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Scheduling Transactions with Temporal
Constraints: Exploiting Data Semantics
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Abstract—in this paper, issues Fvolved in the design of a reaHime dalahase which mainkains data lemporal consislency arne
discussed. The concepl of dals-goeadine is introduced and fime cognieant irensacon scheduling policies are proposed. informally,
dala-teadline is & deadine assigned o a iransaction due 1o the lemporal conslraints of he dala accessed by the ransaction. Furher,
bwets limie Cognizant foreed wa policies which improve perormance signilicantly by lorcing a ransaction 1o delay heher execution uril
& riew version of sensor dala becormes available are proposed. A way 1o exploil lemporal data sty 1o Fprove performance i also
propased. Finally, thess policies are evaluated trowgh detailed simulation experdments. The srmulation resulis show hal Laking
advantage of lemporal dala semanbics in transaction scheduling can sagnilicantly improve e pedormance of user ransactions in real-
fme dalabase systems. In particular, il is demonsiraled thal under the Borced wail policy, he performance can be improved
sagnificantly. Furher improvernenls resull by exphoiling data similarity.

Index Terms—Heal-ime dalabase syslems, ermporal consislency, earlies) deadine first, least slack lirsl, dala-deadine, lransacion
PrROCESSINTG.
*

1 INTRODUCTION

real-time dalabase syslem is a transaction processing # The development of nolions of date-deadiine and

forced wwil for scheduling transactions thal access

system  desi o handle workloads im which
transactions have deadlines. However, many real-world

applications involve nol only transactions with Lime

constraints, but also data with ime constraints. Such data,
bypically oblained from sensors, become inaccurale with the
passage of time. Examples of such applications include
aulopilol systems, robol navigalion, avionics syslems, and
process control systems [22), [18]. While considerable
attention has focused on real-time databases, most of it
assumes that only transactions have deadlines [1], [7], |8]
(2] [10], [un], [12] [1&]. [20]. |23]. New solutions that
consider data time constraints are required for both
concurrency control and cpu scheduling. Ample evidence
now exists that such ime-cognizant protocols are consider-
ably beller al supporling real-lime ransaction and dala
correctness than standard database protocols [24].

In this paper, novel solulions that explicitly deal with
dala time constraints in firm real-time database systems are
proposed and evaluated. A firm realHlime daltabase syslem
s one in which transactions that have missed their dead-

lines add no value to the system and, hence, can be aborted.
The main contributions of the paper are:
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temporal data. Informally, dala-deadline can be
viewed as the deadline assigned o a ransaction
due o the tem | constraints of the data ancessed
by the transaction. Forced wail entails forcing a
transaction o delay further execulion unlil a new
version of sensor data becomes available.

# A class of priority assignment policies that account
for tramsaction deadlines and data time oconstrainis.
These include policies that force transactions o wail
for mew versions of data objects and policies that
lake advanlage of dala similarity.

& The comparison of the different policies with base-
line Earliest Deadline First (EIDF) and Least Slack
First (L5F) policies. It is found that deadline hased

policies outperform slack based icies at medium
Inads, and this trend is reversed at high loads.

& A demonstration that while there 5 some iImprove-
ment in performance when only dala-deadline
(without wait) is taken into account, there is
significant improvement when it is combined with
the notion of forced unail.

¢ A demonsiration thal, laking dala similarily inlo
consideration, improves performance significantly
when the forced wail policy is not applied. Bul, when
combined with forced wail, data similarity does not
perceplibly impact performance. When estimaltes of
execulion (response) ime are nol available, using dala
similarity enhances performance.

The remainder of the paper is organized as follows:
Section 2 discusses the related work. Section 3 describes the
syslem and bransaction model that is considered in the
study. Section 4 outlines the transaction scheduling policies
that have been considered in the study. Section 5 discusses
the resulls of the experimental study and Section &
summarizes and concludes the study.
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2 RELATED WORK

(Over the past few years, real-time dalabases have become
important areas of research. Experimental studies reported
in [1} [7). [B]. [9]. (10 [11], [12], [16), [20], [23], are very
comprehensive and cover most aspects of real-lime transac-
ion processing, but have not considered time constraints
assnciated with data.

Dalabase systems in which lime validily inlervals are
assnciated with the data are discussed im [13], [14], [25])-
Such systems introduce the need o maintain data temporal
consistency in addition o logical consistency. The perfor-
mance of several concurrency conbrol algorithms for
maintaining temporal consistency are studied in [25]. In
the model] introduced in [25], a real-lime system consists of
periodic lasks which are either read-only, wrile-only, or
update (read-wrile) transactions. Dala objects are lempo-
rally inconsistent when their ages or dispersions [25] are
greater than the absolute or relative thresholds allowed by
the application. Two-phase locking and optimistic concur-
rency control algorithms, as well as rale-monolonic and
earliest deadline first scheduling algorithms are studied in
[25]. These studies show thal the performances of the rale-
monotonic and earliest deadline first algorithms are close
when the load is low. Al higher loads, earliest deadline first
outperforms rale-monolonic when mainlaining lemporal
consistency. They also observed thal optimistic concurrency
controd is generally worse al mainlaining lemporal consis-
tency of data than lock based concurrency control, even
though the former allows more ransactions o meel their
deadlines. It is pointed out inm [25] that it is difficult to
maintain the data and transaction ime constraints due Lo
the following reasons:

& A transient overlnad may cause transactions bo miss
their deadlimes.

& Data values may become oul of date due Lo delayed
updates.

& Priorily based scheduling can cause preemplions
which may cause the dala read by the ransactions o
become temporally inconsistent by the time they are
s

# Traditional concurrency conbrol ensures logical
dala consistency, bul may cause lemporal dala
INCONSiSlency.

Our development of the notion of dafa-deadline and the
associaled algorithms thal make use of il are motivated by
these problems.

In [13], a class of realtime dala access protocols called
S5F [(Similarity Stack Prolocols) is proposed. The correct-
ness of 55F s based on the concepl of similarity which
allows different but sufficiently limely data o be wsed in a
compulation without adversely affecting the outcome. 55F
schedules are deadlock free, subject to limited blocking and
do nol use locks. In [14], weaker consislency requirements
based on the similarity notion are proposed Lo provide more
fexibility in concurrency conbrol for dala-intensive real-
time applications. While the notion of data similarity is
exploited in their study o relax serializability (hence
increase concurrency ), here it is coupled with dala-deadline
and wsed o improve the performance of bransaction
scheduling. The notion of similarity s osed o adjust
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transaction workload by Ho et al. [15] and incorporated
into embedded applications (e.g., process control) in [4].

Temporal consistency guarantees are also studied in
distributed real-time systems. In 28], Dislance constrained
scheduling 8 used o provide temporal consistency guaran-
tees for real-time primary-backup replication service.

3 SysTEM MoDEL AND CORRECTNESS

In this section, the tramsaction and data models which
characterize the features of real-time dalabase systems are
described. Also, the criteria for transaction correctness and
data consistency in such real-time database syslems are
presented.

3.1 Transaction and Data Model

An object in the database models a real world entity, for
example, the position of an aircrafl. The objects in the
database can be either temporal or nontemporal. A
lemporal object is one whose stale may become invalid
with the passage of lime. Associated with the slate is a
temporal validity interval. An object whose stale does not
become invalid with the passage of ime is a non-lemporal
object. Thus, there are no temporal validity intervals
associabed with non-temporal objects. Two approaches Lo
modeling temporal data have been proposed in the
literature [19]: attribule versioning and object versioning.
In attribute versioning, a validity interval i associated with
each attribute of an object, whereas in object versioning, a
validity inlerval is associaled with the aggrepale objecl
Here, the focus is on object versioning, which maintains
multiple versions of each object. Each stale of a temporal
object has a validity interval during which the stale is valid.
Temporal objects reflect specific objects in the environment
and are updaled periodically by transactions thal read
sensors. Two kinds of transactions are considered:

# Sensor lransactions: These are the periodic ransac-
tions which wrile o lemporal objects.

& LUser transactions: These are user-level transactions
with deadlines. They read lemporal objects and
read /wrile nontemporal objects.

The deadlines of sensor transactions are denived from the
requirement thal transactions should update an object
before the end of the validity interval associated with the
data in order to keep the data fresh. Here, fresh refers 1o
lemporal consistency, which s introduced in the next
section.

3.2 Transaction Cormmectness and Data Temporal
Consistency

In real-time applications, the values of objects in a dalabase
must correctly reflect the state of the environment. (Other-
wise, decisions based on the data in the dalabase may be
wrong, and potentially disastrous. For example, data read
by transactions must be fresh. This leads o the notion of
temporal consistency. To define temporal consistency
formally, the attribules of a lemporal data object X are
introduced first.

As mentioned earlier, a temporal dala object has multiple
versions. The ith version of data object X, X; ((i1 = 1,2,...)),
is defined as:
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(veuue{ X ), wml X)),

where value(X;) denotes the ith state of X, and w(X;)
denotes value({ X;)"s validity interpal, ie, the lime interval
during which waluc(X;) 8 considered o be lemporally
consistenl. After v (X;), value{X;) is no longer valid.' So,
the attributes of a temporal data object X are defined as
Fool L=

A;: the sth version of data object X
wig(X:) : the beginning of the validity interval of X;;
i X;) : the end of the validity interval of X;;
wi{X;) : the validity interval of X;;

wi X;) = [y [ X;), vi( X;)), where

wig ;) < lri.:I:.-":,'}.

The ith version of data object X, X: (i =1,2,...)) is

lemporally consistent at ime £ if and only if:

wa{Xi) < t < wi(Xi).

In the rest of the paper, when we say that a transaction T
reads a data object X at time ¢, it should be understood that
T reads a version of X that is temporally consistent at time £

A transaction in our real-time database can commit if
and only if

I. it is logically consistent, Le., il is seralizable and
salisfies all the data integrily constraints,
2. it meets its deadline, and
3. it reads temporally consistent data and the data it
read are still fresh when it commils.
In certain circumslances, it may be possible Lo relax one or
more of these constraints bul these possibilities are lefl for
future work.

3.3 Concurrency Control for Data Objects
In the current model, user transactions need o oblain

database locks in order o read or wrile a non-lemporal
objects. Temporal objects are only wrilten by sensor
tramsactions, which are wrile-only transactions. Further-
more, sensor transactions do nol read any data in the
database; their wrile sets are disjoint from each other and
from the wrile sels of user transactions. When a sensor
ransaction wriles a temporal object in each period, it
creales a new version of the lemporal objecl. In this case,
there i no need for a sensor ransaction W oblain database
locks im order o wrilte. On the other hand, no bransactions

other than sensor ransactions can wrile lemporal objects.
Thus, user ransactions do not eed o oblain database locks

in order o read a valid version of an object Therefore, there

5 no database concurrency control for these lemporal
objects. However, o ensure that data is not read while it is

being updated, latches (i.e., short term locks or semaphores)
st b used.

For nontemporal data, conflict resolulion in case of
concurrent access 15 based on the priorily aborl protocol,
where the conflicling lransaction with lower priorily wails
or gets aborted depending on whether it is the requester or
holder of locks, respectively.

1. This ignones deta smufanty which is mtroduoed i Section 4.4,
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Fig 1. An illusiration of dala desdline.

4 SCHEDULING TRAMSACTIONS IN REAL-TIME
DATABASES

The transactions in the system can be classified inlo two
classes: user transactions and sensor fransactions. The
scheduling algorithm should maximize the number of user
transactions which meet their deadlines while maintaining
temporal consistency. In the syslem studied, sensor
transactions always get higher priority than user tranmsac-
tions. (Mher policies o assign priorities o user and sensor
transactions will be sludied in fubure work. All the sensor
transactions are scheduled by the earliest deadline first
policy. Policies to assign priorities 0 user lransactions
based on their deadlines and the constraints on lemporal
data objects that they access are studied.

Data read by a transaction must be valid when the
transaction completes, this leads o another constraint on
completion ime, in addition o a transaction’s deadline.
This constraint is referred o as dete-deadline. Within the
same transaction class, the scheduling algorithm should be
aware of the dele-desdline of a transaction, that is, the time
after which the transaction will violale lemporal consis-
ln:n::}r.! The scheduling algorithm should account for data-
deadlines when il schedules transactions whenever a data-
deadline is less than the corresponding transaction dead-
line. Consider the following example which illustrales the
concepl of data-deadlines.

In Fig. 1, transaction T needs o read bwo lemporal dala
objects, ¥ and Z, o produce resulls. T reads these dala
objects al ime & and I;, respectively. The deadline of
transaction T'is te. Data ¥ is valid in the interval [ty ts], and
data X is valid in the interval |ty, t,]- Tramsaction 7" starts at
tirm £, and it has no data-deadline at this Hme. AL Hme ts,
transaction T reads data Y. The data-deadline of transaction
T becomes 5 since it will violale lemporal consistency afler
time £;. In order to satisfy lemporal consistency, T has to be
scheduled to commit before time L, e, before the value of
¥ it read bevomes invalid. Notice the deadline of tramsac-
tion T is later than time £ MNexl, ransaction T proceeds and
reads data £ with a value which becomes invalid at tirme &,.
MNow, the data-deadline of T' is adjusted o £, AL ime &,
transaction 1" has not completed. Thus, it aborts. Mote that it
might be possible o restart T" and use subsequent version of
¥ and 2 to meet deadline £;.

The following are some of the attributes of a transaction
T that are useful in explaining the policies:

a(T): the arrival ime of T

s{T7): the start time of T

d(T'): the deadline of T

ddd, (T'): the data-deadline of T al time ¢

2. A mnmwchon can violale temporal consslency withoul missing, its
deadlme.



