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Abstract ¥4 With the rapid advances in mobile computing technology, there is an increasing demand for processing real-
time transactions in a mobile environment. This paper studies concurrency control problemin mobile distributed real-time
database systems (MDRTDBS). Based on the High Priority Two Phase Locking (HP-2PL) scheme, we propose a
distributed real-time locking protocol, called Distributed High Priority Two Phase Locking (DHP-2PL), for MDRTDBS
In the protocol, the characteristics of a mobile computing systemare considered in resolving lock conflicts. Two strategies
are proposed to further improve the system performance and to reduce the impact of mobile network on the performance
of the DHP-2PL: (1) A transaction shipping approach is proposed to process transactions in a mobile environment by
exploring the well-defined behavior of real-time transactions. (2) We explore the application semantics of real-time
database applications by adopting the notion of similarity in concurrency control to further reduce the number of
transaction restarts due to priority inversion, which could be very costly in a mobile network. A detailed simulation model
of a MDRTDBS has been developed, and a series of simulation experiments have been conducted to evaluate the

performance of the proposed approaches and the effectiveness of using similarity for concurrency control in MDRTDBS.

Keywords: Distributed Real-time Databases, Mobile Real-time Databases, Concurrency Control, Data Similarity,
Transaction Scheduling

1. INTRODUCTION

Recent advances in wireless communication technology have made mobile information services a
reality [9, 10, 25]. A number of novel mobile computing systems, such as tele-medicine systems, real-time
traffic information and navigation systems, and mobile Internet stock trading systems, are emerging as mobile
users reguire instant access to information using their palmtops, personal digital assistant (PDA) and notebook
computers. Mobile computing technology not just only improves the distribution and flow of information, but at
the same time, it also greatly increases the functionality of real-time database applications. The realization of
“instant” information access over a mobile network relies on real-time processing of transactions and it makes
the timeliness of data accesses an important issue. As aresult, research on processing soft real-time transactions
in mobile distributed real-time database systems (MDRTDBS) is receiving growing attention in recent years [2,
14, 21, 32, 35].

Owing to the intrinsic limitations of mobile computing systems, such as limited bandwidth and
freguent disconnection, the design of an efficient and cost-effective MDRTDBS requires techniques that are
quite different from that in distributed real-time database systems (DRTDBS) which are supported with wired
networks [18]. It is much more difficult to meet transaction deadlines in a mobile environment as there exist
various factors, such as network performance, concurrency control and transaction scheduling, which can
seriously affect the transaction performance. Two of the most important performance objectives are how to meet
the urgency of transactions and how to satisfy the temporal constraints of database, where temporal constraints
refer to the freshness of data objects in the database [27]. Many real-time database applications are used to
monitor the status of the objects in the external environment and they must generate timely responses to critical
events. For example, in astock trading system, alate response to a stock analysis transaction may result in aloss
of agood trading opportunity. The consequence of missing a transaction deadline in a tele-medicine system for
ambulance services may result in aloss of ahuman life.

One of the most important issues to ensure timeliness of transaction execution is concurrency control.
However, the concurrency control protocols for conventional database systems are not suitable to rea-time
database systems. Real-time transactions are critical and have to be scheduled to meet their deadlines.
Conventional concurrency control protocols, such as two phase locking (2PL) and optimistic concurrency
control method [6], often schedule transactions on an equal basis. Higher-priority transactions may suffer from
an unlimited amount of priority inversion time, where priority inversion is a situation in which a higher-priority
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transaction is blocked by alower-priority transaction [28]. In the past decade, researchers have proposed various
real-time concurrency control protocols, e.qg., [1, 8, 24, 29, 28, 30, 36], for single-site as well as distributed
RTDBS. In particular, [8, 28] proposed the idea of priority inheritance, which lets a lower-priority transaction
inherit the priority of a higher-priority transaction which is blocked by the lower-priority transaction, to reduce
the number of priority inversions of the higher-priority transaction.

The priority inversion problem may also be resolved by transaction restart. The High Priority Two
Phase Locking (HP-2PL) protocol [1] restarts a lower-priority transaction if a higher-priority transaction wants
to set alock which is held by the lower-priority transaction. The priority inversion problem, in general, is also
resolved by transaction restart in the optimistic concurrency control protocols. In the optimistic concurrency
control with wait 50 (OCC-wait 50) [8], the execution of a transaction is divided into three phases: the read
phase, the execution phase and the validation phase. Data conflicts amongst different transactions will be
resolved when one of them enters the validation phase. If the number of conflicting transactions, which
priorities are higher than the validating transaction, is not greater than 50% of the total number of conflicting
transactions, all the conflicting transactions will be restarted and the validating transaction is allowed to enter
the write phase and then commit. Otherwise, the validating transaction will be blocked.

Although many researchers, e.g., [1, 8, 13, 24, 28, 36], have done excellent research in concurrency
control for single-site and distributed RTDBS, there is little work in concurrency control for MDRTDBS which
isafast growing and important area. InaMDRTDBS, the mobile network imposes a serious time burden on the
performance of a MDRTDBS and it also can seriously affect the performance of the adopted concurrency
control protocol. Although the concurrency control protocols proposed for DRTDBS can be extended for
MDRTDBS, their performance may be very different from that in a DRTDBS [31], due to the unique
characteristics of mobile network.

Compared to wired networks, mobile networks are much slow, unreliable, and unpredictable. The
mobility of clients affects the distribution of workload in the network and the system. Disconnection between
mobile clients and base stations is common [9]. It can seriously affect the probability of data conflicts and the
deadline missing probability. The poor quality of services provided by a mobile network can also seriously
increase the overheads and affect the effectiveness of a concurrency control protocol in resolving data conflicts
[32] as the transactions now require alonger time for completion.

In this paper, we study concurrency control for MDRTDBS. Based on the High Priority Two Phase
Locking (HP-2PL) scheme [1], the Distributed HP-2PL (DHP-2PL) protocol is proposed for MDRTDBS. We
consider transactions, which are simple flat transactions with read and write operations. This assumption on
transaction structure is reasonable for many mobile soft (and firm) real-time applications with web-oriented
interfaces, especially for applications running on mobile palmtop computers such as stock monitor systems and
traffic information systems. The simplification of transaction behavior and characteristics may result in good
strategies in designing real-time transaction scheduling algorithms to improve the system performance. Two
new drategies are proposed to further improve the performance of the DHP-2PL. We first propose the
transaction shipping approach to reduce the performance dependency of a concurrency control protocol on the
performance of the underlying mobile network. We then adopt the notion of similarity to resolve data conflicts,
which can be very costly in a mobile environment. Different issues in the design of the similarity-based
concurrency control protocol are suggested. A detailed model of aMDRTDBS has been developed, and a series
of simulation experimentsis conducted to demonstrate the capability of the proposed approaches, for which we
have obtained very encouraging results.

The main contributions of the paper are: (1) To our best knowledge, this is one of the first papers on
concurrency control for MDRTDBS with a detail performance study. (2) We have designed a distributed real-
time locking protocol in which the characteristics of a MDRTDBS are considered for resolving lock conflicts.
(3) A transaction shipping approach is proposed to reduce the impact of mobile network on the system
performance and the performance of the real-time locking protocol. Different issues in the implementation of
the transaction shipping approach are discussed in details. (4) We have extended our real-time locking protocol
to be a similarity-based protocol. Different issues in the design of the real-time similarity-based protocols are
suggested. (5) A detailed simulation model is developed, in which the mechanisms in mobile communications
such as mobility of clients and disconnection, and real-time transaction processing, are included. (6) Simulation
experiments have been performed to investigate the performance of the proposed protocols and approaches, and
the effectiveness of using similarity as the correctness criterion for concurrency control in MDRTDBS.

The rest of this paper is organized as follows: In Section 2, a model of MDRTDBS is defined. In
Section 3, the concurrency control protocol for MDRTDBS is discussed, and the DHP-2PL is introduced. In
Section 4, the transaction shipping approach for MDRTDBS isintroduced. In Section 5, the notion of similarity
isapplied for concurrency control in MDRTDBS, and a similarity-based real-time locking protocol is proposed
based on the DHP-2PL. In Section 6, the performance MDRTDBS model is described. The baseline setting, the
parameters, and the performance measures are given. The simulation results are presented with discussions.
Finally, the conclusions and future research directions are given in Section 7.
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2. MODEL OF A MOBILE DISTRIBUTED REAL-TIME DATABASE SYSTEM
2.1, System Architecture

A MDRTDBS consists of four major components: the mobile clients (MCs), the base stations, the
mobile network, and the main termina switching office (MTSO) [16, 22], as shown in Figure 1. The mobile
network is assumed to be a radio cellular network and the entire service area is divided into a number of
connected cell sites. Within each cell site, there is a base station, which is augmented with awireless interface to
communicate with the MCswithin its cell site. The cellular radio network is assumed to be the Globa Systems
for Mobile Communication (GSM) 900" in which two sub-bands of 25 MHz each are defined. One of the sub-
bands is 890 to 915 MHz and is for uplink (for the mobile clients to transmit signals to the base station).
Another sub-band is 935 to 960 MHz and is for downlink. Within each sub-band, a number of channels are
defined for transmitting radio signals which can be data or control signals. Each channel is divided into several
time frames by using the time division multiple access (TDMA) method. Usually, the data transmission rate of a
channel is between 9.6 to 14.4 Kbps?

Fi ed NetworKk

DB

MS S MT S

Fig. 1: System Architecture of the Mobile Distributed Real-time Database System

The base stations at different cell sites are connected to the MTSO by a point-to-point wired network.
Thus, the communications between the base stations and the MTSO are much more efficient and reliable than
the communications between the base stations and the mobile clients. The MTSO is responsible for active call
information maintenance, performance of handoff procedure, channel allocation, and message routing. Attached
to each base station is a real-time database system containing a local database which may be accessed by
transactionsissued by the MCswithin the cell site or from other cell sitesviathe MTSO.

An MC may move around within the same cell site or cross the cell border into another cell site.
Periodically, it sends a location signal to its base station through an uplink channel. The strength of signal
received by a base station depends on several factors, such as the distance between the MC and the base station,
and the surrounding buildings. When an MC is crossing the cell border, the strength of signal received by abase
station will become very weak. If the strength of the signal is lower than a certain threshold level, the MTSO
will be notified, and then the MTSO will perform a handoff procedure. It sends out requests to all the base
stations, and the base stations respond by returning the strength of the location signals received from the MC.
The MTSO will then assign the MC to the base station, which has received the strongest signal. Usually, thisis
the base station, which is responsible for the cell site where the MC is entering.

An MC transaction may need to access databases located at several base stations. The MC first issues a
call request to the base station of its current cell site. A channel is granted to the MC after the completion of a
set-up procedure. The execution of the setup procedure incurs a fixed overhead as it involves communications

! In this paper, we focus our discussions on concurrency control of data access over aradio cellular network although there exist several
other mobile communication technologies such as satellite and wireless ATM. They are much more expensive.

2 Although the ceflular radio network technologies are improving, and different new standards such as GSM 1800 and DCS 1800, which can
support more channels, are emerging, the bandwidth is still agreat concern in acellular radio network.
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amongst the MC, the base station, and the MTSO. Since the number of channels between a base station and its

MCsislimited, it is possible that the channel request may be refused due to unavailability of free channels. The
queuing for channels is according to the priorities of the transactions. If the number of attempts exceeds a
specific maximum number, the channel request and the requesting transaction will be aborted. Due to channel

contention and slow (and unreliable) communication, the time required to establish a channel is unpredictable.

Once a channel has been established, the transaction will be sent out through the RF transmitter from the MC to

the base station. When an MC is crossing the cell site border while it is communicating with its base station, a
new channel will be created by the MTSO with its newly assigned base station after a setup procedure is

completed. However, it is possible that there is no free channel available at the new cell site. In this case, it will

retry for a number of times. If it is still not able to get a channel, the transaction will be aborted. Due to noise
and interference, the signal, which carries data, may be corrupted while it is being transmitted. In this case, the
data will be re-transmitted. If the transmission of signals is corrupted consistently after several times, a
disconnection may have occurred. For that case, the transaction may need to wait until a new channel is granted

before it can proceed. Because of high error rate and non-stability of signal transmission, the effective data
transmission rate is unpredictable.

2.2. Database and Transaction Models

The entire database is partitioned into local databases and distributed at different base stations. The
databases consist of two types of data objects: temporal and non-temporal. Temporal data objects are used to
record the status of the objects in the external environment. Each temporal data object is associated with a
timestamp, which denotes the age of the data object. If atransaction may update atemporal data object, then the
transaction is given atimestamp when it isinitiated. If the transaction commits successfully before its deadline,
the timestamp of any data object, which is updated by the transaction, will be set as the timestamp of the
transaction.

The validity of a temporal data object is defined by an absolute validity interval (avi) [27, 36]. A
temporal data object satisfiesthe avi constraint if its age is up to date, i.e., the difference of the current time and
the age is no more than the avi. A relative validity interval (rvi) may be given to a transaction which requires
that the maximum age difference of the data objects read by the transaction is not larger than rvi [27, 36]. Non-
temporal data objects are either derived by operations of transactions or are statically set during system
initialization.

Transactions from the MCs are assumed to be simple flat transactions with a collection of read and
write operations [6] . In between the operations of atransaction, control statements may be defined to control the
logic flow of the transaction. Examples of such application systems are jockey-club betting systems, Internet
programmed stock trading systems, traffic navigation and information systems, etc.

Each transaction is given a deadline and a criticality. The priority of atransaction is derived based on
its deadline and criticality. It is assumed that the EDF algorithm is used for scheduling the transactions in using
the CPU. It is assumed that the transactions are firm real-time [34]. If the system cannot complete a transaction
before its deadline, the transaction will be aborted. Operations may access data objects residing at different base
stations. Thus, atransaction may have several processes, called transaction processes, at different base stations
for its execution. When an operation of a transaction accesses a data object residing at another base station, the
operation will be routed to the base station via the MTSO and a new transaction process will be created if there
is no process at that site for the transaction. When all the operations of a transaction have been processed, a
commit protocol will be performed to ensure the failure atomicity of the transaction processes of the transaction.
It is assumed that the well-known two phase commit protocol is adopted because of its simplicity and well-
known performance characteristics® [6].

3. CONCURRENCY CONTROL PROTOCOL FOR MDRTDBS

In the design of concurrency control protocolsfor MDRTDBS, there are two important considerations:
(1) how to minimize the cost and overheads for resolving data conflicts; and (2) how to minimize the impact of
mobile network on the performance of the protocol. Restarting a transaction is highly expensive in a mobile
environment. Although priority inheritance [8] iseffective in managing the priority inversion problemin single-
site RTDBS it may not be effectiveinaMDRTDBS due to the slow network. It may take along time before the
priority of a transaction is “inherited”. Furthermore, deadlock is possible when priority inheritance is used.
Deadlock is highly undesirable to real-time systems, especialy in a distributed environment. It is not only
becauseit greatly increases the response time of (deadlocked and other affected) transactions, it also wastes a lot

% Other real-time commit protocol may be used [Gupt96, Gupt97]. However, in here, we assume a non-real-time commit protocol in order to
simplify the analysis.
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of system resources. The detection and resolution of a deadlock in a distributed environment may also consume
alot of resources. The most common method for distributed deadlock resolution is time-out, which is obviously
not suitable to RTDBS due to the difficulty in determining the appropriate timeout period.

Although the optimistic concurrency control protocols have been shown to give a good performancein
single-site RTDBS [8, 20], they may not be suitable to MDRTDBS. The validation test required in the
optimistic concurrency control protocols can be very complex in a distributed environment [17], and it will be
more complicated in a mobile network.

For the purpose of this paper, we choose to adopt a lock-based approach in which both transaction
restart and priority inheritance are used to resolve the problem of priority inversion. By extending the well-
known HP-2PL [1], adistributed extension of HP-2PL, called Distributed HP-2PL (DHP-2PL), is proposed for
MDRTDBS. In the protocol, special considerations are paid on the characteristics of the mobile network, e.g.
low bandwidth and frequent disconnection. For example, special attention is given on how to reduce the number
of transaction restarts, which can be very costly due to the low bandwidth. If atransaction is committing, it will
not be restarted even if it has alock conflict with a higher-priority transaction. Instead, priority inheritance is
used to reduce the blocking time of the higher-priority transaction. Priority inheritance is applied to the
transaction process of the lock-holding transaction at the conflicting site. So, the time required to raise up the
priority of atransaction process can be very short. Unlike many other lock-based protocols, such as those simply
adopt priority inheritance, DHP-2PL is free of deadlock as priority inheritance is only restricted for resolving
lock conflict with committing transactions.

As we can see in the model description in Section 2, the system consists of both a mobile network
(connecting the mobile clients and the base stations) and a reliable wired network (connecting the base stations
and MTSO). Since mobile network is vulnerable to disconnection, strategies for resolving data conflict should
consider the network quality connecting the conflicting transactions. A different strategy should be used if a
mobile network instead of a reliable wired network connects the conflicting transactions especially when it is
suspected that disconnection may have occurred. In the DHP-2PL, a cautious waiting scheme is included to
resolve this kind of lock conflicts.

DHP-2PL is a distributed locking protocol. The local database system at each base station has a lock
scheduler, which manages the lock requests for the data objects residing at the base station. The definition of the
DHP-2PL is as follows, where T, and T}, are the lock-requesting transaction and the lock-holding transaction,
respectively:

Lock Conflcit (Tr, Th)

Begin
If Priority(T) > Priority(Th)
If Th is not committing
If This a local transaction
Restart Tn locally
Else
Restart Tr globally
Endif
Else
Block T; until Th releases the lock
Priority(Th):= Priority(Tr) + fixed priority level
Endif
Else
Block T; until Th releases the lock
Endif
End

A transaction is local if it only accesses data objects resided at one base station. Otherwisg, it is a
global transaction. Similar to the HP-2PL, the DHP-2PL uses a transaction restart mechanism to resolve lock
conflicts between non-committing transactions. Restarting a local transaction is simply done by restarting the
transaction process at the conflicting base station. To restart a global transaction, restart messages are sent to the
base stations where some operations of the global transactions are executing or have executed. Global restart
takes a much longer time and requires much higher overheads. Thus, the number of transaction restarts,
especialy a global one, should be minimized. A reasonable approach is to allow a committing transaction to
hold alock until it has finished the commit procedure even though a higher-priority transaction is requesting the
lock. Although this approach may create the priority inversion problem, the blocking time of the higher-priority
transaction will not be long if the committing transaction is assigned a sufficiently high priority by using priority
inheritance. The priority of the committing transaction will be raised up by two factors. Firstly, its priority will
be at least as high as the highest priority of al of its blocked transactions, and, secondly, a fixed priority level
should be added to its priority to make it even higher than all other executing transactions. The purpose is to
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finish the committing transaction as soon as possible. The time required to raise up the priority of atransaction
process should be very short as both conflicting processes are located at the same site. No deadlock is possible
for the priority raising of any committing transaction. It is because the committing transaction will not be
blocked by any other executing transaction asit will not make any lock request during its commitment.

A common characteristic of mobile networks is that disconnection between a mobile client and its base
station is common. In processing atransaction, the control of atransaction may flow between its processes at the
base stations and the process at its originating mobile client. In case a disconnection occurs while a transaction
is locating at the mobile client (the control flow of the transaction is at the mobile client), the impact of the
disconnection on the system performance can be very serious due to chain of blocking. It does not only greatly
increase the deadline missing probability of the disconnected transaction, other transactions, which are directly
or transitively blocked by the disconnected transaction, will also be affected. The result may be fruitless
blocking which is a situation where a blocked transaction is finally aborted due to deadline missing. In the above
protocol, the problem of fruitless blocking may occur when alower-priority transaction is blocked by a higher-
priority transaction which is a disconnected transaction. To minimize the impact of disconnection and the
probability of fruitless blocking due to disconnection, we may use a cautious waiting scheme in which a higher-
priority transaction is restarted by a lower-priority transaction due to data conflict if the higher-priority
transaction is suspected to be a disconnected transaction.

L et each executing transaction process be associated with alocation indicator. When a transaction is at
the mobile client or it is waiting to move back to the mobile client, the location indicator of its processes will be
set as “mobile client”. Otherwise, it is set as “base station”. When the location indicator of a transaction process
is “mobile client”, the transaction is vulnerable to disconnection. The following summarizes how the cautious
waiting scheme is incorporated into the DHP-2PL :

If (the priority of the lock-requester > the priority of the lock-holder) and
(the lock-holder is not committing)
Restart the lock-holder (globally or locally, depending on the type of the transaction)
Else
If location indicator of the lock-holder is “mobile client”
If the time already spent at the client side > threshold
Ping the mobile client where the lock-holder is residing
/[* the base station sends a message to the mobile client
to test whether the mobile client is disconnected or not *//
If no response from the mobile client
Restart lock-holder
Else
Block the lock-requester
II* repeat the checking after another threshold *//
Endif
Else
Block the lock-requester
I/I* the checking will be performed again when the time already spent at the
client side is greater than the threshold value *//
Endif
Else
Block the lock-requester.
Endif
Endif

Thethreshold is atuning parameter. It is a function of the average performance of the mobile network
under normal situations. If a transaction has been at the mobile client for a long time, e.g., greater than the
threshold value, and its base station cannot communicate with the mobile client currently, disconnection is
assumed. The lock-holding transaction will be restarted even though its priority is higher than the priority of the
lock-requesting transaction. Although restarting the lock-holding transaction will make it have a high
probability of missing deadline, the restart will not affect the system performance significantly as the lock-
holding transaction is likely to miss its deadline due to disconnection. On the other hand, restarting the lock-
holding transaction can increase the chance of meeting the deadline of the lock-requesting transaction.
Otherwise, it is highly possible that both of them will miss their deadlines. Note that simply making the
assumption of disconnection based on pinging the mobile client may not be sufficient as mobile networks are
subjected to different transient communication failures, which are much less harmful than disconnection. A
transient communication failure will only last for a very short time and can usually be solved by data
retransmission.
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4. STRATEGIES FOR PROCESSING TRANSACTIONSIN MDRTDBS

In this section, we discuss different strategies for processing transactions in a MDRTDBS. A new
approach, called transaction shipping, is proposed. The goal of the transaction shipping approach is to reduce
the impact of mobile network on the performance of the DHP-2PL and to improve the system performance.

4.1. Data Shipping and Query Shipping

There are two well-known approaches for processing transactions in a client-server database system:
query shipping and data shipping [5]. In the data shipping approach, a transaction initiated by a client will be
processed at the client. While the transaction is processing, the client sends data requests, which are required by
the transaction, to the database server. The server responds to the requests by sending the required data objects
to the client. The processing of the transaction will be completed at the client.

In the query shipping approach, the client sends queries to the database server for the transaction,
instead of data requests. Once the server receives a query, it processes the query and sends the results back to
the client. In the query shipping approach, the communication cost and the buffer space required at the client
side are smaller than that in the data shipping approach. Also, the query shipping approach provides a relatively
easy migration path from an existing single-site system to the client-server environment since the database
engine can have a process structure similar to that of a single-site database system. On the other hand, the data
shipping approach can off-load functionality from the server to the clients. This may improve the scalability of
the system and balance the workload in the system. The responsiveness of the system can also be improved by
caching data at the client. For that case, transactions may be processed locally at the client if they can find their
required data.

Although the query and data shipping approaches are suitable to client-server database systems
connected with reliable high-speed networks, they may not be suitable to MDRTDBS, which run over a mobile
network with a bandwidth rated in the range of 9.6kbps to 14.4kbps. The communication overheads of these two
approaches are often high because processing of each operation may require a communication (and the
establishment of a new communication channel) between the mobile client and the database server. Remember
that communication channels in a MDRTDBS are always limited resources. Furthermore, the data shipping
approach usually requires the transmission of alarge volume of data objects and the management of data objects
at the client caches. Since the mobile network is likely to be the bottleneck resource, the transmission delay can
be very long and the resulting effect will be a higher probability to miss deadlines.

4.2. Transaction Shipping Approach

A Dbetter transaction processing strategy for MDRTDBS should be designed to reduce the
communication overheads between the mobile clients and the base stations for a transaction, and to alleviate the
dependency of system performance on the performance of the underlying network. We propose to “ship” the
entire transaction to the database server (base station) for processing instead of shipping every operation or data
request to the database server. We call this approach astransaction shipping. Although the ideais simple, there
exists many practical problems when it is applied to a MDRTDBS such as how to identify the execution path
and the required data objects of a transaction before its execution, and how to deal with the dynamic properties
in transaction execution. In here, we suggest a pre-analysis approach. The practicality of the pre-analysis comes
from the observation that the behavior of many real-time transactions is more predictable comparing to the
transactionsin conventional database systems. To deal with the dynamic properties of the real-time transactions,
a data pre-fetching mechanism is included in the transaction shipping approach to reduce the cost of incorrect
prediction in the pre-analysis.

4.2.1. Transaction Predictability

It is generally agreed that the functions and behavior of transactionsin areal-time database application
are more predictable. Mostly, they can be classified into different types and different transaction types will have
different pre-defined behavior and critically [11]. For example in a medical information system, real-time
transactions are for monitoring the physical status of a critical patient from various sensor devices, such as the
blood pressure, the heart beat rate, and the body temperature. The arrival pattern and data requirements of the
transactions are pre-defined. In some real-time database applications, e.g., programmed stock trading, although
the transaction arrival pattern may be sporadic, their data requirements can be predicted with a high accuracy.
For example, in a programmed stock trading, each investor may have a pre-defined investment plan, e.g. what
their interested stocks are and how to make the trading analysis under different conditions. In a traffic
navigation system, the physical connections of the roads are pre-defined. When searching the best path to a
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destination from the current position based on the current road conditions, the set of roads to be search is pre-
defined.

4.2.2. Pre-analysisPhase

In the transaction shipping approach, the execution of atransaction is divided into two phases: the pre-
analysis phase and the execution phase. Figure 2 shows the transaction architecture when it is processed under
the transaction shipping approach. Once a transaction is initiated at a mobile client, a coordinator process, called
master coordinator, will be created at the mobile client. Before shipping a transaction to the base station, the
system will perform a pre-analysis on the transaction to derive its characteristics, e.g., what the operations of the
transaction are and what the execution path of the transaction is. The concept of pre-analysis is similar to the
two phase methods discussed in [23]. However, it should be noted that [23] is concerned about how to reduce
the unpredictability in data access by using the concept of access invariant. In here, we use the pre-analysis to
predefine the execution path of a transaction in order to reduce the number of communications between the
mobile clients and the base stations for atransaction.

The pre-analysis of atransaction consists of two phases. In the first phase, the set of operationsin the
transaction will beidentified. It is usually not difficult to identify the operationsin atransaction. For example, if
SQL statements are used to access the database, the SELECT statements are read operations and the INSERT
statements are write operations. Note that transactions are assumed to have asimple flat structure. At this stage,
it may not be necessary to identify the set of data objects required by the operations. Actually, it may not be
easily done at the mobile client as it only contains limited information about the database system and the
location of the data objects in the system. The required data objects of an operation will be determined while the
transaction is executing at the base stations.

M aster Image
Coordinator | Mobile Network Coordinator
(at mobile oo » @ base
client) station)
Wired
Network
Cohort Cohort Cohort
process at process at process at
other base other base other base
station station station

Fig. 2: Process Architecture under Transaction Shipping Approach

In the second phase, the execution path of the transaction, e.g., the precedence relationships of the
operations, will be determined. For some transactions, the whole execution path cannot be determined until the
data objects required by the transactions have been identified. For example, some conditional statements are
based on the values of the data objects. For such transactions, the pre-analysis may identify the transaction type
first and then make the prediction based on the pre-defined characteristics of that transaction type.

After the completion of the pre-analysis, a signature of the transaction will be created. A signature
transaction § for transaction T; consists of a4-tuple:

where D, isthedeadline of T;.
G isthecriticality of T;.
O isasubset of the operationsin T;.
< isthe partial order relationship among operationsinO;.
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<; defines the precedence relationship among the operations. If Op; < Op, then Opy can start its
execution only after the completion of Op;, where Op; and Opy are operations of T;.

Transactions
Wired
Network to
Other Base
Stations
Transactign
Signature. Mobile Network
Coordinator
Mobile Client Database
Base Station

Fig. 3: The Transaction Shipping Approach
4.2.2. Execution Phase

The signature transaction is forwarded to the base station of the MC through the mobile network. Once
the server at the base station receives the transaction signature, it will create a process, called image
coordinator, for the transaction. The image coordinator will take over the job from the master coordinator to
process the transaction. Other transaction processes (cohorts) for the executions of the transaction will be
created at other base stations if the operations of the transaction require to access the data objects located at that
base stations.

The benefit of defining an image coordinator at the base station is that the connection between base
stations is much better than the connection between the MCs and its base stations. Thus, it facilitates the
management of the transactions and improves the performance of the atomic commitment protocol. Whenever a
transaction has to be restarted, al its cohort processes (excluding the master coordinator and the image
coordinator) will be destroyed after the completion of undo operations. The image coordinator is responsible for
restarting the transaction from its beginning if its deadline has not been missed.

4.2.3. Dynamic Properties of Transactions

Although the transactions in real-time database applications are more well-defined, they may still have
some dynamic properties. Due to the dynamic properties and the interactivities between transactions and mobile
users, datainput from MC may still be needed while atransaction is executing. As aresult, the pre-analysis of a
transaction may need to be re-done while it is executing. For that case it has to go back to its originating MC.
Before atransaction goes back to the mobile client, the system will pre-fetch the data objects possibly needed by
the next operation of the transaction, and then ships the data objects with the transaction back to the mobile
client. The purpose of the data pre-fetching mechanismis to process the next operation of the transaction at the
mobile client so that the total number of communications between the mobile client and the base station can be
reduced.

The assumption of the data pre-fetching mechanism is that the data requirements of the next operation
can be predicted with a high accuracy. Again, the validity of the assumption is based on the well-defined
behavior of real-time transactions. Suppose the execution path of atransaction T, is originally predicted to be
Path 1 (operations: Op1, Op, and then Op3) in the first pre-analysis as shown in Figure 4. After the completion of
operation Opy, it finds out that the original prediction isincorrect, and T; has to go back to the mobile client to
“re-define” the execution path which is either Path 2 or Path 3 according to the pre-defined behavior of the
transaction. Before, T, is shipped back to the mobile client, the system pre-fetches the data objects required by
Op,4 and Ops. Later at the mobile client, T, can process the next operation Op,4 or Ops. After that, T, is sent to the
base station to commit or continue its following operations. Note that under the data pre-fetching mechanism, T,
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has to set alock on the pre-fetched data objects. The purpose to is to ensure the serializability of transaction
executions.

Ta: Path 1
Op1 Op2 Ops
O > *O
Path 2
Opa4

Ops

Path 3
Fig. 4: DataPre-fetching Mechanism

Note that the transaction shipping approach does not require the transmission of alarge number of data
objectsto the clients as required in the data shipping approach. Thisis an attractive featureto MDRTDBS as the
communication bandwidth is low. Although some data objects are required to be shipped with a transaction in
the data pre-fetching mechanism, the data volume should be much smaller than in the data shipping approach as
the data pre-fetching mechanism is required only when the predicted execution path is incorrect. Furthermore,
only those data objects, which are required by the next operation, are shipped.

It is obvious that the performance gained from the pre-analysis depends on its accuracy and the
dynamic properties of the transactions. In the best case, one single communication between the M C and the base
station is required for transaction execution. In the worst case, the number of communications between the
mobile client and the base station for each transaction execution is equal to the number of operations in the
transaction. If the system can make a good estimation in the pre-analysis, alot of communications can be saved.

5. SIMILARITY-BASED DISTRIBUTED HIGH PRIORITY TWO PHASE LOCKING

Restarting transactions in a MDRTDBS can be very expensive and the restarted transactions will have
ahigh probability of missing their deadlines. To reduce the probability of data conflicts and transaction restarts,
alessrestrictive notion of correctnesscriterion may be explored for concurrency control, e.g., [7, 12, 15, 26]. In
particular, the concept of similarity, which is based on the timevalidity of data, is shown effective for RTDBS
[12, 13]. In this paper, we shall consider the technical issuesin the design of a similarity-based real-time locking
protocol for MDRTDBS. We will incorporate the concept of similarity into the DHP-2PL with an attempt to
further increase the system concurrency, and to reduce the number of transaction restart and blocking due to
data conflicts. The new protocol is called Smilarity-Based Distributed High Priority Two Phase Locking
(SDHP-2PL).

Although the concept of similarity for concurrency control in RTDBS is not new, many technical
issues in the design of a similarity-based real-time locking protocol are still not clear such as how to resolve the
lock conflicts between the read and write operations when some of the conflicts are similar and some of them
are not. Furthermore, it will be interesting to see what will be the effectiveness of using similarity in improving
the performance of aMDRTDBS.

5.1. The Basic Strategies
5.1.1. Data Smilarity

Similarity is closely related to the important idea of imprecise computation in real-time systems [19]
and to the idea of partial computation for databases [4]. It has been shown to be very effective in improving the
performance of RTDBS. For many real-time applications, the value of a data object that models an object in the
external environment cannot, in general, be updated continuously to perfectly track the dynamics of the external
object. At the sametime, it isalso unnecessary for data values to be perfectly up-to-date or precise to be useful.
In particular, the data values of a data object that are slightly different are often interchangeabl e as read data for
transactions. This observation underlies the concept of similarity among data val ues.

The concept of similarity can be used to extend the conventional correctness criterion for concurrency
control in RTDBS [12, 13], and to balance data precision (based on similarity) and system workload [7]. The
notions of similarity and strong similarity were originally introduced in [12], which have the property that
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swapping similar conflicting operations in a schedule will always preserve similarity in the output. In other
words, if two operationsin a schedule are strongly similar (i.e., they are either both writes or both reads, and the
two data values involved are strongly similar), then they can always be used interchangeably in a schedule
without violating the integrity and consistency of the database For the rest of this paper, unless explicitly
specified, all similarity relations considered in this paper are strong similarity relations, and all similar data can
be used interchangeably in a schedule without adverse results. We refer interested readers to [12, 13] for the
justification of schedule correctness.

5.1.2. The Basic Strategies for Conflict Resolution

Specifically, we assume that the application semantics allow usto derive similarity bounds for some of
the data objects such that two write operations on the data object must be similar if their time-stamps differ by
an amount no greater than the similarity bound of the data object, e.g., all write operations on the same object
that occur in any interval shorter than the similarity bound of the data object can be swapped in the (untimed)
schedule without violating consistency requirement [13]. The time-stamp of a data object indicates at which
snapshot the current value of the data object is taken from the external environment. Different data objects may
have different similarity bounds. For example, the transactions in a stock trading system may consider the
values of the last traded price of a stock to be similar if they are updated within atime frame of 10 seconds. For
awarehouse keeping system, the similarity bound for the inventory data may be in minutes.

The existence of similarity bounds provides more freedom in concurrency control: whereas two
conflicting transactions must be totally ordered to preserve serializability, they need not be if their conflicting
operations occur in an interval shorter than the similarity bound, and can therefore be executed concurrently.
The basic strategy for conflict resolution in the Similarity-Based Distributed High Priority Two Phase Locking
(SDHP-2PL) protocol can be summarized as follows:

0] Suppose transaction T; issue aread-lock request on data object Dy, and D is already write-
locked by a collection of transactions TH. Let T; be the most recently committed transaction
which updates Dy. If the write operation (on Dy) of T; and the write operations (on Dy) of all
transactionsin TH are similar, then the read-lock request on data object Dy may be granted. It
is because T; will always read from similar data values, regardless of which transaction in TH
commits (or updates Dy) first.

(i) Suppose transaction T; issue a write-lock request on data object Dy, and Dy is aready write-
locked by a collection of transactions TW and read-locked by a collection of transactions TR.
Let T; be the most recently committed transaction which updates Dy. There are two cases to
consider:

(N If TR is empty, and the conflicting write operation of T; and the conflicting write
operations of all transactions in TW are similar, then the write-lock of T; may be
granted. It is because the final state of the database will always be similar regardless
of which write operation performs first.

2 If TR is not empty, and the conflicting write operation of T, the conflicting write
operation of Tj, and the conflicting write operations of all transactions in TW are
similar, then the write-lock of T; may be granted. It is because the final state of the
database will always be similar and the read operations will read from similar data
value regardless of which write operation performsfirst.

Obviously, if the above similarity test of alock request fails, then two alternatives must be considered:

(1) thelock-requesting transaction may be blocked; and
(2) thetransactions, which cause the blocking, may be restarted.

Which alternative should be used depends on the priorities of the conflicting transactions. In the
SDHP-2PL, we adopt both policies asfollows:

Let CT be a subset of TH which consists of transactions that lock Dy in a mode conflicting and non-
similar to the lock request of T;, and SCT be a subset of CT which consists of transactions with priorities |lower
than T;. If therestart of al transactionsin CT will make T; passing the similarity test and the priorities of all the
transactions in CT are lower than T;, then the transactions in CT are restarted, and the lock request of T is
granted.

If sometransactionsin CT have priorities higher than T;, i.e., SCT is not equal to CT, simply restarting
al the transactions in SCT cannot resolve the lock conflict problem. On the other hand, restarting all the
transactions in CT including the higher-priority transactions may have the cyclic restart problem as the restarted
higher-priority transactions may restart T; later.

There are two possible solutions to resolve the above problem. Firstly, we can use an aggressive
approach in which T; will be blocked when CT is not equal to SCT and all the transactionsin SCT are restarted.
The reason of restarting the transactionsin SCT is to minimize the blocking time of T; as the time that required
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to complete the lower-priority transactions can be very long especially in an unreliable mobile network.
Whenever atransaction in (CT — SCT) releasesits lock on Dy, a similarity test will be performed for T;. In this
way, sooner or later, T; will set alock on Dy when all the higher-priority transactions in the (modified) CT have
released their locks on Dy. To prevent repeat restarts of lower-priority transactions, a transaction is not allowed
to set alock if a higher-priority transaction, which is non-similar to it, iswaiting to set the lock.

In the aggressive approach, by restarting the lower-priority transactions, the blocking time of the
higher-priority transaction can be minimized. However, the cost is more transaction restarts and this is not
desirable in a mobile environment as a restarted transaction will have a higher probability of deadline missing.
The second method is a conservative approach, in which the lock-requesting transaction will be blocked if (CT
— SCT) is not empty, e.g., there exists a higher-priority transaction in CT. Each time when a transaction rel eases
alock on Dy, asimilarity test will be performed for T; T; will be allowed to set alock on Dy when all the higher-
priority lock-holding transactions are similar to it. The number of transaction restarts under the conservative
approach should be smaller than the aggressive approach. However, the blocking time of a higher-priority
transaction may be longer and it also has the indefinite postponement problem. In the performance experiments
(in Section 6), we will investigate the relative performance of these two approaches for MDRTDBS.

Note that we propose to use similarity bounds to quantify the similarity of conflicting operations in this
paper. However, we should emphasize that the similarity test in the SDHP-2PL can also be re-implemented as a
test for data-value similarity. For example, let transaction T; issues awrite-lock regquest on data object Dy. Under
the data-value-based similarity test, the write-lock request must be associated with an intended written value V.
The data-value-based similarity test must compare V; with the intended written values of executing transactions
and the current value of Dy to determine whether the lock request of T; should be granted. The lock request is
granted only if al of the values are similar. The choice between a similarity-bound-based similarity test and a
data-value-based similarity testinaMDRTDBS is entirely application-dependent. For the purpose of this paper,
we should not focus the discussions of SDHP-2PL on the selection of similarity tests. Instead, we should explore
the effectiveness of using similarity for MDRTDBS.

5.2. SDHP-2PL Protocol Definition

In this section, we define the Similarity-Based Distributed High Priority Two Phase Locking (SDHP-
2PL) following the basic strategies defined in the last sub-section.
Let atransaction T, request alock in a specified mode, i.e., read or write, on a data object Dy residing at

abase station. T, invokes the lock request procedure of the SDHP-2PL, which is defined, as follows, to set the
lock.
Lock-Request (Tr, Mode, Dy)
Begin
If the lock request of T; is similar to existing locks on data object D
Then /* Please see Section 5.1.2 for the similarity of locks */
Return(Success)
Else
Let CT be the set of transactions that lock Dxin a mode
conflicting and non-similar to the lock request of T, and
SCT be a subset of CT which consists of transactions with a priority lower than T,
Case Aggressive approach
For each transaction Thin SCT Do
If This not committing

Then
Restart Tn locally (or globally) if This a local
(or global) transaction.
Remove Thfrom CT
Else
Priority(Tn) = Priority( Tr) + fixed priority level
Endlf
EndFor
If CT is still not empty
Then

Block T; until all transactions in CT release conflicting and
non-similar locks.
EndIf
Return(Success)
Case Conservative approach
If CT is not empty and CT !t SCT
Then
Block T; until all transactions in (CT-SCT) release conflicting and
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non-similar locks.
Else
For each transaction Tnin CT Do
If This not committing
Then
Restart Tn locally (or globally) if This a local
(or global) transaction.
Remove Thfrom CT
Else
Priority(Tn) = Priority( Tr) + fixed priority level
EndIf
EndFor
EndIf
Return(Success)
Endlf
End

5.3. Implementation and Performance | ssues

The implementation of the similarity-based protocol will not incur heavy additional overheads. The
main overhead is in the checking of similarity. The checking is performed whenever a lock conflict has
occurred. Since the lock table is assumed at the main memory, the comparison amongst the similarity bounds of
the conflicting data objects and the time-stamps of the conflicting transactions should be able to be performed in
an efficient way. On the other hand, the benefit of a similarity based concurrency control protocol is an increase
in system concurrency. If the similarity bounds of the data objects are well-chosen, the benefit obtained from an
increased in concurrency control should be more than the overhead for the similarity checking.

As astute reader may notice that an increase in concurrency may not necessarily result in better
performance, e.g., higher probability of meeting the transaction deadlines. If the similarity bounds are small,
even though some of the lock conflicts are similar and concurrent accesses of a data object from different
transactions are allowed, the transactions may later be restarted due to a conflict with another higher-priority
transaction which is not similar to the executing transactions. The consequence is a greater cost for resolving the
lock conflict as more transactions are restarted and greater amounts of resources are wasted. Thus, the
effectiveness of the similarity approach is highly dependent on the values of the similar bounds of the data
objects relative to the time required to complete a transaction. Since mobile network is slow and unpredictable,
the time required to complete a transaction can be very long. It may be that only large similar bounds can give a
significant improvement to the system performance. The effectiveness of similarity for concurrency control in
MDRTDBS and the performance of the SDHP-2PL will be studied in the next section.

6. PERFORMANCE EXPERIMENTS

We have developed a simulation program for the MDRTDBS model introduced in Section 2 and
simul ation experiments are performed:

(1) to study the performance of the DHP-2PL as compared with the HP-2PL ina MDRTDBS;

(2) to study the performance of the transaction shipping approach, as compared with the query

shipping approach;

(3) to compare the performance of the two approaches, aggressive and conservative, for resolving data
conflicts in the SDHP-2PL and to identify the effectiveness of using similarity for concurrency
control inaMDRTDBS.

Note that the purposes of the simulation studies are not to investigate the performance of the proposed
protocols and approaches at a specific mobile environment and for a specific real-time database application.
Instead, the objectives are to identify the performance characteristics of the protocols and approaches, and to
demonstrate the capability of the algorithms in improving the performance of MDRTDBS. In the experiments,
we shall focus ourselves on the issues related to mobile network and data conflict resolution.

6.1. Smulation Model

A simulation program has been developed using OpNET, which is a proprietary simulation tool
according to the MDRTDBS model introduced in Section 2. In OpNET, a radio module is provided for mobile
communication [22]. With the radio module, most of the details of a cellular radio network, such as the mobile
clients, MTSO and base stations are implemented and the unique features of a mobile network such as call-setup
procedure, tear down features, and handoff procedure, are modeled explicitly. In the simulation program, the
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clients are modeled with mobility and may move around and even cross the cell borders. Different clients are
given different trajectories. They can self-locate themselves based on the received signal strength from the base
stations and communicate with the base stations using pre-defined radio signals via the uplink and downlink
channels. Disconnection is modeled explicitly by defining a probability for a disconnection between a mobile
client and its base station every time when a channel request is made. Transient errors in communication are
modeled by a noise factor, which affects the strength of radio signal received by the base stations and mobile
clients.

In the system level, aDRTDBS model is implemented [31] in which the Distributed High Priority Two
Phase Locking (DHP-2PL) is used for concurrency control. The database system at each base station is shown in
Figure 5. It consists of a scheduler, a CPU, aready queue, alocal database, alock table, and a block queue. It is
assumed that the database isresided at the main memory in order to eliminate the impacts of disk 1/O scheduling
on the system performance [1, 33]. To simplify the model, we further assume that all the temporal data objects
have the same avi and rvi.* In each local database system, an update generator creates updates periodically to
refresh the validity of the temporal data objects. Updates are single operation transactions. They do not have
deadlines. The priorities of the updates are assigned to be higher than the priorities of all of the other
transactions in order to maintain the validity of the temporal data objects[36].

Transactions are generated from mobile clients sporadically. Each transaction is defined as a sequence
of operations. It is assumed that the transactions have the same criticality level. Let each operation access a
single data object, and the required data object of an operation is evenly distributed in the database. The
operations have similar CPU requirement statistically. Transactions wait in the ready queue for CPU allocation,
and the CPU is scheduled according to the transaction priorities which are assigned based on the earliest
deadline first policy. Since we assume that the transactions are associated with firm deadlines, the scheduler will
check the deadline before atransaction is allocated the CPU. If the deadline is missed, the transaction is aborted
immediately. If any of the temporal data objects accessed by the transaction becomes invalid before the
commitment of the transaction, the transaction is aborted as it may observe some out-dated data values. After
the completion of atransaction, the mobile client will generate another transaction after athink time.

Ready Queue
Update yQ
Generators
SchaMuler H
Wired and Wireless
Communication
L ock Interface
Block Queue Table

Fig. 5: Modd of adatabase system in a base station

In the model, the Distributed High Priority Two Phase Locking (DHP-2PL) is employed for
concurrency control. (In the second set of experiments, we will replace it with the SDHP-2PL.) A lock table is
maintained for the data objects residing at each base station. The scheduler detects lock conflicts by examining
the lock table. Before an operation is processed, its required lock has to be set in an appropriate mode. After the
completion of all the operations of atransaction, the transaction enters the commit phase in which the two phase
commit protocol will be performed. The locks of a transaction will be released upon its commitment.

6.2. Model Parameters and Performance Measures

Similar to many previous studies on single-site and distributed RTDBS, the deadline of a transaction,
T, is defined according to the expected execution time of atransaction [1, 3, 8, 8, 17, 18]:

4 Notethat if theavi and rvi or the temporal data objects are different and some of them have asmaller value, the probability of transaction
abort will be higher dueto tighter temporal constraint. However, theimpact of this factor on the relative performance of the proposed
protocols and approaches should be similar.
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Deadline= ar(T) + pex(T) ~ (1+ SF)

where  SF : the dlack factor which is arandom variable uniformly chosen from a slack range;
ar(T): the arrival time of transaction T;
pex(T): the predicted execution time of T. It is defined as:

pex(T) = (Tiock+ Torocess + Tupdate) ~ Noper

where  Ngper: the number of operations in the transaction;
Tiock: the CPU timerequired to set alock;
Torocess: the CPU time required to process an operation; and
Tupdate: the CPU time to update a data object (for write operations) .

Since different transaction processing strategies will expect different transaction execution times, we
assumethat all the operations of the transactions are local operationsin the calculation of transaction deadlines.
The baseline setting of the model is shown as follows:

Parameters | Baseline Values

System L evel

Number of MTSO 1

Number of Cell Sites 7

L ocation Update Interval 0.2 second

Transmission Speed for Channel 10 kbps

Number of Channels for Each Cell Site 10

Transaction

Think Time 4 seconds

Transaction Size 7 to 14 operations, uniform distribution

Proportion of write operations 1.0

Slack range 10 — 20 (the slack factor is uniformly distributed in the
slack range)

Maobile Network

Number of Mobile Clients 84

Channel Connection time (CL) 1 second

Call Update Interval 0.2 second

Disconnection probability 0.5%

Database

Number of Local Databases 7 (1in each base station)

Database Size 200 data objects per local database

Concurrency Control Distributed High Priority Two Phase Locking
(DHP-2PL)

Fraction of Temporal Data Objects 10%

Tempora Data Object Update Interval 0.5 update per second per data object

Absolute Threshold (avi) 12 seconds

Relative Threshold (rvi) 8 seconds

CchPU

CPU Scheduling Earliest Deadline First

CPU time to process an operation A ms

CPU timeto set alock 1ms

CPU timeto release alock 1ms

CPU time to check alock 1ms

CPU timeto update a data object 6 ms

CPU time for pre-analysis 100ms

Deadline Missing Treatment Firm deadline, abort the transaction once the
transaction deadline is found missing

Table 1: Model parameters and their baseline values
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The channel connection time (CL) is the time required to send a message from an MC to its base
station. It is defined based on the transmission speed of the channel and the message size. For a transmission
speed of 10kbps, the channel connection timeis 1 second for a message of 1Kbytes. The location update interval
must be smaller than the channel connection time. Otherwise, a channel will not be able to be created after an
M C has crossed the border into another cell site.

In the simulation program, the locality of transactions in accessing data objects is not modeled
explicitly. The reason is that data locality is application-dependent, and it is not our objective to study the
performance of the system for a specific application. Instead, a small database is used which allows us to study
the effect of hot-spots, in which a small part of the database is accessed very frequently by most of the
transactions. Another benefit of using a small database is to create a high data contention environment. It helps
us to understand the performance characteristics of the concurrency control protocol. A small database means
that the degree of data contention in the system can be easily controlled by the sizes of the transactions.

The primary performance measure used is the miss rate. It is defined as the number of transactions
which miss deadlines over the total number of transactions generated. In addition to miss rate, we also measure
the conflict probability (CP) which is defined as the total number of lock conflicts over the total number of lock
requests. The conflict probability can be used as an indicator of the degree of data contention in the system.
Other measures are CPU utilization and the abort with restart probability (ARP) . The CPU utilization gives the
degree of resource contention at the base station. The ARP is defined as the number of aborted transactions,
which had been restarted due to lock conflict, over the total number of transactions which have been restarted. It
can be an indicator of the probability of deadline missing due to transaction restart.

6.3. Smulation Results and Discussions

In the following sub-sections, we report the important simulation results obtained from the simulation
experiments. In each simulation run, the simulation time is 1,000sec. For a think time of 4 seconds, about
10,000 transactions are generated from the 84 mobile clients in each simulation run. The length of the
simulation is determined after a number of trial runs using different simulation lengths until stable results are
obtained.

6.3.1. Performance of the DHP-2PL

In this set of experiments, we compare the performance of the DHP-2PL with the distributed version of
HP-2PL in which the lock-holding transaction will be restarted when the priority of the lock-requesting
transactionis higher.

In Figure 6, we can see that the performance of the DHP-2PL is consistently better than the HP-2PL at
different transaction workloads. An increase in think time decreases the transaction workload. The better
performance of the DHP-2PL is due to its specific lock conflict resolution mechanisms for mobile network: (1)
priority inheritance for resolving the lock conflict where the lock holding transaction is committing; and (2)
cautious waiting for resolving the lock conflict where the lock holding transaction is suspected to be a
disconnected transaction. Although the probability of network disconnection is very low as defined in the
experiments, e.g., 0.5%, itsimpacts on system performance can be very significant due to the chain of blocking
effect. A disconnected transaction can block several transactions directly and transitively. Consequently, all the
blocked transactions may miss their deadlines. The higher lock conflict probability can be observed in Figure 7
in which we can see that the conflict probability of the DHP-2PL is consistently lower than that of the HP-2PL.
We repeat the experiments for a system where the deadline constraints of the transactions are tighter, e.g., the
slack range is 20 to 25. The results are shown in Figure 8. Consistent with the results in Figure 6, the miss rate
of the DHP-2PL is significantly lower than that of the HP-2PL for different values of think time.

6.3.2. Performance of the Transaction Shipping Approach

In this set of experiments, we study the performance of the transaction shipping approach (TS) as
compared with the query shipping approach (QS) at different return probabilities. The reason of not comparing
with the data shipping approach is that the data shipping approach may require the transmission of large amount
of dataand is not suitable to MDRTDBS. Under the transaction shipping approach, a transaction has to go back
to its originating mobile client while it is executing when: (1) it has to receive input data from the mobile client;
or (2) the prediction at the pre-analysis phase isincorrect. For both cases, the pre-analysis for the transaction has
to be performed again at the mobile client.

In the experiments, the return probability defines the probability for which atransaction has to go back
to its originating mobile client after the completion of an operation. The value of return probability depends on
the accuracy of the prediction obtained at the pre-analysis phase and the dynamic behavior of the transactions.
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When the return probability is set to be zero, it means that the prediction is correct, and the transaction does not
need to go back to the mobile client once it has been transmitted to the base station. If the return probability is
set to be one, the prediction completely fails. Every time after an operation has been completed, the transaction
has to go back to the base station to refine the execution path for its remaining operations.

Figure 9 shows the miss rates of the transactions shipping approach (TS) and the query shipping
approach (QS) at different return probabilities and when the channel connection times are 1 second (CL = 1) and
2 seconds (CL = 2). From the figure, it can be seen that the performance of the system is greatly improved with
the use of the transaction shipping approach, especially when the return probability is low (a high accuracy of
prediction in the pre-analysis phase). This is consistent with our expectation. Under the transaction shipping
approach, the number of communications required to process a transaction is much reduced. Thus, the
transactions can be completed earlier as the total mobile network delay is much reduced. Even though a
transaction has been restarted due to alock conflict with a higher-priority transaction, the restarted transaction
still has a high probability to be completed before its deadline. Thus, the abort with restart probability (ARP) is
much lower under the transaction shipping approach than under the query shipping approach as shown in Figure
10. With the use of transaction shipping approach, the workload in the CPU is generally higher as some of the
workload on the network is now shifted to the base stations. Thus, we can see that the CPU utilization increases
with areduction in the return probability as shown in Figure 11.

An important observation in Figure 9 is that even though the return probability is 1, e.g., the prediction
is wrong every time, the performance of the transaction shipping approach (TS) is still much better than the
guery shipping approach (QS). It is due to the data pre-fetching mechanism in the transaction shipping
approach. Even though a wrong prediction has been made in the pre-analysis phase, the system still can pre-
fetch the required data of the next operation of the transaction based on the pre-defined characteristics of the
transaction. Thus, the number of communications between the base stations and mobile clients is still much
reduced.

As also can be observed in Figure 9, the improvement of using the transaction shipping approach is
smaller when the channel contention time is long and the return probability is high, e.g., CL = 2 and return
probability = 1. The reason is that at a higher channel contention, even with the use of the transaction shipping
approach, the transactions may still have a high probability of missing deadlines. As shown in Figure 10, the
abort with restart rate for the transaction shipping approach is higher at longer channel connection time.

We repeat the experiments using alooser deadline constraint for the transactions, e.g., slack range is 20
— 25. The results are shown in Figure 12 to Figure 14. Consistent with the previous set of results, the use of
transaction shipping approach still can greatly improve the system performance when the transactions have
looser deadline constraints, e.g., more slack time for execution.

Figure 15 shows the impacts of different pre-analysis overheads (in terms of the amount of time) on the
miss rate under the transaction shipping approach when the return probabilities (RR) are 0.8 and 1.0. One
interesting observation is that the overheads do not have any significant effect on the performance of the
transaction shipping approach. Although the overheads may make the deadlines tighter, because of the
lengthened time required to complete a transaction, it also releases the degree of resource contention in the
system (the mobile network and the base stations), especially on the channels. It is because the transactions now
spend more time at the mobile client side, instead of at the mobile network and base stations.

6.3.3. Performance of the Smilarity-based Protocols

Figure 16 shows the performance of the SDHP-2PL using the aggressive approach (SDHP-2PL-AQ)
and the conservative approach (SDHP-2PL-Con) at different similarity bounds. It is surprise to see that for both
SDHP-2PL-Ag and SDHP-2PL-Con relaxing the correctness of concurrency control to similarity may not
always improve the system performance. If the similarity bound is very small, e.g., £ 1 seconds, the miss rates
are even higher than the case where the similarity bound is zero, e.g. the protocol is reduced to the DHP-2PL.
The main reasons may be that:

(1) athough relaxing the correctness criterion to similarity can increase the system concurrency, the
number of transaction restarts may be higher if the similarity bound is very small. More than one
transaction may be allowed to access a data items concurrency if they can pass the similarity test.
However, all of them may be restarted if they are not similar to a higher-priority transaction.

(2) The transaction restart overhead is very high in a mobile environment. The probability of deadline
missing will be much higher if atransaction is restarted.

Asshown in Figure 16, the values of the similarity bounds of the data objects play an important rolein
the effectiveness of using similarity for concurrency control. A significant amount of improvement is achieved
for larger similarity bounds, e.g., similarity bound?® 2 seconds. As expected, the improvement is due to smaller
blocking and restart probability. Smaller conflict probabilities can be observed in Figure 17 in which the conflict
probability of both SDHP-2PL-Ag and SDHP-2PL -Con decreases with an increase in similarity bound.
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When we compare the performance of the SDHP-2PL-Ag with SDHP-2PL-Con, we can see that in
general SDHP-2PL-Con gives a better performance although their performance is very similar especialy when
the similarity bound is very small and very large. The main reason of the slightly poor performance of the
SDHP-2PL-Ag is due to the heavy restart overhead. In the SDHP-2PL-Ag, a lower-priority transaction will be
restarted if the priority of the lock requesting transaction higher. The restarted transaction will have a high
probability of missits deadline. As shown in Figure 18, the abort with restart probability is higher in the SDHP-
2PL-Ag than that in the SDHP-2PL-Con. When the similar bound is large, the performance of SDHP-2PL-Ag
and SDHP-2PL -Con becomes very similar as most of the conflicts are resolved by similarity.

7. CONCLUSIONS

The design of mobile distributed real-time database systems (MDRTDBS) is receiving growing
interests in recent years. Due to the poor quality of services provided by a mobile network, it is not easy to meet
the deadlines of the transactions in a MDRTDBS. In this paper, we define a detailed model for MDRTDBS, in
which the mobility of the mobile clients and characteristics of the mobile network, e.g., disconnection and low
bandwidth, are modeled explicitly. We have designed a distributed real-time locking protocol, called Distributed
High Priority Two Phase Locking (DHP-2PL), where the characteristics of the mobile network are considered in
resolving the conflicts in data accesses. Then, we propose two strategies to improve the system performance and
to reduce the impact of mobile network on the performance of the adopted concurrency control protocol. We
first proposethe concept of transaction shipping to reduce the dependency of a concurrency control protocol on
the performance of the underlying network. With the transaction shipping approach, the communication
overheads for processing a transaction can be much reduced. A data pre-fetching mechanism is included in the
transaction shipping approach to deal with the dynamic properties of transactions and inaccuracy of prediction
in the pre-analysis. We then adopt the notion of similarity to resolve conflicts among data access that can be
very costly over a mobile network. Different issues in the design of similarity-based real-time locking protocol
are discussed. In the design of similarity-based locking protocol, special attention should be paid in resolving a
lock conflict in which some of the lock holders are similar to the lock requester while some of them are not.
Two methods, the aggressive and conservative approaches, are suggested to resolve the conflicts.

Simulation experiments have been conducted to investigate the performance of the DHP-2PL protocol,
the effectiveness of the transaction shipping approach and the similarity-based protocols. With the transaction
shipping approach, the number of deadline violationsis greatly reduced as the contention for channels, the time
spent on communication, the probability of lock conflict, and the amount of resources wasted on restarted
transactions are much reduced. The transaction shipping approach can also help balance the workload in the
system (between the channels and the base stations). The use of similarity-based algorithm further improves the
system performance by reducing the number of lock conflicts. However, the experimental results show that the
effectiveness of similarity depends very much on the values of the similarity bounds.
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