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Abstract
As technological advances are made in software and

hardware, the feasibility of accessing information “anytime,
anywhere” is becoming a reality.  There are similarities involved
in accessing information in a multidatabase environment and a
mobile computing environment.  We have discussed the
characteristics of a wireless-mobile computing environment
superimposed on a multidatabase system to realize a system
capable of effectively accessing a large amount of data over a
wireless medium in [18].  In order to limit the effects of the
restrictions imposed by a mobile environment, data duplication
is used at the mobile unit.  The duplicated data at the mobile
node provide additional availability in case of a weak connection
or disconnection.  In such an environment, it is important to
retain the consistency between the data residing on fixed nodes
and mobile nodes.  Current research has concentrated on page
and file based caching or replication schemes to address the
availability and consistency issues in a mobile environment.  In a
mobile, multidatabase environment, local autonomy restrictions
prevent the use of a page or file based data duplication scheme.
We propose a new data duplication scheme to address the
limited bandwidth and local autonomy restrictions in such an
environment.  Queries and the associated data is cached at the
mobile unit as a complete object.  Consistency is maintained by
using a parity based invalidation scheme.  Additionally, a simple
prefetching scheme is used in conjunction with caching to further
improve effectiveness of the proposed scheme.

1. Introduction
A multidatabase management system (MDBMS) is intended

to provide timely and reliable access to a large amount of global
information.  It is a global system layer that allows distributed
access to multiple preexisting, autonomous, and heterogeneous
local database management systems (DBMS).  The global layer
provides full database functionality and interacts with the local
DBMSs at the external user interface.  Both the hardware and
software intricacies of the different local systems are transparent
to the user, and access to different local systems appears to the
user as a single, uniform system.  Current multidatabase systems
are designed to allow timely and reliable access to data in an
environment that is characterized as "sometimes, somewhere."
Researchers for multidatabase systems have addressed issues
such as autonomy, heterogeneity, transaction management,
concurrency control, transparency, and query resolution.
However, the diversity of the access devices and communication
mediums introduces additional complexities and restrictions in a
multidatabase system.
Introduction of new technology has led to an extension of the
traditional MDBMS model to include remote data access [18].
Remote access to data refers to both mobile nodes and fixed

nodes accessing a variety of data via a network connection that
provides varying, intermittent, and weak connectivity.  A mobile
node introduces additional complexities such as location
dependence, system configuration variations, and data placement
issues. However, regardless of the hardware device, connection
medium, and type of data accessed, all users share the same
requirements: timely and reliable access to various types of data.
This new environment is referred to as a mobile data access
system (MDAS), and is composed of a wireless-mobile
computing environment superimposed on a multidatabase system
[18]

Naturally, many issues in an MDAS have their roots in a
traditional multidatabase system and a conventional mobile
environment.  The following are two that are paramount to the
consistent duplication of data:
• Local Autonomy: Each local DBMS maintains complete

control over local data and resources.  Modifications to the
global system and global operations should not impact the
operation of the local system.

• Communication Restrictions: The presence of a wireless
communication link introduces issues such as lower
bandwidth, weak connections, and disconnection.

In order to mitigate the effects of weak communications or
disconnection, natural byproducts of mobility and wireless
communication, some form of data duplication is used at the
mobile unit.  The duplicated data at the mobile node provide
additional availability in case of a weak connection or
disconnection.  In such an environment, it is important to
effectively address transactional consistency of the data between
a fixed node and a mobile node.  Researchers have extensively
studied caching and replication schemes that may be used to
address the constraints of a wireless link [3,7,11,15,20,24,27].
Current distributed database replication schemes are not suitable
for an MDAS environment because consistency can not be
efficiently maintained due to local autonomy requirements,
communication constraints, and/or the required use of
compensating transactions.  Proposed caching schemes in
distributed databases are also not suitable for an MDAS
environment.  Mainly due to the autonomy requirements of the
local DBMS, the local information about the validity of a page or
file in the local system is not available globally.  Accordingly,
any type of invalidation, polling, or timestamp-based method
would be too impractical and inefficient to use, and in many
cases, impossible.

In our proposed data duplication scheme, we address the
limited bandwidth and local autonomy restrictions by using
automated queued queries (AQ2) and caching of data in the form
of a bundled query (BUNQ).  To maintain data consistency for a
traditional mobile user and mobile access device, read-only
queries are cached as a bundled query and are validated using a
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simple parity-checking scheme.  We assume that only a small
number of users will have write privilege to the MDAS, and that
the majority of the accesses will be in the form of read-only
requests.  In addition, guaranteeing write consistency while
disconnected is extremely difficult or not possible at all due to
local autonomy requirements in an MDAS.  Consequently, any
transactions containing write operations are directly submitted to
the MDAS system, or are queued during disconnection, and
submitted upon re-connection.

The remainder of this paper is organized as follows: section 2
discusses the necessary background information and database
model including the MDAS environment, distributed caching,
and distributed prefetching.  Section 3 addresses the proposed
data duplication model and presents protocols for maintaining
consistency in the MDAS environment.  In section 4, we
introduce a simulation model to test the effectiveness of the
proposed scheme.  Subsequently, the simulation results are
presented and discussed.  Section 5 concludes the paper and
suggests some future directions for research.

2. Background
The following section briefly introduces the MDAS

environment and discusses various issues involved in providing
multidatabase functionality to a mobile user.  Furthermore, the
details of a multidatabase system, the summary schemas model
(SSM), are discussed.  The current SSM model is extended to
incorporate data duplication for mobile units in an MDAS
environment.  The interested reader is referred to [6] and [18] for
a more detailed discussion of the SSM and an MDAS
environment.

2.1 Multidatabase Environment
A multidatabase system is a global system layer that allows

distributed access to multiple preexisting local database systems.
One of the essential features of a multidatabase system is local
site autonomy, where each local database management system
(DBMS) maintains complete control over local data and
resources.  The operation of the local system should not be
affected by modifications to the global system and any global
operations.  There are three different forms of autonomy: Design
Autonomy, Communication Autonomy, and Execution
Autonomy.

In addition to autonomy, heterogeneous data access is an
important aspect of a multidatabase system.  Multidatabase
systems are designed to access a multitude of data, irrespective
of the system, data type, or particular local access method.  There
are two types of heterogeneity, software and hardware.  Support
for heterogeneity is a trade-off between developing and making
changes in both hardware and software, and limiting
participation.  Consequently, as the number of systems and the
degree of heterogeneity among these systems increases, the cost
of integration into the global MDBMS increases.  Furthermore,
the global system software must also support any local
deficiencies.  Autonomy and heterogeneity leads to issues in
schema integration, query languages, query processing, and
transaction management [5].

2.2 Summary Schemas Model(SSM) for
Multidatabase Systems

Accessing a heterogeneous multidatabase system is a

challenging problem. Multidatabase language and global schema
systems suffer from inefficiencies and scalability problems.  The
SSM has been proposed as an efficient means to access data in a
heterogeneous multidatabase environment [6].  The SSM uses a
hierarchical meta structure that provides an incrementally
concise view of the data in the form of summary schemas.  The
hierarchical data structure of the SSM consists of leaf nodes and
summary schema nodes.  Each leaf node represents a portion of a
local database that is globally shared.  The summary schema
nodes provide a more concise view of the data by summarizing
and integrating the schemas of its children nodes using synonym,
hypernym, and hyponym links among schema terms.
The SSM intelligently resolves user queries [6].  When the user
knows the precise access terms of a local database, the query is
directly submitted to the corresponding local data source.
However, when the precise access terms and/or location of the
data is not known to the user (imprecise query), the SSM
resolves the query in the user’s own terms.

A simulation and benchmark of the SSM model was
performed and the benefits are shown in [6,8].  The simulator
compared and contrasted the costs of querying a multidatabase
system using precise queries (access terms and locations are
known) against the intelligent query processing capability of the
SSM for the imprecise queries.  The results showed that the
intelligent query processing (imprecise query) of the SSM and an
exact query (precise query) incurred very comparable costs (i.e.
there were only small overhead costs involved).  Interestingly,
using intelligent SSM query processing actually outperformed an
exact query in certain circumstances.  These results are very
relevant to an MDAS in that a user would most likely require this
functionality while accessing heterogeneous data sources.
The SSM provides several benefits to the traditional
multidatabase systems that can be directly applied to an MDAS.
These include:
• The SSM provides global access to data without requiring

precise knowledge of local access terms or local views.  The
system can intelligently process a user’s query in his/her
own terms.

• The SSM’s hierarchical structure of hypernym/hyponym
relationships produces incrementally concise views of the
global data.  The overall memory requirements for the SSM,
compared to the requirements of a global schema, are
drastically reduced by up to 94%.  Subsequently, the SSM
could be kept in main memory, thus reducing the access
time and query processing time.  Furthermore, for very
resource limited devices in an MDAS, only portions of the
upper levels of the SSM meta data structure could be stored
locally, which would still provide a global view (albeit less
detailed) of the data.

• The SSM can be used to browse/view the global data.  The
user can either 1) follow semantic links in a summary
schemas node, or 2) query the system for terms that are
similar to the user’s access terms.  In either case, the SSM
could be used to browse data by “stepping” through the
hierarchy, or view semantically similar data through
queries.

2.3 The MDAS Environment
In addition to the issues involved in an MDBMS, accessing a

large amount of data over a network connection of an MDAS
involves the mobile networking environment and mobility issues.
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The mobile environment includes the physical network
architecture and access devices.  Mobility issues involve the
ability of the system to adapt to the additional restrictions
imposed by a mobile environment.

In comparison to traditional fixed LANs, the network
connections in a mobile environment have lower bandwidths,
higher error rates, and are subject to frequent disconnection.
Furthermore, due to large variations in bandwidths, there are
varying degrees of disconnection that can occur with these types
of networks.  The type of hardware devices used in an MDAS is
more diverse than a traditional system.  These can include
desktop computing devices, portable computers, and portable
hand-held devices.  The requirements and limitations of these
devices vary greatly in terms of computing power, memory
capacity, storage space, size, display area and energy
consumption [18].

With the introduction of mobility, an application must be able
to adapt to changing conditions in the environment [26].  These
changes include the network environment and resources
available to the application.  A balance between self-autonomy
and dependence on a server for a mobile user is very critical.  A
resource-scarce mobile system is better served by relying upon a
server; however, frequent network disconnection, limited
network bandwidth, and power restrictions argue for some
degree of autonomy.  As the environment changes, the
application must adapt to the level of support required from
stationary systems – the mobile-aware environment.

Overall, the main differentiating features between an MDAS
and an MDBMS is the connection of servers and/or clients
through a wireless environment and the devices used to access
the data.  However, both systems are intended to provide timely
and reliable access to the globally shared data.  As a result, many
issues and solutions for an MDAS can be easily extracted from
the MDBMS environment with added complexities introduced
by the mobility and wireless connection of the MDAS
environment.

2.4 Data Duplication in an MDAS
The communication limitations of an MDAS environment,

i.e. restricted bandwidth, weak connections, and disconnection,
may require that a portion of the data in some form be made
readily available to the mobile unit.  This data caching is used to
increase the overall performance, and/or facilitate the continued
operation of the mobile unit in case of disconnection.  A large
amount of related work has been done in the area of distributed
file systems [17,25,26], distributed replication [10,16,23,27], and
distributed/web caches [7,13,21].

The local autonomy requirement of an MDAS environment
does not lend itself to the direct application of these works.
There are two main objectives in maintaining duplicate data in a
mobile or distributed environment:
• Data consistency: The duplicate copies of data should

somehow be consistent within the system. Current schemes
do not maintain transactional (ACID) consistency.

• Data access: When bandwidth limitations or disconnections
occur, the impact on the availability of the data to the
mobile user should be minimized as much as possible.

The scope of this paper addresses the ability to process data in a
transactional sense in an MDAS environment – i.e., read and
write operations are guaranteed to be consistent while connected
to the system, and read-only operations are allowed during

disconnection.

2.5 Transactions
Data access in an MDAS is accomplished through

transactions, where each transaction consists of read, write, and
commit operations.  A transaction is considered correct when the
following properties (called ACID properties) hold for each
individual transaction [12]:
• Atomicity. The operations of a transaction are considered to

be atomic, either all the operations occur, or none occur.
• Consistency. The actions of a transaction taken as a group

do not violate any integrity constraints of the database
• Isolation. Although transactions may execute concurrently,

each transaction assumes that it is executing alone in the
system.  In other words, the system hides all intermediate
results of a transaction from other concurrently executing
transactions.

• Durability. Successful completion of a transaction (commit)
should guarantee that the effects of the transaction survive
failure.

2.5.1 Consistency Issues
Data duplication is used in mobile environments in order to

mitigate the effects of the limited wireless connection of the
mobile unit, where a weak connection or disconnection (either
voluntary or involuntary) is considered a normal mode of
operation.  Under these conditions, a mobile unit accesses
locally available data.  The major drawback is the maintenance
of the consistency of the local copy of data.

Several models were proposed in order to address the
connectivity issues related to a wireless environment.   These
include weak and lazy consistency models that relax the
consistency requirements of a system and allow the existence of
inconsistent copies of data [2,22,27] – operations are performed
on a conditional or delayed basis.  These models eventually find
discrepancies among the duplicate copies of data and attempt to
reconcile the differences either by updating the information or
semantically compensating for the discrepancy.

2.5.2 Data Replication
Replication schemes differ slightly from caching schemes in

that the replicated data is accessible by other systems outside of
the system on which the data resides.  There are two types of
general replication schemes, 1) primary/secondary copy (PSC)
replication [21,23], and 2) voting-based replication schemes
[13,27].  In PSC schemes, consistency is guaranteed by requiring
that all write operations be performed on the primary copy of the
data.  This is done so that write inconsistencies do not occur.
The write operations are propagated to the secondary copies of
data.  Read operations may access any primary or secondary
copy of the data.  Depending upon the PSC replication scheme,
read operations may access data that is inconsistent with the
primary copy.  PSC replication does not work in an MDAS
environment because write operations to replicated data do not
reach the primary copy when disconnected.  Therefore, write
consistency is not guaranteed.

Voting based replications use multiple copies of the data in
order to make a decision about the consistency of the data.
Single operations of a transaction may be required to read and
write to multiple sites (per operation).  A voting process and/or
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decision is made as to whether the read or write operation is
successfully completed.  In a distributed system, data consistency
is guaranteed with voting based replications; however, they tend
to be more expensive and require much more communication.
Each read or write operation is sent to multiple locations, and
vote is taken to determine which copy of the data is valid.  In an
MDAS environment, the local replica of data is not guaranteed to
be consistent in the case of disconnection.  While disconnected,
the local system can not participate in the decision/voting
process, and any changes to the local data may result in an
inconsistency in the local copy.

2.5.3 Data Caching
Caching is an effective means of data duplication that is used

to reduce the latency of read and write operations on data.  Early
research on the disconnected operation was done with file system
based projects, e.g. the Coda file system [25].  When a
disconnection occurs, a cache manager services all file system
requests from the cache contents.  Coda logs all transactions
during periods of disconnection and replays the log upon
reconnection in order to synchronize the two copies of data.
Ficus [24], Little Work [14], Bayou [9], and Odyssey [26] are
some projects that support the disconnect operation.

File or page based caching schemes use invalidation protocols
in order to maintain the data consistency.  The mobile unit and
server keep track of cached data, and each time the data item
changes, the server notifies the mobile unit.  Alternatively, to
reduce the amount of communication, the mobile unit can check
for invalidated data only when accessing data.  As with
replication, the invalidation of data is not possible when
disconnected, and thus consistency can not be guaranteed.

Web based caching is becoming more important as the
information on the Internet continues its rapid expansion.  The
two most common forms of cache consistency mechanisms used
on the Internet include time-to-live fields (TTL), and client
polling [7].  TTL fields are an a priori estimate of the valid
lifetime of an object.  Client polling is a technique where clients
periodically check the validity of a cached object.  These caching
mechanisms use the notion of weak consistency, and do not
conform to the ACID properties.

There is currently no replication or cache-based scheme for
mobile distributed systems that guarantees consistency.  The
disconnected operation of a mobile system makes consistency
management extremely difficult.  Some schemes try to use the
concept of compensating transactions (or operations) in order to
keep duplicated data consistent.  However, compensating
transactions are difficult to implement, and in some cases, a
compensating transaction can not semantically undo the
transaction (or operation).  Furthermore, the local autonomy
requirements of an MDAS render caching and replication
schemes, even ones that use compensating operations, unusable
in the MDAS environment.

In the next section, we address the bandwidth and local
autonomy restrictions by using automated queued queries and
caching of data in the form of a bundled query.  The AQ2 uses a
novel form of prefetching in order to pre-load data onto the
mobile unit, such that the user can still access data in case of a
disconnection. A bundled query is an object that consists of a
query to the MDAS along with its associated data.  The caching
protocol for the bundled query is discussed.

3. Data Duplication Protocol
The use of duplicate copies of data has been extensively used

and studied in order to provide availability and reduce latency.
Maintaining the ACID property of transactions in the face of
limited bandwidth, disconnection, and the local autonomy
requirements of an MDAS environment introduce several
limitations.  In this section, we discuss how we address these
issues.

3.1 Communication Protocol
As mentioned in the previous section, maintaining the ACID

properties of a transaction with replicated data in an MDAS
environment is very difficult.  In our proposed scheme, we
maintain strict read and write consistency while connected to the
MDAS.  While disconnected, since it is impossible to guarantee
consistency, we allow the user to perform read-only queries on
any data that is cached on the local unit.  In such an instance, the
user should be aware that any of the returned data from a query
might contain stale information.

There are three levels of connectivity.  In a strong connection,
the mobile unit sends/receives all transactions and returns data
directly to/from land-based, fixed sites for processing.  When the
communication link degrades to a weak connection, transactions
are queued at the mobile unit and passed through the system
according to the availability of bandwidth.  Returned data is also
queued at the fixed site.  The queuing of operations during a
weak connection allows a mobile unit to continue processing at
the expense of increased latency.

While in the disconnect state, a user may perform read-only
queries on any cached data.  In such case, the consistency of the
data is not guaranteed, i.e. the user may receive stale data.  The
user is limited to read-only access in order to ensure the validity
of data in the MDAS.  Any transaction that contains a write
operation is queued and submitted to the system when the
connection is reestablished.  In addition, if a read-only access
does not find the data locally, the query is queued and submitted
later when the connection is established.

3.2 Cached Data - Bundled Queries (BUNQ)
Data that is cached on the mobile unit consists of a query and

it’s associated data. There are several reasons for using a BUNQ
instead of page-based or file-based data.  In a tightly coupled
distributed system, it is possible to cache data at the local unit.
However, in a multidatabase system, the structure of the data at
the local systems will vary (structural differences – the
information may be stored as structured data, unstructured data,
web pages, files, objects, etc.).  This variation of data at each
local site makes it difficult to cache the data in a uniform
manner.  In addition, the autonomy requirement of the local
system imposes further restrictions for caching data.  In retaining
local autonomy requirements, it may not be possible to determine
the underlying structure of the data at the local site.  For instance,
to determine the pages of data accessed in a query from a local
DBMS, knowledge regarding the tuples as well as the mapping
to pages would be required.  In order to provide this information,
the local DBMS would have to be modified, directly violating
autonomy requirements.  Furthermore, the invalidation of the
data at the local sites should be propagated to the mobile unit.
This would also require major changes to the local systems, and
hence, would violate local autonomy.
Consequently, instead of caching individual data items from each
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local source, the data set associated with a particular transaction
is cached – a bundled query.  By caching a BUNQ, the resolution
of the structural differences is done at the MDAS level, while
still maintaining the local autonomy requirements.  The primary
advantage is the ease and simplicity of implementation.  This
comes at the expense of retaining data in the cache at a very
course grained level.

3.3 Prefetching
The proposed scheme uses a simple prefetching and

replacement policy.  The literature has addressed prefetching
algorithms based upon user profiles and usage histories [17,21].
The limited power, storage, processing capability, and bandwidth
of a mobile unit make the incorrect prefetch of data extremely
expensive.  A prefetching algorithm should maximize the data
utilization.  The idea is to prefetch enough data such that the user
can still operate during a disconnection (albeit with relaxed
consistency requirements), while minimizing the use of
additional energy and bandwidth.

The data is prefetched by allowing the user to specify a
particular read-only transaction as an automated queued query.
An AQ2 has a relaxed requirement for consistency, which is
defined by the user.  The user sets a valid time threshold for each
AQ2 when defining such a transaction.  The mobile unit
automatically submits the transaction to the MDAS when the
threshold has expired – i.e. prefetches the data.  The results are
stored as a BUNQ.  If the user requests the data in the AQ2
before the BUNQ is invalidated, the query is serviced from the
local cache.

3.4 Replacement
The data in the cache consists of both automated queued

queries and other user submitted read-only queries.  The data in
the cache is replaced based upon a least recently used (LRU)
policy.  The LRU policy has its advantages in that it is well
understood and easy to implement.  Moreover, other than some
web-based caching algorithms, the LRU policy is the most
widely used replacement policy in DBMS caches [7,11].

3.4.1 Invalidation
To maintain consistency between the copies of data residing

on the fixed and mobile units, the data in the cache must be
correctly invalidated when the main copy changes.  To
accomplish this, we propose using a parity-based signature for
each BUNQ in the cache.  After submitting a transaction to the
MDAS, the fixed system generates a parity sequence that is
appended to the BUNQ.  When the user submits a transaction, if
a corresponding BUNQ is present in the cache, the transaction
(along with the parity code) is sent to the fixed node.  The fixed
system then performs the query and delays the transmission of
the information back to the mobile unit until it generates and
compares the two parity codes.  If they are identical, only an
acknowledgement is sent back to the mobile unit and the data is
read locally from the cache.  Otherwise, the resultant data, along
with its new parity sequence, is returned and replaced in the
cache.  The old copy of the BUNQ is invalidated according to the
LRU rules.

The use of a parity signature for invalidation incurs a small
overhead.  The parity sequence is generated for every user
submitted read-only transaction, and once for each time quantum
of the AQ2.  The only additional overhead that the mobile unit

incurs is the added space required for storing the parity sequence.
The number of bits required should be less than 100 bits per
BUNQ, depending upon the probability of generating an
erroneous parity sequence [19].  The fixed system will incur an
additional cost of generating and comparing the parity codes.
We believe that this is a very small price to pay for the reduction
of communication between the mobile and fixed units.  Figure 1
depicts the sequence of operations.  In the next section, the
simulation is presented, and results are discussed.

Submit Global Transaction

Yes NoRead
Only?

In Cache?
Yes

NoSend to Global
System with

Parity Signature

Process 
Transaction and
Parity Sequence

Parity
Same?

Process 
Transaction and
Parity Sequence

Submit to Global
System 

Yes

ACK Matching
BUNQ

Return Data and
Parity Signature
to Mobile Unit

No

Update Cache
according to LRU

Finish

Figure 1: Invalidation Sequence Algorithm

4. Simulation
The performance of the proposed algorithm (called p-

caching) is evaluated through a simulator written in C++ using
CSIM.  The simulator measures performance in terms of global
transaction throughput, response times, and CPU, disk I/O, and
communication utilization.  A comparison is made between a
system with and without the use of AQ2 and BUNQ.

The MDAS consists of both local and global components, as
well as mobile units.  The local component is comprised of local
DBMS systems, each performing local transactions outside the
control of the MDAS.  The global component consists of
transactions executing under the control of the MDAS.  The
mobile units generate the actual global transactions.  Figures 2, 3
and 4 depict the flow of operations in the mobile, global, and
local units, respectively.

There are a fixed number of active global transactions present
in the system at any given time.  An active transaction is either in
the active, CPU, I/O, communication, or restart queue.  A global
transaction received from a mobile unit enters a communication
queue, and subsequently enters the active queue.  Each operation
of the transaction is scheduled and is communicated to the local
system based upon the available bandwidth.  When
acknowledgements or a algorithm determines if the transaction
should proceed, commit, or abort.

For read-only transactions following a global commit, a parity
code is generated for the resultant data, and compared to the
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parity code of the BUNQ.  For a matching code, only an
acknowledgement signal is sent back to the mobile unit.
Otherwise, the data and the new parity code are sent back to the
mobile unit.  Transactions containing a write operation are
placed directly in the ready queue. If a deadlock is detected, or
an abort message is received from a local site, then the
transaction is aborted at all sites and the global transaction is
placed in the restart queue.  After a specified time elapses, the
transaction is again placed on the active queue.

At the local sites, there are a fixed number of active local
transactions.  The active transactions are comprised of both local
transactions and global sub-transactions.  The local system does
not differentiate between the two types.  An active transaction is
defined as being in the active, CPU, I/O, communication,
blocked, or restart queue.  Local transactions enter the active
queue and are subsequently scheduled by acquiring the necessary
lock on a data item.  If the lock is granted, the operation proceeds
through the CPU and I/O queue, and is optionally communicated
back to the global system.  For global transactions, the
acknowledgement is communicated back based upon the
available communication bandwidth. A transaction goes into the
restart queue if it is aborted, and subsequently will be restarted
later.  Upon a commit, a new local transaction is generated and
placed in the ready queue, whereas global sub-transactions
terminate.

4.1 System Parameters
The underlying global information sharing process is

composed of ten local sites.  The size of the local databases at
each site can be varied, and has a direct effect on the overall
performance of the system.  The simulation is run for 5000 time
units, and an average of 10 runs is taken for the values presented.
The global workload consists of randomly generated global
queries, spanning over a random number of sites.  The queries
are generated by a mobile unit and submitted to the global
system.  Once the transaction is successfully submitted, each
operation of a sub-transaction (read, write, commit, or abort)
may require data and/or acknowledgements to be sent to/from the
local DBMS.  The frequency of messages depends upon the
quality of the network link.  To determine the effectiveness of
the proposed algorithm, several parameters are varied for
different simulation runs.  These parameters for the global
system are given in Table 2, along with their default values.

Table 2: Global System Parameters
Global System Parameters Default

Value

Number of local sites in the system 10
Number of data items per local site 100
Service time for the CPU queue 0.005 sec
Service time for the IO queue 0.010 sec
Service time for each communicated message
to the local site

0.100 sec

Number of messages per operation (read/write) 2

The local systems perform two different types of transactions
– local and global.  The global sub-transaction is submitted to the
local DBMS and appears as a local transaction.  The local
transactions are generated at the local sites and consist of a
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random number of read/write operations.  The only difference
between the two transactions is that a global sub-transaction will
communicate with the global system, whereas the local
transaction terminates upon a commit or an abort.  The number
of local transactions, which can be varied, affects the
performance of the global system.  Also, the local system may
abort a transaction, global or local, at any time.  If a global sub-
transaction is aborted locally, it is communicated to the global
system and the global transaction is aborted at all sites.  The
various parameters for the local system are given in Table 3
along with their default values.  Both the global and local
systems are modeled similar to the models used in [1,4].

Table 3: Local System Parameters
Local System Parameters Default

Value

Maximum number of local transactions per site.
This number represents the local
multiprogramming level.

10

Maximum number of write operations per
transaction

8

Maximum number of read operations per
transaction

8

Minimum number of write operations per
transaction

1

Minimum number of read operations per
transaction

1

Service time for the local CPU queue 0.005
Service time for the local IO queue 0.010
Service time for each communicated message
to the MDAS

0.100

Number of messages per operation (read/write) 2

A collection of mobile units submits global queries (selected
from a pool of 500 queries) to the MDAS.  The connection
between the mobile unit and the MDAS has a 50% probability of
having a strong connection and a 30% probability of having a
weak connection.  There is a 20% probability of being
disconnected.  A strong connection has a communication service
time of  0.1 to 0.3 seconds, while a weak connection has a
service time range of 0.3 to 3 seconds.  When a disconnection
occurs, the mobile unit is disconnected for 30 to 120 seconds.
Initially, one third of the pool consists of read-only queries,
which are locally cached as a BUNQ.  Additionally, 10% of the
read-only queries are designated as an AQ2.  The local cache is
first checked for an existing BUNQ.  If it is present, then the
query is submitted along with the associated parity sequence.
The MDAS returns either the data or the acknowledgement of a
matching BUNQ.  Subsequently, if signatures do not match, the
mobile unit updates the cache according to the LRU scheme.
Upon termination of a transaction, a new query is selected and
submitted to the MDAS.  The various parameters for the mobile
units are given in Table 4, along with their default values.

4.2 Performance Results
The performance of the p-caching algorithm is evaluated

relative to the throughput of global transactions, the percent of

transactions completed, the communication utilization at each
local site, the hit ratio of the cache, and the effect of read-only
data on the cache effectiveness.  The simulation compares and
contrasts the performance of an MDAS system with and without
the proposed caching algorithm.  Figure 5 shows the throughput
results of the simulation.  The throughput is very similar for the
MDAS with and without caching, with the p-caching algorithm
having a slightly higher peak throughput (1.37 vs. 1.58).  This
can be attributed to the read-only transactions (one third of the
total transactions) completing locally on the mobile unit while
disconnected, as well as the reduced communication cost when a
BUNQ is acknowledged rather than transmitted.  Initially, the
throughput increases slowly due to the disconnection and
relatively long period (30-120 seconds) that the mobile unit stays
disconnected.  As the number of concurrent global transactions
increases, the global throughput decreases due to the increase in
the number of conflicts and system thrashing.  Both the caching
and non-caching cases decrease at about the same rate due to the
saturation of the communication link.

Table 4: Mobile Unit Parameters
Mobile Unit Parameters Default

Value
Maximum number of mobile units in the
system.  This number represents the global
multiprogramming level.

10

Maximum number of operations that a global
transaction contains.

8

Minimum number of operations that a global
transaction contains.

1

Service time for the CPU queue 0.005 sec
Service time for the IO queue 0.010 sec
Service time for each communicated message
to the global system for a strong connection

0.100-
0.300 sec

Service time for each communicated message
to the global system for a weak connection

0.300-3 sec

The service time for a disconnection 30-120 sec
Probability of a strong connection 0.50
Probability of a weak connection 0.30
Probability of a disconnection 0.20
Number of messages per operation (read/write) 2
Average size of each message 1,024 bytes
Size of the mobile unit cache 1 Megabyte
Probability that a query is read-only 1/3
Probability that a read-only query is submitted
as an AQ2
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Figure 5: Comparison of the Global Throughput
for Caching and Non-Caching Schemes
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Figure 6 shows the percentage of completed transactions that
the simulator measured.  As expected, the p-caching algorithm
shows a much higher percentage of transactions that complete.
At peak throughput, where there are 40 active transactions, the p-
caching algorithm shows an 85% completion rate, while without
caching, there is only a 59% completion rate.  The higher
completion rate is due to the queuing of transactions during
disconnection, and the accessing of cached data.  Without a
cache, the transactions are started and immediately aborted
during disconnection.  Furthermore, there is a reduction in
communication from using bundled queries.  A valid BUNQ
only requires an acknowledgement signal, and does not incur the
cost of transmitting the data.  The percent of completed
transactions is also much greater (48% vs. 20%) for a high
number of active users (100 users) for the same reasons stated
above.
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Figure 6: Comparison of the Percent of Global
Transactions Completed

The communication utilization for the simulator is shown in
Figure 7.  For an active number of users of less than 30, the
caching algorithm provided approximately a 10% decrease in the
communication utilization.  This decrease in communication is
directly attributed to the read-only transactions being serviced
locally.  At peak throughput, both cache and non-cache based
systems were using approximately 95% of the available
bandwidth.  As expected, this indicates that the communication
in the system is the bottleneck.

0%

20%

40%

60%

80%

100%

5 10 15 20 30 40 50 75 100

Number of Active Global Transactions

C
o

m
m

u
n

ic
at

io
n

 
U

ti
liz

at
io

n

P-Cache

No Cache

Figure 7: Comparison of the Communication
Utilization at Each Local Site

The cache hit-ratio was measured by varying the cache size
for 10, 40 (peak throughput), and 80 active users.  The results in
Figure 8 show that at peak throughput, the cache is somewhat
ineffective for caches smaller than 256 Kbytes in size.  After
1MB of cache, the curve flattens to a peak hit-ratio of
approximately 34%.  The write operations of the local and global
transactions are continually invalidating data and therefore, the
hit-ratio does not increase much after 1MB of cache.  The cache
hit-ratio at peak throughput was also similar for 10 and 80 users.
This result is unexpected; however, we discovered that the
invalidation of the data primarily comes from the local
transactions.

Finally, the simulation was run by varying percentages of
read-only transactions in the MDAS.  The cache hit-ratio was
measured at peak throughput (40 active users).  As seen in Figure
9, the cache hit ratio increases as the percentage of the read-only
transactions increases in the MDAS.  The cache is not very
effective until the size reaches 128 Kbytes in size, where the hit
ratio is approximately 18% for accesses to entirely read-only
data.  For the 100% read-only case, the hit ratio approaches
100% with a 4MB cache.  This is expected since the entire data
set of 500 queries for the MDAS is approximately 5MB.

0%

20%

40%

60%

80%

100%

1 16 32 64 128 256 512 1024 2048

Size of Cache (KB)

H
it

 R
at

io 10 Users
40 Users
80 Users

Figure 8: Cache Hit Ratio vs. Cache Size at Peak
Throughput
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5. Conclusion
The requirements of an “anytime, anywhere” computing

environment motivate new concepts that effectively allow a user
to access information in a timely and reliable manner.  An
overview of the characteristics of a new computing environment,
the MDAS, and the requirements and issues of this environment
were introduced and discussed.  Recent technological advances
allow users to access globally shared data through wireless
connections via a diverse number of access devices.  These
devices differ in computing, energy, display, and network
requirements.

Data duplication in the form of replication and caches is used
to lessen the effects of weak communications or disconnection.
The duplicated data at the mobile node allows the user to
continue to work in the event of a weak connection or
disconnection.  With an additional copy of data available locally,
the consistency of the data between a fixed node and a mobile
node should be maintained – i.e. ensure the ACID properties of a
transaction.  Due to the local autonomy and disconnection of a
mobile unit from the MDAS, maintaining write consistency is
practically impossible.

A new caching scheme has been presented and evaluated in
this paper. We use automated queued queries and bundled
queries to  address the limited bandwidth and local autonomy
restrictions in an MDAS environment.  To maintain data
consistency between fixed and mobile units, read-only queries
are cached as a bundled query and are validated using a simple
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parity-checking scheme.  Automated queued queries are used in
order to prefetch data to the mobile unit.

A simulation was developed and the results were discussed.
The results show that p-caching is effective in addressing the
limited bandwidth and disconnection associated with the MDAS
environment.  In particular, we have shown that our algorithm
decreases communication, and improves the percentage of
completed transactions.  Additionally, the overall throughput is
increased due the decrease in communication.

5.1 Future Directions
The results we have demonstrated are promising.  There are

several areas of the work presented in this paper that we are
investigating.  The data set for the AQ2 is assumed to remain
static for a minimum of at least 2 accesses and a maximum of 10
accesses.  This is done in order to simulate slower changing data,
and to see the effectiveness of the cache size.  This simulated
workload is not indicative of the many different workloads in an
MDAS.  The effect of different workloads and data sets of local
sites should be investigated – i.e. a read-only environment, and
various probabilities of read-only transactions.

Furthermore, the effect of the cache hit ratio on the MDAS
environment (throughput, utilization, etc.) will be studied.  This
could be done by changing the cache-hit ratio to a raw
probability that a read-only query is valid or invalid.  The effect
of the cache size could also be studied under these conditions.
By setting the cache hit ratio instead of relying upon the actual
invalidation of the data, we should be able roughly to simulate
different workloads on the MDAS.
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