses half of the information of the object when it transforms the original space
to the dual space.

We now compare the percentage of the three kinds of overheads as we vary the
size of the objects or the width of the query rectangle. As observed in Figure 3(a),
the percentage of the SV overhead is less than 1% in any size of the data when
the width is 5(1% query), and less than 4% in any size of the data when the
width is 50(10% query). The dual transformation overhead is around 25% in
1% query and around 22% in 10% query.

Figure 3(b) shows that as the width gets larger, the SV overhead becomes
bigger and the overheads due to the Dual transform model become smaller. The
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reason is that as the width grows, the number of objects in the exact answer set
also grows, so does the size of the area A. The result set of the Dual transform
model also grows as the width grows, however, it already includes too many false
hits to start with so that the rate at which it introduces the new false hits to the
growing result set is a lot less than the rate at which previous overhead becomes
exact answers. Even if we have an ideal algorithm that returns the objects in the
area E without any extra work in terms of the I/O, the Dual transform model
would still have 20% overheads compared to less than 4% as in the case of the
SV model. In any case, the SV model outperforms the Dual transform model in
terms of additional I/O.

4.2 Simulated Realistic Data

In 1990, the Santa Barbara County Association of Governments published the
document [12] that is a study of Route 101 from the Hollister exit to the county
line in the Santa Barbara area which is about 30 miles long. The purpose of
the study is to review existing conditions and programmed improvements and
to forecast travel for the year 2000. Directly from the document are the name
of the exits, the lengths between exits, the annual growth of the sections until
the year 2000, approximate traffic volume per lane per hour, and the number of
lanes in each section. From that information, we calculate the projected traffic
volume at the year 2000 and multiply the number of lanes and get the numbers
for the traffic per segment per hour at peak time. The average speeds are roughly
around 30 miles per hour. What we need for simulating the SV model are each
car’s starting time and destination along with its velocity. We also need to take
its starting location into account although the SV model assumes that it is zero.
Therefore, we have to use our knowledge about the neighborhoods and highway
exits of the area. First, we assign a getoff and a geton rate to each exit. It is
a combination of our experience and the data from [12]. If the traffic becomes
less at an exit, then more cars get off than get on the exit and vice versa. We
distribute the cars which get on an entry to the upcoming exits based on the
getoff rates of each exit. And we make some number of cars get on an exit based
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on the geton rates and randomly choose the starting times of each car from one
hour interval. After applying this scheme, the numbers we derive is similar in
the sense that when the exact numbers change, they also change with similar
rate. The readers can find the numbers in [5]. The test setup is identical to the
previous subsection. Figure 4 shows the results. Although the exact numbers are
a little bit different from the uniformly distributed data, the general trend of the
results complies with earlier findings.
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5 Conclusion and Future Work

A moving object moves with four independent parameters, 〈s, e, ts, v0〉. We con-
sidered the scenarios where not all parameters are variables. There are 6 differ-
ent combinations when two parameters can vary, and we analyzed all of them.
Among them, we chose the SV model where s = 0 and v0 is fixed and ts, e can
vary because it offers the most realistic setting for moving objects and we can
build an efficient multidimensional index structure on it. The performance test
showed that the SV model has significantly lower overhead when compared to
the Dual transform model [10,11]. Although we used the SS-Tree as the underly-
ing index structure, any other index structure would work because the SV model
does not depend on the underlying index structure.
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Abstract. Mobility management in ad hoc wireless networks faces many
challenges. Mobility constantly causes the network topology to change.
In order to keep accurate routes, the routing protocols must dynamically
readjust to such changes. Thus, routing update traffic overhead is signif-
icantly high. Different mobility patterns have in general different impact
on a specific network protocol or application. Consequently the network
performance will be strongly influenced by the nature of the mobility pat-
tern. In the past, mobility models were rather casually used to evaluate
network performance under different routing protocols. Here, we pro-
pose a universal mobility framework, Mobility Vector Model, which can
be used for recreating the various mobility patterns produced in different
applications. Case studies on optimal transmission range as a function of
mobility and on network performance under various mobility models are
presented in the paper. Simulation results show that excessively large
transmission range will not improve network performance significantly
because of the increased collisions. There is an optimal range between
1.5 – 2 times the mean node distance for free space channel. Also, sim-
ulation results show that different mobility models will have different
impact on the network performance for a variety of routing protocols
(AODV, DSR, FSR). When choosing routing protocols for ad hoc net-
work applications, performance studies under multiple mobility models
are recommended. The Mobility Vector model can provide a realistic and
flexible framework for reproducing various models. . . .

1 Introduction

Multi-hop wireless networks are an ideal technology to establish an instant com-
munication infrastructure for civilian and military applications. Target applica-
tions range from collaborative, distributed mobile computing to disaster recov-
ery (such as fire, flood, earthquake), law enforcement (crowd control, search and
rescue) and tactical communications. However, as the members of an ad hoc net-
work move, the performance tends to degrade. One reason of such degradation
is the traffic control overhead required for maintaining accurate routing tables in
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the presence of mobility. Different mobility patterns will affect the performance
of different network protocols in different ways. Therefore, it is very important
to study the impact of mobility patterns on different network protocols in order
to achieve the best performance in each scenario.

Many mobility models have been proposed for ad hoc wireless networks. Each
one of them was designed to produce a particular motion behavior. A popular
scheme is the Random Walk model [3]. In this model, a mobile host moves from
its current position to the next with memoryless, randomly selected speed and
direction. Many mobility models were derived from this one. Among them, is the
Random Waypoint mobility model [6]. The model breaks the entire movement
of a mobile host into a sequence of pause and motion periods. A mobile host
stays in a location for a certain time then it moves to a new random-chosen
destination at a speed uniformly distributed between [0, MaxSpeed].

The above mobility models apply to individual motion behaviors. However,
in a real environment, a group of mobile hosts tend to move with a common
objective (e.g., military deployment). Therefore, the group motion behavior is
also important in some applications. To this end, the Reference Point Group
Mobility (RPGM) model was proposed [4]. In this model, there is a logical ”cen-
ter” for each group. The center’s motion summarizes the entire group’s behavior.
Each node is assigned a reference point (i.e., relative position with respect to
the center) which follows the center movement. The random displacement in the
neighborhood of the reference point represents the individual random motion
component for each node.

One of the major applications of ad hoc wireless networks is the digital bat-
tlefield. In the tactical environment, mobile nodes could be individual soldiers,
artilleries, SAM launchers, trucks, helicopters, support vehicles, UAVs in the sky
and even satellites at higher elevations. Each different entity has different com-
munication capabilities. So, it is reasonable to assume that the whole network
is a heterogeneous environment. In this environment, different types of mobile
nodes will have different types of motion behavior. Therefore, a flexible mobility
framework is needed to model this hybrid motion patterns. The Mobility Vector
model [5] is suitable for this need. Even in a homogeneous environment, the
Mobility Vector model can be used to advantage, for example to avoid some un-
realistic random movements such as sudden stops, turn backs, sharp turns, etc.
The Mobility Vector model will be described in the next section. The ability of
representing versatile models suggests that the model can be used as a mobility
framework for various simulation.

The paper is organized as follows. In Section 2, the Mobility Vector framework
is described. Section 3 discusses average speed and transmission range issues
related to mobility models. Section 4 presents the performance results using
various mobility models. Section 5 concludes the paper.
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2 Mobility Vector Model

In this section, we introduce a new mobility framework, which can simulate
natural and realistic mobility for various applications, especially in heteroge-
neous network applications. Most of the existing mobility models allow random
movements, such as sudden stops, turn backs, sharp turns, and etc., which are
physically impossible in the real world. By “remembering” mobility state of a
node and allowing only partial changes in the current mobility state, we can
reproduce natural motions. With this scheme, it is possible for us to imitate
almost any existing mobility model. As we will see, the advantages of this model
are: simplification of position updates, ease of implementation and opportunity
for mobility prediction.

2.1 Mobility Vector Model

The mobility of a node is expressed by a vector (xv, yv), which represents 2-
dimensional velocity components of the node. The 3-dimensional extension is
straight forward. The scalar value (norm) of a mobility vector is the speed,
computed as the distance between the current position of a node and the next
position after a unit time. The mobility vector −→

M = (xm, ym) or (rm, θm) is
the sum of 2 sub vectors: the Base Vector, −→B = (bxv, byv) or (rb, θb) and the
Deviation Vector, −→V = (vxv , vyv) or (rv, θv). A Base Vector defines the major
direction and speed of a node. A Deviation Vector stores the mobility devia-
tion from the base vector. The model shows that −→

M = −→
B + α × −→

V , where α is
an acceleration factor. By properly adjusting the acceleration factor and make
the speed varing in the range [Min, Max], it is possible to generate a smoother
trajectory and eliminate the chance of unrealistic node motions. This is an im-
portant feature of the new mobility vector model. For radian coordination, the
Min/Max steering angle and the steering factor also can ensure more natural
direction change.

2.2 Mobility Vector Model as a Framework

Gravity Model In some wireless communication systems, receivers may tend
to move towards the signal source, looking for a better signal. For example,
in a cellular system, if a user experiences a low quality of communication and
can move around, he may try to move towards a Base Station. The Gravity
Model reproduces the above mobility patterns. Every mobile node in this model
is assigned a charge. Some of them have positive charges, others have negative
charges, and the rest of them are not charged. The latter are free from gravity.
For example, in the above cellular system, the Base Station has a negative charge
and some of the mobile nodes have positive charges. Nodes with the same polarity
repel each other; and nodes with opposite polarity attract each other. The force
between any two nodes can be modeled by base vector using the Mobility Vector
model. It is a function of distance and charges.
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Location Dependent Model This model represents a collective mobility pat-
tern in a specific area. For example, if a node is on a freeway, its mobility vector
has a common component which represent the direction and the allowed speed
of the freeway. If we have a digitized map and traffic pattern based on the map,
we can use the base vector to implement the collective mobility. When a node
moves around the area, it acquires the location dependent base vector specified
at the current position.

Targeting Model Targeting is a common pattern of mobility, where nodes
move towards a target. Given the target coordinate, it is simple to calculate a
proper base vector. When a node approaches a target, it reduces its velocity using
negative acceleration factor and then pause when the mobility vector is adjusted
to zero. This is an improved implementation of Random Waypoint model which
avoids sudden stops.

Group Motion Model In ad hoc networks, communications are often among
teams which tend to coordinate their movements (e.g., a firemen rescue team
in a disaster recovery situation). To support this kind of communications and
movements, the Mobility Vector model can provide efficient and realistic group
mobility models. Different group patterns can be represented using base vectors
while deviation vectors show the individual behaviors of members in a group.
Thus the model can provide flexible group motion patterns for heterogeneous
networks, such as those including UAVs (Unattended Airborne Vehicles). UAV
backbone nodes and ground nodes typically will exhibit different motion behav-
ior.

3 Calibration of Mobility Parameters

3.1 Average Speed and Distance Traveled

As we mentioned in Section 1, many models adopt random motion. With ran-
dom motion, when an average speed is given, the actual traveled distance may
be larger than the geographical displacement over a given time interval. For ex-
ample, a node may just bounce around its initial location in a certain period
where the traveled distance is large but the geographical displacement is near
zero. The reduced displacement will lessen the impact of mobility on the appli-
cations using random mobility models. Here we analyze different mobility effect
under the traveled distance and the geographical displacement.

In simulation, the average speed is defined as the actual traveled distance
over simulation time. This measure is conceptually and computationally simple
and commonly used. Here we also measure the geographical displacement. We
measure the two types of distances over a small time interval. After averaging
the two measures over all the intervals in simulation and over all nodes, we nor-
malize actual traveled distance by geographical displacement. The result is the
extra distance traveled in order to achieve a certain geographical displacement.
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Figure 1 reports the extra distance traveled as a function of average speed for
two mobility models, i.e., Random Walk and Mobility Vector. The figure shows
that Random Walk model produces more extra traveled distance than Mobility
Vector model. Which means that given the same instantaneous speed, the Ran-
dom Walk produces less geographical displacement. This lessens the impact of
mobility at instantaneous speed on topology change. The positive influence of
this phenomenon to routing protocol will be seen further in Section 4.

3.2 Transmission Range and Link Changes

An advantage of the limited simulation space is that it can maintain a certain
degree of node distribution density, which is necessary for keeping a node’s con-
nection to its neighbors, given the transmission ranges of nodes are limited.
However, when nodes are mobile, the distribution of nodes can not keep as uni-
form as the initial time. To what degree this will affect the network connecting
topology and in turn, affect the performance of routing protocols and upper layer
protocols will depend on many factors, such as, transmission range and mobility
speed, as we will study in this section.

From intuition, it is understood that in order to get a good performance,
the choice of transmission range is related to mobility. As the battery power is
a critical constraint for mobile wireless communications, we want to choose the
minimum possible range which yet provides adequate connectivity in the face of
mobility.

In this section, we use four mobility models to study the link change rate. The
models we choose are Random Walk, Random Waypoint, Reference Point Group
Mobility (RPGM) model and the Mobility Vector. Every model requires specific
parameters to define the motion it will produce. In order to compare them on an
equal base, we choose the parameters in such a way that they provide the same
average speed (measured through traveled distance as defined in Section 3.1).

We monitor the change of link status (up, down) caused by the motion of
nodes. The rate of the change is used as an indicator of topology change. We



190 Xiaoyan Hong et al.

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 2 4 6 8 10 12

Li
nk

 U
p/

D
ow

n 
R

at
e 

(c
ha

ng
es

/li
nk

/s
ec

)

Mobility (Avg Speed) (m/sec)

 Link Change vs Mobility at Range = 100m

Random Waypoint
Reference Point Group Mobility

Random Walk
Mobility Vector

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 2 4 6 8 10 12

Li
nk

 U
p/

D
ow

n 
R

at
e 

(c
ha

ng
es

/li
nk

/s
ec

)

Mobility (Avg Speed) (m/sec)

 Link Change vs Mobility at Range = 150m

Random Waypoint
Reference Point Group Mobility

Random Walk
Mobility Vector

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 2 4 6 8 10 12

Li
nk

 U
p/

D
ow

n 
R

at
e 

(c
ha

ng
es

/li
nk

/s
ec

)

Mobility (Avg Speed) (m/sec)

 Link Change vs Mobility at Range = 200m

Random Waypoint
Reference Point Group Mobility

Random Walk
Mobility Vector

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 2 4 6 8 10 12

Li
nk

 U
p/

D
ow

n 
R

at
e 

(c
ha

ng
es

/li
nk

/s
ec

)

Mobility (Avg Speed) (m/sec)

 Link Change vs Mobility at Range = 400m

Random Waypoint
Reference Point Group Mobility

Random Walk
Mobility Vector

Fig. 2. Link Change vs Mobility at Various Transmission Ranges

evaluate the effect of mobility to the link change rate under various transmis-
sion ranges from 100m to 400m. The simulation area is 1km × 1km with 100
nodes uniformly distributed at initialization. The mean distance between nodes
is 100m. Free space channel model is used to calculate the transmission range.
We initialize our topology with same density and same scatter pattern for every
model for each set of parameters. We run three experiments using the same ini-
tial density but different scatter pattern. The final results are the average over
of all the executions. For RPGM, a rectangular group motion trajectory is used.

The experiment results given in Figure 2 show that in terms of the link change
rate, for the same transmission range, the four models do not present great
differences. Small differences exist. For example, Random Waypoint has higher
rate at high mobility when transmission range is small. When the transmission
range is large, every model has very small link change rate. When mobility
increases, the link change rate increases for all the mobility models.

As the models behave similarly under different transmission ranges, we only
show results from Mobility Vector model to investigate how the link change
rate reacts to the change of transmission range at different mobility. Figure 3
illustrates that when transmission range is equal to the mean distance between
nodes (i.e., 100m), the change rate is very high - about 35% for mobility =
10; However, when the transmission range increases to 1.5 times of the mean
distance, the change rate reduces to a half of the 35%; And when the transmission
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range increases to 2 times of the mean distance, the change rate decreases to
almost one third (about 12%). Further increasing of transmission range decreases
the change rate continuously, but does not create dramatic effect. This property
holds for all the mobility. Thus, for the sake of minimizing energy consumption,
choosing transmission range at a range of 1.5 - 2 time of mean distance is a good
solution in free space channel environment.
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Fig. 4. Link Change Using Mobility Vector

Figure 4 gives another view of the relation between link change rate and
mobility. The increase of mobility increases the changing rate.

4 Impact on Network Performance

In a multi-hop network, even relatively small node movements can cause no-
ticeable changes in network topology and thus affect the performance of upper
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layer protocols, such as throughput and delay. An example of ranking of rout-
ing protocols for various scenarios is given in [4]. Exploiting the observations
in previous sections regarding the relationship between transmission range and
link dynamics, we study in this section the impact of mobility on routing per-
formance.

We will not conduct a complete comparison across “all” routing protocols.
Good surveys in this subject can be found in [9,10,11,12]. Here we study a
restricted set of routing protocols to which we apply various mobility models
with varying transmission ranges.

4.1 Experimental Configuration

The routing protocols used are Dynamic Source Routing (DSR) [6], Ad hoc On
Demand Distance Vector Routing (AODV) [7], and the Fisheye State Routing
(FSR) [8]. They are all provided within the GloMoSim library [1]. The GloMoSim
library is a scalable simulation environment for wireless network systems using
the parallel discrete-event simulation language PARSEC [2]. The packet delivery
ratio – the ratio between the number of packets received and those originated
by the sources, is used as a performance metric.

We use previous mobility models, they are: Mobility Vector, Random Way-
point, Reference Point Group Mobility (RPGM) and Random Walk. The pa-
rameters of the four models are set so as to achieve the same average speed.
For Mobility Vector model, the acceleration factor is set to zero and for Ran-
dom Waypoint, the pause time is fixed to 10 seconds. The Min/Max speeds for
both model are set to be +1 around various average speed for experiments. For
RPGM model [4], all the nodes are in the same group. The group’s trajectory
is a rectangular cycle. The center of the group moves 250m on each edge. The
simulation area is 1km × 1km with 100 nodes uniformly distributed at initializa-
tion. The RPGM has 1.25km × 1.25km simulation area to keep nodes spreading
in 1km × 1km field and moving in a rectangular cycle. The transmission range
will change in our simulation. In the simulation, 50 Constant Bit Rate (CBR)
source-destination pairs randomly spreading over the network are used. The size
of the data payload is 512 bytes. The distributed coordination function (DCF)
of IEEE 802.11 is used as the MAC layer in our experiments. The radio model
has the capture function turned on. Free space propagation model is used. The
channel capacity is 2 Mbits/sec.

4.2 Results

Figure 5 gives the simulation results for AODV in high mobility (10m/sec) and
low mobility (2m/sec) respectively. Figure 6 gives the results for DSR, and
Figure 7 for FSR.

In general, no matter what mobility models are in use, increase of transmis-
sion range increases the delivery ratio. Increasing transmission range from one to
twice the mean distance (i.e., from 100 to 200m) shows larger improvement with
high than low mobility. These results are constant with those in Section 3.2, i.e.,
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Fig. 5. Packet Delivery Ratio for AODV

link up/down statistics. This effect is particular evident in RPGM and Random
Walk model.

A further increase of the transmission range to 4 times the mean distance,
however, has different effects on different routing schemes. When transmission
range increases, the density of neighboring nodes is increased. Thus more col-
lisions occur. At high mobility, increased density will increase the chance for
finding new routes when an old route is broken. The final effects of increased
transmission range are mixed with these factors. Mobility Vector and Random
Waypoint benefit from the increase in radio range. However, RPGM and Ran-
dom Walk show little improvement and in some cases, throughput drops. The
reason is that RPGM and Random Walk suffer from more collisions because they
are more topology stable than the other two models at a given average speed.

The increase in transmission range has different effects on different routing
schemes as well. In particular, FSR (Figure 7) has large degradation of delivery
ratio from 200m to 400m. This is because at large transmission range, there
will be too many nodes within the fisheye scope. Then, the increased routing
table size and corresponding periodic update traffic overhead degrades the packet
delivery capability.

In spite of these differences, we can still conclude that transmission range
from 1.5 – 2 times the mean distance will produce uniformly the best improve-
ments in delivery ratio. This appears to be the optimal range for a free space
channel.

The four mobility models have different impact on routing protocols. Our
most realistic model, the Mobility Vector model, produces the worst case rout-
ing performance, with the widely used Random Waypoint model coming the
second worst. The Waypoint model produces a straight line motion pattern be-
tween pauses. Its impact on routing, thus, is more like that of the Mobility
Vector, which moves on a smooth trajectory. In the RPGM model, the coordi-
nated motion behavior among group members and the swing around reference
points tends to produce a smaller over all topology change, and thus better de-
livery ratio, though the link change performance is compatible to all others. For
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Random Walk, recall from subsection 3.1 that nodes also tend to swing forward
which leads to mobility underestimation and thus higher packet delivery ratio is
observed.

Simulation results thus show that the choice of the mobility model makes a
difference in the study of network performance. The results also suggests that a
realistic mobility model is not necessarily producing better routing performance.
In a contrary, given a realistic mobility model, studying how well a routing
protocol can perform will help in evaluating routing protocols for applications
of ad hoc networks. Performance studies among various models are necessary.
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5 Conclusion

In this paper we have proposed a mobility framework - Mobility Vector model.
The model uses sub vectors for keeping current mobility information and pro-
viding partial changing in motion. Mobility Vector model provides realistic and
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flexibility for reproducing various models within a single framework in various
simulations. The study of link dynamics shows different mobility models do not
produce remarkably different behavior. However, the simulation results show
that a transmission increase from 1.5 – 2 times the mean node distance will
drastically reduce link change rate, which, as a consequence, will generate larger
packet delivery ratio no matter what routing protocols are used. The effect of
further increasing the transmission range is positive for Mobility Vector and
Random Waypoint, but is neutral or even negative (in the FSR case) for RPGM
and Random Walk.

In summary, the choice of the mobility models makes a difference in the study
of network performance. Mobility Vector and Random Waypoint models provide
“lower bound” type performance while Random Walk and RPGM produce top
performance. These results show that, prior to deploying ad hoc network in a
real environment, it is not sufficient to test its performance with a single mobility
model since the choice of motion pattern can have major impact on performance.
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Operating System and Algorithmic Techniques 
for Energy Scalable Wireless Sensor Networks

Abstract. An system-level power management technique for massively distributed wireless
microsensor networks is proposed. A power aware sensor node model is introduced which
enables the embedded operating system to make transitions to different sleep states based on
observed event statistics. The adaptive shutdown policy is based on a stochastic analysis and
renders desired energy-quality scalability at the cost of latency and missed events. The notion
of algorithmic transformations that improve the energy quality scalability of the data gathering
network are also analyzed.

1    Introduction

Massively distributed, ad-hoc, wireless microsensor networks have gained importance in a 
spectrum of civil and military applications [1]. Advances in MEMS technology [2], combined
low power, low cost DSPs and RF circuits have resulted in cheap and wireless microsensor
works becoming feasible. A distributed, self-configuring network of adaptive sensors has sig
cant benefits. They can be used to remotely monitor inhospitable and toxic environments. A 
class of benign environments too require the deployment of a large number of sensors such as i
ligent patient monitoring, object tracking, assembly line sensing, etc. Their massively distrib
nature provides wider resolution as well as increased fault tolerance than a single sensor node. 
eral projects that demonstrate the feasibility of sensor networks are underway [3][4].

A wireless microsensor node is typically battery-operated and is thus energy constrained. To m
mize the lifetime of the sensor node after its deployment all aspects including circuits, architec
algorithms and protocols have to be made energy efficient. Once the system has been desig
additional energy savings can be obtained by using dynamic power management concept
whereby the sensor node is shutdown if no interesting events occur. Such event driven power 
sumption is critical to obtaining maximum battery-life. In addition, it is highly desirable tha
node has a graceful energy-quality (E-Q) scalability [6] such that if the application so demands
user is able to extend the mission lifetime at the cost of sensing accuracy. Energy scalable a
rithms and protocols are required for such energy constrained situations. 

Sensing applications will present a wide range of requirements in terms of data rates, computa
average transmission distance, etc. As such protocols and algorithms will have to be tuned to 
application. Therefore, embedded operating systems and software will be critical ingredien
such microsensor networks as programmability will be a necessary requirement. In this pape
propose an Operating System directed Power Management technique to improve the energy
ciency of the sensor nodes. Dynamic Power Management (DPM) is an effective tool to reduce
tem power consumption without significantly degrading performance. The basic idea is to
down devices when they are not needed and wake them up when necessary. DPM in genera
non-trivial problem. If the energy and performance overheads in transitioning to sleep states 
negligible then a simple greedy algorithm which makes the system go into the deepest sleep sta
soon as it is idle would be perfect. However, in reality, transitioning to a sleep state has the o
head of storing the processor state and shutting off the power supply. Waking up too takes a f
amount of time. Therefore, implementing the right policy for transitioning to the sleep state is 
cal for the success of DPM. A power-aware model for sensor nodes is also introduced. We
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demonstrate how the algorithm can be used to provide desirable E-Q characteristics in sen
applications. Finally, we introduce the concept of energy scalable algorithms. The principal no
being that computation be done is such a fashion that a drop in energy availability should resu
minimum possible quality degradation.

2    System Models

2.1   Sensor Network and Node Model

The fundamental idea in distributed sensor applications is to incorporate sufficient proces
power in each node such that they are self-configuring and adaptive. Fig. 1 illustrates the basic
sor node architecture. Each node consists of the embedded sensor, A/D converter, a processor 
memory (which in our case will be the StrongARM SA-1100 processor [7]) and the RF circ
Each of these components are controlled by the micro Operating System (µ-OS) through m
device drivers. An important function of the µ-OS is to enable Power Management (PM). Base
event statistics, the µ-OS decides which devices to turn off/on.

Our network essentially consists of η homogeneous sensor nodes distributed over a rectang
region R with dimensions WxL with each node having a visibility radius of ρ (shown by the re
Ck). Three different communication models can be used for such a network. (i) Direct transmis
(every node directly transmits to the basestation), (ii) Multi-hop (data is routed through the ind
ual nodes towards the basestation) and (iii) Clustering. If the distance between the neighboring
sors is less than the average distance between the sensors and the user or the basesta
transmission power can be saved if the sensors collaborate locally. Further its likely that senso
local clusters share highly correlated data. Some of the nodes elect themselves as ëcluster heads
depicted by nodes in black) and the remaining nodes join one of the clusters based on a minim
transmit power criteria. The cluster head then aggregates and transmits the data from the other 
ter nodes. Such application specific network protocols for wireless microsensor networks 
been developed [8]. It has been demonstrated that a clustering scheme is an order of magni
more energy efficient than a simple direct transmission scheme.

2.2   Power Aware Sensor Node Model

A power aware sensor node model essentially describes the power consumption in different le
of node-sleep state. Every component in the node can have different power modes, e.g. the S
gARM can be in active, idle or sleep mode; the radio can be in transmit, receive, standby o
mode. Each node-sleep state corresponds to a particular combination of component power mo
In general, if there are N components labelled (1, 2, ..., N) each with ki number of sleep states

W

L
ρ

A
/D

Se
ns

or StrongARM

Memory

µ-OS

Fig. 1.  Sensor network and node architecture
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total number of node-sleep states are . Every component power mode is associated w
latency overhead for transitioning to that mode. Therefore each node sleep mode is characte
by a power consumption and a latency overhead. However, from a practical point of view no
the sleep states are useful. Table 1 enumerates the component power modes corresponding to 5
ferent useful sleep states for the sensor node. Each of these node-sleep modes correspond t
increasingly deeper sleep state and is therefore characterized by an increasing latency and dec
ing power consumption.These sleep states are chosen based on actual working conditions o
sensor node e.g. it does not make sense to have the A/D in the active state and everything else c
pletely off. The design problem is to formulate a policy of transitioning between states base
observed events so as to maximize energy efficiency. The power aware sensor model is simil
the system power model in the Advanced Configuration and Power Interface (ACPI) standard
An ACPI compliant system has five global states. SystemStateS0 (working state),
SystemStateS1 to SystemStateS4 corresponding to four different levels of sleep st
The sleep states are differentiated by the power consumed, the overhead required in going to s
and the wakeup time. In general, the deeper the sleep state, the lesser the power consumption
the longer the wakeup time. Another aspect of similarity is that in ACPI the Power Manager (
is a module of the OS. 

2.3   Event Generation Model

An event is said to occur when the a sensor node picks up a signal with power above a pre-def
threshold. For analytical tractability we assume that every node has a uniform radius of visibili
In real applications the terrain might influence the visible radius. An event can be static (e
localized change in temperature/pressure in an environment monitoring application) or can pr
gate (e.g. signals generated by a moving object in a tracking application). In general, events ha
characterizable (possibly non-stationary) distribution in space and time. We will assume tha
temporal behavior of events over the entire sensing region, R, is a Poisson process with an ave
rate of events given by λtot [10]. In addition we assume that the spatial distribution of even
characterized by an independent probability distribution given by pXY(x,y). Let pek denote the p
ability that an event is detected by nodek, given the fact that it occurred in R.

Let pk(t, n) denote the probability that n events occur in time t at nodek. Therefore, the probab
of no events occurring in Ck over a threshold interval Tth is given by

Let pth,k(t) be the probability that at least one event occurs in time t at nodek.

Table 1. Useful sleep states for the sensor node

StrongARM Memory Sensor, A/D Radio

s0 active active on tx, rx
s1 idle sleep on rx
s2 sleep sleep on rx
s3 sleep sleep on off
s4 sleep sleep off off

ki∏

pek

pXY x y,( ) xd yd
Ck

∫

pXY x y,( ) xd yd
R
∫
----------------------------------------=

pk Tth 0,( )
e
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i.e. the probability of at least one event occurring is an exponential distribution characterized
spatially weighted event arrival rate λk = λtot pek.

In addition, to capture the possibility that an event might propagate in space we describe each e
by a position vector, p = p0 + v(t)dt. Where p0 is the coordinates of the point of origin of the e
and v(t) characterizes the propagation velocity of the event. The point of origin has a spatia
temporal distribution described by Equation 1 to Equation 3. We have analyzed three dis
classes of events: (i) v(t) = 0, the events occur as stationary points, (ii) v(t) = const, the event p
agates with fixed velocity (e.g. a moving vehicle), and, (iii) | v(t) | = const, the event propag
with fixed speed but random direction (i.e. a random walk).

3    Shutdown Policy

3.1   Sleep State Transition Policy

Assume an event is detected by nodek at some time and it finishes processing it at t1 and the
event occurs at time t2 = t1 + ti. At time t1, nodek decides to transition to a sleep state sk from
active state s0 as shown in Fig. 2. Each state sk has a power consumption Pk, and the transition
to it from the active state and back is given by τd,k and τu,k respectively. By our definition of n
sleep states, Pj > Pi, τd,i > τd,j and τu,i > τu,j for any i > j. 

We will now derive a set of sleep time thresholds { Tth,k } corresponding to the states { 
 (for N sleep states) such that transitioning to a sleep state sk from state s0 will resul

net energy loss if the idle time ti < Tth,k because of the transition energy overhead [12]. 
assumes that no productive work can be done in the transition period, which is invariably true
when a processor wakes up the transition time is the time required for the PLLs to lock, the clo
stabilize and the processor context to be restored. The energy saving because of state transiti
given by

and such a transition is only justified when Esave,k > 0. This leads us to the threshold

∫

Fig. 2.  State transition latency and power
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which implies that the longer the delay overhead of the transition s0 -> sk, the higher the en
gain threshold, and the more the difference between P0 and Pk, the smaller the threshold. T
observations are intuitively appealing too.Table 2 lists out the power consumption of a sensor-
described in Fig. 1 in the different power modes. Since the node consists of off the shelf com
nents, its not optimized for power consumption. However, we will use the threshold and po
consumption numbers detailed in Table 2 to illustrate our basic idea. The steady state shutd
algorithm is as follows

if( eventOccurred() == true ) {
processEvent();
++eventCount;
lambda_k = eventCount/getTimeElapsed();
for( k=4; k>0; k-- ) 
   if( computePth( Tth(k) ) < pth0 ) 
      sleepState(k);
}

When an event is detected at nodek, it wakes up and processes the event (this might involve cl
fication, beamforming, transmission etc.). It then updates a global eventCount counter w
stores the total number of events registered by nodek. The average arrival rate, λk, for nodek is
updated. This requires use of an µ-OS timer based system function call getTimeElapse
which returns the time elapsed since the node was turned on. The µ-OS then tries to put the 
into sleep state sk (starting from the deepest state s4 through s1) by testing the probability o
event occurring in the corresponding sleep time threshold Tth,k against a system defined con
pth0. 

3.2   Missed events

All the sleep states, except state s4 have the actual sensor and A/D circuit on. Therefore if an e
is detected (i.e. the signal power is above a threshold level) the node transitions to state s0 and
cesses the event. The only overhead involved is latency (worst case being about 25ms). How
in state s4, the node is almost completely off and it must decide on its own when to wake u
sparse event sensing systems (for example vehicle tracking, seismic detection etc.) the inter-ar
time for events is much greater than the sleep time thresholds Tth,k. Therefore, the sensor node
invariably go into the deepest sleep state s4. The processor must watch for pre-programed wak
signals. These signal conditions are programmed by the CPU prior to entering the sleep state. T
able to wake up on its own the node must be able to predict the arrival of the next event. An 
mistic prediction might result in the node waking up unnecessarily while a pessimistic strategy
result in some events being missed. 

Researchers have tried to model the interarrival process of events in reactive systems. In [11
distribution of idle and busy periods is represented by a time series and approximated by a 
square regression model. In [12] the idleness prediction is based on a weighted sum of past pe
where the weights decay geometrically. The authors of [13] use a stochastic optimization techn
based on the theory of Markov processes. All the above techniques result in a performance pen

Table 2. Sleep state power, latency and threshold

State Pk (mW) τk (ms) Tth,k

s0 1040 - -
s1 400 5 8
s2 270 15 20
s3 200 20 25
s4 10 50 50
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However, in our context, being in state s4 results in missed events as the node has no way of kn
ing if anything significant occurred. What strategy gets used is a pure design concern based on
critical the sensing task is. We discuss two possible approaches.
• Completely disallow s4 - If the sensing task is critical and any event cannot be missed this 

must be disabled.
• Selectively disallow s4 - This technique can be used if events are spatially distributed and

totally critical. Both random and deterministic approaches can be used. In the prot
described in [8] the ëcluster headsí can have a disallowed s4 state while the normal nodes
transition to s4. Alternatively, the scheme that we propose is more homogeneous. Every n
that satisfies the sleep threshold condition for s4 goes to sleep with a system defined probab
ps4 for a time duration given by

Equation 6 describes the steady state behavior of the node and the sleep time is computed such
the probability that no events occur in ts4, k i.e. pk(ts4, k, 0) = ps4. However, when the sensor netw
is switched on and no events have occurred for a while, λk is zero. To account for this we disa
transition to state s4 until at least one event is detected. We can also have an adaptive trans
probability ps4, which is zero initially and increases as events are detected later on. The probab
tic state transition is described in Fig. 3.

The advantage of the algorithm is that efficient energy tradeoffs can be made with event dete
probability. By increasing ps4, the system energy consumption can be reduced while the probab
of missed events will increase and vice versa. Therefore, our overall shutdown policy is gove
by two implementation specific probability parameters, (i) pth0 and (ii) ps4. 

3.3   Results

We have simulated a η=1000 node system distributed uniformly and randomly over a 100m x 1
area. The visibility radius of each sensor was assumed to be ρ=10m. The sleep state thresholds
power consumption are shown in Table 2. Fig. 4 shows the overall spatial node energy consu
tion over for an event with a gaussian spatial distribution centered around (25, 75). The interar
process is Poisson with λtot = 500 s-1. It can be seen that the node energy consumption track
event probability. In the non-power managed scenario we would have a uniform energy consu
tion in all the nodes.

ts4 k,
1
λk
----- ps4( )ln–=

Fig. 3.  Transition algorithm to ëalmost offí s4 state

λk > 0

computePth( Tth(4) ) < pth0

s3

s4

s3Sleep?

compute ts4,k

yes

no

Probability (1-ps4)

Probability ps4

yes

Next state test
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One drawback of the whole scheme is that there is a finite and small window of interarrival 
λtot over which the fine- grained sleep states can be utilized. In general, the more the different
the power states (i.e. the greater the difference in their energy and latency overheads) the wide
range of interarrival times over which all sleep states can be utilized. Fig. 5(a) shows the rang
event arrival rates at a node (λk) over which the states s1 - s3 are used significantly. If λk < 13.9
transition to state s4 is always possible (i.e. at least the threshold condition is met, actual trans
of course occurs with probability ps4). Similarly, if λk > 86.9 s-1, the node must always be i
most active state. These limits have been computed using the nominal pth0 = 0.5. Using a hi
value of pth0 would result in frequent transitions to the sleep states and if events occur fast en
this would result in increased energy dissipation associated with the wake-up energy co
smaller value of pth0 would result in a pessimistic scheme for sleep state transition and there
lesser energy savings.

Fig. 5(b) illustrates the Energy-Quality trade-off of our shutdown algorithm. By increasing
probability of transition to state s4 (i.e. increasing ps4) energy can be saved at the cost of incre
possibility of missing an event. Such a graceful degradation of quality with energy is highly d
able in energy constrained systems. 

Fig. 4.  (a) Spatial distribution of events (gaussian) and (b) Spatial energy consumption in the sensor no
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4    Energy Scalable Algorithms

It is highly desirable that we structure our algorithms and systems in such a fashion that comp
tional accuracy can be traded off with energy requirement. At the heart of such transformation
the concept of incremental refinement. Consider a scenario where the distributed sensor netwo
being used to monitor seismic activity from a remote basestation. Sensor nodes are energy 
strained and have a finite lifetime. It would be highly desirable to have energy scalable algori
and protocols running on the sensor network such that the remote basestation could dynami
reduce energy consumption (to prolong mission lifetime if uninteresting events have occurred
altering the throughput and computation accuracy. This type of behavior necessitates algorit
restructuring so that every computational step leads us incrementally closer to the output. We
illustrate the algorithmic restructuring notion using two examples of popular signal proces
algorithms in the context of sensor based computation.

4.1   Filtering Application

Finite Impulse Response (FIR) filtering is one of the most commonly used Digital Signal Pro
ing (DSP) operations. FIR filtering involves the inner product of two vectors one of which is f
and known as the impulse response, h[n], of the filter [14]. An N-tap FIR filter is defined by E
tion 7.

When we analyze the FIR filtering operation from a pure inner product perspective, it sim
involves N multiply and accumulate (MAC) cycles. For desired Energy-Quality (E-Q) behavio
MAC cycles that contribute most significantly to the output y[n] should be done first. Each o
partial sums, , depends on the data sample and therefore its not apparent which 
should be accumulated first. Intuitively, the partial sums that are maximum in magnitude (and
therefore affect the final result significantly) should be accumulated first. Most FIR filter co
cients have a few coefficients that are large in magnitude and progressively reduce in ampli
Therefore, a simple but effective most-significant-first transform involves sorting the imp
response in decreasing order of magnitude and reordering the MACs such that the partial sum
responding to the largest coefficient is accumulated first as shown in Fig. 6(a). Undoubtedly
data sample multiplied to the coefficient might be so small as to mitigate the effect of the pa
sum. Nevertheless, on an average case, the coefficient reordering by magnitude yields a better
performance than the original scheme.

y n[ ] x n k–[ ]h k[ ]
k 0=

N 1–

∑=

x k[ ]h n k–[ ]

Fig. 6.  (a) FIR filtering with coefficient reordering (b) E-Q graph for original and transformed FIR filter
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Fig. 6(b) illustrates the scalability results for a low pass filtering of speech data sampled at 10
using a 128-tap FIR filter whose impulse response (magnitude) is also outlined. The average en
consumption per output sample (measured on the StrongARM SA-1100 operating at 1.5V p
supply and 206MHz frequency) in the original scheme is 5.12µJ. Since the initial coefficient
not the ones with most significant magnitudes the E-Q behavior is poor. Sorting the coeffic
and using a level of indirection (in software that amounts to having an index array of the same
as the coefficient array), the E-Q behavior can be substantially improved. The energy over
associated with using a level of indirection on the SA-1100 was only 0.21µJ which is about 4
the total energy consumption. The basic characteristic of an energy scalable algorithm is illust
in Fig. 6(b). It is obvious that if the available energy per sample/task is reduced by 50% the qu
degradation in the transformed system is only 10% as opposed to 100% degradation in the ori
filtering algorithm. 

4.2   Image Decoding Application

The Discrete Cosine Transform (DCT), which involves decomposing a set of image samples i
scaled set of discrete cosine basis functions, and the Inverse Discrete Cosine Transform (ID
which involves reconstructing the samples from the basis functions, are crucial steps in di
video [15]. The 64-point, 2-D DCT and IDCT (used on 8x8 pixel blocks in of an image) are def
respectively as

DCT is able to capture the spatial redundancy present in an image and the coefficients obtaine
quantized and compressed. Most existing algorithms attempt to minimize the number of arithm
operations (multiplications and additions) usually relying on the symmetry properties of the co
basis functions (similar to the FFT algorithm) and on matrix factorizations [16]. The E-Q beha
of these algorithms are not good as they have been designed such that computation takes a min
yet constant number of operations. The Forward Mapping-IDCT (FM-IDCT) algorithm, prop
in [17] can be shown to have an E-Q performance with is much better than other algorithms.
algorithm is formulated as follows

where xi, j are the reconstructed pels, Xi, j are the input DCT coefficients, and is the 6
constant reconstruction kernel. The improved E-Q behavior of the FM-IDCT algorithm ca
attributed to the fact that most of the signal energy is concentrated in the DC coefficient (X0, 0
in general in the low-frequency coefficients as shown in Fig. 7(a). Instead of reconstructing 
pixel by summing up all its frequency contributions, the algorithm incrementally accumulate
entire image based on spectral contributions from the low to high frequencies.

Fig. 7(b) and Fig. 8 illustrate the E-Q behavior of the FM-IDCT algorithm. It is obvious f
Fig. 7(b) that almost 90% image quality can be obtained from as little as 25% of the total en
consumption. In terms of the overhead requirement, the only change that is required is that we
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need to store the IDCT coefficients in a transposed fashion (i.e. all the low frequency compon
first and so on).

5    Conclusions

We have proposed a system level power management scheme for distributed wireless data acq
tion sensor networks using a two fold approach for energy scalability viz. event driven shutd
and algorithmic restructuring. For event driven shutdown, we explicitly characterize the mean
ful power states of a node and uses a probabilistic technique to make predictive transitions t
low power modes based on observed event statistics. The scheme is simple to implement and
negligible memory overhead. The technique we have proposed is fairly general and can be use
power management in any system characterized by different levels of power consumption in 
ous stages of shutdown. We have also demonstrated the feasibility of a graceful energy-qu
tradeoff using our shutdown strategy. In energy constrained sensor nodes, it is desirable to 
energy scalable algorithms. We have demonstrated the basic idea of algorithmic restructurin
improved energy-quality behavior using two popular signal processing examples.

Fig. 7.  (a) 8x8 DCT coefficients averaged over a sample image (b) E-Q graph for FM-IDCT vs normal I
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Fig. 8.  llustrating the incremental refinement property with respect to computational energy 
of the FM-IDCT algorithm
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Abstract. This paper describes the design and implementation of a highly configurable 
and robust Mobile IP framework that employs active networking principles. Through the 
provision of open programmable interfaces and execution environment, new mobile 
services or application-specific customized services can be rapidly developed and 
deployed within the Mobile IP networking environment. ANTS [11] is being employed as 
the baseline active network execution environment for the implementation of our 
programmable Mobile IP framework. In particular, we have extended ANTS considerably 
to export mobile IP native interfaces to support mobile specific functionalities. The 
design of our active Mobile IP framework is currently implemented over the Linux 
operating system. The programmable framework is applied to the Mobile IP agent nodes 
namely, the mobile node, foreign agent, home agent and correspondent node. To 
demonstrate the ease of designing and deploying new mobile services, this paper 
describes the setup of an experiment to implement an active route optimization service.  

1. Introduction 

While mobile computing has created a new paradigm shift in providing anywhere, anytime and 
anyplace computing environment, it has raised important technical challenges that are often 
non-trivial. In particular, there is a need to address the contrasting quality of service (QOS) 
delivery between the mobile and stationary environments. Existing networking infrastructure 
dominated primarily by Internet connectivity is designed around a fixed network concept. The 
primary assumptions of reliable connectivity, large available bandwidth, stationary end hosts 
and resource-rich operating environment have greatly motivated the design of existing fixed 
network protocols [1]. 

In mobile computing environments, the end systems and intermediate components 
participating in an end-to-end communication are required to deal with the scarce and 
dynamically varying resources. Such requirements translate to the need for research into 
mobile-enabling of existing and new networking infrastructure to better support mobile 
computing. 

To support mobility in an Internet environment, the Mobile IP has been designed to provide 
the necessary mechanisms to enable correspondent node (CN) to conveniently locate a mobile 
node, even it is away from its home network. This is achieved by having the mobile node 
                                                           
* This project is supported by the Hong Kong Polytechnic Central Research Grant G-YB76 and GV-893. 
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(MN) acquire a new care-of-address (COA) when it is visiting a new point of attachment on 
the Internet [2]. The care-of-address obtained from the participating foreign agent (FA) forms 
the new physical contact IP address for the mobile node. This care-of-address is communicated 
to the mobile nodeís home agent so that subsequent packets destined for the mobile node will 
be forwarded to the mobile node care-of-address via the home agent, as shown in Fig. 1. 
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Fig. 1. Mobile IP Operation 

While Mobile IP provides the necessary mechanisms to support point-of-attachment 
mobility, it lacks of the protocol features and architectural characteristics to support adaptive 
and mobility specific processing to better react to the intrinsically dynamic operating 
environment of mobile computing. The need to support and provide adaptiveness and mobile-
aware processing stems from the fact that mobile and wireless environments are subjected to 
changing operating and resource constrains. As a result, protocols operating in such 
constrained environment are required to adapt to these changes with the ultimate objective of 
optimizing the use of scarce computing resources. 

Active and programmable networking technology represents an attractive solution to 
provide rich programming interfaces to support dynamic and adaptive processing on existing 
mobile computing platform. Programmable and active networking is a relative new concept 
that has met with great interests in the networking research community [3, 4]. While much of 
the active networking concept has been successfully applied to the fixed networking 
environments, very little work has been focused on applying active network to mobile 
computing. Research in [5] has focused on applying active network principles for the 
development of adaptive mobile networking solutions based on the Mobiware toolkit. 
Mobiware is an open programmable mobile network that uses CORBA to provide distributed 
object programmability to mobile capable devices across an end-to-end communication link.  

In this paper, we present our approach to realizing a highly configurable, composable and 
programmable mobile network architecture by applying active networking concepts to the 
mobile Internet environment. In particular, instead of extending Mobile IP in terms of defining 
new syntax and semantics to existing packet formats, and to add new adaptive algorithms, our 
research work focuses on applying composable active services on existing Mobile IP 
framework. The design work aims to minimize any modification done on the IP level of 
protocol control, but instead focus on the important aspects of abstracting the programmable 
functionality. The abstraction provides a level of programmable interfaces over the existing 
Mobile IP framework in which active services can be rapidly designed and deployed to modify 
or augment new protocol behaviors. The approach ensures that traditional networking 
functionality will continue to interoperate with or without active enabling the Mobile IP 
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specifications. In addition to opening up the programming interface to the Mobile IP, a 
significant part of our work deals with the important formulation of a set of common 
programmable services that are mobile-specific. These services are designed to augment 
functionality that are notably missing in existing Mobile IP specifications to support wireless 
and mobile communication environments. 

2. Design Approach 

The section describes the important design principles that have guided and motivated the 
creation of a new class of Internet-based active mobile networking architecture to support rapid 
service creation and deployment. 

 
Mobile Internet 

Despite Mobile IP and Internet poor support for truly configurable and adaptive mobile 
computing environment, we envision that the Internet will continue to play an important role in 
providing an integrative and robust networking environment. In particular, it is an important 
decision that we design the framework that leverages on the existing Internet infrastructure, 
while providing extensible and rapid deployment of mobile services to enhance the overall 
end-to-end quality of service. 

 
Seamless Integration 

While applying active technologies to extend and develop new approaches to programming 
mobile network services, it is important to define a mobile programming model that seamlessly 
integrates to the existing Internet. The programming model describes the environment in which 
active services can be readily created, composed, communicated and deployed using protocols 
and mechanisms supported by the Internet framework. In the context of Mobile IP, new 
services can be deployed into home agent node, foreign agent node, mobile node, and 
intermediate active-enabled devices. These services are designed to seamlessly operate and 
leverage on the Internet for moving service-specific programs to the destined agent nodes, 
while collectively interacting to achieve a mobile network service. 

 
Cross Layer Processing 

In the context of OSI reference model, previous works in active networking have primarily 
focused on applying programmable network for specific layer and for specific functions. For 
example, active networking has been successfully applied within the IP layer for improving on 
the multi-cast performance [6], as well as for enhancing congestion control [7]. However, 
mobile computing presents technological challenges that are not easily resolved by focusing on 
specific layer functionality design to better support mobile communications. In recent years, as 
mobile computing continues to gain prominence, research works have been directed to look 
into various approaches to improving performance from within various protocol layers [8], 
including physical, datalink, network, transport and application layer. Each layer of the 
protocol processing serves to enhance the performance across mobile communication 
environment by offering augmented mobile specific services that are designed to mask away 
the imperfections and issues pertaining to mobile computing. In our work, we view the 
challenges of mobile computing as spanning across multiple protocol layers, such that 
optimum performance can be derived from cross layer processing (CLP).  Cross layer 
processing (CLP) represents the divergence away from the traditional implementation of a 
progressive layered protocol stack processing, in which protocol functions are executed from 
layer n to layer n+1 fashion (or vice-versa). Such protocol processing technique requires a 
strict conformance to the protocol stack arrangement and does not permit ìcut-throughî layer 
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processing along the path of communications. Fig. 2 shows a traditional layered protocol 
processing architecture across a mobile IP environment. The idea of CLP is to allow protocol 
architectural layering flexibility by providing mechanisms for cross layers protocol processing. 
The objective is to permit non-sequential layer processing by allowing layer n to proceed to 
layer m.  Layered Protocol Processing                     Fig. 3 shows the protocol processing 
architecture across a mobile IP environment based on CLP approach. By designing and 
implementing CLP on our active Mobile IP framework, it provides us with the utmost 
flexibility in programming and deploying new services on a robust protocol processing 
architecture. It can be shown through examples that CLP forms a highly robust and powerful 
paradigm for deploying new services in the mobile Internet environment. The first example 
represents a protocol known as Snooping-TCP [9] that was designed to alleviate the poor end-
to-end performance of unmodified TCP in the wireless medium. In the context of CLP, the 
Snooping-TCP implementation residing at the access point represents a cross layer processing 
scenario in which data packets at the access point are allowed to cross the datalink layer 
boundary to process transport-specific functionality.  The protocol involves filtering of frames 
that are bypassing the datalink layer at the access point and to process these frames by 
examining the transport layer specific fields for possible loss of packets and acknowledgment 
information. The aim here is to mask away any non-congestion-related losses from the TCP 
sender that are instead caused by losses in the wireless link. In this case, the Snooping-TCP 
operating at the access point is responsible to perform cross layer filtering of transiting frames 
and to perform localized error recovery due to losses in the wireless link. The next example 
demonstrates the use of CLP to dynamically regulate the quality of service at the foreign agent 
node to changing operating conditions in a wireless environment [10]. In this scenario, 
application-specific service such as multi-level video transcoding agent can be deployed at the 
foreign agent node to dynamically monitor the environment and to react to the changing link 
quality by down sampling the video quality transiting across the wireless medium. In short, the 
two examples represent only a snapshot of the rich benefits of CLP to support a truly robust 
and programmable mobile network architecture. 
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Fig. 2. Layered Protocol Processing                     Fig. 3. Cross Layered Protocol Processing 
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Packet Snooping 

In addition to providing programmable interfaces to Mobile IP functionality, there is also a 
need to extend the architecture to support implementation of cross layer processing. Such 
provision will provide the necessary mechanisms to allow new service agent to capture cross 
layer(s) packets, which are not necessary derived from the usual layer-to-layer protocol stack 
processing. Packet filtering represents an attractive solution to provide cross layers capturing 
of transiting packets by specifying the necessary filtering rules to indicate packets that are of 
interests to the service agent. New mobile service agents implementing flow-based processing 
along the communication path can employ the packet filtering service to capture layer specific 
packets, and to inject new protocol behaviors along the flow. Fig. 4 shows a typical flow-
processing model in which a packet filter object is pre-programmed to route transiting packets 
to the respective service codes, which represent new active mobile service. Examples of such 
flow-based processing include local error recovery between wireless links, congestion control, 
video transcoding, Snooping TCP, buffering and etc. 

 

Packet Filter

Flow Classifier

Service CodesService CodesService CodesService Codes
Filter Program Queue

Scheduler

 
Fig. 4. Packet Filter Flow Process Operation 

3. Architectural Overview 

Shown in Fig. 5 is the architectural overview of the programmable Active Mobile IP 
framework. The architectural design is comprised of five functional modules that provide a 
collection of open programmable interfaces for design, creation and deployment of new active 
services.  New services can be developed and deployed either as tightly-coupled or loosely-
coupled protocol integration. In a tightly-coupled protocol integration, the new service is 
designed to tightly integrate to the existing Mobile IP protocol, such that the new service 
effectively changes the basic protocol behavior of the baseline Mobile IP. The facilities to 
enable tightly-coupled service deployment, allow for rapid protocol evolution and innovation. 
The requirement of such facilities translates to the need of providing open programming 
interfaces to directly program and change the behavior of the operations of Mobile IP. An 
example of a tightly-coupled service is the development and deployment of the route 
optimization protocol, which eliminates the so-called triangular routing. In this case, the new 
service is required to directly modify the tunneling and routing facilities of the original Mobile 
IP procedures, such that active service codes residing on the respective agent nodes can co-
ordinate to provide a optimize routing facility. In the loosely-coupled protocol integration, the 
new service does little or no modification to the existing Mobile IP implementation. Instead, 
the service is implemented in a flow processing model, such that it is transparent to the 
underlying Mobile IP. One or more flow processing services can be implemented along an 
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existing end-to-end Mobile IP link. An excellent example of deploying such kind of services is 
the Snooping TCP service. In this case, the Snooping TCP does no modification to the Mobile 
IP but provides masking of loss of packets along the wireless links by introducing local error 
recovery.  The following sections describe in detail the functions of each module and how it 
contributes to the realization of a truly configurable and programmable Mobile IP architecture.  
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Fig. 5. Active Mobile IP Architecture 

3.1 Execution Environment 

Instead of developing a service creation and execution environment for the active node from 
scratch, we have taken the decision to adopt the ANTS approach [11] and extend it to support 
programmable Mobile IP functionality. In particular, we make use of the ANTS capsule 
programming model to create and deploy new agent services. Our model, however, does not 
inherit ANTS approach of generalizing a capsule as a basic replacement for a packet and using 
it to dynamically control and deploy services on-the-fly. To deploy a new agent service, we 
make use of ANTS abstraction of a service protocol that is comprised of a code group, which 
in turn is comprised of a collection of related capsules types whose forwarding routines are 
transferred as a unit by the code distribution system.  The service agent, comprising of 
collection of capsules, is transferred as an autonomous unit of service codes. Importantly, the 
Mobile IP active-enabled nodes continue to offer routing and tunneling functionality of 
transferring data packets between the correspondent node, home agent, foreign agent and 
mobile node. Capsules do not replace transiting packets found in normal networks. The code 
distribution system of ANTS provides the necessary mechanisms to automatically transfer 
active codes between the agents to deploy new mobile network services. The active code 
distribution adds new services and functionality to nodes out-of-band from the normal packets 
process by Mobile IP. To enable peer-to-peer communications and control between active 
nodes, capsules are also used as signaling agents to co-ordinate distributed service 
functionality.  In this case, the capsule can contain service-specific control data as well as 
instructional codes in which the destination active node can process and execute. 
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3.2 Programmable Packet Filter Interfaces 

Packet filter is an effective mechanism for implementation of user-level protocols and services 
[12]. It provides the necessary facilities for user-level packet capturing of transiting packets at 
the datalink layer. The filter acts as a monitoring agent for packets arriving from the link and 
decides if a packet should be accepted, and if so, pass on the packets to the listening service 
agents at the next level. Traditionally, the use of packet filter requires that the application agent 
to setup the filter rules and executes it during program startup. In order to provide dynamic 
customization of filter rules even while active services is in operation, we have extended the 
packet filter mechanism to provide on-the-fly control and management of filter capturing 
process. In particular, we have adopted high-level filter specification language from libpcap1 as 
the baseline filter rule description language. Shown below are some function calls to control 
and manage the packet filtering process.  

Function Operation 
initFilter() To initialize packet filter system and rule queues 
setRule(char *rule) To install a rule to filter incoming packets and return an integer which 

represents the slot number of the corresponding rule. 
getPacket(slot, 
block) 

To capture packets based on the ruleís slot number. If block is 
true(i.e.í1í) this function will be blocked until a packet that matches 
the rule is returned. Alternatively, if block is false (i.e. ë0í), then the 
call is non-blocking. 

deleteFilter(slot) To remove the slot rule and free rule queue. 
Based on these rich interfaces provided by the node operating system, it is possible to 

design and program a customized classifier for flow specific processing.  These interfaces are 
all exported to Java interface via JNI to access libpcapís native method implementation. 

 
The question still remains on how to specify a filter rule script. To facilitate rapid 

prototyping of the architecture and to avoid the need to develop a new filter description 
language, we have taken the decision to employ tcpdump high-level filter description language 
for programming the packet filter. For example, a simple rule such as, ìip src host 
158.132.11.141î means to capture all packets from host with IP address of 158.132.11.141. A 
flow processing service can use the getPacket() primitive to read all incoming packets from 
host 158.132.11.141. More complex rules to access different levels of protocol data can 
similarly be programmed depending on the needs of the underlying mobile network service. 

3.3 Programmable Mobile IP Agents Interfaces 

Mobile IP supports mobile node changing point-of-attachment in the Internet by extending the 
routing and tunneling functionality of traditional IP with the co-ordination of distributed agent 
services. The agent services, which include the home agent, foreign agent and mobile node 
agent, collectively collaborate to perform re-routing and tunneling of packets arriving at the 
home agent to the foreign agentís care-of-address, which forms the proxy IP address to contact 
the mobile node. In order to provide programmability options to change, modify or add new 
services to existing Mobile IP functionality, there is a need ìopenî the interfaces to the basic 
agents that help to co-ordinate the implementation of Mobile IP routing and tunneling. Shown 
below are the Java classes that export open interfaces for programming the Mobile IP agents. 

 

                                                           
1 libpcap is a library for access of BSD Packet Filter (BPF) resource. 
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The home agent API class provides a set of methods to probe the status and operating 

conditions, retrieve mobile nodeís care-of-address, tunneling information and destroying 
tunnel operation.  

class jhaapi { 
public native Tunnel_count jHaGetTunnelCount( int timeout);  
public native Tunnel_ID jHaGetTunnelID( int timeout); 
public native JTunnelInfo jHaGetTunnelInfo(String id, int timeout); 
public native int jHaDestroyTunnel(String id, int timeout);  
public native JhaStatus jHaGetStatus( int timeout); 
public native int jHaEnableMobile(String mobile_addr, int enable,int timeout);  
public native Care_of_addr jHaGetCareOfAddr(String mobile_addr, int 

timeout); 
} 

 
The foreign agent API class provides a set of methods to access the status and operating 

conditions, retrieve tunneling information and destroying tunnel operation. 
class jfaapi { 

public native Tunnel_count jFaGetTunnelCount( int timeout);  
public native Tunnel_ID jFaGetTunnelID( int timeout); 
public native JTunnelInfo jFaGetTunnelInfo(String id, int timeout); 
public native int jFaDestroyTunnel(String id, int timeout);  
public native JFaStatus jFaGetStatus( int timeout); 

} 
 
The mobile node provides interface access to the status and operating conditions, tunneling 

information, create and destroy tunnel operations, and retrieve foreign agent information. 
class jmnapi { 
public native Care_of_address jMnGetCareOfAddr(int timeout); 
public native Tunneling_mode jMnGetTunnelingMode(int timeout); 
public native JMobileStatus jMnGetStatus(int timeout); 

public native int jMnConnect(int tunneling_mode, int timeout); 
public native int jMnDisconnect(int timeout); 
public native JMobileFaList jMnGetFaList(int timeout);  
public native JMobileFaInfo jMnGetFaInfo(int timeout); 

} 

3.4 Routing and Tunnel Interfaces 

The routing and tunnel interfaces provide programmable access to the native routing table 
residing inside the operating system kernel. In particular, service agents can leverage on such 
interfaces to construct IP-to-IP tunneling between communicating entities, provide 
modifications to the IP routing table entries, add/delete route entries and request for interface 
and binding information within the IP operating environment. Shown below are some 
primitives that are exposed as Java programming interfaces: 

Method  Description 
TunnelAdd() Add a tunnel to remote host 
TunnelDestroy() Remove tunnel 
TunnelConnect() Connect mobile node to high level tunnel 
TunnelUnconnect() Tear down the tunnel connection 
RouteAddTable() Add a route entry 
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RouteDelTable() Remove a route entry from Table 
RoutetoHost() Get routing entry from a given host 
RouteReplace() Replace a routing entry 
RouteAddNet() Add subnet routing entry 
RouteDelNet() Delete subnet routing entry 
RouteReplaceNet() Replace subnet routing entry 
RouteGet() Find out the correct Interface from the desti-

nation address 
RouteAdd() Add the destination address to the interface 
RouteDel() Delete the routing entry 
  
GetIfName() Get interface na   me 
GetIfAddr() Get binding address of interface 
GetInterfaceMap() Return all interfaces in this host 
GetLocalAddr() Get local address.  

4. Implementation 

As described earlier, ANTS is being employed as the baseline active network execution 
environment for the implementation of our programmable Mobile IP framework. In particular, 
we have extended ANTS considerably to export Mobile IP native interfaces to augment the 
existing functionality already provided by the ANTS execution environment. Since ANTS 
essentially uses Java as the baseline operating environment, the extended interfaces specific to 
Mobile IP operations are required to be exported to Java method calls using the Java Native 
Interface (JNI). In which case, JNI forms a layer of abstraction in which the Java-based service 
agents uses to invoke the native active Mobile IP services. The Mobile IP implementation is 
modified and extended from [2] to support active programming interface. The implementation 
supports hierarchical ordering of foreign agents with hop-by-hop building of IP tunnels across 
the participating entities.  

The implementation of the active Mobile IP is primarily written in native C language and 
compiled to the native x86 machine code to optimize processing speed. To provide 
programmability at the Java interface level, JNI is used to switch Java call flow to native Linux 
sendmsg and recvmsg system calls to access and control the operations of the participating 
Mobile IP agents, including the home agent, foreign agent(s) and the mobile node agent.  

4.1 Experimental Setup 

We have selected to implement the active route optimization service to demonstrate the 
functionality and extensibility of our active Mobile IP in introducing and implementing new 
services to the mobile environment. It is important to note that the active optimization service 
implemented on our active Mobile IP platform is not compliant to the Mobile IP standard as 
described in [13]. We believe that the inefficient behavior of a non-optimized mobile IP 
triangular routing scenario serves as an ideal experiment to demonstrate how active mobile 
service can be easily developed and deployed in an active network environment.   

The experiment was performed on a testbed network consisting of three Linux workstations 
connected by dedicated 100Mbps Fast Ethernet network links, as shown in Fig. 6.  The Linux-
implemented router is based on an x86 PC Pentium II/400Mhz installed with two 100Mbps 
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cards and 128M RAM. The router is configured to only use Linux kernel forwarding services. 
The foreign agent and home agent are running on two Pentuim 233Mhz, 64M RAM and they 
are located on two separate subnets interconnected via the router. All executing nodes are 
running Linux 2.2.10. Except for the router, all nodes are installed with ANTS active network 
transfer system.   

 

Foreign Agent Linux Implemented Router Home Agent Correspond Host

Subnet 1 Subnet 2

Mobile Node

Handoff

Mobile Node  
Fig. 6. Experimental Setup 

Triangle routing is a well-known issue of Mobile IP.  It is mainly determined by mobile IP 
architecture.  When a mobile node is visiting some subnet, even datagrams from correspondent 
node on the same subnet must be routed through the Internet to the mobile nodeís home agent, 
only then to be tunneled back to the original subnet for final delivery.  This indirect routing 
mode is called triangle routing.  It delays the delivery of datagrams to the mobile nodes and 
burdens on the network.  A scheme of optimization has been proposed[13].   The idea is to 
cache the binding of a mobile node and to then tunnel their own datagrams directly to the care 
of address indicated in that binding, bypassing the mobile nodesí home agent.   

According to the scheme described in [13], the document defines four message formats to 
optimize mobility binding.  In our active service implementation, we have developed three 
capsules types to manage tunneling from the mobile node to the correspondent node.  The 
three capsules are defined as binding update message (implemented as BUCapsule), binding 
warning message (implemented as BWMCapsule) and binding request message (implemented 
as BRMCapsule). At the mobile node, an active service object running under the ANTS 
environment is responsible for monitoring the mobile node agent daemon to check whether itís 
Care-of-Address has been changed. If so, it sends a BWMCapsule to the home agent. Upon 
receiving the capsule, the home agent then sends the BUCapsule to the correspondent node. 
The home agent subsequently removes the mobility binding between the mobile node and the 
home agent.  

A portion of the mobile agent execution flow is shown below: 
  while(true){ 
 //get status of Mobile Node 
   if (mn.jMnGetStatus(100) == (new jmip.apiconst().API_SUCCESS)) 
   { // is Mobile node in Home Net? 
    try{ 
    if (CoA !=NodeAddress.fromString(mn.status.co_addr)) 
       {//if mobile node has changed itís Care-of-Adddress, 
  // sent out a BWMCapsult to home agent. 
   BWMCapsule c = new BWMCapsule(port,port,home,cshost); 
         c.MNAddr = mobile; 
   c.target = cshost;   
        c.CoA = CoA;  //we extend RFC2000 to add CoA in Binding  
  //warning Message // send a BWM capsule to HA. 



220 Alvin T.S. Chan et al. 

 
   System.out.println("Sent Warning Message to Home Agent"); 
   send(c); 
       } 
    } catch( Exception e){ 
  e.printStackTrace(); 
  } 
   }  
When the home agent receives the BWMCapsule, it sends a BUCapsule to the correspondent 

node with the mobile nodeís new care-of-address. Subsequently, it is responsible to delete the 
tunnels between the mobile node and the home Agent, and between the home agent and the 
correspondent node. 

if (cap instanceof BWMCapsule)  
     {  
      System.out.println("Get BU Capsule"); 
      // when home agent gets a warning message from mobile node 
      // it sends it to Coresspondent node. 
     BUCapsule bu = new 

BUCapsule(port,port,((BWMCapsule)cap).target); 
     bu.lifetime =1000; 
     bu.MNAddr = ((BWMCapsule)cap).MNAddr; 
     bu.CoA = ((BWMCapsule)cap).CoA; 
     send(bu);  
 } 
A portion of the correspondent node execution flow is shown below: 
When the correspondent node receives a BUCapsule from the home agent, a tunnel is 

established between the correspondent node and the mobile nodeís new position. If a tunnel 
exists between the entities, that tunnel will be deleted before establishing a new tunnel to 
reflect the change in mobile node's new position based on the contents of BUCapsule. 

if (cap instanceof BUCapsule)  
 { 
  if (cs.IpTunnelExist(CoA, cshost)!= null) // delete the old 

tunnelling. 
 cs.IpTunnelDel(ìTUNELî+NodeAddres.toString((BUCapsule)cap.CoA)); 
 cs.jIpTunnelAdd(ìTUNELî+(BUCapsule)cap.CoA, (BUCapsule)cap.CoA, 

NodeAddress.toString(cshost)); // add a new tunneling 
 } 

5. Conclusions 

This paper describes the design and implementation of an active mobile IP framework that 
supports highly configurable and rapid deployment of active mobile services. While traditional 
mobile IP provides primitive support of point-of-attachment mobility, it lacks the protocol 
features and architectural characteristics to support the dynamic operating environment of 
mobile computing. The mismatch in the protocol features of mobile IP that is designed 
specifically to operate in static wired environment, and the dynamic varying quality of service 
(QOS) environment of wireless mobile computing motivates the need to revisit the design of 
mobile IP. Instead of re-engineering mobile IP from bottom-up, the project proposes the 
extension of mobile IP to support active networking concepts. By applying active networking 
principles to the development of adaptive mobile IP, we are able to create a highly extensible 
and configurable framework that supports rapid deployment of new mobile services over 
existing mobile IP environment. Importantly, the active extension of mobile IP provides us 
with the unique opportunity to implement and deploy new mobile services while leveraging on 
existing Internet infrastructure.  
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The design of our active mobile IP framework is currently implement over the Linux 

operating system, using ANTS as the baseline active execution environment. The 
programmable framework is applied to the mobile IP agent nodes namely, the mobile node, 
foreign agent, home agent and correspondent node. To demonstrate the ease of designing and 
deploying new mobile services, we have setup an experiment to implement an active route 
optimization service. It is important to note that in our implementation, we have not discussed 
security issues pertaining to active service deployment. In general, this problem represents an 
exciting challenge not only for this project but active networking on the whole. We believe that 
security and programmability are orthogonal functionality. In this regard, we are currently 
working to implement a security framework that employs service reflection mechanism to 
capture capsule invocation to active interfaces before authorizing a service call. This work is in 
progress and will be the subject of our future publication. 
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Abstract. There is a tremendous growth of broadband multimedia services in mobile 
cellular networks. Call admission control (CAC) is the most significant issue in 
quality of service (QoS) provisioning for these services. We propose an adaptive 
CAC, which upgrades the upper limit (UL) scheme and is verified through the 
simulation. The proposed algorithm allows each cell to accept a new call if the 
estimated average differential of each multiclass handoff failure probability is non-
positive. The generic form of the algorithm is independent of cellular network 
structure. 
 

1 Introduction 
Recently, the mobile communication technologies have exhibited a rapid progress. 
This progress leads to introduction of many different classes of high-speed 
multimedia traffic in wireless cellular networks. Also an adaptation of the existing 
voice-oriented personal mobile communication network is required in different 
domains. One of the domains that need adaptation for multimedia traffic is the 
domain of the call admission control (CAC). The CAC is responsible for providing 
acceptable quality of service (QoS) for all types of multimedia traffic.   
   The new call blocking probability Pnb and the forced call termination probability Pfct 
are the most important performance measures in connection-level QoS [1], [2]. The 
new call blocking probability is the probability that a new call request is blocked. The 
forced call termination probability is the probability that an ongoing call is forced to 
terminate due to handoff failure. The forced call termination probability is 
approximately a linear function of the handoff failure probability Phf  [3], which is the 
probability that a handoff attempt is not succesful because the destination cell has no 
free channels. The carried traffic Tc is another important QoS parameter. This 
parameter represents the average number of ongoing calls per cell. In multimedia 
case, the above-defined performance parameters can be divided into two classes:  
• particular class performance parameters defined for each traffic class; 
• total performance parameters defined for the total traffic.  
In the further text, we will introduce a convention for referring to multimedia calls 
that belong to multiple and different types of classes. They will be referred to as 
multiclass calls. There are several CAC schemes applicable to multimedia networks. 
The most frequently used CAC policies in wireline networks are complete sharing 
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(CS), complete partitioning (CP) and threshold. In the first scheme, calls of every 
class share the bandwidth pool. In the CP policy, bandwidth for each class is 
exclusively reserved. In the threshold policy, a newly arriving call is blocked if the 
number of calls of each class is greater than or equal to a predefined threshold. The 
threshold policy is optimal in two-class networks [4]. Previously mentioned policies 
form a so-called coordinate-convex policy. Several CAC schemes have been proposed 
within this policy [4], [5] and [6].  
   In wireless multimedia network, the threshold scheme is known as upper limit (UL) 
scheme. UL scheme gives very good performance, while the parameter Pfct is 
concerned, but it degrades the parameter Pnb. In general, the consequence is reduction 
of the carried traffic. Therefore, the UL CAC scheme is suboptimal in some 
implementations. The special form of UL scheme in single-class case is well-known 
conventional guard scheme (CGC), which is one of the widely used priority schemes 
in a single-class mobile cellular network [7].  
   In [8], analytical models were developed for a cellular mobile environment 
consisting of mixed platform types with different classes of channel and resource 
requirements. Handoff calls are prioritized over new calls and quotas are incorporated 
for each type of resources. Performance parameters like carried traffic, new call 
blocking and forced call termination probabilities for each platform and call type are 
numerically evaluated from the analytical models. 
   A bandwidth reservation algorithm that guarantees QoS to multimedia traffic is 
proposed in [9]. If the traffic is real-time, the call is admitted only if the requested 
bandwidth can be reserved in the call-originating cell and all its neighbors. For non-
real time traffic, the requested bandwidth is reserved only in the originating cell. This 
scheme guarantees QoS, but it has two general drawbacks: (i) bandwidth is reserved 
redundantly since the user moves only to one of the six neighboring cells (assuming 
hexagonal cell geometry), and (ii) the stringent call admission procedure might not 
admit many real-time requests in a highly overloaded system. 
   A history-based call admission strategy that works in one-class system (e.g. mobile 
telephony) is proposed in [10]. The algorithm upgrades CGC scheme and a new call 
request is accepted if the estimated handoff failure rate for the actual system state is 
not higher than a predetermined QoS value for handoff failure probability. The 
estimation is made using the past system statistics. Also, this scheme can be 
generalized to function in multimedia mobile network, and then the number of 
conditions that should be satisfied in order to accept or reject a new call request, is 
equal to the number of traffic classes. 
Our proposed scheme, together with [10], falls into the class of adaptive policies 
whose admission decisions depends on the past system behavior. The algorithm is 
used as extension of the UL scheme and its primary goal is to improve the parameter 
Pnb of UL, with insignificant affection of Pfct. 
   The rest of the paper is organized as follows. Section 2 describes the cellular model 
used in the simulation and gives the analytical expressions used for evaluation of the 
performance parameters. Section 3 describes the CAC algorithm. Section 4 presents 
the numerical results, and the summary and conclusion are presented in section 5. 
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2 Simulation Model 
2.1 Cellular Model   

One-dimensional (1-D) cellular system is simulated in our model. This cellular model 
is deployed in streets and highways [11]. Fig. 1 shows that it consists of N cells. 
Streets are assumed to be with zero width and the length of each cell is d.  

 
 

      Fig. 1. One-dimensional cellular structure 
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   We assume that there are K classes of calls in a mobile cellular network. Let bi 
denote the number of channels of a class-i call, required to set up the call. 
   The new call arrivals of class-i (i=1,2, ..., K) follow a Poisson process with mean λi. 
Also, we assume exponential distribution for the service time of a class-i calls, with 
mean value of 1/µi. The finite service area in the simulation, causes the edge effects, 
and they are partially eliminated, assuming neighboring relations among the 
outermost cells. So, if a user reaches the left edge of the highway, he will re-enter the 
highway from its west edge. 
   In microcellular networks, fast moving users cause a great amount of handoff 
blocking. Therefore, we assume that the speed has a normal truncated probability 
density function (v∈[0 km/h, 100 km/h]), with mean vm and standard deviation σv.  
   The channel allocation scheme applied in the cells is fixed channel assignment 
(FCA). The total number of channels (minimum bandwidth units) allocated to each 
cell is C. The simulation model assumes UL CAC scheme implementation and as 
previously said, the proposed algorithm is an extension of this scheme. The UL 
scheme is defined by vector nul=[nul[1], nul[2], ..., nul[K]], where nul[i] (i=1,2,...,K) is the 
threshold for class-i calls and a newly arriving class-i call will be accepted only if the 
number of class-i ongoing calls is lower than parameter nul[i].   
2.2 Evaluation of the Performance Parameters 

Several important performance parameters were presented in the previous section. 
The new call blocking probability and forced call termination probability are 
significant to the service users, while the service provider is concerned with the 
efficient network utilization, represented by carried traffic per cell. The actual 
evaluation of the parameters of interest is as follows: 

1) New call blocking probability (for class-i [i]) is determined as: nbP

cells  allin    requests  call  -class  new 

  cells  allin    calls  -class  new  blocked

i

i

fctP

ofnumber    total

  ofnumber    total][iPnb =  

2) Forced call termination probability (for class-i [i]) can be obtained from: 
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cells  allin    calls  -class  new  admitted

  cells  allin     attempts  handoff  -class  

i
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c
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blocked  ofnumber    total][iPfct =  

3)    Carried traffic per cell (for class-i T [i]) is given by [12]: 
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where Toff[i] is the offered traffic to the network of class-i, normalized to a single cell. 
In fact, Toff[i] = λi /µi, where λi is the average arrival rate of class-i, and µi is the 
average call service rate of class-i. tdur[i] is a cumulative duration of all class-i calls 
that were admitted in the whole network. NCA[i] is the total number of new class-i 
call attempts in all cells. tµ[i] is the mean service time of class-i and tµ[i] = 1/µi. tdur[i] 
and NCA[i] are obtained as outputs from the simulation.  
 

3 Call Admission Control 
This proposed CAC is dynamic algorithm. The base station in each cell constantly 
monitors the rate of each multiclass handoff failure occurrences as a function of time 
Phf(i,t) (i is a multiclass index and t is a time istant), which represents the class-i 
probability of handoff failure within its area. When the number of class-i calls in the 
observed cell is greater than or equal to nul[i] and when new class-i call request is 
posed to the corresponding base station, the algorithm turns on and it begins the 
admission decision process. Generally, the admission decision will be positive for the 
call, if such decision in the past had not forced positive average differential of any 
multiclass handoff failure rate. Only new calls are of interest to this algorithm, since 
handoff calls are accepted whenever there is/are a free channel/s in the destination 
cell.  
   The cellular structure can be viewed as a one-dimensional array. Each cell can be 
represented by its corresponding index. As shown in Fig.1, the cell with index n, is 
denoted by Cn. Let the scalar Nn(t) represent the number of occupied channels in the 
cell Cn  at the instant t. It is also assumed that the system is capable to register the 
direction of a mobile movement. We only consider the mobiles from the neighboring 
cells that move towards the cell Cn, because the others will not affect the state of the 
cell. So, let the other scalar, An(t) denote the total number of channels in the cells that 
are adjacent to Cn, occupied by mobiles moving to the cell Cn at the time t. Thus, the 
state of a cell Cn  at the moment t can be defined as a vector: 

 S                                                 (1)   

Nn(i, t) is another scalar that represents the number of ongoing class-i calls in the cell 
Cn  at the moment t. When a new class-i call request arrives at the cell Cn and Nn(i, t) < 
nul[i], the network unconditionally accepts it. The algorithm starts to work at the 
moment when a new class-i call request appears and Nn(i, t) ≥ nul[i]. It makes an 
estimation of the threshold parameter, and decides whether to accept the new call or 
not, depending upon given criterion. 
   Let the new class-i call request arrive at Cn when the cell is in the state Sn(t0) = 
[Nn(t0)   An(t0)],    Nn(i, t0) ≥ nul[i]. The admission decision will be based on threshold 
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parameter, written in the database record. This record corresponds to the latest state 
from the past, which is identical with the previously defined state. Each database 
record contains 5+2K elements (data); 4+K elements are related to the past and 1+K 
elements are related to the actual moment t0 that should be written at the same 
moment (note that K is the number of traffic classes). The elements of a database 
record are: 

1.    The cell identifier (integer; in this case it is n); 
2. i: numerical (integer) value that defines the class  

       of the new call (in this case let it be the i-th class) 

3. Sn(t1) = [Nn(t1)   An(t1)] : the state of the cell Cn at the instant t1,  t1 < t0 ,  Sn(t0) = 
Sn(t1); 

4. m : Number (integer) of occurrences of the same state (in fact, the cell at the 
instant t0 is by m+1-th time in the same state); 

5. Class-1 threshold parameter: the numerical value of the average elementary 
change of class-1 handoff failure rate defined in the following way: 

m

m
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∑
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4+K. Class-K threshold parameter: the numerical value of the average elementary 
change of class-K handoff failure rate defined in the following way: 
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 is the elementary change of a class-i handoff failure rate after 
elementary time T from the instant when a new call request has appeared and the 
system was found in the same state by j-th time. The detailed determination of this 
metric for each multiclass will be described later in the text. 
Now, the new call request is accepted only if    

Kim 1,...,         0), =∀≤TiPhf ,(∆                               (4) 
Otherwise, it is rejected. 
   In order to reduce the required memory resources, one possible solution was found 
in concerning the total (aggregate) traffic in the analysis. It reduces the number of 
elements in each database record and accordingly the complexity of the algorithm. 
This strategy will be further referred to as estimated total handoff failure differential 
(ETHFD) scheme. In ETHFD, the only condition for a new call request to be accepted 
is the average estimated change of the total handoff failure probability to be non-
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positive. Thus, we obtain a less rigid scheme that accepts more new calls than the 
scheme in this paper. We will compare these two schemes with UL and comment the 
results in Section 4.  
Then, the last few elements of the database record related to the actual state are 
updated: 

4+K+1. : this is the value of class-1 handoff failure rate of the cell Cn at the 
moment t0 ; 

),1( 0tPhf

,( 0tKPhf

),( 0 TtiPhf +

),(),()1 00 tiPTtiP hfhf −+=+

. 

. 

. 

5+2K-1. ) : this is the value of class-K handoff failure rate of the cell Cn at 
the moment t0 ; 

5+2K.       t0 + T : it is the moment in the future when new data should be updated into 
the same record. T is a predefined elementary estimation interval, and by changing it, 
we can influence on performance of the strategy. 

   One of the last steps in this procedure is monitoring the handoff failure rates after T 
time units from the moment t0, and updating a new data into the record. At the instant 
t0+T , the algorithm is again automatically turned on and it should record the actual 
class-i handoff failure rates in the cell Cn. Let these values be denoted by 

 (i=1,...,K). Then, the elementary change of class-i handoff failure rate 

occurred in the interval [t0 , t0+T] is determined: 

,,( mTiPhf∆                               (5) 

The final step is computing the average elementary change of each class-i handoff 
failure rate: 
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Finally, the numerical values m+1, )1, +m,1(∆ TPhf ,...,  are 

updated into the above-defined database record as 4-th, 5-th,...,(4+K)-th element, 
respectively. 

)1,,( +∆ mTKPhf

   This criterion guarantees that allocation of a reserved channel/s to a new call request 
will not cause the multiclass handoff failure probabilities to exceed the corresponding 
values of these probabilities determined with UL scheme. Even if it happens, that 
would be a consequence of an extensive traffic load.  
   As it was emphasized, the goal of the new strategy is: when the vector nul is fixed, 
to reduce multiclass probabilities Pnb[i] (i=1,...,K) of implemented strategy relative 
to that of UL, and to keep Pfct[i] of the new strategy unchanged or negligible 
increased (relative to the corresponding Pfct[i] of UL).  
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   The algorithm is not restricted only to one dimensional environment, because the 
only relevant factor from the neighboring cells is the total number of channels within 
them, occupied by mobiles moving to that cell. If implemented in other cellular 
models, this factor could be, for instant, the total number of occupied channels within 
them. Thus, the proposed call admission strategy could be applied to arbitrary cell 
topology. 
 

4    Numerical Results 

Three performance parameters have been compared: new call blocking probabilities 
Pnb[i], forced call termination probabilities Pfct[i] and carried traffic Tc[i] for two 
traffic classes (K=2; i=1, 2). Fig. 2 shows Pnb[i], Pfct[i], Tc[i] as functions of the total 
offered traffic for UL, ETHFD  and the proposed strategy, for UL threshold vector 
nul=[11, 3], while the number of channels allocated to each cell is C=20. The 
bandwidth requirements of each class are: b1=1, b2=3. The total offered traffic is 
Toff=λ/µ, where λ=λ1+λ2 , λ1=3⋅λ2 and µ=µ1=µ2=1/120 s-1. The time interval T is 
taken as T=k⋅(d/vm), where d is the cell length (d=100 m), and vm is the mean speed of 
the vehicleís motion (vm=30 km/h). The coefficient k has to be variable parameter for 
different values of Toff, in order to achieve best performance (k∈(0,1]). The standard 
deviation of vehicleís speed is σv=30 km/h. The number of cells in the system is 
N=10. The number of elements in each database record is 5+2K=5+2⋅2=9. 
   The figures show that the system parameters are improved, i.e. Pnb[1], Pnb[2] are 
reduced, Tc[1], Tc[2] are increased and Pfct[1], Pfct[2] are negligibly increased, when the 
new strategy is applied.  
   When compared to ETHFD, the proposed strategy shows better performance, 
regarding forced call termination probabilities, but the new call blocking probabilities 
are better in ETHFD. This can be explained by the fact that in ETHFD, admission 
decision is only based on a single condition, while in the proposed strategy, the 
admission decision is a logical AND function of K conditions. Consequently, in the 
first case, new calls are accepted more frequently than in the second scheme. Thus, 
ETHFD avoids more blockings of new calls, improves more successfully the network 
utilization, but it causes more forced call terminations than the new strategy.    
 

5    Conclusion 
This paper describes an adaptive algorithm for call admission control in a multimedia 
wireless cellular network. UL gives good performance as far as Pfct is concerned, but 
it deteriorates Pnb. Therefore, the goal of the proposed policy is to reduce Pnb, while 
leaving Pfct unaffected. The algorithm upgrades the UL scheme, where decisions 
whether to reject a new multiclass call request are based on past experience i.e. 
multiclass handoff failure. The experimental results show that our scheme improves 
the network performance. The drawback of this scheme is that it strongly depends on 
UL scheme, since the QoS criteria are not implemented through predefined upper 
bound values. A step forward would be the expression of these criteria in terms of 
predefined thresholds. 
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   The proposed algorithm is quite general, because it does not depend on the type of 
cellular structure, and it can adapt itself to any dynamic changes of a mobile traffic. 
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 Fig.2. Comparison of UL, ETHFD and new strategy for C=20 and nul=[11, 3]. 

   (c1) Tc[1] versus offered traffic Toff ;                                 (c2) Tc[2] versus offered traffic Toff ; 

  (b1) Pfct[1] versus offered traffic Toff ;                                 (b2) Pfct[2] versus offered traffic Toff ; 

    (a1) Pnb[1] versus offered traffic Toff ;                              a2) Pnb[2] versus offered traffic Toff ; 
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Abstract. Todayís mobile ad-hoc networking approaches require nodes to 
maintain network topology and routing tables, which limits network scalability. 
This paper proposes soft mobile ad-hoc networks in which nodes do not main-
tain network topology and routing tables. We show that soft networks are feasi-
ble, have less overhead than existing approaches under many conditions, and 
may achieve the best possible end-to-end delay performance among all known 
ad-hoc networking approaches with little scalability degradation.  

1 Introduction  

In a mobile ad-hoc network, any node may be mobile and may route packets for other 
nodes. Today, three categories of routing methods exist for mobile ad-hoc networks: 
pre-computed routing, on-demand routing, and flooding. Pre-computed routing com-
putes routes to all destinations a priori and keeps the routes up-to-date at all times. 
Pre-computed routing can be flat or hierarchical. Flat routing requires each node to 
maintain a routing table containing all other nodes in the network and hence does not 
scale to large networks. Hierarchical routing organizes nodes into a hierarchy of clus-
ters and is highly scalable for fixed networks [1]. Unfortunately, todayís hierarchical 
routing mechanisms do not scale well in mobile ad-hoc networks. Locating mobile 
nodes, maintaining consistent location databases on mobile nodes and maintaining 
rapidly changing clusters have proven difficult to do and cause prohibitively heavy 
signaling loads in large mobile ad-hoc networks. On-demand routing discovers a route 
only when needed, by flooding a query to all the nodes [2],[3],[4],[5]. The query 
packet remembers the intermediate nodes. Nodes that know how to reach the destina-
tion send the route information accumulated in the query packet back to the source. 
Routes are kept up-to-date for the duration of a packet flow. Today, on-demand rout-
ing has the highest scalability potential, but its scalability is still seriously limited by 
query flooding and route maintenance.  

The primary cause of the limited scalability of todayís ad-hoc networking ap-
proaches is that they generate ìhardî networks that require nodes to maintain network 
topology and routing tables. These mechanisms also create a dilemma: they cannot 
achieve high scalability and low latency at the same time.  

This paper proposes a new approach for ad-hoc networking − soft mobile ad-hoc 
networking ñ which eliminates the need for nodes to discover and maintain network 

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 233-238, 2001.
© Springer-Verlag Berlin Heidelberg 2001 
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topology or routing tables. This paper shows that soft networking is feasible, may 
provide significantly higher scalability than existing approaches and generate the best 
optimal delay performance with little sacrifice in network scalability. 

2 Soft Mobile Ad-Hoc Networks  

In a soft mobile ad-hoc network, nodes do not have to maintain any state on network 
topology at any time. They do not have to determine or maintain end-to-end paths 
before, during, or after delivering data packets. Instead, unless the destination is a 
neighbor (a node within direct radio contact), each node uses a function F to deter-
mine, locally and independently of other nodes, where to send a packet. This paper 
will show that soft networks are feasible even when F is a function of only the number 
N of nodes in the network. This suggests that mobile ad-hoc nodes could use the num-
ber of other available nodes alone (without knowing the network topology or end-to-
end paths) to determine where to send a packet so that their collective decisions lead 
the packet to its destination.  

Soft networks can be realized by an innovative application of the theories of ran-
dom graphs. A random graph is a graph created according to a probability distribution 
[6][7]. Random graphs have predictable properties and can be used to solve challeng-
ing networking problems that cannot be easily solved by other methods. 

A soft ad-hoc network is formed by evolving a random graph hop-by-hop from a 
source to a destination as a packet travels from one node to another. Function F maps 
each neighbor of a node into 1 or 0, where 1 means that a copy of the packet should be 
sent to the neighbor and 0 otherwise. A specific implementation of F is that it maps a 
neighbor to 1 with a properly selected probability p (called the edge probability). If 
the packet is actually sent from node A to its neighbor B, we say that there is a soft link 
between A and B.  This soft link may stay alive only for the duration of that packet 
transmission from A to B. All soft links that have been used for delivering a packet 
forms a soft ad-hoc network. The network is soft because nodes do not need to memo-
rize the network topology or paths taken by a packet. The network is an evolving net-
work in that all its soft links do not have to exist at the same time. It evolves as a 
packet travels from node to node. Different packets between the same source and 
destination may be delivered over different soft networks.   

3 Feasibility Analysis  

We show, in Theorem 1, that a soft ad-hoc network is feasible in that it can virtually 
guarantee that a packet reaches its destination in a single try if the value of p is chosen 
properly. A try is to give a packet once to a network for delivery. 

Theorem 1: The probability that a packet reaches its destination in a single try ap-
proaches 1 when the number N of nodes increases if p satisfies Eq. 1.  
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N
Ncp log

=  
(1) 

where c can be any constant real number that is larger than one.  
Proof: Consider a packet that needs to be sent from node S to node D.  Starting 

from S, a random graph evolves as soft links are added when the packet is sent from 
one node to another. It is sufficient to show that this random graph will evolve into a 
connected graph with probability approaching 1 when N increases if p satisfies Eq. 1. 
Theory 4.3.1 in Reference [7] states that any random graph evolved by adding one 
link at a time with a probability p that satisfies Eq. 1 will be connected with probabil-
ity approaching 1 when N increases.  

Theorem 1 suggests that nodes in mobile ad-hoc networks may use only the number 
of other available nodes to determine where to send a packet in order to virtually en-
sure that the packet will reach its destination in just a single try.  

Theorem 1 assumes that a node has zero knowledge about which neighbors are bet-
ter candidates for delivering a packet. In a real network, a node may have more infor-
mation (e.g., energy level and signal strength) to help decide where to send a packet so 
that the probability of successful packet delivery may be increased. 

When N≠∞, the proposed approach does not guarantee that every packet reaches its 
destination in a single try. Successful delivery of every packet is not our objective, nor 
is it achievable by any existing approach. Instead, soft networking is a scalable 
method that delivers each packet with a high probability of success. 

Theorem 1 assumes that the link probability p is the same for every pair of nodes, 
which may not be true in a real network. The probability of successful packet delivery 
under non-identical values of p needs further study.  

4 Overhead Analysis 

This section compares the overheads of the proposed soft ad-hoc networking approach 
with todayís most scalable alternative, on-demand routing. Overhead will be measured 
by the number of packet transmissions for delivering the same number of user packets 
from a source to a destination. One packet transmission occurs when a packet is sent 
from one node to another. Point-to-point data delivery is often a preferred mode of 
operation in mobile ad-hoc networks. It can save energy, generate lower radio inter-
ference, and have longer radio reach than broadcasting. 

Existing on-demand routing methods broadcast route discovery packets to all  
nodes to discover a path to the destination. The path is then used by user packets and 
kept up-to-date by exchanging routing updates among the nodes and replacing failed 
paths with new ones. For these methods, our overhead calculation will include only 
packet transmissions for path establishment, which can significantly underestimate 
their overheads. At any time t, if we draw an edge between every two nodes that are 
within direct radio contact of each other and denote the resulting graph by Gh(V,E), 
the average number of packet transmissions for path discovery at time t will be ap-
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proximately H+2|E|. The first term, H, is the average hop-count distance between two 
nodes in Gh and represents packet transmissions for sending a response to the source. 
The second term represents packet transmissions incurred by the path discovery 
packet. It results from the fact that every node (except the destination) has to broad-
cast at least one path discovery packet to each of its neighbors (except the one from 
which the packet comes) and that nodes on both ends of a link could broadcast to each 
other simultaneously. Suppose that an average of K user packets are delivered each 
time an end-to-end path is set up on demand. The average total number M1 of packet 
transmissions each time a path is established becomes M1=2|E|+(K+1)H. 

Using the proposed soft networking approach, the average number of packet trans-
missions for delivering K user packets at time t will be proportional to the average 
number of soft links in the soft network, which will be a subset of the edges in Gh. 
Since each edge in Gh may become a soft link with probability p, the average number 
of packet transmissions for delivering one packet is approximately 2p|E|. The average 
number M2 of packet transmissions for delivering K packets becomes 2Kp|E|. Fig.1 
shows M2/M1 assuming |E| ≅ N(N-1)/20, H ≅ log2N, and c=0.01.  
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Fig. 1. Scalability comparisons with existing on-demand routing for ad-hoc networks. 

One can observe from the above results that the proposed soft networking approach 
incurs lower overhead than existing on-demand ad-hoc routing regardless network size 
if most packet flows are not extremely long. When most packet flows are very long, 
the overhead of the proposed approach may be higher. In such a case, soft networking 
may be used for on-demand path establishment only and a path may be kept alive for 
sending more packets as in todayís on-demand routing. Route discovery overhead 
using soft networking is approximately 100p%<100% of the overhead of todayís on-
demand routing because each node, using soft networking, sends a route discovery 
packet to each of its neighbors with probability p. 
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5 Delay Performance Analysis  

We show, in Theorem 2, that the proposed soft networking approach could, by choos-
ing a proper edge probability p, provide the best possible end-to-end delay among all 
known ad-hoc networking approaches. It achieves such performance using a new p 
(defined in Eq. 5) which is slightly higher than the p specified in Eq.1, suggesting that 
there is little degradation of its scalability. When the network grows larger, the delay 
performance of the proposed approach gets closer to the optimal while, in contrast, the 
delays of todayís ad-hoc networking approaches typically get farther away from the 
optimal. In other words, the proposed soft networking approach could solve the di-
lemma between high scalability and low delay. 

Theorem 2: Consider N nodes. Let ∆ ≥ 3 be the maximal node degree of a soft net-
work. Let D be the number of hops a packet has to traverse to reach its destination in 
the worst-case in a soft network. Let Dmin be the minimum number of hops a packet 
has to traverse using any ad-hoc networking technique if the degree of every node is at 
most ∆. Then, D can be arbitrarily close to Dmin in a large network. More precisely, if 
N → ∞, D is asymptotically optimal, i.e., for any fixed ε > 0, we have 
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Proof: First, according to the Moor Bound [6], we have  
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Second, we have the following random graph theorem from [6]: if ∆ ≥ 3 and d is 
the smallest integer for which  
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holds for any fixed ρ ≥ 0, then almost every ∆-regular graph on N vertices has diame-
ter less than or equal to d.  

Third, according to Theorem 5.1.3 in [7], if N∆ is an even number, every random 
graph will have a ∆-regular spanning sub-graph if p satisfies Eq. 5, 
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where ωN → ∞ arbitrarily slowly when N → ∞ . In other words, if p is chosen to sat-
isfy Eq. 5, the diameter D of each random network generated by the proposed ap-
proach should also be no more than d as specified in Eq.4. Therefore, we have 
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Combining Eq. 3, Eq.4, and Eq. 6, we arrive at 
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If N → ∞, the upper bound in Eq. 7 becomes smaller than 1+ε for any fixed ε > 0. 7 

6 Conclusions 

This paper proposes soft ad-hoc networks in which nodes do not have to maintain 
network topologies and routing tables. The approach is shown to be feasible and could 
provide high scalability and optimal end-to-end latency at the same time. 
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Abstract. The proliferation of Internet-enabled devices supporting a variety of 
user-interface paradigms and modalities motivates the need to create 
presentations of content that are optimized for the specific configurations that 
they must be rendered on. As a result, there is also a need for a standardized 
capabilities-and-content negotiation mechanism that will allow clients 
accessing the web to assert their capabilities to the server serving the content. 
This paper discusses Composite Capabilities/ Preferences Profile (CC/PP), a 
protocol-independent extensible framework that can be used for communicating 
any meta data information such as device and document profiles. We describe 
WAP User Agent Profiles as a use case and recommend the architecture for 
conveying contextualized information to enable context based environmental 
adaptation in the future. 

1 Introduction 

The presentation mechanisms in the current web are designed for users with large 
screens and high-end computers. With more device types than ever proliferating the 
online space1, there is an emerging need for content to be suitably formatted for 
rendering to these devices. Mobile devices especially, have varied user interface 
paradigms and can present content in different modalities such as text, sound or a 
combination of the two. Further more, key characteristics in terms of hardware and 
layout as well as the software application environment supporting the browsers are as 
heterogeneous as the device and device types themselves. In addition, presentation 
preferences vary between individual users. In order for the content on the current 
World Wide Web to then be usable from such terminals, there is a need for the 
application server to be aware of the context2 in which the information is being 
presented. 

                                                           
1 According to International Data Corporation (2000), by year 2002, data capable mobile 

terminals (WAP) will be the device of choice for web access, with almost 1.3 billion web-
capable phones by 2004 as compared to about 700 million wired terminals [1]. 

2 Here we use the term ìcontextî to imply both, the userís frame of reference as well as the user 
agent/ browser context. 

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 239-245, 2001.
© Springer-Verlag Berlin Heidelberg 2001 
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Current techniques involve either explicitly using different URLs for different 
versions/ formats of the content or the use of HTTP1.1 User Agent headers to assert a 
limited set of information about the client [2]. In the former case, users must 
remember and use different URLs for the same site, depending on the method and 
means of access. While the User Agent header fields are sufficient for selecting a 
representation from a set of variants, they do not enable a richer description of the 
characteristics of the device, such as its screen size or position information. The 
granular details of the client capabilities are critical for creating an optimal 
presentation, especially when this presentation involves filtering or transformation of 
the content from one format to another.  Such granularity in capabilities description 
also supports the emerging notion of separating content from presentation, which 
results in a higher degree of customization than ever before. 

This paper describes a framework that enables communication and negotiation of 
device and user agent capabilities and user preferences in the context of a web 
session. The framework in itself is generic and can be used to assert meta data 
information (profile), about any element on the web, such as device capabilities, 
intermediate proxy services and web documents. The model supports a machine 
understandable environment, allowing web servers and proxies serving content to 
dynamically adapt and tailor the content based on the parameters presented by the 
requesting client. 

2 Composite Capabilities/ Preferences Profile 

Such a framework was first proposed by the Mobile Access Interest Group in the 
World Wide Web Consortium (W3C). Composite Capabilities/ Preferences Profile 
(CC/PP) [3], [4] is based on Resource Description Framework [5], [6], a semantic 
meta data application encoded in XML. The CC/PP architecture model uses RDF to 
define schemas upon which vocabularies can be independently developed and 
implemented. In the case of HTTP, a user agent generates, encodes and appends a 
profile3 onto an outgoing HTTP request at the requesting end [7]. Intermediate proxies 
or gateways along the path of the request can append additional descriptions of the 
services they provide. At the origin server, the profile is dynamically composed from 
these and other fragments (RDF documents) such as collected from CC/PP 
repositories, then parsed and interpreted to determine the features of the presentation 
environment. The content can be generated either by using filtering techniques 
specific to device or userís preferences, or by selecting an appropriate presentation 
format that maintains the content intact. Depending upon the application, a suitable 
variant of the content itself may also be selected (from a set) or dynamically 
generated. This is returned in the HTTP response, possibly further transformed by the 
intermediate network elements and finally rendered to the client. See Figure 1. 
 

 
 

                                                           
3 Profile is simply a collection of properties that describe the capabilities of the client and its 

environment. 
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Fig. 1. Architecture for CC/PP, illustrated over HTTP 

CC/PP is well suited for devices connecting from low bandwidth, high latency 
networks. By using both, RDF for profile transmission and XML namespaces, it 
inherently supports vocabulary extensions for emerging terminals or applications. The 
ability to assert user preferences4 along with support for a ìsplit-client-split-serverî 
web architecture by means of dynamic profile composition makes CC/PP extremely 
compelling for use in contextualization.  

3 Content Adaptation and Contextualization 

If the presentation of the content is too tightly bound to the markup of the content 
itself, it may become impossible to display it on some terminals. Given the variations 
in terminal types and access methods, it is in the content authorís best interests to 
separate the actual content from the presentation to the extent possible. In other 
words, abstracting the markup or style from the semantics allows for multiple styles 
to be associated and rendered with the same content. One such enabler is Cascading 
Style Sheets [8] on the World Wide Web, which enables the declaration of the content 
rendering to be separated from the content markup. Tailored style sheets can then be 
sent to the terminal, enabling a precise adaptation of the presentation. However the 
customized presentation for mobile devices may involve a change in the application 
paradigm or modality itself. For instance, the ìdeck of cardsî paradigm in WAP 
enabled small-screen devices is substantially different from the ìinfinite scrollî model 
of web pages. The optimal solution therefore is to model the navigation of the content 
in a device-independent way and then adapt the content based on the device profile 
[9]. The content adaptation can be carried out using a transformation process, one for 
each type of device, through the use of XSLT [10] on XML documents. The 

                                                           
4 For example, a user driving her car may wish to receive content in audio (voice) form when 

she docks her device in the hands-free cradle of her car, as opposed to a graphical (visual) 
presentation which might be preferable when she is walking to a train station. 
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transformation may range from simply converting the presentation, filtering of 
content, to changing the navigational paradigm through technologies such as XDNL 
[11] or Xpointers [12]. The specific methods for transformation are beyond the scope 
of this paper, as are the optimal presentations, but this should be a fruitful topic for 
future research.  

For true contextualization, content adaptation should also be based on the userís 
physical and logical frames of reference, such as position, temperature and time, or 
whether or not the device is docked on to a cradle. It could even include external 
parameters such as the traffic conditions and the weather. While there has been some 
research undertaken in this field, no practical solution for industrial use has been 
developed prior to CC/PP. By defining new vocabularies, and implementing a trust 
mechanism5, the generic CC/PP framework can easily be used to convey the 
necessary contextual information. 

4 User Agent Profiles ñ The WAP Use Case 

An example of CC/PP in actual use is the WAP User Agent Profiles (UAProf), 
specified by the WAP Forum as part of its WAP1.2.1 specifications [13]. WAP 
UAProf extends CC/PP to mobile WAP terminals. Since a WAP user agent (micro 
browser) transmits binary encoded XML over a Wireless Session Protocol (WSP) 
session between the WAP client and the WAP gateway, the specification defines 
CC/PP headers over WSP that can be translated into CC/PP headers over HTTP, 
based on the CC/PP Exchange Protocol [7]. The WAP Forum has defined its own 
profile vocabulary and associated WAP binary encoding that include assertions for 
hardware and software characteristics, WAP specific features and transport network 
capabilities. The specifications also recommend optimization mechanisms over the 
air, such as the caching of CC/PP-WSP headers for the duration of the WSP session. 
A sample user agent profile supported by a WAP terminal is illustrated in RDF below. 

WAP User Agent Profiles and CC/PP are critical to next generation architectures 
that will support the convergence of the mobile web technologies with that of the 
classic web. Vendors of WAP gateway and browsers have already begun to offer 
commercial implementations of User Agent Profiles as a step towards enabling this 
convergence. In fact, the Mobile Execution Environment group within ETSI has 
agreed to adopt UAProf for asserting device capabilities in future mobile devices6. 

Sample RDF Listing of a User Agent Profile for a fictitious WAP device.  

<?xml version="1.0"?> 

<rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-
syntax-ns#"     
xmlns:prf="http://www.wapforum.org/UAPROF/ccppschema-
19991014991014#"> 

                                                           
5 The W3C CC/PP working group is currently developing a trust model for the framework. 
6 MExE is part of the 3rd Generation Partnership Project, a joint initiative by standards bodies 

including the European Telecommunications Standards Institute (ETSI), ARIB and the IT, 
set up to design the future mobile network environment, including mobile client devices. 
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<rdf:Description ID="MyProfile"> 

<prf:component> 

   <rdf:Description ID="TerminalHardware"> 

      <rdf:type 
resource="http://www.wapforum.org/UAPROF/ccppschema 
19991014#HardwarePlatform" /> 

      <prf:Defaults 
rdf:resource="http://www.thissite.com/thisdev/thismodel
" /> 

         <!-- Override the ImageCapable property --> 

      <prf:Imagecapable>Yes</prf:Imagecapable> 

   </rdf:Description> 

</prf:component> 

</rdf:Description> 

</rdf:RDF> 

<!óSample default properties at 
http://www.thissite.com/thisdev/thismodel --> 

<?xml version="1.0"?> 

<rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-
syntax-ns#"         
xmlns:prf="http://www.wapforum.org/UAPROF/ccppschema-
19991014#"> 

   <rdf:Description about = 
"http://www.thissite.com/thisdev/thismodel"> 

      <prf:Vendor>UniqThisDev</prf:Vendor> 

      <prf:Model>thismodel9786</prf:Model> 

      <prf:TextInputCapable>Yes</prf:TextInputCapable> 

      <prf:ImageCapable>No</prf:ImageCapable> 

      <prf:ColorCapable>No</prf:ColorCapable> 

      <prf:ScreenSize>600x400</prf:ScreenSize> 

      <prf:OutputCharSet> 

         <rdf:Bag> 

            <rdf:li>US-ASCII</rdf:li> 

         </rdf:Bag> 
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      </prf:OutputCharSet> 

   </rdf:Description> 

</rdf:RDF 

5 Summary 

We have described Composite Capabilities/ Preferences Profile as a simple yet 
powerful framework for communicating the client capabilities and user preferences to 
a web server that aims to render customized content to mobile devices. With the 
evolution of web technologies such as XHTML [16], the framework is expected to 
gain broader foothold as the primary mechanism for conveying document profiles. 
CC/PP is currently being standardized under the auspices of the W3C, and with User 
Agent Profiles already specified in the WAP context, the technology has already 
begun to gain industry wide acceptance and adoption as a core technology in the 
evolution of the Internet architecture.  
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Abstract. This paper proposes a concept of serving spatial location in-
formation over IP networks. It clarifies and explores the requirements and
solutions to realize the concept. The crucial issues elaborated with solu-
tions are: definitions of target and its location, its naming requirements
and mechanisms, its roaming among location servers, acquiring spatial
location information over IP networks. Recently, issues of location-based
applications have been raised in the IP community. This paper con-
tributes to a cutting edge effort for supporting such applications over
IP networks.

1 Introduction

Finding the spatial location of any object associated to a physical entity has
been a crucial need to people for a very long time. With increasing accessibility
of spatial location information via IP networks, the need to use such information
by various applications grows. The increasing mobility of different devices is also
accelerating the need.

For example, some of the applications/services (e.g., [4]) proposed are: IP-
based emergency call, rescue applications, navigation, remote control, property
management, delivery tracking, critical health monitoring, location specific re-
source announcement and discovery, location sensitive billing, various networking
and protocol optimizations, management of equipment in the field, etc.

In order to obtain the spatial location of the object (called target), we need
to have the following capabilities. First, there must be methods available to
position the targets. Second, there must be a way to know from where and how
the location of a target can be requested. Third, there must be methods to
send the requested spatial location information of the targets to the legitimate
requesting parties.

Usually, the targets belong to people or organizations. Therefore, the avail-
ability of their spatial location information is constrained by the privacy needs
of their owners as well as the mechanisms needed to identify the requesting par-
ties who are allowed to use the spatial location data. The location data may be
further filtered (e.g., modifying the accuracy and presentation format) before its
sending according to the data access policies associated to the identified parties.

There are several different ways available for positioning targets. These in-
clude, e.g., GPS positioning [1], local positioning [2], cellular positioning [3], cell

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 248–253, 2001.
c© Springer-Verlag Berlin Heidelberg 2001
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ID based positioning [4], etc. The positioning accuracy varies from meter level
(GPS and local positioning) to kilometer level (cell ID based positioning).

However, there is no standard way for an application to get the information
over the Internet, although there are many methods to determine the spatial
locations of resources. In addition, there is no existing way (except that via
specific configuration) for the application to find out where and how the location
information of a target can be requested.

The motivation of this paper is thus to introduce and further explore the
requirements needed to solve the problem: How can an application acquire the
spatial location of an identifiable resource over/represented on the Internet in
a reliable, secure, and scalable manner? In addition, this paper introduces the
results obtained so far by the IETF effort [5] and further explore the crucial
aspects and solutions on target naming, roaming, etc., which are needed to fully
solve the problem.

2 Target and Their Locations

A target is a physical entity in the existing space/time reference frame or a
logical entity that in turn is hosted by a physical entity in the existing space/time
reference frame. A target may be stationary or in motion. A location is a place
where a target is “physically” situated in the existing reference frame, i.e., the
location of the physical target itself or the location of its hosting entity.

Spatial location (our focus) is the location of a physical object in this real
world, expressed via a coordinate system (e.g. latitude, longitude, and altitude)
using a certain geographic reference system (e.g. WGS-84). In addition to the
coordinates themselves, the location information generally also incorporates, at
least, the time of determination of the location and its estimation accuracy.

3 Service Architecture

The service of spatial location information over the Internet is based on the
simple client-server model. There are four elements related to the system, i.e.,
target, client, server, and proxy server, where client and server (including proxy
server) are well-known.

A target is a physical entity in an existing space or a logical entity given it is
hosted by a physical entity in that space. A target is only the entity whose spatial
location a client requests and a server provides. Targets are not system elements
in the service architecture - here, they are only the entities whose spatial location
information the clients and servers address.



250 Haitao Tang et al.

4 Target Naming and Roaming

4.1 Naming Targets via Uniform Resource Identifiers

In order to obtain the spatial location of a target, there must be a method to
identify and refer to the target. This paper proposes two identifiers to a target:
(1) Target information ID (TID) and (2) Target record Accessing iD (TAD).

The TID serves as a persistent, location-independent, resource identifier, even
valid after the existence of the target. On the other hand, TAD is generally
made of contact information, handling procedure(s), etc., for the repository of
the target’s location information. TAD can only tell you where/how to get the
location information of a given target. There can be more than one TAD for a
given TID. It can be time/place dependent, non-persistent, etc.

A TID can be very well named with a Uniform Resource Name (URN) [7,8].
For example, the URN based TID of Mike Lee’s car can be:

urn:namespace-xyz:car=abc-888,registration-state=nnn,owner=mike.lee,nationality=
xyz,id=221068-3355,email=mike.lee@hardcom.com,pstn=+358405021988

A TAD can be very well named with a Uniform Resource Identifier (URI)
[6]. Take Mike’s car as the case. Its URI based TADs can be dependent on where
the car is located currently. For example,

slop:car=abc-888,registration-state=nnn@car1.find.gov:5888;valid-till=31.8.2000

slop:abc-888@vehicle.monitoring.eu:transport=tcp:2008

where, “slop” is the protocol or scheme for accessing the location information.

4.2 Target Roaming between Location Servers via TAD

The target is not a network entity. It is only an entity represented by a spatial
location server in the network to serve for the target’s location information. A
target needs to register its TID (or a subset of it) to a spatial location server in
order to make the target’s location information accessible over the network via
the server. A TAD is then allocated for the target and registered with its TID
(or a subset of it), by the location server.

“Target roaming between location servers” means that a target can change its
current representing location server from one location server to another because
of time, geographic location, service relationships, and/or other reasons. The
current representing location server of a target knows and serves the current
spatial location information of the target according to the policy requirements
set for the target by the target itself or its owner.

A target should have a default TAD that serves as a relatively persistent or
default record accessing ID. A target can roam from its default location server
to a visited location server. When a visited location server serves the location
information of the roaming-in target, the visited location server is the current
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representing location server for the target. After mutually authenticating each
other on the target’s TID (or a subset of it) and the visited server ID, the visited
server allocates a visiting TAD for the target and informs its default location
server of the target’s current visiting TAD. The default location server of the
target can then bind the two TADs (the default and the visiting).

When a client requests the location information of the target via the default
TAD to the default location server, the server will reply the client with the
current visiting TAD of the target. The client can then request the location
information via the current visiting TAD to the target’s visited location server.

5 Acquire Spatial Location Information

When a client knows the TAD of a target already, the remaining task is: How
can the client acquire the location information from the server over the Internet?
This section introduces requirements for the feasible solution, called as Spatial
Location Protocol (SLoP). Some details can be found in [9].

5.1 Spatial Location Representations

There are various existing location data representations/expressions [10]. SLoP
thus needs to support those different location data representations/ expressions.
For interoperability reasons, it needs to have an absolute location system as
the supported format by all SLoP speakers. Its data format should be selected
as such, e.g., longitude, latitude, and altitude, with timestamp and accuracy,
etc. When needed by a SLoP end, SLoP should be able to select and use any
of all other supported absolute location systems and their data formats. It is
also needed for SLoP to be capable of adding and supporting new location sys-
tems and data formats. In addition, when needed, SLoP should be able to carry
descriptive locations.

5.2 Representation Negotiation Mechanism

Due to various location data representations/expressions used, two SLoP speak-
ers may not understand each other, on certain given data representation/ ex-
pression. Therefore, SLoP needs to have a representation negotiation mechanism
designed. The mechanism must be able to support the selection of the wanted
location system and data format between two SLoP speakers.

5.3 Security Mechanisms

Spatial location information can be very sensitive and its owner may want to
prevent any unwanted party from the information. Therefore, there must be an
authentication mechanism selected/defined between SLoP speakers to guarantee
the integrity/authenticity/accessibility (e.g., no spoofing attacks) of the involved
parties. There must be an encryption system selected/defined to guarantee the
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privacy/confidentiality of the transferred information between SLoP speakers.
In addition, it would be preferred to select/define a mechanism to guarantee
availability (preventing Denial of Service (DOS) attacks to a SLoP speaker).

Use of the authentication and/or the encryption mechanisms should be setable
by the SLoP endpoint (user may enable or disable the use of the mechanisms).
It is done per session or per SLoP endpoint. The primary design for security in
SLoP must be end-to-end. When end-to-end security is not possible for certain
cases, then hop-by-hop security associations could be used between the server
and the client if allowed by the related policy for a target.

5.4 Policy Mechanisms

Owners/servers of spatial location information usually set specific rules to regu-
late the accesses to the spatial location information, due to their privacy needs
or other reasons. There are four basic sets of policies, i.e., security policy, locata-
bility policy, accuracy policy, and explicitness policy, while any new policy set
or individual rule can be added if needed.

Security policy tells what are the mechanisms and parameters for the au-
thentication of the SLoP speakers, for the guarantee of the integrity/ authen-
ticity/accessibility for the involved parties, as well as for confidentiality of the
transferred information between SLoP speakers. Locatability policy defines who
can access certain location information under what conditions. Accuracy pol-
icy tells what accuracy of the location information is for what group/individual
given they are allowed to have that information. Explicitness policy defines, with
what specificity, the location information is presented to what group/individual,
such as “at home”, “in Helsinki”, “in Europe”, etc., when needed. Privacy policy
is in fact built from the combination of the four policy sets.

The policy instance for a target should be available to the server representing
the target, where the policy instance tells how a server shall serve the spatial
location of the target.

5.5 Transmission and Reliability Mechanism

There are two major requirements for the transmission, i.e., involved overhead
and transport reliability of the transmission method. A balance is needed to
achieve both requirements.

The design of a reliability mechanism is affected by the transport protocol
below SLoP. Various transport protocols have different reliable levels. If TCP is
selected, there is no need to have this extra mechanism. However, TCP seems
too heavy for some SLoP speakers. UDP is thus likely to be selected. If UDP is
used, a reliability mechanism must be designed into SLoP. One needs to add a
retransmission timer to SLoP speaker, as a lightweight solution.

5.6 SLoP Message Coding Mechanism

Message coding can be binary-based coding or text-based coding. Binary coding
is a good choice for the protocols of the transport layer and the lower. However,
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it is difficult to extend new information types to the protocols. SLoP is designed
to be an application space protocol. There are various information types that
can be carried via SLoP for various local or global purposes of the applications
over it. We thus need a globally acceptable text-based coding mechanism (e.g.,
with XML syntax) selected/designed for encoding/decoding SLoP messages. All
SLoP speakers must support the coding mechanism.

6 Conclusions

Spatial location information relates to many aspects, especially when it is served
through a communication network. This paper has introduced the problem scope
for serving spatial location information over IP networks. It has explored the
requirements and solutions for solving the problem. Serving spatial location in-
formation over IP networks is not an easy task. Some issues still need to be
further clarified, such as the location request routing.
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Abstract. This paper reports on the dynamic adaptation of multimedia services 
for both mobile and fixed terminal devices. The adaptation is done based on the 
device features and includes both the adaptation of the presentation format (e.g. 
HTML, WML, SMS, E-mail, and speech-driven browsers) and the multimedia 
contents. The services are defined in XHTML with some extensions. In this 
paper, we mainly focus on the considerations involved in the development of 
the adaptation methodology. The architecture of the system is also described 
briefly. The research is part of the Princess project, a joint project of Oulu 
University and VTT Electronics. 

1 Introduction 

Service providers have had to reconsider the architecture of their Web-based services 
because of the growing diversity of the terminals used to access their services. Not 
only do portable devices like PDA's set their own requirements to the scalability of 
the services, but particularly mobile devices open up a whole new dimension for the 
services. Since mobility is for the time being coupled with small displays, alternative 
input methods and slow data transfer in addition to alternative standards for contents 
description, traditional HTML services will not suffice without major revisions. 

There are several options for how to tacle the problem of providing a service for a 
diversity of clients with varying features: in addition to manually authoring several 
versions of the same service, there are also client-, server- and proxy-based 
approaches for dynamic adaptation [4]. The last one is also referred to as automatic 
re-authoring [3] or Web intermediaries [1]. Thus, because the term 'proxy' refers 
strongly to Web proxies, we prefer the concept 'intermediary', which is more general. 

An example of the client-side adaptation is the World Wide Web: its basic 
principle was to be universality of access irrespective of hardware, software, network 
and user characteristics [2]. In this approach, services are authored using a format that 
is not dependent on specific terminal characteristics – it is a task of the client terminal 
to decide how to present the user interface and the content to the user. Therefore, this 
approach requires some level of homogeneity within the clients support for protocols 
and presentation formats. 

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 252-259, 2001. 
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In server-based approach content and (possibly) application logic are authored 
platform independently too, but the service provider creates platform dependent 
converters or gateways. Lately there has been a proliferation of this category of tools 
especially from database vendors. These new tools are often based on XML 
technologies, particularly using XSLT transformation features. It is also possible to 
implement server-side adaptation using a more traditional multi-tiered architecture. 

Intermediary-based approach is suitable for highly heterogeneous environments 
where service providers and client terminals are not capable or willing to perform the 
adaptation. This approach introduces an additional mediating component, an adapter 
(Figure 1), which allows the implementation of services independent of accessing 
terminal types. These adapters may work at multiple levels: they may perform content 
transcoding, or in more complex cases, link different network protocols or user 
interface interaction styles together. 

 

Abstract description of user
interface and content

Style definition
(Optional)

Adapter: intermediary-adaptation

Final presentation

Content provider
authors

Terminal software: client-side adaptation User configures

Manufacturers
configure

 

Fig. 1. Using client and/or intermediary-adaptation 

The intermediary approach has benefits both from content provider and user point of 
view. Abstracting a variety of client terminals from the content provider reduces 
service development costs and makes it possible that content providers do not have to 
follow developments in terminal devices that closely. For the user, this approach 
allows anytime, anywhere and any terminal access independent of the service. 
Changing from one terminal to another is also smoother as user preferences are 
contained in the mediator, not in the terminal device. 

On the other hand, the intermediary approach also has inherent drawbacks: it does 
not allow end-to-end security as the mediator must be able to influence the interaction 
between the client and the server. Also, it limits the possibilities of optimising the 
content, functionality and appearance for different client terminals compared to 
manually authoring different versions for different terminals. 

This paper reports on the progress in the Princess project, which aims to develop a 
system for providing multi-media services to different terminals (HTML, WML, 
SMS, E-mail and a simple speech-driven Java browser) using the intermediary 
approach. There are also other commercial products and research demonstrations in 
this category [5], but many of them are focused on a more limited area, like image 
transcoding on the Web. The platform adapts to the user's terminal and the user's 
preferences and performs the necessary scaling of the media as well as the conversion 
to the required contents format (HTML, WML, etc). The scaling of the multimedia 
contents has been reported in earlier papers [6] and [7]. 
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2 Adaptation of Services 

The selected intermediary-based approach involves a requirement of a modality and 
platform independent or redundant format that is required in order to present the 
service user interface and content to the adapter (this requirement is common to the 
client-based approach). Redundant in this context means that presentation may 
contain several alternative representations for different modalities (e.g. a picture and 
an alternative textual presentation for it). [9] During the first phase of the Princess 
project, a proprietary object-oriented format was used to describe the user interface of 
the service. The actual content (media) was either embedded in, or referenced by this 
presentation. This approach was very limiting because user interface and content are 
often inseparable: consider, for example, hypertext links and image maps. 

To overcome the limitations of the object model, we started looking for 
alternatives. The new model was expected to be able to express a simple UI for on-
line services independent of modality and platform, describe embedded and 
referenced media uniformly with the UI, and be extensible and standards-based in 
order to ease the development. 

Options included MHEG, XML-based XHTML and SMIL. We challenged the 
adaptability of MHEG because it is designed to define a final-form interchange syntax 
for multimedia objects via fixed and broadcast networks. On the other hand, 
extensibility and tool support is superior in XML-based solutions compared to other 
possibilities. The reformulation of HTML, XHTML, was considered the better choice 
of the XML solutions, because it is more generic than SMIL, which is primarily 
aimed at multimedia presentations. 

XHTML is greatly independent of modality and it also enables a  redundant 
(alternative) content. To make extensions to the XHTML markup, we defined our 
own XML Namespace. By this mechanism we defined a priority-attribute, which may 
get integer values that denote the relative relevance of the content of that part of the 
document. This is the simplest possible way to eliminate an irrelevant content from 
presentations for limited displays. 

In the following chapters, we define the actual implementation of a Princess 
platform in more detail. 

2.1 Architecture 

Figure 2 presents the architecture of the Princess-platform. ServiceBroker is the 
container for user agents and service catalogue. The adaptation is performed in two 
components: DMS and gateway. The gateway takes care of session handling and user 
interface adaptation. It contains several modules: protocol handlers, which perform 
protocol level operations (including recognition of terminal and network 
characteristics), UI Adapters that do the adaptation from the internal presentation 
model (XHTML) to the terminal-specific format, and internal services which provide 
generic services for session control and configuring user preferences. The DMS 
(digital media server) is for media adaptation and content provider interface. 

The gateway architecture has been designed to be modular, so that the inclusion of 
new terminal types is easy. For example, WAP and WWW-terminals use the same 
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protocol (HTTP) and session tracking technologies – the only component that needs 
to be implemented separately is the UI Adapter. 

Gateway
Protocol handler

- HTTP, SMTP, GSM 07.05

GatewaySession
- Generic, HTTP, SMS

ServiceBroker
- Service catalogue, home of user agents

DMS

Internal services
- login, logout, control
panel,, subscriptions

Services

List of provided
services

UIAdapters
- HTML, WML, Text

User

State

Servicerequest /
response

Servicerequest /
responsePresentation

Network

User agent
- User

information,
preferences, ...

Login,
service catalog

Media

User Terminal

Fig. 2. Princess platform architecture (gateway described in detail) 

2.2 Terminal Specific Implementations 

WWW. Because of the internal presentation model, the only adaptation that is 
required for the WWW is accounting for the older browsers that are not directly 
capable of displaying XHTML. To accomplish this we chose to convert XHTML to 
HTML, which is a straightforward process. Another alternative would have been to 
follow the HTML compatibility guidelines (see [10]). 

WAP. The WAP protocol stack is a set of mobile terminal specific protocols defined 
by the WAP Forum consortium (http://www.wapforum.org). The need for such a 
protocol stack arose, since existing protocols meant for fixed networks are not 
suitable for wireless connections, e.g. GSM or GPRS. 

The speed of a typical WAP connection, the maximum size of the WAP 
presentation and the small screen size of mobile WAP-enabled terminals encompass 
the main limitations for WAP services. On the other hand, WAP redefines many 
issues in current standards, which makes its adoption more difficult.  

In Princess, the conversion from the internal presentation model (XHTML) to 
WML is implemented by using the XSLT transformation language. Currently none of 
the multimedia components, including images, audio, and video, is transmitted to the 
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WAP-enabled devices because of the limited support for images and the absence of 
provisions for audio or video in the WML standard.  

From the implementation point of view, WAP-development is not easy due to the 
incompatibility and incompleteness of the current WAP products, gateways and 
devices. Thus, a generally workable solution for conversion of services from XHTML 
format to WML format is hard to find. At the moment, one way around the problem is 
to make the adapted presentation simple enough, i.e. filter all but the essential 
information away from the original XHTML presentation. In principle, however, the 
idea is to maintain the same temporal structure of service that is used in the WWW 
browsers. 

SMS. A short message as a user interface has severe usability problems: bare text-
based command-response interaction with a minimal keyboard, limited transfer 
capacity of 160 characters per message, and a lack of real-time feedback. Because of 
these limitations, it is best suited to asynchronous notifications from the service to the 
user. On the other hand, because it is currently a widely supported feature in mobile 
phones, we decided to create some support for interactivity as well. Thus, we added 
the following features: 
 
• Possibility to follow links. The user can identify a link from a text like: "Show 

more information ($link1)".  The link can be activated by sending back a message 
containing the link id (link1 in this case). 

• Possibility to use data input forms. Web forms are difficult to present to the user in 
a short message and using them is very demanding, since the user cannot usually 
see the template he receives from the service while he writes the response message. 
Therefore, we decided not to present forms to the user in any way. Instead, we 
implemented a possibility for advanced users to access them using a specific 
notation: for example,  "&name john" equals the case where the user inputs john to 
the name-field in a WWW-browser. 

 
The most appropriate services for SMS use are stateless and have a simple interaction 
(not many messages sent back and forth). Also, the service provider should both mark 
the most relevant information so that the amount of text does not exceed 160 
characters and name resources (e.g. links) intuitively so that they are easy to 
remember. 

The implementation of the SMS gateway differs significantly from the other 
gateways. For example, the generic bi-phased user authentication and service 
selection process was replaced by a single-phased approach, because compared to 
username and password, the user can be authenticated more comfortably from his 
phone number. The system also provides the administrator an opportunity to define 
shortcuts to often-requested information. In the future, this option could be provided 
for the user, too. 

Speech-driven. An earlier version of the Princess platform allowed for the generation 
of a Java GUI representation (mostly using AWT elements) from the generic content 
presentation. A methodology for controlling the resulting Java GUI by speech was 
implemented and reported in an earlier paper [8]. The speech interface utilised the 
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names of the elements to allow for a limited and dynamically changing vocabulary, 
improving the recognition performance. The speech recogniser was designed for the 
Finnish language. 

After the adoption of XHTML as the generic service description language, 
generating a Java GUI presentation was not regarded desirable (though not 
impossible). Instead, a Java HTML browser was used to display the service and a 
swing-based control element extraction mechanism (Java Accessibility API) was 
deployed for deriving the speech actions. Subsequently, the speech actions were 
matched to inputs obtained by off-the-shelf speech recognition software. 

3 Media Adaptation 

Media adaptation needs processing power when compressing video or scaling other 
multimedia presentations and this task is delegated to the Digital Media Server, DMS 
(Figure 2). The DMS receives parameters, such as the user terminal capability and 
network bandwidth, from the gateway, and the adaptation is based on these 
parameters together with the user’s preferences and service provider’s choices. 

The adaptation taxonomy used is presented in [6]. The adaptation taxonomy is a 
two-tiered approach for adapting multimedia presentations: it is composed of 
optimisation, or semantic adaptation, and scaling, the physical part of the adaptation. 

 

 

Fig. 3. Content model for multimedia adaptation 

Original multimedia presentations are described by the media content model depicted 
in Figure 3 [7]. In the media content model, the presentation is divided into four 
semantic layers. The topmost layer describes the presentation as an entity. This layer 
can be divided into two or more subscripts, which describe the logical entities 
(indexes) within the presentation, e.g. pages or files in a multimedia presentation 
stream. The object layer consists of media objects, which are defined as logical 
entities of the subscript layer, e.g. images, headlines, or audio clips. Finally, the 
primitive layer defines the properties of the actual physical data in the form of headers 
and bodies. 
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This multimedia presentation adaptation concept is used together with the UI 

adaptation to deliver the most suitable presentation to the end user’s terminal as fast 
as possible. Rough adaptation is done near the service provider and the adapted 
presentations are stored into a database, from which they can be retrieved when the 
user requests the service. 

4 Pilot Services 

The implemented Princess-platform has been verified by a few pilot services. This 
chapter briefly describes these services and how adaptivity affects each of them. 

Information Services. The implemented information services deliver contact 
information, stock prices and weather forecasts to the user. We consider this category 
an ideal demonstration of adaptivity for two reasons: firstly, the simplicity of the user 
interface makes it possible to use this category of services even through short 
messages. Secondly, the information can be naturally expressed using different 
modalities (e.g. stock prices can be expressed as both text and graphs). 

Video Surveillance. This service monitors a surveillance video camera equipped with 
motion detection algorithms. The guard may either watch the live stream on a desktop 
computer or subscribe to alarms of motion detection events, which will be delivered 
to his mobile phone while he is on a round. In the latter case, the system also saves 
key-frames and video clips of the possible incursions, so that the guard can check the 
reason of the alarm when he regains access to a terminal capable of displaying the 
video. 

Currently, this service more successfully demonstrates the co-operation of different 
terminals rather than adaptivity, because the transmission of video to wireless devices 
is not supported. The penetration of the third generation mobile networks and 
terminals may change this in the future. 

5 Conclusions 

The Princess system has successfully shown its abilities to adapt services based on the 
properties of the client terminal. It is able to support terminals ranging from SMS via 
WML to full-fledged HTML-capable browsers with a variety of sizes and colour 
properties. The approach allows for extension by new future technologies and 
currently provides already rudimentary support for speech control. 

During the selection of the presentation model, we noticed that the requirements 
were conflicting or at least challenging – supporting adaptation to simple devices 
while allowing the development of versatile user interfaces implementing attractive 
services is not an easy task. However, the choice of an XML-based presentation 
format has definitely worked out well in spite of the fact that the used standards 
(XHTML, XSLT) were under development during the project. 
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In this paper, we presented considerations relevant to the adaptation process. A 
distinction was made between different approaches to adaptation based on the 
location where the adaptation is performed. A brief description of the architecture was 
also given. Adaptation considerations for the different supported technologies were 
outlined and the paper was concluded by references to the media adaptation and the 
pilot projects. 

Further research includes the addition of user profiling support and the related 
adaptation features. Also, the speech driven interface will be improved. The system 
has been tested under laboratory conditions by the project personnel. More elaborate 
pilot services are being developed, and they will be evaluated by a larger audience. 
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Abstract. Mobile IP [RFC 2002] offers a neat support to mobile users, in order 
that mobile nodes can roam from one network to another quite easily. The 
concept suffers from a major drawback when the user’s movement imposes a 
high frequency of handoffs. Mobile IP requires the mobile node to inform its 
home agent of its new location every time it changes its point of attachment. 
The concept, which is sometimes referred to as macro-mobility is not suitable 
when there are frequent handoffs because of the latency that is incurred due to 
the exchange of registration messages between the Base Station and the Home 
Agent. The term micro-mobility defines an extension to the base concept, by 
hiding the exact location of the mobile node from the home agent. The mobile 
node’s exact location is kept local within the wireless domain it has visited. 
This document presents a new protocol designed to address micro-mobility. 

 

Introduction 

In a world where wireless networking is becoming a predominant solution to offer 
access to customers from anywhere, it is important to have a design that allows 
smooth mobility. The user needs to be able to move along his/her path without 
suffering from connectivity disruptions. Mobile IP defines a protocol with which the 
mobile node retains its home address regardless of the network it is connected to. But 
when handoffs become too frequent, it poses major problems. The registration process 
requires exchange of messages between the mobile host, the foreign agent and the 
home agent. This is the basic behavior of a mobile node implementing Mobile IP. We 
can note that the interaction with the foreign agent may be bypassed if the mobile 
node is capable of obtaining a care-of address by some means like DHCP [RFC2131].  

The first section of the document introduces the concept of micro-mobility, with 
the aim of providing a definition for it. The two following sections present two 
different approaches currently available in regard of micro-mobility support. The third 
section introduces the protocol defined by Alcatel. Finally we conclude this document 
with future studies which could improve the multicast micro-mobility (MMM) 
protocol. 

 

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 260-268, 2001. 
© Springer-Verlag Berlin Heidelberg 2001 
 
 
 
 
 
 



  Multicast Micro-mobility Management 261 

 
Micro-mobility 

The booming evolution of wireless communication, which now offers a “wireless 
Internet”, creates a new requirement on Internet protocols: support of mobility. 
Mobile IP offers a base concept on which the Internet Engineering Task Force [IETF] 
leverages to define the architecture of tomorrows Mobile Internet. Mobile IP defines 
three entities: the home agent, the foreign agent and the mobile host collaborating 
together in order to provide the forwarding services to the current location of the 
mobile host. The mobile host can use the foreign agent advertisement message to 
obtain a so-called care-of address (temporary address). The mobile host registers with 
its home agent to create a binding that defines the parameter of the forwarding 
service. The home agent is then in charge of capturing the packets that are sent to the 
mobile host. The home agent then forwards the packets to the mobile host’s visited 
network, using tunneling protocols [RFC2003][RFC2004]. There is a consensus to 
define Mobile IP as a protocol offering macro-mobility or inter-domain mobility. To 
introduce the concept of micro-mobility, we must define the notion of wireless 
domain. A wireless domain is a structured network administrated by a single entity 
(e.g. an operator or service provider). The domain interconnects different networks 
and the edge or leaf routers to be connected to the base stations. An illustration of 
such a topology is depicted in Figure 1.  

 
Micro-mobility allows a mobile host to move within a wireless domain from the 
coverage of one base-station to another without having to notify its home agent 
whenever it performs a handoff.  Basically, when the mobile host moves within a 
foreign domain, the network must be able to modify its routing configuration in order 
to route packets to the mobile host. Depending on the protocol design the mobile host 
can either participate in the modification process or leave it up to the routers within 
the domain to do it. Ideally the mobile host should not be impacted by the micro-
mobility protocol. 

Hop-by-Hop Protocol 

There are currently two protocols that have been submitted to the Mobile IP 
working group that uses the hop-by-hop technique. Using the hop-by-hop approach, 
routing decisions are performed at each hop. The next hop is determined by 
performing a table lookup which determines the interface to be used. The two 
protocols are Handoff Aware Inter-domain infrastructure [HAWAII]and Cellular IP 
[CIP]. 

HAWAII 

HAWAII defines the Domain Root Router (DRR) as the connecting device 
between the Internet and the wireless domain. A domain as defined in [HAWAII] can 
contain several hundred base stations, thereby increasing the probability that the 
mobile host, after having registered with its home agent, remains in the same wireless 
domain. In such a scenario the home agent’s role is very much reduced.  
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The mobile node or mobile host uses the usual Mobile IP concepts when moving 

for the first time into a foreign domain. The protocol requires that the mobile node use 
a co-located care-of address, an address that is not given by the foreign agent. The 
address can be obtained for instance via DHCP [RFC2131]. The mobile node appends 
a Network Address Identifier Extension [RFC2794] so that the domain can 
differentiate between a visiting mobile node from a mobile node administrated by the 
domain. For a visiting node, the base station (i.e. the router that is connected to the 
base station) creates an entry in the routing cache for the mobile node and forwards 
the registration request to the home agent of the mobile node. Each node along the 
path realizes the same operation (i.e. creation of a routing cache’s entry) until the 
message reaches the DRR, where the registration request is forwarded to the home 
agent. 

 
The mobile node must be able to memorize the address of the current base station, 

so that it can provide the IP address along with its registration request when 
performing a handoff to a new base station. The presence of the Previous Foreign 
Agent Node Extension [ROUTEOPT] helps the base station to determine if the 
mobile node had previously registered via another base station from within the same 
wireless domain. When the base station detects this extension, it triggers the route 
update algorithm. Two possibilities are defined depending on the capacity offered by 
the wireless technology used. If the mobile node can receive packets from two base 
stations simultaneously, the routing update process goes until the crossover router (i.e. 
the router that has one interface leading to the old base station and the other one 
leading towards the new one); this scheme is also called the non-forwarding scheme. 
In the forwarding scheme wherein the mobile nodes are not capable of simultaneously 
listening to multiple base stations the route update message is sent till it reaches the 
old base station. This scheme allows the old base station to forward the packets 
intended for the mobile node to the mobile node’s new location   

If there is no traffic and the mobile node is not yet idle, the mobile is required to 
transmit path update messages. These messages are propagated towards the DRR and 
at each router in its path the routing entries are refreshed. . 

 
Correspondent nodes send packets to the home address of the mobile node. The 

home agent intercepts these packets and creates a tunnel using the co-located care-of 
address of the mobile node. When the packets arrive at the DRR, the hop-by-hop 
process takes over from regular routing algorithm. At this point each hop uses the 
routing entries previously updated by the mobile host. The protocol is extended with a 
support for paging [HAWAII PAGING] 

CIP 

Cellular IP [CIP] is similar to HAWAII as it relies on a hop-by-hop principle to 
handle the traffic within the wireless domain. The protocol differs on the terminology 
used, the messages and its interaction with Mobile IP.  The protocol is not very clear 
as to how it interacts with mobile IP and the only reference made states that the CIP 
protocol must be realized prior to Mobile IP. The Domain Root Router is called a CIP 
gateway. The CIP gateway includes two sub-components: the gateway controller and 
the gateway filter. The Gateway Controller (GC) receives packets that are usually 
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update packets that are used by the Gateway to update the locations of the MN and 
are then dropped. The Filter (GPF) checks to see if packets coming from within the 
domain are to be sent to the GC or forwarded on to the Internet. 

A Few Words on Hop-by-Hop Protocols 

Both solutions offer a routing protocol allowing support of micro-mobility. 
HAWAII requires the mobile node to receive an agent advertisement as defined in 
Mobile IP before being able to update the routing entries along the path from the DRR 
to the last router. This principle does not allow a very efficient handoff as required by 
“real-time” applications such as Voice over IP. The protocol also imposes that the 
router, which acts as “pseudo” foreign agent, to respond directly to the mobile node 
by sending a Mobile IP registration reply. This behavior is not in line with Mobile IP 
because it imposes the router to know the secret key normally shared between the 
mobile node and the home agent to compute the authentication extension required by 
Mobile IP. CIP imposes modifications to Mobile IP at the mobile node and the 
implementation of CIP at every mobile node, which are stringent restrictions and a 
drawback of the solution. Both protocols may face scalability problems if they are 
deployed over cellular infrastructure, where the number of users could easily be over 
a million. 

Protocol Overview 

For the definition of the protocol, we are taking the hypothesis that base stations 
are not simply passive bridges, as they have an active participation in the protocol. 
We believe that efficient handoffs can only be obtained if there is a tight liaison 
between the link and the network layers. The second hypothesis is that several base 
stations are connected to the same base station router (BSR), as this design allows a 
more efficient behavior.  

 

MAR

RouterRouterRouter

BSR 1 BSR  3BSR  2 BSR 9BSR 7BSR 6BSR 5BSR 4 BSR 8

Base Station Router

Main Access Router

 

Figure 1 Home or foreign domain topology 
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The Main Access Router (MAR) supports Mobile IP. The MAR may serve as a 

foreign agent and/or a home agent. The MAR also implements part of the protocol 
extensions described in this document. The MAR processes the BSR extension that 
are appended to every registration request. The MAR allocates and inserts the 
multicast address extension before forwarding the registration reply.   

The routers within the wireless domain support IP multicast routing.  
The Base station Routers (BSR) implement the extensions described in this 

document. The BSR appends the BSR extension to each Mobile IP registration 
request. The BSR processes the multicast address extension appended to the Mobile 
IP registration reply. The BSRs periodically send a neighbor binding update to every 
BSR surrounding it. This message is used by the neighboring BSRs to manage their 
own probable cache. This cache contains the information of the mobile nodes that are 
located within the vicinity of the BSR. 

As mentioned earlier, the topology is well known, and each BSR knows the IP 
address of other BSRs that are located in its neighborhood. For instance BSR 4 knows 
the IP addresses of BSR 3 and BSR 5, as these BSRs are its neighbors. Each base 
station router knows the IP address of its Main Access Router. 

The protocol extends the current Mobile IP protocol with a set of messages 
designed so that: 
•  A BSR may communicate with its neighboring BSRs, the list of mobile node’s 

information that are currently under the BSR’s coverage area. This message is 
called the neighbor binding update extension. This message is sent from BSR 
to BSR. 

•  A BSR can inform its MAR the IP address of the BSR that has forwarded the 
Mobile IP registration request. This message is called the BSR extension. This 
message is appended to the mobile IP registration request. 

•   A MAR can inform the BSR of the multicast address assigned to a particular 
mobile node when a mobile node is granted access to the network. This message 
is called the multicast address extension. This message is appended to the 
Mobile IP registration reply.  

•   BS informs the BSR with the link layer characteristics of a mobile node entering 
its cell. This message is called the mobile node advertisement extension. The 
message MAY contain more than one mobile node’s information. 

 
We now describe the different phases, detailing how these extensions contribute in 

extending mobile IP to offer micro-mobility support. A short description is given 
below about the sequence of operations when a mobile node enters a foreign domain. 
This protocol takes the assumption that there is a single operator managing the foreign 
network.  

Entering the Foreign Domain 

When a mobile node enters the coverage area of a base station router (or any other 
router in this domain), the link layer protocol at the base station (BS) serving the 
mobile node triggers a mobile node advertisement message. The BS informs its BSR 
of the entrance of a mobile node in the cell. The base stations periodically send the 
mobile node advertisement message to the BSR with the list of mobile nodes located 
in the base station cell. 
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The BSR will take an action based on the presence of the link layer information of 

the mobile node in its caches. If there is an entry for the mobile node in its binding 
cache, then the BSR refreshes the entry. If there is an entry in its probable cache, then 
the BSR joins the multicast group and transfers the entry from the probable cache to 
the binding cache.  If there are no entries in either of its caches then the BSR sends a 
mobile IP agent advertisement message to the mobile node. 

 
Upon receiving the advertisement the mobile node sends a registration request to 

the base station router. The BSR adds its IP address (i.e. BSR extension) to the mobile 
node registration request and forwards it to its MAR. The MAR after having 
performed all the required checks necessary for granting the registration request 
(AAA protocol, challenge/response, and key exchange, NAI…) forwards the 
registration request without the BSR extension (this extension is stripped by the 
MAR) to the home agent.  

The MAR creates an entry in the pending cache for the mobile node with its 
address and the address of the BSR serving the mobile node. For the home agent the 
MAR is apparently hosting the mobile node. The home agent, based on its policy, 
grants or denies the registration request. Considering that the home agent grants the 
request, it sends its reply to the foreign agent (i.e. the MAR).  

If the mobile node initiates the first registration request and moves towards a new 
cell connected to a new BSR, the mechanism previously described will trigger a 
second registration request. The new BSR processes the registration request as 
described in the previous paragraph (i.e. the BSR appends the BSR extension to the 
registration request). The MAR receiving the mobile node registration checks in its 
pending cache. If the cache is hit, the MAR will conclude that the mobile node has 
moved under another BSR’s coverage area while the mobile node’s home agent 
processes the previous registration request. The MAR updates the pending cache to 
reflect the new BSR address. 

When the MAR receives the registration reply it moves the entry for the mobile 
node from the probable cache to the binding cache and assigns a multicast address to 
the mobile node. The registration reply is forwarded to the BSR preceding the 
multicast address extension. The BSR removes the multicast address extension and 
forwards the registration reply to the mobile node. It also creates a binding entry 
associating the multicast address to the mobile node.  

The current BSR of the mobile node periodically informs its neighboring BSRs of 
the newly created bindings with a neighbor binding update message. This message 
includes the mobile node address, the care-of address, the home agent address, the 
multicast address, the link layer information and the lifetime of the registration for 
each mobile node within its coverage. The neighbor binding update message refreshes 
partially the probable cache entries. It is a partial refresh, because the cache will be 
entirely refreshed only after the BSR has received every neighbor binding update 
message from each of its neighboring BSRs. 

If the mobile node remains under the coverage area of a base station, then the base 
station sends periodic refresh message (mobile node advertisement) to its BSR 
(periodicity needs to be defined).  The mobile node advertisement message refreshes 
partially BSR’s binding cache entries. It is a partial refresh, as the cache will be 
entirely refreshed after the BSR has received every mobile node advertisement 
message from each of the base stations. 
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If the mobile node moves to another base station connected to the same BSR, the 

base station immediately sends a mobile node advertisement message with the link 
layer information of the mobile node. 

If the mobile node moves to a cell that is connected to a different BSR than the one 
serving it, then the BS informs the new BSR of the presence of the mobile node by 
sending a mobile node advertisement message. If the BSR has an entry in its probable 
cache associating the link layer information given by the BS to the one found in the 
probable cache then it sends a message asking the MAR to join the multicast group. 
Meanwhile, the old BSR, which does not receive a mobile node advertisement 
message from at least one of its BSs refreshing the binding cache entry of the mobile 
node, then moves the entry to its probable cache presuming that the mobile node has 
moved to its neighbor. 

If the mobile node can receive and transmit via several base stations the mobile 
node will receive the same message from these base stations. 

Care-of Address 

The proposed protocol does not make any special requirement on the type care-of 
address used by the mobile node. This address can either be a foreign agent care-of 
address or a co-located care-of address.  

The MAR should initially require that all the BSRs set the ‘R’ bit in the agent 
advertisement message they send after receiving a mobile node advertisement 
message.   

Apart from the above requirement the principle remains identical. If the mobile 
node registers with a co-located care-of address, the BSR appends the BSR extension 
to the registration request. The MAR processes the registration and removes the BSR 
extension. The MAR allocates a multicast address for the mobile node and appends 
the multicast address extension to the registration reply. The only difference resides in 
the traffic management, i.e. which node removes the tunnel and forwards the packet 
to its mobile destination. 

Traffic Flow 

If the correspondent node is located outside the foreign wireless domain, packets 
sent to a mobile node will be addressed to the home network. The home agent 
captures and tunnels the packets to the care-of address of the mobile node. This 
address corresponds to the MAR’s IP address. The MAR upon receiving the tunneled 
packets checks to see if there is a valid binding cache for the mobile node. If the 
MAR has a valid binding cache for the mobile node, it then de-tunnels the packet and 
creates a new tunnel. The IP address of the MAR is set as the source address of the 
tunneled packet, the destination address is the multicast address assigned to the 
mobile node, and then the packet is sent through the tunnel. . Each BSR that has 
subscribed to the diffusion group receives a copy and de-tunnels the packets and the 
BSR that has a binding entry for the mobile node forwards the packets to the mobile 
node.  
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Moving within the Foreign Domain 

The main advantage of the protocol is the low latency required before receiving 
packets on outgoing connections. The protocol, as it relies on link layer, allows such 
performance to be achieved. 

If the mobile node enters a new cell, the base station MUST inform the BSR of the 
presence of the mobile node. It MUST send a mobile node advertisement message 
including the link layer information of the mobile node. Two scenarios can be 
foreseen. The mobile node has moved to another base station but remains under the 
coverage of the same BSR (i.e. the mobile node is served by a BS linked to the same 
BSR), then no action is needed.  

If the mobile node is not among the ones served by the BSR (i.e. the BSR does not 
have a binding cache), but the BSR has an entry in the probable cache, the BSR must 
immediately subscribe to the multicast group.  

Make before Break Option 

The “make before break” option requires that the surrounding BSRs of a serving 
BSR subscribe to the diffusion group as soon as they receive the neighbor update 
message.  This option also requires that all the BSRs not currently serving the mobile 
node (i.e. the mobile node’s entry is in the probable cache) to filter and discard all the 
incoming multicast packets. The filtering is removed when the BSR receives a mobile 
node advertisement from one of its base station.   

This option is intended to reduce the latency incurred because of the join messages 
that have to be sent to the MAR and the processing delay at the MAR.  Using Make 
Before Break, the neighboring BSRs would have joined the group prior to the entry of 
the mobile node within its cell and therefore does not incur the latency. The 
processing is then limited to the removal of the filtering feature associated with this 
particular multicast address. 
 

Conclusion 

The protocol described in this document offers a new solution to the challenging 
micro-mobility issue. The are a number of advantages this protocol offers when 
compared to the other solutions mentioned.  This protocol is completely transparent to 
the mobile node, which is not aware of the wireless domain and see the BSR as a 
“pseudo” foreign agent. The use of multicast allows the deployment of a “make 
before break” feature presenting advantages in case of “real-time” traffic such as 
voice over IP, although it is important to note that the advantage has its associate 
drawback. The drawback is the “useless” traffic generated to the BSRs that do not 
serve the mobile host at this point in time. 

We are building a simulation platform to validate the concept and measure the 
performance of the protocol. We need to be sure that the handoff latency is 
sufficiently reduced to offer an efficient quality of service for the end user. We also 
need to investigate the issues related to multicast routing, however since the 
communication profile is a strict one-to-few, we are convinced that the protocol could 
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take advantage of protocol such as explicit multicast. There are still several 
optimizations that can be done to the base protocol, however they require further 
studies. 
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1. Introduction 

With the advent of new wireless technologies, mobile personal computers (MPCs) are 
quickly gaining their popularity. Concurrently an increasingly number of services for 
MPCs have been developed. However, current services view PMCs as a vehicle to 
perform individual activities. No attempt has been made to provide process services 
that reach mobile users via their PMCs. In the real world, many personal applications 
are process-oriented, e.g., planning a trip, holding a party, applying a new job, etc. 
We expect PMCs to help manage and execute these processes in the future, serving 
the role of planning, coordinating, and reminding task executions so as to accomplish 
predefined personal goals. On the other hand, traditional workflow management 
systems are mainly used to coordinate business processes in enterprises. These 
processes must be repetitive and have well-formed structures. Personal processes 
differ from their business counterparts in that they are subject to change and rigid 
regulations on control flow are seldom imposed. As a result, personal activities are 
related mainly due to their data dependencies and their coordination must be flexible. 
These differences demand a new personal workflow model as well as the innovative 
design of a personal workflow system (PWFS). 

2. The Process Model 

We model a process as a set of tasks, each of which is associated with several 
attributes such as name, input data, output data, the durations and places in which this 
task can be executed. We can view a PWFS as a function that, when time and place 
allow, maps a set of input data and a set of tasks into a set of output data. Formally, 
this function can be specified as 

{ } execution invalid indicatewhere,222 ⊥⊥∪→× datataskdata DDD  

Viewing a PWF as a function described above allows us to place the following 
inquiries: 

1. Given a set of input data items and a set of tasks to be executed, what data 
items can be generated? 

2. Given a set of input data, what tasks should be executed in order to produce a 
specific set of output data? 

3. To execute a specific set of tasks, what input data items are needed? 
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Therefore, we propose the following three operations that intend to answer the above 
three queries: 

ProduceData:  inputset × taskset → outputset 
InvolvedTask: inputset × outputset → taskset 

et 

e 
, c 

) 
C� 

e 
e; 

RequiredData: taskset × outputset → inputs
With the above three operations, many queries about the execution of a personal 
process can be specified. For example, suppose the user would like to identify the set 
of tasks that can be co-executed with C after both A and B complete, the following 
SQL statement is specified: 

SELECT   t.nam
FROM    TASK  t
WHERE   t  IN  InvolvedTask(ProduceData(avail,(�A�,�B�)),ANY
AND      c.name = �
AND      t.time  OVERLAPS  c.tim
AND      t.place  OVERLAPS  c.plac

3. Implementation Issues 

We propose to adopt metagraphs [1], a formal model designed to express data 
dependencies of processes in model bases community, to specify personal processes. 
The analytical capability of metagraphs paves the way for efficiently implementing 
the proposed operations. Besides, implementing a personal workflow system involves 
many issues. To name a few: the storage of personal processes, the design of 
graphical interface, the presentation of worklist, the development of triggering 
system, the design of temporal and spatial operations, and so forth. These issues will 
be investigated when we come to stage of implementation. 

A unique feature about business processes is its flexibility. It is quite often that 
mobile users execute tasks that produce unexpected results or even engage in some 
totally unplanned tasks. In this case, rather than rejecting this change, the PWFS can 
do nothing but to accept the consequence. In return, the PWFS examines the impact 
of this change and adjusts the unexecuted part of the task definitions according to 
user�s decision. For example, the execution of a task may generate fewer data items 
than expected. As a result, some subsequent task may become unexecutable due to the 
lack of required input data. However, while the entire task may not be executed, part 
of the task may still be executable, resulting in the splitting of a task. On the other 
hand, executing a task may sometimes produce extra data items. These extra data 
items may in turn enable the early execution of some tasks or make others obsolete. 
Operations for measuring the effect of unexpected task execution have been proposed 
but are not presented here due to space limitations.  
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Abstract. We advocate the use of agents to model a system that allows us to in-
tegrate and protect information stored in both mobile and fixed devices, while 
trying to preserve a consistent authorization state. We propose a system called 
HAFS, which makes use of an object oriented access control data model to en-
force security across the mobile federation and XML as a language to represent 
and exchange the common meta-data among agents.  

1 Introduction 

Having interoperability among information structures has become increasingly impor-
tant for the research and industry communities to compete in a world where demand 
for new technology, services and information is growing.   These information struc-
tures include database systems, data repositories and hardware devices. Unfortunately, 
many of these data repositories are still not widely accessible due to many unresolved 
security issues. In addition, new technological advances in mobile computing outpace 
the development of solutions for secured data sharing among users of these new tech-
nologies. We believe that these issues can be addressed in an environment where data 
sources (databases, devices and operating systems, etc.) can be connected and used 
without violating their security policies with the addition of a common distributed and 
Highly Available Federated System (HAFS). 

2 HAFS  

HAFS is proposed as an agent-based system whose main task is to enforce established 
security policies and protect the information found in different data sources. Agents 
are used because they are entities capable of carrying out goals, perform a great vari-
ety of activities and make part of a larger community of agents that have mutual influ-
ence of each other [1]. In addition, HAFS employs object-oriented paradigm not  
only to describe security guidelines (i.e. policies, access controls, etc.) of the different 
Component Database Management Systems (CDBMS), but also to cope with the  
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heterogeneity of them. Finally, HAFS makes use of the eXtensible Markup Language 
(XML) for the description of access control policies and the exchange of relevant data 
such as database schemas and messages. 

3 Architecture 

Each data source in HAFS (i.e. a fixed or mobile) is assigned to a security agent, - 
whose main function is to enforce security over the objects store in the data source. 
Each device that provides support or holds an agent is called an agent server. In mo-
bile environments, agent servers would usually run on base stations and fixed hosts. 
However, in some occasions such as in ad-hoc networks, some mobile devices could 
host/run agents as well. In addition, an agent may protect one or more data sources.  
This allows the data stored in small and/or power constraint devices to be protected 
without requiring these devices to run their security agents. Finally, agent servers not 
only allow inter-agent communication through the use of an information space, but 
also provide functionality to locate and dynamically load agents on behalf of [mobile] 
users. 

4 Conclusions 

XML and Agent technologies in the recent years have created an environment where 
new ideas can be put together to create solutions for many problems in the database 
area. We believe that these tools in conjunction with the Object-Oriented Database 
Security framework can allow us to model a security mechanism for database federa-
tions that include mobile hosts. 
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Abstract.

This paper suggests an innovative and practical approach for designing 
electronic forms (e-forms) to assist user-friendly collection of accurate data in 
Web environments.  

Key Words 

Web Form Design, Web Applications, Data Management, Web Components, e-form 

1. Introduction 

Traditional paper-based forms, which are used for data collection, has two distinct 
problems: not being user-friendly by not providing warning to users when they are 
filling out incorrect information and also contributing to introduction of some data 
errors into the systems when collected information is transcribed into such systems. 
Similarly their equivalent electronic forms (e-forms), common in Web systems, 
would suffer the same problems if they were not properly designed.  In this paper, we 
propose harmonious integration of Web-form components into small sets for 
collecting accurate pieces of information from users. 

2. E-Form Design

Web-based electronic forms (e-forms) are normally composed of form components 
such as push buttons, text boxes, select lists, check boxes, radio buttons, drop down 
menus and a series of hyperlinks which all in connectivity with relational databases 
display, update or collect the required information from users.  The normal trends for 
designing such forms is to populate the page with a series of form components that 
work independent of each other and sometimes perform simple data validation tasks.  
This may not be a suitable method when e-forms are to be used in complex web 
applications. Therefore we propose designing forms by constructing small sets of 
integrated components such that not only the components within each set would 
interact with each other in a synchronized fashion, but also each set can interact with 
other sets in the same form, or the linked forms, to cross-validate the relationship of 
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one piece of information with the other.  This would assist users to navigate and to fill 
out the required information easily. It would also prevent errors by turning off 
operation of certain components when they are not required. Hence the overall results 
would lead to better data management and ensuring the accuracy and consistency of 
the information being collected. Each set is designed to suit gathering one or a few 
related data items and it contains the type of components that can assist such data 
collection. The operation of components in the set are synchronized and their 
relationships are properly defined, so that, when one or more related components in a 
set are selected, then the response of the other components, in the same set, to mouse 
or keyboard input are automatically disabled.  Figure 1 shows a section of a Web-
form comprising two component sets: set one uses radio buttons and check boxes, 
while set two uses just radio buttons. These two sets also work together so that 
completing one without the other does not allow the user to proceed with the rest of 
the form. In set one, checkboxes are operational if the “yes” radio button in the same 
set has been selected other wise they remain inactive to the “no” radio button.

Figure 1:  Integration of Web form components in two sets 

Figure 2 shows a set comprising three subsets of drop-down lists and radio buttons. 
Here, selecting one radio button in a sub-set will deactivate the operation of drop 
down lists belonging to other radio buttons.

Figure 2:  Integration of Web form components in three sub- sets 

These can be incorporated in design using scripting languages such as Java and 
Javascript and they can be executed on the client’s machine for speed and efficiency.
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Abstract. As the server in mobile environments may not have any in-
formation about the state of its clients’ cache(stateless server), using
broadcasting approach to transmit the list of updated data to numer-
ous concurrent mobile clients is an attractive approach. In this paper, a
new concurrency control protocol is proposed to reduce aborts of con-
current transactions. The proposed protocol can improve the throughput
of transactions by increasing the number of transactions which can be
committed by the server during the same broadcasting interval. For this,
with the proposed protocol, the server delays the certification of trans-
actions until the next broadcasting point. The protocol adopts adaptive
broadcasting as the way of sending invalidation reports, which shows sta-
ble performance by choosing appropriate broadcasting strategy between
synchronous and asynchronous broadcastings.

In broadcast based optimistic concurrency control, mobile clients send com-
mit requests of transactions to the server, when they completes all operations
of transactions. Then the server decides commit or abort of transactions based
on serializability, using the lists of data items that are read and written by the
transactions[1]. In order to improve the throughput of transaction processing,
the proposed protocol tries to increase the number of transactions which can be
committed during the same broadcasting interval. We propose this concurrency
control protocol based on the adaptive broadcasting environment[2], which is a
hybrid of the synchronous and asynchronous broadcasting strategy. With the
adaptive broadcasting approach, the proposed protocol can dynamically adjust
the broadcasting method according to the system workload[2].

When it is time to broadcast the result of transactions(i.e. commit or abort)
according to the adaptive broadcasting strategy, the server should determine
which transaction can be committed and which should be aborted, among those
which have requested commit after the last broadcasting point. In traditional
optimistic concurrency control, if two transactions requesting commit show con-
flicts within the same broadcasting interval, the one whose commit request has
arrived earlier has the priority, as a result, transactions which requested commit
later than a conflicting transaction should be aborted[1]. With this approach,
the decision of commit or abort is made against previous conflicting request,
whenever a commit request message arrives.
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We can consider the situation when the throughput is degraded with the
traditional strategy, due to an early arrived transaction which shows conflicts
with many transactions. Let’s consider the following example. In this example,
ri(x) and Wi(x) denote a read and write operation performed by a transaction
Ti on data item x.

T1 : r1(x) w1(x) r1(y) w1(y)
T2 : r2(x) r2(y)
T3 : r3(y) r3(z)
T4 : r4(z) r4(x)

If we assume that commit requesting messages of these transactions arrive
within the same period of broadcasting, and as the order of T1, T2, T3 and
T4. With the existing concurrency control algorithms, when the server receives
the commit request of T1, since the server has received no conflicting commit
requesting of other transactions before T1 during the same period (checking
against transactions in the previous period will be discussed in the following
section). However, the rest of transactions, T2, T3 and T4, cannot be committed
as they have accessed the common data item x which is updated by T1 which is
already determined to commit. If the server does not give priority to T1 (selects
T1 as a victim), other three transactions can be saved, and the number of aborted
transactions can be reduced to one. Let us consider another example:

T1 : r1(x) r1(y) r1(z)
T2 : r2(x) w2(x)
T3 : r3(y) w3(y)
T4 : r4(z) w4(z)

Also in this example, if the commit request of T1 arrives earlier than others,
T2, T3 and T4 should be aborted, as they show conflicts with T1.

The throughput of the transaction processing can be improved, if the server
considers the number of conflicts with the committing transaction, by delaying
the certification process until the broadcasting point which is determined by
adaptive broadcasting strategy. In the delayed certification protocol, the more
conflicts does a transaction incur, the lower priority does the server give to the
transaction. With this strategy, the protocol can increase the concurrency of
transactions when there exist many conflicts among transactions.
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A mobile environment is characterized by low communication bandwidth and
poor network connectivity. Accessing web documents in a mobile environment is
inefficient and ineffective. To address this, we have developed a multi-resolution
transmission and browsing mechanism for web documents [3]. In this mecha-
nism, a web document is modeled as a hierarchy of levels of detail (LOD), which
include Document, Section, Subsection, Subsubsection, and Paragraph. An organi-
zational unit at the Document LOD is composed of several organizational units
at the Section LOD, each of which is in turn, composed of several organizational
units at the Subsection LOD, and so on. Using information retrieval techniques,
we associate each organizational unit with an information content, indicating
the degree to which the unit captures the content of the document. A user could
request a document to be transmitted at various LODs. When transmitted at
the Document LOD, the whole web document is considered as a single unit and
all its sections will be transmitted in sequence. When transmitted at the Section
LOD, the section with the highest information content will be transmitted first,
with its subsections transmitted in sequence. In general, all descendants of the
chosen organizational unit will be transmitted in sequence. This multi-resolution
transmission and browsing mechanism enables a mobile user to explore the more
content-bearing portion and terminate the transmission of an irrelevant docu-
ment earlier, providing a means to deal with the low bandwidth problem.

In this paper, we realize the multi-resolution transmission mechanism within
the design and implementation of a Distributed Agent Environment (DAE). The
concept of DAE is to create a logical boundary to divide up different agents and
resources into manageable and distinct entities [2,4]. We refer to each logical
boundary of entities and resources as a DAE. Our DAE architecture is illustrated
in Figure 1, where the system functionalities are supported by agents.

Depending on the mobility requirement, we distinguish between two different
types of agents, namely, static and mobile agents. Static agents provide resources
and facilities to mobile agents. Mobile agents migrate among DAEs by taking
advantage of the locality and resources to satisfy their goals. In general, a static
agent belongs to the type of residential agent. All residential agents stay within
an execution environment, which is referred to as a Domain. A mobile agent
belongs to the type of visiting agent. All visiting agents execute in an execution
� This research is supported in part by the Hong Kong Polytechnic University research

grant numbers 350/922 and G-T040.

K.-L. Tan et al. (Eds.): MDM 2001, LNCS 1987, pp. 279–281, 2001.
c© Springer-Verlag Berlin Heidelberg 2001



280 Stanley M.T. Yau et al.

Mobile
Agent

Agent
Gateway

Agent
Domain

Agent
Resource Resource

User
Profile
Agent

Domain

Distributed Agent Environment (DAE)

Place

Fig. 1. A distributed agent environment

environment at their visiting host, which is referred to as a Place. The Place
provides the appropriate environment for incoming agents to execute as guest
processes, under certain constraints on access privileges on resources.

A typical DAE is composed of Domain, Place, and a dedicated static agent,
called Gateway Agent, which provides a firewall functionality to prevent unautho-
rized mobile agents that fail the security check from penetrating into the DAE
to access resources. Within a Domain, there are a number of agents executing.
The Gateway Agent also acts as the communication proxy for information flow
between different DAEs. The static Domain Agent coordinates the activities oc-
curring in the domain [1] and provides a migration service to mobile agents. If
the migration of a mobile agent is rejected by a remote host, it will be the duty of
Domain Agent to restart the mobile agent for it to travel to a new destination. In
DAE, Domain Agent acts as a central manager, which registers all information
resources provided by the resource agents in the domain. It advertises public
information resources and provides an inquiry service for all mobile agents from
both inside and outside of the DAE. Mobile agents inquire Domain Agent to en-
sure that there are sufficient compatible resources within the DAE for the mobile
agents to achieve their goals. This is the mechanism used by mobile agents to
interrogate the contents of a particular DAE before actual migration.

Static Resource Agents provide public access interface to particular informa-
tion resources such as databases. The resources and their structures are encap-
sulated and hidden from all other agents, so that replacement of resources and
their agents becomes transparent to the rest of the DAE. Static User Profile
Agents are associated with visiting mobile agents as surrogates during their stay
in their Place. They helps to maintain user profiling information about mobile
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agents, including group of user preferences and to customize the results returned
to mobile agents accordingly. Finally, visiting mobile agents perform services at
remote Places on behalf of agents from their originating host. They ask local
Domain Agent for candidate list of domains and migrate to the appropriate host
after proper negotiation.

Based upon our DAE, we build an application for multi-resolution mobile
web browsing. The application is implemented as a collection of Java classes. In
this application, a web client will specify the goal, defining the web document to
be browsed and how it is being browsed by configuring the appropriate properties
of a mobile agent that will be sent off from the client DAE. Before the mobile
agent is physically launched to a Place in the DAE of the selected base station,
preliminary negotiation may take place such as finding the best base station
among a set of potential base stations, with resources compatible with the task
carried by the agent. Once the mobile agent is migrated to the Place of a base
station DAE, the agent enjoys a better network connectivity and can perform
web document retrieval, information content computation, scheduling and order
transmission on behalf of the mobile client. Migration of agents to another base
station upon the physical movement of the mobile client to elsewhere can also
be achieved readily.

Upon successful negotiation and dispatching of the mobile agent to base
station DAE, the visiting agent will reside at a Place of the base station DAE. The
visiting agent could contact the Domain to determine the transmission ordering
of various organizational units of a document depending on the information
content of the document and the required LOD as specified in the visiting agent.
Since the actual document resources may reside on remote hosts other than the
base station, communication is required. In our design of DAE, we advocate
interoperability and system integration by adopting CORBA to serve as the
wired network infrastructure. Finally, the Domain would transfer the requested
document in a sequence as specified by the transmission order to the mobile
client. As mobile web browser of the mobile client is receiving the document,
the document would be stored as an internal document resource and rendered
to the browser. Preliminary experiments have shown that our DAE performs
reasonably well, through the use of mobile agents.
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Abstract. To maintain cache consistency at mobile clients, server broad-
casts updated information. The broadcasting information is invalidation
or propagation. However, invalidation of frequently accessed data causes
many cache requests. Although propagation can reduce cache requests, it
is easily damaged by outer interference under unstable connection state
of wireless network. The larger message, the higher probability of dam-
age has. To resolve these problems, we suggest remote update algorithm
that dynamically selects invalidation or propagation for an updated data
item according to wireless network connection states.

Caching of frequently accessed data in a mobile client can be an effective
approach to reduce contention on narrow network bandwidth. However, once
caching is used, there is required to transmit information of updated data to
ensure cache consistency between mobile clients and server.

Broadcasting approach is widely accepted to maintain cache consistency, and
to control the concurrent transactions in mobile environments [1,2,3,4]. Broad-
casting information is generally classified into two, invalidation and propagation
message.

In pull-based approach, invalidation is generally used to maintain cache con-
sistency of mobile clients [2,3,4]. And it can be divided into two approaches ac-
cording to when invalidation message transmitted, synchronous (periodic) [1,2,3]
and asynchronous [4]. The synchronous approach broadcast invalidation report
periodically, and the asynchronous approach broadcast invalidation report when-
ever update transaction committed. However, in both approaches, invalidation
of frequently accessed data causes contention on narrow network bandwidth with
increasing cache requests. Thus, the data transmission due to cache requests is
main reason of wireless network bottleneck. Although propagation can reduce the
cache requests, propagation of all updated data also can cause wireless network
contention. And wireless transmissions are subject to interference from outside
source, absorption, scattering, fading, and inter-symbol interference. Moreover,
since conditions change over time(due to mobility or intermittent interference
sources) the error environment will also change. The larger message is more
easily affected by outer interference. Thus, propagation increases error rate of
transmitting data.
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When broadcasting message broken by outer interference, since the most of
stateless server in mobile environments do not require acknowledgement, some
mobile clients may not receive the broadcasting message. So, mobile client cache
may be in inconsistent state. But, in case of synchronous approach, since mo-
bile client receive invalidation report periodically, can recognize the broadcasting
message be lost. Thus, mobile client refreshes his cache whenever invalidation
report doesn’t arrive in certain period. However, in any approach, if the losing
probability of broadcasting message increases, performance can be degraded. In
asynchronous approach, since the number of stale data item in mobile client
cache increases, abort rate of transaction at server increases. In synchronous ap-
proach, since the mobile client refresh his cache whenever broadcasting message
doesn’t arrived in certain period, it degrades system performance.

To reduce cache requests of invalidation approach and adapt a variable and
high error environment, we suggest adaptive broadcasting message selection al-
gorithm. In our approach, server always watches the amount rate of transmitted
message on down link and we assume all mobile clients in cell uniformly com-
municate with server. If the amount rate decreased, the reason is increasing of
message retransmission due to high error rate. If the amount rate of transmit-
ted message keeps over certain level, we can say the connection states between
server and mobile clients are stable. Otherwise, the connection states are un-
stable. When the connection states keeps stable state, if server receive commit
request of transaction from mobile client and the transaction is committed, server
contain updated contents in broadcasting message for a data item that has cer-
tain degree of access frequency and sharing among mobile clients to reduce cache
requests. However, if the connection states are in unstable state, server broadcast
just invalidation report to decrease error rate of broadcasting message. Thus our
approach resolves the problems of invalidation and propagation used solely in
mobile environment.
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Abstract. We have proposed an efficient layered-data delivery system
through multiple heterogeneous networks, which are on-demand and
broadcast [1]. It is considered that layered data, such as map data, are
composed of (1) common parts available or useful to many clients, and (2)
personalized parts for individual clients. The system sends the personal-
ized parts through on-demand networks and the common parts through
broadcast networks. In this paper, we implement and evaluate a perfor-
mance model of the system consisting of a client and two servers (broad-
cast and on-demand). The evaluation results show that our proposed
system works effectively under certain conditions.

1 Implementation of Performance Modeling

Although there are many proposals, such as [2], for broadcast and on-demand
data delivery, we have proposed an efficient layered-data delivery system through
on-demand and broadcast multiple heterogeneous networks, as the target ap-
plications to deliver map databases to mobile users. The model consists of a
broadcast server, an on-demand server and a client connected to two Ethernet
segments, A and B. The broadcast server broadcasts data items with a data
carousel policy through a UDP datagram on the segment A, and the on-demand
server sends data items requested by the client through TCP connection on the
segment B.

The broadcast server reads the broadcast program table, which includes the
number of UDP packets (1400Bytes/packet) in each data item. The size of all
data items is 70k (1400*50) Bytes. The server sends data items an unlimited
number of times following the broadcast program to a broadcast channel on the
Ethernet segment with a flat broadcasting policy. The on-demand server receives
requests from a client, and sends the requested data items. A TCP connection
is created for each request between a server and a client. The on-demand server
can receive many requests at the same time.

Data items are sent with three kinds of methods; only the broadcast method,
only the on-demand method, and the broadcast/on-demand hybrid method. The
parameters refer to the condition to send geographic map data to mobile users.
� Currently with Harness System Technologies Research Ltd., Suzuka, Japan
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The map data are composed of mesh data items whose size is 50k to 100k
Bytes. In this evaluation, the size of data items is supposed to be 70kbytes. The
bandwidth of broadcast and on-demand is restricted for bandwidth Ethernet
(10Mbps). This would be wider than that of a mobile communication, however;
the future mobile communication can approach to the current Ethernet speed.
Broadcast data ratio of a server is 20%, and on-demand is 80%. The total number
of data items are 10, 20, and 30, which is much smaller than the real number
of users. The reason for this restriction is because the number of users depends
on the number of processes that can be created on the evaluation platform.
Therefore, we have adjusted the period (3sec.) between each request to decrease
it. Six data items requested by a user corresponds to the number of mesh data
items of the geographic map while a vehicle needs (three) and a user requires
(three) facility data items. We presume a facility data item is located on a mesh
data item.

2 Evaluation Results

Figure 1 shows that latency for the broadcast method is constant for the number
of users. In the case that the number of users on the on-demand method is ten or
more, latency increases considerably. This means that the required bandwidth (6
x 70kBytes x 10 / 3sec.� 10.9Mbps) exceeds the usable bandwidth (10Mbps). By
using the hybrid method we propose, the rate of increasing latency is alleviated in
comparison with the on-demand method. For example as shown in Figure 1(b),
when there are fewer than five, the latency of the on-demand method is smaller
than the hybrid method. When more than five, the hybrid method is smaller.
Compared with the broadcast method, the hybrid method is smaller in the case
the number of users is small. This means the number of data items for broadcast
is dominant when the broadcast data items is 20% of the total data items, so
the latency of the hybrid method is much smaller than the broadcast method.
Therefore, the important thing is to determine which data items are broadcasted.
When the number of users is small, the on-demand method is effective, and
when the number of uses is large, the broadcast method is effective. However,
the hybrid method is useful unless the network bandwidth is not overflowed with
on-demand communications.
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(a) 10 data items

(b) 20 data items

(c) 30 data items

Fig. 1. Number of Users v. Latency Time with 30 Data Items.
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Abstract. In an ad-hoc mobile network architecture, all the mobile hosts (MHs) 
are connected with each other through a wireless network that has a frequently 
changing topology. This type of architecture is used in many applications such 
as battlefields and disaster recovery where it is difficult or not feasible to 
depend on a static wired communication infrastructure. These applications are 
usually time-critical where many of their transactions must not only be 
executed correctly but also within their deadlines. In addition, the MHs in this 
environment are not connected to unlimited power supplies and may store data 
that can be shared by other MHs. Existing mobile database transaction 
management techniques do not consider the ad-hoc network characteristics, 
real-time constraints and energy limitation. This paper identifies the issues that 
need to be addressed in this new environment and proposes approaches for 
solutions. 

1 Introduction 

The Transaction Manager of a Mobile Multi-Database Management System 
(MMDBMS) is responsible for providing reliable and consistent units of computing to 
its users, and must address the issues of disconnection and migration of users. This 
paper provides a transaction management technique that considers energy 
consumption and real time requirements for an ad-hoc network MMDBMS. In this 
environment all MHs are roaming and the network that interconnects these MHs is a 
wireless network with a frequently changing topology. 

2 Proposed Solution Approaches 

MHs in our architecture can be classified into two groups: 1) computers with reduced 
memory, storage, power and computing capabilities which we will call Small Mobile 
Hosts (SMHs) and 2) classical workstations equipped with more storage, power, 
communication and computing facilities than SMHs which we will call Large Mobile 
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Hosts (LMHs). Every MH will have a radius of influence. The MHs will operate in 
three modes to reduce the energy consumption: active, doze and sleep mode.  

Transactions are classified into two categories: firm and soft [3]. Firm transactions 
must be aborted if they miss their deadlines while soft transactions still can be 
executed after their deadlines have expired.  

In our transaction management technique, we have considered time as the most 
important factor in handling firm transactions and energy in handling soft 
transactions. So the SMH will submit a firm transaction to the nearest LMH and a soft 
transaction to the LMH which has the highest available energy. Now if the LMH is in 
the active mode, it will receive the transaction and start processing the transaction. If 
the LMH is in the doze mode, and the transaction is firm, it will wake up and start 
processing the transaction. But if the LMH is in the sleep mode, it will not be able to 
receive the transaction. In this case the requesting SMH will wait for some time 
period. If it does not receive the result of the transaction in this time period, it will 
again check its local database to find the next nearest LMH (for firm transactions) and 
submit the transaction.  

Each LMH will have three components: Transaction Scheduler (TS), Transaction 
Coordinator (TC) and Transaction Manager (TM). The LMH after receiving a 
transaction from an SMH will pass the transaction to TS which will use a real-time 
energy-efficient dynamic scheduling algorithm to schedule transactions. The 
scheduling algorithm will organize the transactions in a queue that reflects their 
priorities of execution. Then the first transaction from the queue will be taken by the 
TC.  The TC will check the required data items for this transaction after consulting 
the ëGlobal Schemaí. If all the data items required by the transaction are available in 
this LMH, it will pass the transaction to its TM. If all the data items are not available 
in this LMH, the TC will find the LMHs  which contain the required data items from 
the ëGlobal Schemaí. Then it will divide the global transaction into sub-transactions 
and submit the corresponding sub-transactions to the participating LMHs. The 
participating LMHs after processing the sub-transactions will inform the coordinator 
LMH. The coordinator LMH will use PGSG algorithm [2] to verify 
Atomicity/Isolation properties of the global transaction. Then it will submit the result 
of the transaction to the requesting SMH. The requesting SMH after receiving the 
result of the transaction will send an acknowledgement to the LMH. 

Detailed description of the transaction management technique can be found in [1].  
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