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Abstract
Real-time database systems must meet time constraints

in addition to the integrity constraints. Researchers have
speculated that priority cognizant optimistic concurrency
control (OCC) methods, if designed well, could outperform
priority insensitive ones in real-time database systems.
This paper describes an efficient integrated and adaptive
concurrency control method for real-time database sys-
tems. The proposed method provides both serializability
and real-time properties for the transactions. The pro-
posed method is demonstrated to produce serializable his-
tories and the method is tested in practice. The proposed
method clearly offers better chances for critical transac-
tions to complete according to their time constraints. The
results clearly indicate that the proposed method meets the
goal of favoring critical transactions.

1 Introduction
Despite the fact that implementations in most commer-

cial database management systems uses locking for con-
currency control, optimistic concurrency control has re-
cently gained attention for its efficiency in new types of
data-intensive applications, for example, telephone switch-
ing systems, network management, navigation systems,
stock trading, and command and control systems.

Traditional databases, hereafter referred to as
databases, deal with persistent data. Transactions ac-
cess this data while maintaining its consistency. The goal
of transaction and query processing in databases is to get
a good throughput or response time. In contrast, real-time
systems can also deal with temporal data, i.e., data that
becomes outdated after a certain time. Due to the temporal
character of the data and the response-time requirements
forced by the environment, tasks in real-time systems have
time constraints, e.g. periods or deadlines. The important
difference is that the goal of real-time systems is to meet
the time constraints of the tasks [29].
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One of the most important points to remember here
is that real-time does not just mean fast [29]. Addition-
ally real-time does not mean timing constraints that are in
nanoseconds or microseconds. Real-time means the need
to manage explicit time constraints in a predictable fashion,
that is, to use time-cognizant methods to deal with dead-
lines or periodicity constraints associated with tasks.

Concurrency control is one of the main issues in the
studies of real-time database systems. With a strict con-
sistency requirement defined by serializability [2], most
real-time concurrency control schemes considered in the
literature are based on two-phase locking (2PL) [7]. In re-
cent years, various real-time concurrency control methods
have been proposed for the single-site RTDBS by modi-
fying 2PL (e.g. [18, 24, 28]). However, 2PL has some
inherent problems such as the possibility of deadlocks as
well as long and unpredictable blocking times. These prob-
lems appear to be serious in real-time transaction process-
ing since real-time transactions need to meet their timing
constraints, in addition to consistency requirements [27].

Optimistic concurrency control methods [8, 15] are
especially attractive for real-time database systems be-
cause they are non-blocking and deadlock-free. Therefore,
in recent years, numerous optimistic concurrency control
methods have been proposed for real-time databases (e.g.
[16, 20, 21]). Although optimistic approaches have been
shown to be better than locking methods for real-time
database systems [9, 10], they have the problem of unnec-
essary restarts and heavy restart overhead. This is due to
the late conflict detection that increases the restart over-
head since some near-to-complete transactions have to be
restarted. Because conflict resolution between the transac-
tions is delayed until a transaction is near its completion,
there will be more information available in making the con-
flict resolution.

Priority-cognizant concurrency control methods based
on the optimistic methods have not been widely studied.
Exceptions are OCC-APR [4, 6] and OCC-TI [5], where



OCC-TI was extended with priority cognizance. These
studies concluded that priority cognizance is not a feasi-
ble approach for improving the performance of real-time
concurrency control methods beyond the current state of
the art.

However, these proposals used priority in the conflict
resolution, which might not be a very good choice in dy-
namic systems, because transactions with very short dead-
lines might not be very critical and vice versa. Therefore,
we propose that criticality of the transaction should be used
instead of priority in the conflict resolution. Because time
cognizance is important to offer better support for timing
constraints as well as predictability, the major concern in
designing real-time optimistic concurrency control meth-
ods is not only to incorporate information about the criti-
cality of transactions for conflict resolution but also to de-
sign methods that minimize the number of transactions to
be restarted.

This paper presents a method based on integrated con-
currency control [2, 28] ,which extents the optimistic con-
currency control method with transaction attributes. The
basic ideas of three proposed optimistic concurrency con-
trol methods are presented and showed how they are used
in an integrated concurrency controller. The rest of the pa-
per is organized as follows. Section 2 presents recent re-
lated work in telecommunication and real-time databases.
Section 3 presents basic ideas of the proposed optimistic
concurrency control methods. Section 4 describes an ex-
periment setup and results. Finally, the conclusion of the
paper is presented in Section 5.

2 Real-Time Databases in Telecommunica-
tion

A Real-Time Database System (RTDBS) processes
transactions with timing constraints such as deadlines. Its
primary performance criterion is timeliness, not average
response time or throughput. The scheduling of transac-
tions is driven by priority order. General concepts of real-
time databases have been studied extensively. Ramam-
ritham [27] offers an excellent tutorial on these concepts.

As an example application let us consider in more de-
tail database system for telecommunication applications
called Telecommunication Database System. Recent de-
velopments in network and switching technologies have
increased the data intensity of telecommunications systems
and services. This is clearly seen in many areas of telecom-
munications including network management, service man-
agement, and service provisioning. For example, in the
area of network management the complexity of modern
networks leads to a large amount of data on network topol-
ogy, configuration, equipment settings, and so on. In the
area of service management there are customer subscrip-
tions, the registration of customers, and service usage (e.g.

call detail records) that lead to large databases. The per-
formance, reliability, and availability requirements of data
access operations are demanding. Thousands of retrievals
must be executed in a second and the allowed down time is
only a few seconds per year.

A telecommunication database system must offer real-
time access to data [12, 13]. This is due to the fact that most
read requests are for logic programs that have exact time
limits. If the database cannot give a response within a spe-
cific time limit, it is better not to waste resources and hence
abort the request. As a result of this, the request manage-
ment policy should favor predictable response times with
the cost of less throughput. The best alternative is that
the database can guarantee that all requests are replied to
within a specific time interval. The average time limit for
a read request is around 50ms. About 90% of all read re-
quests must be served in that time. For updates, the time
limits are not as strict. It is better to finish an update even
at a later time than to abort the request.

Therefore, telecommunication databases are inherently
dynamic and must adapt to workload changes and to
counter uncertainties in the system and its environment.
This paper concentrates on a concurrency control method
for real-time databases. The proposed method dynamically
adapts different criticalities of the transactions in the real-
time system. The feasibility of the proposed method is
evaluated in a real-time database system for telecommu-
nications.

The method presented in this paper is related to two pre-
viously presented optimistic concurrency control methods,
namely OCC-TI (Optimistic Concurrency Control with
Timestamp Intervals) [20] and OCC-DA [16, 17] (Opti-
mistic Concurrency Control with Dynamic Adjustment).
OCC-TI is based on the forward validation scheme. The
number of transaction restarts is reduced by using dynamic
adjustment of the serialization order. OCC-DA is based on
the forward validation scheme [8] and on the use of dy-
namic adjustment of the serialization order. This is sup-
ported with the use of a dynamic timestamp assignment
scheme. Conflict checking is performed at the validation
phase of a transaction. Neither of these optimistic proto-
cols take into account transaction attributes (e.g. priority
or criticality).

3 Optimistic Concurrency Control
Optimistic Concurrency Control (OCC) [8, 15], is based

on the assumption that conflict is rare, and that it is more
efficient to allow transactions to proceed without delays.
When a transaction wishes to commit, a check is performed
to determine whether a conflict has occurred. There are
three phases to an optimistic concurrency control method:

� Read phase: The transaction reads the values of all



data items it needs from the database and stores them
in local variables. In some methods updates are ap-
plied to a local copy of the data and announced to the
database system by an operation named pre-write.

� Validation phase: The validation phase ensures that
all the committed transactions have executed in a seri-
alizable fashion. For a read-only transaction, this con-
sists of checking that the data values read are still the
current values for the corresponding data items. For
a transaction that has updates, the validation consists
of determining whether the current transaction leaves
the database in a consistent state, with serializability
maintained.

� Write phase: This follows the successful validation
phase for update transactions. During the write phase,
all changes made by the transaction are permanently
stored into the database.

3.1 Real-Time Properties for OCC
Many earlier proposed methods do not include any real-

time properties. Therefore, these methods are too ”fair”.
A characteristic of most real-time scheduling algorithms
is the use of priority-based scheduling [1]. Here transac-
tions are assigned ’priorities’, which are implicit or explicit
functions of their deadlines or criticality or both. The criti-
cality of a transaction is an indication of its level of impor-
tance. However, these two requirements sometimes con-
flict with each other. That is, transactions with very short
deadlines might not be very critical, and vice versa [3].

In real-time systems transactions are scheduled accord-
ing to their priorities [27]. Therefore, high priority trans-
actions are executed before lower priority transactions.
This is true only if the high priority transaction has some
database operation ready for execution. If no operation
from the higher priority transaction is ready for execution,
then the operation from the lower priority transaction is al-
lowed to execute its database operation. Therefore, the op-
eration of the higher priority transaction may conflict with
the already executed operation of the lower priority trans-
action. In traditional methods the higher priority transac-
tion must wait for the release of resources. This is the pri-
ority inversion problem. Therefore, data conflicts in the
concurrency control should also be based on transaction
priorities or criticality or both.

Therefore, the criticality of the transaction is used in
place of the deadline in choosing the appropriate con-
flict resolution method. This avoids the dilemma of the
priority-based conflict resolution, yet integrates criticality
and deadline so that, not only do the more critical transac-
tions meet their deadlines. The overall goal is to maximize
the net worth of the executed transactions to the system.

3.2 Integrated Optimistic Concurrency Control

Each instance of the transaction object has the attributes
priority, deadline, and criticality. The developer assigns a
value for the deadline based on the estimate or value mea-
sured through experiments of worst case execution time.
The priority attribute is assigned by the real-time sched-
uler and is based on the deadline and arrival time. The crit-
icality attribute is assigned by the developer and is static
and the same goes for all instances of the same transaction
class. We have used the following values coded as num-
bers:

� Normal: The transaction is not essential but should be
completed if the execution history is serializable. For
this transaction class we use basic conflict resolution.

� Medium: The transaction is important and should not
be restarted if there is a data conflict with the transac-
tion with normal criticality. For this transaction class
we use conflict resolution where a lower criticality
transaction is restarted if an active conflicting higher
criticality transaction would be restarted because of a
data conflict.

� Critical: The transaction is critical and should not be
restarted even if there is data conflict with the transac-
tion with normal or medium criticality. For this trans-
action class we use conflict resolution where lower
criticality transaction is always restarted if there is an
active conflicting higher criticality transaction.

Let us assume that the conflict detection algorithm (see
Figure 2) has found that a validating transaction

���
and

active transaction
���

are conflicting. Assume that the val-
idating transaction has read the data item � and the ac-
tive transaction has pre-written the data item � . Assume
that ���	��
�����
�����
���� ������� ���	��
�����
�����
���� ������� �"! �	#$
�� . In this
case the conflict is resolved using normal forward adjust-
ment.
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Figure 1: Integrated Optimistic Concurrency Control
Method.

Assume that the conflict detection algorithm finds an-
other conflict between the validating transaction and an ac-
tive transaction

���
and that the validating transaction has

read the data item � and the active transaction has pre-
written the data item � . Let ���	��
�����
�����
���� �"�	��� �"! �	#$
����
���	��
�����
�����
���� ����� � #���� �
	 # . In this case the conflict
is resolved according to the medium forward adjustment.
Therefore, the conflict resolution method is selected ac-
cording to the criticality of the higher criticality transaction
(see Figure 1).

Secondly, assume that the conflict detection algorithm
finds another conflict between the validating transaction
and an active transaction

���
and that the validating trans-

action has read the data item � and the active transaction
has pre-written the data item � . Let ���	��
�����
�����
���� �"�	� ��"! �	#$
���� ���	��
�����
�����
���� � � � � ���	��
�����
�� . In this case the
conflict is resolved according to the critical forward adjust-
ment.

Therefore, the proposed method dynamically adapts to
different load situations. This is because the conflict res-
olution method dynamically selects a resolution method
based on the criticality of the conflicting transactions. The
proposed method offers three different conflict resolution
methods. However, inside all the methods the criticality
of the conflicting transactions are still taken into account.
Therefore, the proposed method can offer better changes
for the more critical transaction even if both conflicting
transactions belong to the same criticality level. This is be-
cause one criticality level can be constructed from a large
interval (i.e. the criticality boundaries can be any positive
integer values).

In the following sections we present the conflict detec-
tion and conflict resolution methods for an integrated and
adaptive optimistic concurrency control method.

3.3 Conflict Detection

This section presents conflict detection. Conflict detec-
tion is based on forward validation [8]. The number of
transaction restarts is reduced by dynamic adjustment of
the serialization order which is supported by similar times-
tamp intervals as in OCC-TI [20]. Unlike the OCC-TI
method, all checking is performed at the validation phase
of each transaction. There is no need to check for conflicts
while a transaction is still in its read phase. As the conflict
resolution between the transactions is delayed until a trans-
action is near completion, there will be more information
available for making the choice in resolving the conflict.
The proposed method also has a new final timestamp se-
lection method.

Additionally, a new dynamic adjustment of the serial-
ization method is proposed, called deferred dynamic ad-
justment of serialization order. In the deferred dynamic
adjustment of serialization order all adjustments of times-
tamp intervals are done to temporal variables. The times-
tamp intervals of all conflicting active transactions are ad-
justed after the validating transaction is guaranteed to com-
mit. If a validating transaction is aborted no adjustments
are done. Adjustment of the conflicting transaction would
be unnecessary since no conflict is present in the history af-
ter the abortion of the validating transaction. Unnecessary
adjustments may later cause unnecessary restarts. OCC-TI
and OCC-DA both use dynamic adjustment but they make
unnecessary adjustments when the validating transaction is
aborted.

The proposed method resolves conflicts using the times-
tamp intervals [19] of the transactions. Every transaction
must be executed within a specific time interval. When
an access conflict occurs, it is resolved using the read and
write sets of the conflicting transactions together with the
allocated time interval. The timestamp interval is adjusted
when a transaction validates. In this method every transac-
tion is assigned a timestamp interval (TI). At the start of the
transaction, the timestamp interval of the transaction is ini-
tialized as 
 ������
 , i.e., the entire range of timestamp space.
This timestamp interval is used to record a temporary seri-
alization order during the validation of the transaction.

At the beginning of the validation (Figure 2), the final
timestamp of the validating transaction

��� � � � � is deter-
mined from the timestamp interval allocated to the transac-
tion
���

. The timestamp intervals of all other concurrently
running and conflicting transactions must be adjusted to re-
flect the serialization order. The final validation timestamp��� � ����� of the validating transaction

�"�
is set to be the

current timestamp, if it belongs to the timestamp interval��� � � � � , otherwise
��� � � � � is set to be the maximum value

of
��� � � � � .
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Figure 2: Conflict Detection Method.

The adjustment of timestamp intervals iterates through
the read set (RS) and write set (WS) of the validating trans-
action. First it is checked that the validating transaction
has read from the committed transactions. This is done by
checking the object’s read and write timestamp. These val-
ues are fetched when the first read and write to the current
object is made. Then the set of active conflicting transac-
tions is iterated. When access has been made to the same
objects both in the validating transaction and in the active
transaction, the temporal time interval of the active trans-
action is adjusted. Thus, the deferred dynamic adjustment

of the serialization order is used.

Time intervals of all conflicting active transactions are
adjusted after the validating transaction is guaranteed to
commit. If the validating transaction is aborted no ad-
justments are done. Non-serializable execution is detected
when the timestamp interval of an active transaction be-
comes empty. If the timestamp interval is empty the trans-
action is restarted.

Finally, the current read and write timestamps of the ac-
cessed objects are updated and changes to the database are
committed.

3.4 Conflict Resolution

Finally, we present an integrated and adaptive method
for conflict resolution. We will call this method OCC-
IDATI. Below we present forward and backward adjust-
ment algorithms, i.e. the conflict resolution method in the
OCC-IDATI. In implementation, three different forward
and backward adjustment algorithms are integrated to one
forward and one backward adjustment algorithm. Simi-
larly, conflict resolution method selection is integrated in-
side both algorithms (see Figure 3).
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Figure 3: Backward and Forward adjustment for the OCC-
IDATI method.

3.5 Correctness Proof
Having described the basic concepts and the algorithm,

now the correctness of the algorithm is proven. To prove

that a history � produced by OCC-IDATI is serializable, it
must be proven that the serialization graph for � , denoted
by

��� ��� � , is acyclic [2]. Therefore, following Lemma
demonstrate that if there is conflict between the validating
transaction and the active transaction then there is a total
order between these transactions. This total order is set to
the final timestamp of the transactions, i.e.

��� � ����� .
LEMMA 3.1 Let

� �
and
� �

be transactions in a history �
produced by the OCC-IDATI algorithm and

��� ��� � seri-
alization graph. If there is an edge

� ��� � �
in
��� ��� � ,

then
��� � � � � � ��� � � � � .

Proof: If there is an edge,
� ��� � �

in
��� ��� � , there

must be one or more conflicting operations whose type is
one of the following three:

1. � � 
 ��� �  � 
 �!� : This case means that
� �

commits
before

���
reaches its validation phase since � � 
 �!� is

not affected by
 � 
 ��� . For

 � 
 ��� , OCC-IDATI adjusts��� � � � � to follow " ��� ��� � that is equal to or greater
than

��� � ����� . Thus,
��� � �����$# " ��� ��� � � ��� � � � � .

Therefore,
��� � � � � � ��� � � � � .

2.
 � 
 �!� � � � 
 �!� : This case means that the write
phase of

� �
finishes before � � 
 ��� executes in

� �
’s

read phase. For � � 
 �!� , OCC-IDATI adjusts
��� � � � �

to follow % ��� �&� � , which is equal to or greater than� � � ����� . Thus,
��� � �����'# % ��� �&� � � ��� � � � � .

Therefore,
��� � ����� � ��� � ����� .

3.
 � 
 �!� �  � 
 �!� : This case means that the write
phase of

� �
finishes before

 � 
 ��� executes in
� �

’s
write phase. For

 � 
 ��� , OCC-IDATI adjusts
��� � � � �

to follow % ��� �&� � , which is equal to or greater than� � � � � � . Thus,
��� � � � �'# % ��� �&� � � ��� � � � � .

Therefore,
��� � � � � � ��� � � � � . (

To show that every history generated by the OCC-IDATI
algorithm is serializable, it is assumed that the algorithm
will produce a cycle in the serialization graph. This case is
shown to cause contradiction in the following theorem.

THEOREM 3.1 Every history generated by the OCC-
IDATI algorithm is serializable.

Proof: Let � denote any history generated by the OCC-
IDATI algorithm and

��� ��� � its serialization graph. Sup-
pose, by way of contradiction, that

��� ��� � contains a cy-
cle
� �)� � �*�,+-+.+�� �0/ � � �

, where
�2143

. By Lemma
3.1
� � � � � � � ��� � � � � � +-+.+ � ��� � �0/�� � ��� � � � � .

By induction
� � � � � � � ��� � � � � . This is a contradiction.

Therefore no cycle can exist in
��� ��� � and thus the OCC-

IDATI algorithm produces only serializable histories. (



4 Results from Experiments
We have carried out a set of experiments in order to ex-

amine the feasibility of the OCC-IDATI method in prac-
tice. The prototype system used is based on the Real-
Time Object-Oriented Database Architecture for Intelli-
gent Networks (RODAIN) specification [14, 22, 25], which
is an architecture for a real-time, object-oriented, and fault-
tolerant database management system. The RODAIN pro-
totype system is a main-memory database, which uses
priority and criticality based scheduling and optimistic
concurrency control. All experiments were executed in
the RODAIN prototype database running on Pentium Pro
200MHz and 64 MB of main memory with the Cho-
rus/ClassiX operating system [26].

In the test environment, transactions arrive to a spe-
cific user interface subsystem that receives the arriving
transactions from an off-line generated test file. Every
test session contains

3 � � � � transactions and is repeated
at least 20 times. The reported values are the means of
the repetitions. In the experiments, we examined how well
our OCC-IDATI method performs when compared to the
OCC-DATI method [23] and to the OCC-TI method [19].

The test database represents a typical Intelligent Net-
work (IN) service [11]. The database is modeled accord-
ing a Virtual Private Network information service. The size
of the database is � � � � � objects. Object classes and their
relationships are presented in Figure 4.
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Figure 4: Object model schema of the test database.

We will briefly introduce the definitions and purposes
of each class. There are six classes defined:

1. Class Profile includes all necessary information
needed for customer management.

2. Class Exchange includes all necessary information of
switches in a system.

3. Class PrefixTranslation is used to give shorter prefix
numbers for exchanges. The user may replace the real
exchange number with a corresponding prefix num-
ber. This allows users to make ”local calls” to other
exchanges.

4. Class Extension defines characteristics of extensions.
Extension maps the Number to the real telephone
number, which is stored into attribute Subscriber-
Number.

5. Class LocationTranslation is used to determine to
which extension a forwarded number should be di-
rected.

6. Class GroupNrCall is used to map several terminating
lines in any number of locations or zones to a unique
directory number, e.g. 118.

The following transactions are implemented and used in
these tests:

� The Find Subscriber transaction is used to search a
specific subscriber from the database. The transaction
returns a link to the location of the subscriber in the
database. The criticality of this transactions is critical.

� The Get New Destination Number transaction can
be used in three different scenarios: abbreviated num-
ber, forwarded number and group number. Transac-
tion returns the number to connected. The criticality
of this transaction is medium.

� The Get Subscribers Basic Data transaction is used
to fetch basic data of the subscriber. The criticality of
this transactions is medium.

� The Update Subscriber Data transaction is used to
modify some of the subscriber data. The criticality of
this transactions is normal.

� The Location Update transaction is used to search a
subscriber’s data and update the subscriber’s location
information. The criticality of this transactions is nor-
mal.

In the first set of experiments, a fixed fraction of write
transactions was used. The arrival rate of transactions was
the varying parameter. OCC-IDATI clearly offers the best
performance in all tests (see Figure 5). This confirms that
the overhead for supporting dynamic adjustment in OCC-
IDATI is smaller than the one in OCC-TI and in OCC-
DATI.
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Figure 5: Comparison with varying transaction arrival rate.

Figure 6 shows the miss-ratio transactions when the
transaction’s write fraction is varied. Figure 6 demon-
strates how the OCC-IDATI favors critical transactions.
OCC-IDATI clearly offers better chances for critical trans-
actions to complete according to their deadlines. The re-
sults clearly indicate that OCC-IDATI meets the goal of
favoring critical transactions.
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Figure 6: Comparison with varying transaction write frac-
tion.

5 Summary
Although the optimistic approach has been shown to

have a better performance than locking protocols in firm
real-time database systems, it has problems of unneces-
sary restarts and a high restart overhead. In this paper, we
have presented an integrated concurrency control method
for real-time database systems. The proposed method pro-
vides both serializability and notices criticality of the trans-
actions. We have proposed an optimistic concurrency con-
trol protocol called OCC-IDATI that takes into account
the criticality of transactions. It has several advantages
over the other concurrency control protocols. The proto-
col maintains all the nice properties of forward validation,
a high degree of concurrency, freedom from deadlock, and
early detection and resolution of conflicts, resulting in less
waste of resources as well as a smaller number of restarts.
All of these are important to the performance of RTDBSs
and contribute to greater chances of meeting transaction



deadlines.
Compared to other OCC protocols that use dynamic se-

rialization order adjustment, the proposed method OCC-
IDATI is much more efficient and its overhead is smaller.
Performance studies presented here confirm that OCC-
IDATI outperforms both OCC-TI and OCC-DATI. The
most important feature of the OCC-IDATI is that it clearly
offers better chances for the critical transactions to com-
plete before their deadlines when compared to the OCC-
DATI and OCC-TI. The results clearly indicate that OCC-
IDATI meets the goal of favoring critical transactions.
Experiment results using real-time database system for
telecommunications clearly indicate that the proposed
method is able to dynamically adapt changing workload
situations.
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