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Abstract

In broadcast environments, the limited bandwidth of the upstream communication channel from the mobile clients to the server
bars the application of conventional concurrency control protocols. In this paper, we propose a new variant of the optimistic
concurrency control (OCC) protocol that is suitable for broadcast environments. At the server, forward validation of a transaction
is done against currently running transactions, including mobile transactions and server transactions. At the mobile clients, partial
backward validation of a transaction is done against committed transactions at the beginning of every broadcast cycle. Upon
completion of execution, read-only mobile transactions can be validated and committed locally and update mobile transactions are
sent to the server for final validation. These update transactions have a better chance of commitment because they have gone
through the partial backward validation. In addition to the nice properties of conventional OCC protocols, this protocol provides
autonomy between the mobile clients and the server with minimum upstream communication, which is a desirable feature to the
scalability of applications running in broadcast environments. This protocol is able to process both update transactions and read-

only transactions at the mobile clients at low space and processing overheads.
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1. Introduction

In near future, tens of millions of users will be car-
rying a portable computer that uses a wireless interface
to access the worldwide information network for busi-
ness or personal use (Imielinski and Badrinath, 1994).
However, some physical constraints of wireless com-
munication pose a number of challenging issues on
transaction processing. In a wireless mobile network, the
server may have a relatively high downstream band-
width broadcast capability while the upstream band-
width for mobile clients to the server is very limited.
Such asymmetric communication environments (Ach-

*The work described in this paper was partially supported by a
grant from CityU (project no. 7001193) and a grant from the Research
Grants Council of the Hong Kong Special Administrative Region,
China (project no. CityU 1075/02E). This paper is a complete and
extended version of a paper containing the preliminary idea in the First
International Conference on Mobile Data Access, 1999.

*Corresponding author. Tel.: +852-2788-8617; fax: +852-2788-
8614.

E-mail address: csvlee@cityu.edu.hk (V.C.S. Lee).

0164-1212/$ - see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0164-1212(03)00084-0

arya et al., 1995) render the conventional transaction
processing mechanisms inapplicable because those
mechanisms require considerable bi-directional com-
munication between the server and mobile clients and
the time required for message passing may be intolerably
long. Another issue is that data transmission over the air
is monetarily expensive as the bandwidth from mobile
clients to the server will continue to be a scarce resource
(Pitoura and Bhargava, 1994). The prolonged commu-
nication time may be too costly. Furthermore, the large
population size of mobile clients may overload the ser-
ver when they asynchronously submit transactions to
the server for processing. Therefore, one of the design
objectives of our protocol is to minimize the use of
upstream bandwidth.

To exploit the relative abundance of downstream
communication capacity from the server to the mobile
clients, broadcast-based data dissemination becomes a
major mode of information transfer in mobile comput-
ing and wireless environments (Alonso and Korth, 1993;
Imielinski and Badrinath, 1994; Zdonik et al., 1994).
Therefore, we assume such broadcast mechanism in our


mail to: csvlee@cityu.edu.hk

184 V.C.S. Lee et al. | The Journal of Systems and Software 69 (2004) 183-193

proposed protocol. Broadcast disks (Acharya et al.,
1995) are a form of such data dissemination systems.
The server continuously and repeatedly broadcasts all
data objects in the database. The mobile clients view this
broadcast as a disk and read the values of data objects
being broadcast. A periodic broadcast program is con-
structed to schedule the broadcast of data objects cy-
clically according to certain popularity criteria. Some
unused extra broadcast slots in each broadcast cycle can
be used to broadcast additional information such as
control information to be used by the mobile clients to
perform some functions on their local transactions.

Many applications in broadcast environments are
inherently real-time in nature. Transactions are associ-
ated with timing constraints in form of deadlines, in-
dependent of whether they originate from the mobile
clients or the static hosts over wired or wireless net-
works. For instance, it may be a financial or opportunity
loss if a stock-trading transaction cannot be completed
with a certain timing constraint, disregarding whether
the stock trader is submitting the transaction (purchas-
ing or read-only) in his office (wired) or on a ride to
somewhere (wireless). In addition, the temporal validity
of some data objects such as stock prices or sensor data
poses another type of timing constraints to the database
systems. Transaction correctness is then defined as
meeting its timing constraints and using data that is
absolutely and relatively timing consistent (Stankovic
and Zhao, 1988; Stankovic et al., 1999).

Most of the systems and applications in mobile
computing environments comprise of a large proportion
of read-only transactions. Read-only transactions do
not modify any data (Garcia-Molina and Wiederhold,
1982). Examples include information dispersal systems
for temporal or time-sensitive information such as stock
prices, traffic condition and weather information. In
electronic commerce applications, such as stock markets
and auctions, it is expected that the number of stock
buyers or bidders is relatively few compared to the
number of speculators who look up (read) the prices
frequently. The large population of read-only transac-
tions makes the processing of read-only transactions an
important performance issue in these applications (Kuo
et al., 1998). Although, read-only transactions can be
processed with conventional transaction processing al-
gorithms, in many cases it is more efficient to process
read-only transactions with special algorithms which
take advantage of the knowledge that the transactions
only read (Garcia-Molina and Wiederhold, 1982; Lam
et al., 1998). Therefore, another design objective of our
proposed protocol is to exploit the semantics of read-
only transactions at mobile clients such that they can be
processed separately from the update transactions at the
server.

The rest of this paper is organized as follows. Section
2 discusses some related work. Section 3 discusses im-

portant issues of transaction processing in broadcast
environments that induce the development of our pro-
posed protocol. Our proposed protocol will be described
in Section 4. Section 5 shows the performance of our
proposed protocol compared with the conventional
optimistic concurrency control (OCC) protocol using
simulation. We conclude the study and discuss any en-
hancement and optimization that can be done in near
future in Section 6.

2. Related work

Data management in wireless environments receives a
lot of attention in these few years (Barbara, 1997;
Dunham et al., 1997; Huang et al., 1994; Imielinski and
Badrinath, 1994; Lam et al., 1999; Lee et al., 1998;
Pitoura and Bhargava, 1994; Pitoura and Samaras,
1998; Shanmugasundaram et al., 1997). However, there
are few studies on transaction processing in wireless
environments, and nearly all of them are focused on
processing of read-only transactions. In particular, a
data-cycle architecture (Herman et al., 1987) is intro-
duced for high throughput database systems. The entire
contents of the database are repetitively broadcast to the
hosts in a high bandwidth network. Shanmugasunda-
ram et al. (1999) showed that it is very expensive to use
serializability as correctness criterion in the data-cycle
architecture. In his pioneer work (Shanmugasundaram
et al., 1999), a correctness criterion is proposed to allow
read-only transactions to read current and consistent
data in wireless environments without contacting the
server. However, serializability is not maintained in their
protocol. Two different read-only transactions may
perceive the effects of update transactions in different
serialization orders. It may be hazardous to certain ap-
plications such as mobile stock trading where a buy/sell
trade will be triggered to exploit the temporary pricing
relationships among stocks. From the trader’s perspec-
tive, the inability of database management system to
maintain the serializability may have important financial
consequences (Bowen et al., 1992). For instance, if the
users who submit multiple read-only transactions com-
municate and compare their query results, they may be
confused (Garcia-Molina and Wiederhold, 1982). Dis-
tinct from the past work, the protocol proposed in this
paper considers both read-only and update transactions
at the mobile clients, and the proposed protocol main-
tains the serializability at low cost in terms of a smaller
control information size.

In another comprehensive work (Pitoura, 1998;
Pitoura and Chrysanthis, 1999), a number of broadcast
methods are introduced to guarantee the correctness of
read-only transactions. The multiversion broadcast ap-
proach broadcasts a number of versions for each data
item along with the version numbers. This method
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increases the size of the broadcast cycle and accordingly
the response time. Moreover, the serialization order is
fixed at the beginning of the read-only transaction. It is
usually too restrictive and lacks flexibility. In the inval-
idation-only broadcast, a read-only transaction is abor-
ted if any data item that has been read by the read-only
transaction is updated at the server, and it results in low
concurrency. For the conflict-serializability method,
both the mobile clients and the server have to maintain a
copy of the serialization graph for conflict checking. It
incurs high overheads to maintain the serialization
graph. The integration of updates into the local copy of
the serialization graph and the cycle detection may be
too computation intensive for portable mobile com-
puters.

Barbara (1997) used a modified version of OCC to
support both read-only and update transactions at the
mobile client side. However, in their protocol, they
adopted a certifier that aborts mobile transactions
whenever there are data conflicts with server transac-
tions. This mechanism will cause intolerable delay to
mobile transactions that are aborted when they are
submitted to the server for completing the verification.
In addition, read-only transactions are not discrimi-
nately handled in their protocol. On the other hand, in
our proposed OCC variant, we adopt forward valida-
tion at the server such that mobile transactions that are
submitted to the server for final validation are more
likely to commit. Therefore, fewer mobile transactions
will be restarted at the server and more processing and
communication resources will be saved. Furthermore,
read-only transactions are handled separately in our
protocol such that they are allowed to commit locally at
the mobile client side without contacting the server. As a
result, the system performance is further enhanced.

3. Issues of transaction processing in broadcast environ-
ments

In this section, some important issues of transaction
processing in real-time broadcast environments are dis-
cussed. These issues are then addressed in the design of
our proposed protocol.

3.1. Asymmetric communication and limited capability of
mobile computers

The first most critical constraint in wireless environ-
ments is the limited upstream bandwidth from the mo-
bile clients to the server. So, a desirable concurrency
control protocol should minimize the use of upstream
communication channel. Other constraints are the lim-
ited capability and battery life of the mobile clients. It is
of particular importance to reduce the amount of un-
productive processing in mobile computers.

Conventional concurrency control protocols are
based on locking and optimistic approaches. However,
locking-based protocols are not feasible in wireless en-
vironments (Shanmugasundaram et al., 1999) because
lock requests for each data object from the mobile cli-
ents to the server require excessive bi-directional com-
munication that is too expensive in light of the limited
upstream bandwidth. The transaction response time will
be intolerably long due to the low bandwidth in wireless
environments. Furthermore, the population size in
broadcast environments is usually very large. A huge
number of lock requests will overload the server.

On the other hand, OCC protocols are preferable. In
OCC mechanism, transactions are allowed to execute
unhindered until they reach their commit point, at which
time they are validated (Kung and Robinson, 1981).
This approach suits the asymmetric communication
bandwidth property in broadcast environments. The
server can use the large downstream bandwidth to
broadcast data objects to transactions at the mobile
clients where they can be processed locally without
sending every request to the server. After a transaction
finishes reading and pre-writing all the requested data
objects at the mobile client, the transaction together
with the required information is sent back to the server
for validation. This basic and straightforward extension
of optimistic approach helps to relieve the limited up-
stream communication bandwidth. However, this ap-
proach suffers from a number of overheads. Firstly, a
large number of validation requests may overload the
server and the server has to keep a long historical record
of committed transactions for validation. Secondly,
some mobile transactions, which are destined to restart
due to data conflicts with committed transactions at the
server, are allowed to execute to the end and are sent to
the server for validation. Processing of these destined-
to-restart transactions is useless and wastes the limited
upstream communication bandwidth. Eventually, these
overheads may lead to insufficient time for mobile
transactions to complete their execution before dead-
lines. To solve these problems, our proposed OCC
variant can detect data conflicts and restart the trans-
actions at early stage of execution at the mobile client
side. As a result, unfruitful processing and communi-
cation can be eliminated. Moreover, transactions may
have greater chance to complete before their deadlines
after restart.

3.2. Serializability

Due to the asymmetric communication bandwidth
between the mobile clients and the server, existing con-
currency control protocols for transaction processing
are not suitable for broadcast environments. Hence,
recent work (Shanmugasundaram et al., 1997; Shan-
mugasundaram et al., 1999) relaxed the strictness of
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serializability and proposed some concurrency control
protocols based on the relaxed consistency requirements
for broadcast environments. While these protocols are
useful in some real-time applications, serializability is
needed to guarantee correctness of some applications in
real-time broadcast environments.

Serializability is the standard notion of correctness in
transaction processing (Bernstein et al., 1987) to pre-
serve database consistency. Serializability requires that
concurrent transactions be scheduled in a serializable
way, i.e., the result produced by the interleaved execu-
tion of a set of transactions should be equal to the result
produced by executing the transactions in some serial
order. When transactions are processed in a serializable
manner, the database is guaranteed to remain in a
consistent state. Therefore, the objectives of concur-
rency control in transaction processing are to maintain
the serializability on the one hand and to maximize
concurrency on the other so that transactions are more
likely to complete within their deadlines (Peng and Lin,
1996; Yu et al., 1994). To illustrate the importance of the
serializability in transaction processing in wireless envi-
ronments, let us take mobile stock trading as an exam-
ple. Consider a stock-trading read-only transaction QO
at a mobile client that reads the number of units (X) and
the unit price (¥) of a stock. Let U, and U; be update
transactions at the server that update the values of X
and Y, respectively.

Consider the following execution schedule:

M X)R(N)rnX)w(X)es  m(Y)ws(Y)esr (V) -

If O, was allowed to commit, then both the server and
the mobile client would see serializable executions. The
serialization order for the server is U, — U; whereas the
serialization order for Q; at the mobile client is U; — QO
(— U,). Assume that the execution schedule is allowed,
and the number of units X of the stock is reduced from
1100 to 1000 and is updated by U, whereas the unit price
Y of the stock drops to $0.9 and is updated by U;. Since
0, perceives a different serialization order from that by
the server, it would appear to Q; that there were 1100
units of the stock with unit price of $0.9. This is con-
fusing. In fact, the global execution schedule
(Q1 — U, — Us — Q) is not serializable. In order to
avoid a transaction to see a logically inconsistent state
(Bober and Carey, 1992), the above execution schedule
should not be allowed.

3.3. Control information

To guarantee the serializability, additional control
information has to be broadcast by the server to the
mobile clients. The size and the complexity of control
information affect the performance of the system. First
of all, sending control information consumes band-
width. If the size of control information is comparable

to the size of database to be broadcast, it will be ineffi-
cient in terms of bandwidth utilization. Secondly, the
size of control information attributes to the length of
broadcast cycle, which in turn has a great impact on the
satisfaction of timing constraints of transactions at the
mobile clients. There are two main components that
affect transactions meeting their deadlines at the mobile
clients. The first one is the waiting time for data objects.
The waiting time increases with the length of broadcast
cycle. The second one is attributed to transaction re-
starts. Transaction restarts are mainly caused by data
conflicts during a broadcast cycle. When the length of
broadcast cycle increases, the number of transactions
committed at the server per broadcast cycle increases.
This in turn increases the likelihood of data conflict,
which leads to a higher transaction restart rate.

4. Optimistic concurrency control in broadcast environ-
ments

In this section, we first describe the development of
thought of our proposed protocol. Then, we briefly
discuss the underlying principles, particularly regarding
its validation. Then we describe the mechanism of the
proposed protocol in a single broadcast disk environ-
ment.

4.1. Development of thought

In this study, we assume that the underlying con-
currency control at the server is the conventional OCC.
In order to develop a protocol that makes the least
change to the server, one of the design objectives of the
protocol is that the new protocol should be fully com-
patible to the OCC protocol running at the server. The
key component in OCC protocols is the validation
phase, where a transaction’s destiny is decided. Valida-
tion can be carried out basically in two ways: backward
validation and forward validation (Haerder, 1984). While
in backward scheme, the validation process is done
against committed transactions, in forward validation,
validating of a transaction is carried out against cur-
rently running transactions. Forward validation pro-
vides flexibility for conflict resolution such that either
the validating transaction or the conflicting active
transactions may be chosen to restart, so it is more
popular in database systems. In addition, forward
scheme generally detects and resolves data conflicts
earlier than backward validation, and hence it wastes
less resources and time.

In wireless environments, there are different consid-
erations. At the server, there are transactions submitted
for validation by different sources including the mobile
clients. It is not desirable to restart a validating mobile
transaction because of high restart cost. Therefore,
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forward validation is a better choice for the server be-
cause of the flexibility to choose those active transac-
tions that are in conflict with the validating transaction
to restart. In addition, only the write set of a transaction
is required for forward validation, it allows the read-
only transactions to be validated locally and autono-
mously at the mobile clients. As a result, the server takes
the active role for the decision to commit transactions.
In other words, the server determines the serialization
order. On the other side, the mobile clients play a pas-
sive role. Given the serialization order determined by the
server, the mobile clients have to determine whether
their mobile transactions can be committed by detecting
any data conflicts with the committed transactions. As a
result, the mobile clients have to carry out the backward
validation process. Although it is possible to carry out
the backward validation at the end of a transaction
execution, it causes delayed transaction restarts and
wasted resources at the mobile clients. So, partial
backward validation is introduced at the beginning of
every broadcast cycle. Any transaction that is found to
read inconsistent data is restarted immediately.

4.2. Principles

In our proposed protocol, transactions are allowed to
execute unhindered until they reach the validation point
or partial validation point for mobile transactions. The
validation is based on the following principle to ensure
the serializability.

If a transaction T; is serialized before transaction T},
the following two conditions must be satisfied:

Condition 1: No overwriting

The writes of 7; should not overwrite the writes of T;.
Condition 2: No read dependency

The writes of 7; should not affect the read phase of 7.

Generally, Condition 1 is ensured by performing the
write phase serially in critical sections at the server.
Thus, only Condition 2 will be considered. In the fol-
lowing sections, we will describe two validation schemes
at the mobile clients and the server. The objective of
these validation schemes is to satisfy the requirement of
Condition 2.

4.3. Backward validation at the mobile clients

At the mobile clients, all transactions including read-
only transactions and update transactions have to per-
form a partial validation at the beginning of every
broadcast cycle. The partial validation is carried out by
consulting the control information broadcast by the
server at the beginning of every broadcast cycle. The
content of the control information will be described
later. If the transaction fails the partial validation, it will

be aborted and restarted. Otherwise, the transaction can
proceed. The partial validation process is carried out
against committed transactions (at the server) in the last
broadcast cycle. Data conflicts are detected by com-
paring the read set of the validating mobile transaction
and the write set of committed transactions, since it is
obvious that committed transactions precede the vali-
dating transaction in the serialization order. Such data
conflicts are resolved to ensure Condition 2 by restarting
the validating mobile transaction.

Let T, be the partial validating mobile transaction,
and CD(C;) be the set of data objects that have been
committed (updated) in the last broadcast cycle C; at the
server. Let CRS(7,,) denote the current read set of
transaction Tp,y, which is the set of data objects that have
been read by 7, from previous broadcast cycles. The
backward validation is described by the following pro-
cedure:

partial_validate(7Tpy)

{
if CD(C;) N CRS(Tyy) #{ } then
abort(Tyy);
else
{
record the value of Cj;
T,, is allowed to continue;
Y
endif;
}

Note that CD(C;) is stored in the control information
table. The value of C; is recorded for the final validation
to be described in the next section.

4.4. Forward validation at the server

At the server, validation of a transaction is done
against currently running transactions. Note that a
validating transaction at the server may be a server
transaction or a mobile transaction submitted by the
mobile clients. This process is based on the assumption
that the validating transaction is ahead of every con-
currently running transaction still in read phase in the
serialization order. Thus, the write set of the validating
transaction is used for data conflict detection to ensure
Condition 2. The detection of data conflicts is carried
out by comparing the write set of the validating trans-
action and the read set of active transactions. That is, if
an active transaction, 7;, has read an object that has
been concurrently written by the validating transaction,
the value of the object used by 7; is not consistent. Such
data conflicts are resolved by restarting the conflicting
transactions in the read phase. For mobile transactions,
data conflicts are detected in the partial validation
described above.
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For an update transaction submitted by a mobile
client, it has to perform a final validation before the
forward validation. The final validation is necessary be-
cause there may be transactions committed since the last
partial validation performed at the mobile client. So, the
broadcast cycle number of the last partial validation
performed at the mobile client has to be sent to the server
along with the update transaction for final validation.

Let 7, be the validating transaction, and T,
(a=1,2,...,n, a#v) be the conflicting transactions
existing at the server in their read phase. Let Cj be the
broadcast cycle number received along with 7,. That is,
T, has performed it last partial backward validation at
the mobile client in the broadcast cycle C;. Note that a
mobile transaction may read or write data objects after
partial validation and before being sent to the server for
final validation. Therefore, there may exist some trans-
actions at the server that are committed and in conflict
with 7, since its last partial validation. Let T,
(c=1,2,...,m) be the transactions committed at the
server since Cy. If the history of T, is not available at the
server due to space limitation, 7, has to be aborted. Let
RS(T) and WS(T) denote the read set and the write set
of a transaction 7, respectively. Recall that CD((;) is
the set of data objects that are updated in the current
broadcast cycle and is initialized at the beginning of
every broadcast cycle. Then the forward validation at
the server is described by the following procedure:

validate(T,)
{
if 7, is a mobile transaction then
{
final validate(T,);
if return fail then
{
abort(T,);
exit;
b
b
foreach 7, (a=1, 2,..., n)
{
if RS(T,) NWS(T,) #{ } then
abort(7,);
b
commit WS(7,) to database;
CD(C;) = CD(C;) UWS(T,);

¥
final validate(T,)
{ foreach 7. (c=1, 2,..., m)
{ if WS(T.) NRS(T,) #{ } then
return fail;
¥

return success;

)

If 7, is successfully validated, the write set of 7, is
recorded in the control information table, which will be
broadcast in the next broadcast cycle. The mobile clients
require the control information to perform the local
partial validation. In addition, the final validation re-
sults (commit or abort) of the mobile transactions are
included in the control information table for acknowl-
edgement to the mobile clients for further action.

4.5. The roles of server and mobile clients

During each broadcast cycle, the server broadcasts
the values of all data objects as well as the control in-
formation for the mobile clients to perform the partial
validation. To ensure the serializability of all transac-
tions submitted to the server including server transac-
tions and update transactions submitted by the mobile
clients, the server uses the OCC with forward validation
protocol described above.

At the mobile clients, before any read or write oper-
ations are performed on data objects broadcast during a
cycle, the control information transmitted at the begin-
ning of the cycle is consulted to perform the partial
validation. If the transaction fails the partial validation,
the transaction is aborted. Otherwise, the read or write
operation can proceed. A write operation on a data
object is performed on a private workspace at the mo-
bile client.

At the mobile clients, a read-only transaction can
commit locally if it passes all the partial backward val-
idation in the course of its execution. The transaction is
serialized after all transactions committed before the
beginning of the current broadcast cycle and is serialized
before all transactions committed after the beginning of
the current broadcast cycle. Note that a read-only
transaction may be serialized before a transaction that is
committed earlier at the server if the commit time of the
transaction is later than the start time of the current
broadcast cycle.

For an update transaction, the read set, write set, the
updated values and the broadcast cycle number of the
last partial validation performed at the mobile client
have to be sent to the server for final validation because
the position of the update transaction in the serialization
order is determined on the fly (at the validation point) at
the server. That is, the update transaction is serialized
after all transactions committed before its validation
point and is serialized before all active transactions. In
the final validation, forward validation is required be-
cause those active transactions that have data conflicts
with the validating transaction have to be identified and
aborted. After the final validation, the result is sent back
to the corresponding mobile client. To abort a transac-
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tion at the mobile clients, all copies of the data objects
written in the private workspace, if any, are discarded.

Theorem 1. A/l committed transactions in the system are
serializable.

Proof. The correctness of this theorem follows directly
from the arguments in the previous paragraph. O

Let us take the following set of transactions as an
example with the schedule depicted in Fig. 1.

At the mobile client :
At the server :

0, : r(a)r(b)

r(c)
U, : r(a)w(a)

03 : r(p)r(q)
Us : r(q)w(q)

In Fig. 1, we can find that O, cannot pass the partial
backward validation in broadcast cycle C;. It is because
after it has read data ¢ and b from the broadcast cycle
Ci_1, the value of a is written by U, before it can read
data ¢ in the broadcast cycle C; and commits. On the
other hand, Qs passes the partial backward validation
and commits locally. Note that although Q; commits
after Us, Q5 is before Us in the serialization order be-
cause Qs is not affected by Us. For U, at the mobile
client, it passes the partial backward validation in
broadcast cycle C;. After it reads the last data y and pre-
writes the value of y in its private workspace, the re-
quired information for the final validation of Uy is sent
to the server. However, it fails the final validation be-
cause the data y is written by Us before U, reaches its
validation point. If U reaches its validation phase after
U,’s validation point, Us will be aborted by U, in the
forward validation process and U, can commit.

189
4.6. Contributions

In our proposed protocol, read-only transactions can
be validated and committed locally at the mobile clients
without contacting the server. In view of a large pro-
portion of transactions being read-only transactions in
most data dissemination applications, autonomy of the
mobile clients to process read-only transactions saves
much processing burden of the server and upstream
communication cost. For update transactions, part of
the validation process is performed in advance at the

Uy : r(x)r(y)w(y)
Us : r(y)w(y)

mobile clients and it alleviates part of the burden from
the server.

In our proposed protocol, the partial backward val-
idation helps to detect data inconsistency such that
transactions can be aborted early at the mobile client
side instead of at the end of read phase. In addition, the
partial validation also helps to identify those update
transactions that are likely to commit before transmit-
ting them to the server for final validation such that the
battery power can be used effectively. These are very
desirable features in processing transactions to meet
their deadlines in real-time applications.

The size of control information required in our pro-
posed protocol is small. Let d be the size of a data object
identifier, ¢ be the maximum number of transactions
committed in a broadcast cycle and N be the maximum
number of (write) operations per transaction at the
server. Note that the mobile clients are required to

Q; fails the partial backward
validation because

CD(G) N CRS(Q) # {}

n(a) n(b) ) ux) l@(CI) C3 4(y) wa(y)
f f

Client I T T

Wireless medium

CD(C) = fa}

| |
Ci;RS (Us); WS (Uy) and

pre-written values
D(Ci+) = {q}

! ! \

Server f f f T t t

Ciy Ci 15(q) ws(q) cs

ri(a) wi(a) c

1 T T A time

16(y) Ws(y) cs

U, fails the final
validation because
WS(Us) " RS(Uy) # {}

Ci+l

Fig. 1. Transaction execution schedule.
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record the broadcast cycle number in which the partial
validation of a mobile transaction is performed. So, the
value of the broadcast cycle number has to be trans-
mitted. Let ¢ be the size of a broadcast cycle number.
The total size of the control information is therefore
Ntd + c.

5. Performance evaluation

The simulation experiments are aimed at studying the
performance of our proposed protocol in contrast with
the conventional OCC protocol in real-time broadcast
disk environments. We did not consider the effects of
caching in this performance study to rule out factors
other than concurrency control. In other words, a mo-
bile transaction may have to wait for the requested data
object in the next broadcast cycle if the requested data
object is missed (have been broadcast) in the current
broadcast cycle.

The major performance metric of these protocols is
the miss rate, which is the percentage of transactions
missing their deadlines. Another performance metric is
the restart rate, which is the average number of aborts
and restarts before a transaction can be committed.
Note that a transaction that has been restarted may
meet its deadline. Therefore, this metric can demon-
strate the effectiveness of the protocols in reducing
transaction restarts. Transaction response time, which is
the elapsed time when a transaction commits since a
mobile client submits the transaction, is also collected.
This metric includes the time involved in transaction
restarts. Note that a transaction may be restarted more
than once. The statistics of read-only mobile transac-
tions (MROT) and update mobile transactions (MT)
under conventional OCC and our proposed protocol
(FBOCC) are collected separately.

5.1. Parameter setting

The simulation model is based on the model de-
scribed in (Shanmugasundaram et al., 1999). It consists
of a server, a client, and a broadcast disk for transmit-
ting both the data objects and the required control in-
formation. At the server, conventional OCC protocol
with forward validation is employed. The mobile clients
process both read-only and update transactions. A
deadline is assigned to every mobile transaction when
they are submitted. The deadline of a mobile transaction
is assigned as (submission time + slack factor x predicted
execution time), where predicted execution time is a
function of transaction length, mean inter-operation delay
and broadcast cycle length. A mobile transaction is
processed until it is committed, even the deadline is
missed. The data objects that are accessed by a trans-
action are uniformly distributed in the database. Table 1
lists the baseline setting for the simulation experiments.
These values are selected in order to create a scenario
with high resource utilization and data contention. The
number of read/write operations of a transaction is
specified by the transaction length. The time unit is in
bit-time, the time to transmit a single bit. For a broad-
cast bandwidth of 64 Kbps, 1 M bit-times is equivalent
to approximately 15 s.

The server fills the broadcast disk with the data at the
beginning of a cycle. Each cycle consists of a broadcast
of all the data objects in the database along with the
associated control information. The response times are
measured in bit-time, and 95% confidence intervals were
obtained with widths less than 5% of the point estimates
of the response times.

5.2. Simulation results

Fig. 2 shows the miss rate of mobile transactions
under different concurrency control mechanisms with

Table 1

Baseline setting
Parameter Value
Mobile clients
Transaction length (number of operations) 4
Read operation probability (for update transactions) 0.5
Fraction of read-only transaction 70%

Mean inter-operation delay
Mean inter-transaction delay
Slack factor

Server

Transaction length

Transaction arrival rate

Read operation probability
Number of data objects in database
Size of data objects

Concurrency control protocol
Priority scheduling

65,536 bit-times (exponentially distributed)
131,072 bit-times (exponentially distributed)
2.0-8.0 (uniformly distributed)

8

1 per 2,000,000 to 1 per 200,000 bit-times
0.5

300

8000 bits

OCC with forward validation

Earliest deadline first
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Fig. 2. Miss rate versus server transaction arrival rate.

different loadings at the server. For OCC, there is no
discrimination between MROT and MT. Both are re-
quired to submit to the server for validation. Therefore,
the performance of these two transaction types is almost
the same. The miss rate increases with the server trans-
action arrival rate. Although the loading at the server is
not high such that the impact of resource contention is
not great, the increasing number of server transactions
increases the chance of data conflicts between the mobile
transactions and the server transactions. Consequently,
mobile transactions submitted to the server for valida-
tion will be restarted if any data objects that have been
read are over-written by a committed transaction. Since
the delay overhead in broadcast environments is much
higher than that in wired systems, it is more likely for a
restarted transaction to miss its deadline.

On the other hand, the performance of mobile
transactions under our proposed protocol (FBOCC) is
significantly improved. The miss rate increases at a
much slower rate with the server loading than OCC. In
particular, the performance of MROT is even better
than that of MT. The saving of validation of MROT at
the server helps them to meet more deadlines. For MT,
the partial validation at the mobile clients also helps to
improve the performance.

As a restarted transaction may meet its deadline, the
restart rate as shown in Fig. 3 and the response time as
shown in Fig. 4 can help to give better understanding of
the effectiveness of the protocols. Note that a transac-
tion may be restarted more than once. For instance,
mobile transactions are restarted more than once on
average under OCC when the server transaction arrival
rate is higher than 2.5. In fact, the transaction restart
counts are almost the same for both protocols. How-
ever, the reduction in response time helps to increase the
throughput under our proposed protocol such that the
restart rate is effectively reduced.

200% 1

180% { +~® ' MT-0CC 2
--.& - MROT- OCC o
. :
160% 15— MT-FBOCC A

140% 1 —%—MROT- FBOCC

120% - 'f:)t'
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Restart Rate
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Fig. 3. Restart rate versus server transaction arrival rate.
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Fig. 4. Response time versus server transaction arrival rate.

6. Conclusions and future works

In this paper, we have proposed an efficient concur-
rency control protocol in real-time broadcast environ-
ments that is adapted from the conventional OCC
protocols. The proposed protocol is developed under the
requirements and constraints of real-time broadcast
environments. The limited upstream bandwidth from
the mobile clients to the server, the low bandwidth of
wireless communication, the low capability, and the
short battery life of mobile computers are considered in
the design of the protocol. In this protocol, both read-
only transactions and update transactions at the mobile
clients are considered. At the mobile clients, read-only
transactions can be processed and committed locally
without contacting the server. For update mobile
transactions, they are partially validated by consulting
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the control information broadcast in every broadcast
cycle. Only update transactions with the best chance to
commit will be sent to the server for final validation. A
series of simulation experiments have been conducted to
study the performance of our proposed protocol com-
pared to the conventional OCC protocol. The results
showed that our protocol outperformed OCC for a wide
range of parameter setting.

In conventional OCC protocols, forward validation is
based on the assumption that the serialization order
among transactions is determined by the arrival order of
transactions at the validation phase. Thus, the validat-
ing transaction, if not restarted, always precedes con-
currently running active transactions in the serialization
order. This assumption is not necessary and can incur
unnecessary transaction restarts. These restarts should
be avoided (Lee and Son, 1993). In our future work, we
will incorporate the mechanism of dynamic adjustment
of serialization order in our new protocol in order to
reduce transaction restarts. By using timestamp ordering
mechanism, temporary serialization order among con-
currently running transactions may be dynamically ad-
justed and recorded as far as data consistency is not
violated.

Transactions submitted by the mobile clients may
have priorities and data conflicts should be resolved in
favor of higher priority transactions (Kuo et al., 1998;
Lee et al., 1999) to enhance the real-time performance.
Since forward validation provides flexibility for conflict
resolution that either the validating transaction or the
conflicting active transactions may be chosen to restart,
so it is possible to introduce priorities in broadcast en-
vironments, as it may be more expensive to restart a
mobile transaction than a server transaction. However,
careful selection of transactions to abort is important to
the overall real-time system performance because the
cost to restart different transactions can be very different
such as update transaction versus read-only transaction
and mobile transaction versus server transaction.

In view of the nature of most data dissemination ap-
plications in real-time broadcast environments and the
characteristics of wireless communications such as
monetarily expensive bandwidth and slow transmission
speed, transaction processing in broadcast environments
is an excellent area for the application of data similarity
(Chen and Mok, 1999b; Kuo and Mok, 1993). The
similarity information gives both the mobile clients and
the server the flexibility of adjusting the timing and fre-
quency of data broadcast (Chen and Mok, 1999a). Ca-
ched values that satisfy certain similarity predicates can
be used instead of accessing remote data source at the
server. Similarity predicates can be some timing-re-
lated constraints that are used to check the validity of
data values. Accordingly, the use of wireless communi-
cation and the number of transaction restarts can be
reduced.
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