
A
r

S
a

b

c

a

A
R
R
A
A

K
R
D
R
U

1

c
(
a
t
i
t
2
2
w
r
f
E
h
a
c

(
m

0
h

The Journal of Systems and Software 85 (2012) 1729– 1743

Contents lists available at SciVerse ScienceDirect

The  Journal  of  Systems  and  Software

jo u rn al hom epage: www.elsev ier .com/ locate / j ss

daptive  co-scheduling  for  periodic  application  and  update  transactions  in
eal-time  database  systems

ong  Hana,  Kam-yiu  Lamb,∗, Jiantao  Wangb,  Sang  H.  Sonc,  Aloysius  K.  Moka

Department of Computer Science, University of Texas at Austin, United States
Department of Computer Science, CityU of Hong Kong, Hong Kong
Department of Computer Science, University of Virginia, United States

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 31 October 2011
eceived in revised form 15 February 2012
ccepted 24 March 2012
vailable online 10 April 2012

eywords:
eal-time database systems
ata freshness

a  b  s  t  r  a  c  t

In  this  paper,  we study  the  co-scheduling  problem  of  periodic  application  transactions  and  update  trans-
actions in  real-time  database  systems  for surveillance  of  critical  events.  To  perform  the  surveillance
functions  effectively,  it is  important  to meet  the  deadlines  of  the application  transactions  and  maintain
the  quality  of the  real-time  data  objects  for their  executions.  Unfortunately,  these  two  goals  are  con-
flicting  and  difficult  to  be  achieved  at the  same  time.  To  address  the  co-scheduling  problem,  we propose
a real-time  co-scheduling  algorithm,  called  Adaptive  Earliest  Deadline  First  Co-Scheduling  (AEDF-Co).  In
AEDF-Co, a dynamic  scheduling  approach  is  adopted  to  adaptively  schedule  the  update  and  application
jobs  based  on  their  deadlines.  The  performance  goal  of  AEDF-Co  is  to determine  a schedule  for  given sets
eal-time co-scheduling
pdate generation and processing

of periodic  application  and  update  transactions  such  that  the  deadline  constraints  of  all  the  application
transactions  are  satisfied  and  at the  same  time  the  quality  of  data (QoD)  of  the  real-time  data  objects
is  maximized.  Extensive  simulation  experiments  have  been  performed  to evaluate  the performance  of
AEDF-Co.  The  results  show  that by  adaptively  adjusting  the  release  times  of  update  jobs  and  scheduling
the  update  and  application  jobs  dynamically  based  on their  urgencies,  AEDF-Co  is  effective  in  achieving
the  performance  goals  and  maximizing  the  overall  system  performance.
. Introduction

Most previous studies on real-time database systems are con-
entrated on soft real-time systems, such as stock trading systems
Adelberg et al., 1995; Amirijoo et al., 2006; Kang et al., 2004)
nd traffic information systems, with the main performance goal
o maximize the average performance of the systems, e.g., min-
mize the number of deadline missing transactions or maximize
he freshness of data objects (Shanker et al., 2008; Kang et al.,
009; Ramamritham et al., 2004; Lam and Kuo, 2001; Lam et al.,
002; Abbott and Garcia-Molina, 1992). With the rapid advances in
ireless communication and sensor technologies in recent years,

eal-time database technologies are gaining increasing interests
or applications into various time-critical surveillance systems.
xample applications include robot control (Dertouzos, 1974),

ealth monitoring systems (Ko et al., 2010), industrial plant man-
gement (Li and Liu, 2009; Song et al., 2008) and vehicular
ontrol (Gustafsson and Hansson, 2004). With the use of database
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technologies, various sophisticated database operations and func-
tions can be supported to enhance the surveillance functions.
Unlike soft real-time database systems, the main performance goal
of these surveillance systems is to provide a guarantee in perfor-
mance in monitoring the operation environment for generating
timely and appropriate responses to react to critical events occur-
ring in the environment. Similar to hard real-time systems, if the
responses cannot be generated timely, the consequences could be
serious and may  even be catastrophic.

To perform effective surveillance functions in an operation
environment with the use of a real-time database system, a com-
mon  method is to use periodic application transactions which are
defined according to application and surveillance requirements
(Nixon et al., 2008; Gustafsson and Hansson, 2004). Each invo-
cation of an application transaction (called an application job
in this paper) has a hard or firm deadline on its completion
time. How to schedule a set of periodic application jobs to meet
their deadlines is a typical real-time scheduling problem (Liu and
Layland, 1973). However, simply satisfying the real-time con-
straints of the application transactions are not sufficient to achieve

the surveillance functions effectively. Another issue of equal impor-
tance is to maintain the freshness or called temporal validity
(Ramamritham, 1993) of the set of real-time data objects for their
executions.
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Real-time data objects are defined to describe the current sta-
us of dynamic entities in an operation environment such as the
ocation of a moving object and the temperature of a production
ngine (Ramamritham et al., 2004; Shanker et al., 2008). Unlike
he data objects in conventional database systems, a real-time data
bject has a temporal validity constraint (Ramamritham, 1993). It
s temporally valid (or simply called valid in the rest of the paper)
f its latest value is “truly” reflecting the current status of the cor-
esponding entity in the operation environment. Otherwise, it is
nvalid or called “stale” (Golab et al., 2009; Bateni et al., 2009). As
he status of an entity in the operation environment can be highly
ynamic and change continuously with time, a real-time data
bject will become stale with the passage of time (Ramamritham,
993). Accessing stale data can seriously affect the quality of service
QoS) provided by the application transactions, i.e., generate incor-
ect responses even though the responses are timely (Xiong et al.,
010; Golab et al., 2009; Kang et al., 2004).

How to generate and schedule update transactions to maintain
he temporal validity and freshness of real-time data objects has
een a hot research topic (Xiong and Ramamritham, 2004; Ho et al.,
997; Golab et al., 2009; Labrinidis and Roussopoulos, 2001; Qu
nd Labrinidis, 2007; Kang et al., 2004; Xiang et al., 2008). One of
he common methods is to use periodic update transactions. Each
nvocation of an update transaction is called an update job. New
ata values are generated periodically by sensors installed in an
peration environment. Once generated, it is sent to a scheduler to
efresh the validity of the corresponding data object maintained
n the database. The main design goal is to maintain the valid-
ty of a set of real-time data objects with minimum total update

orkload.
In this paper, instead of studying the update generation and

cheduling problems of update transactions for maintaining data
alidity (Xiong and Ramamritham, 2004; Ho et al., 1997) or study-
ng efficient real-time scheduling methods for periodic application
ransactions to meet their deadlines (Liu and Layland, 1973), we
erform an integrated study of the two problems. We  call the prob-

em as the real-time co-scheduling problem in a real-time database
ystem. In particular, we concentrate on the co-scheduling problem
n time-critical surveillance systems in which a real-time sched-
ler is responsible for processing periodic application transactions
o monitor a set of dynamic entities through the sensor data values
eceived from them. An example of such applications is shown in
ection 4.1. They require meeting the deadlines of all the applica-
ion transactions and at the same time maintaining the data validity
or the execution of application transactions. However, how to
chieve these two performance goals at the same time is a big
esearch challenge. As will be discussed in the related work, pre-
ious proposed methods such as Kang et al. (2007, 2009) are not
ufficient for many time-critical surveillance systems, e.g., indus-
rial plant management where “correct” and timely responses need
o be generated for efficient process management and event detec-
ion. They aim to provide just a soft guarantee in data quality and

eeting the deadline constraints of application transactions using
arious heuristics in scheduling.

Obviously, the scheduling of update and application transac-
ions is conflicting with each other as they compete for the same
et of resources for execution. In this paper, we concentrate on the
cheduling of the CPU as it is the most important resource in sup-
orting real-time processing (Liu and Layland, 1973). In addition,
he database is assumed to reside at the main memory to eliminate
ny I/O delay. This assumption is valid for most real-time database
ystems as the number of data objects to be maintained in a real-

ime database is usually not large (Xiong and Ramamritham, 2004;
amamritham et al., 2004).

Intuitively, scheduling the update transactions at higher pri-
rities compared with the application transactions can maximize
d Software 85 (2012) 1729– 1743

the data validity but the probability of violating the deadline con-
straints of the application transactions will be higher. On the other
hand, scheduling the application transactions first can maximize
the probability of meeting their deadline constraints but the qual-
ity of data (QoD) could be seriously degraded. Thus, in this paper,
we propose a novel dynamic co-scheduling algorithm, called Adap-
tive Earliest Deadline First Co-scheduling (AEDF-Co). The performance
goal of AEDF-Co is to determine a schedule such that the dead-
line constraints of all the application transactions are met  and
at the same time the QoD of the real-time data objects is maxi-
mized. With the application of AEDF-Co, a deterministic solution
can be obtained in the design phase of a system. One  of the main
intuitions behind AEDF-Co is that in cases we cannot meet the
deadline constraints of all the application transactions, we may
extend the validity intervals of some of the data objects to reduce
the impacts of update jobs scheduling on the performance of the
application jobs. The technical challenge is how to minimize the
overall impact to the QoD of the data objects. In this paper, we use
a dynamic scheduling to maximize the total QoD in the system as
well as the total quality of service (QoS) obtained from the applica-
tion transactions. The performance of AEDF-Co is studied through
extensive simulation and the results show that AEDF-Co is effective
in achieving the performance goals as compared with the base-
line methods, such as the Update First (UF)  and Application First
(AF) schemes under different update and application transaction
workloads.

The remainder of the paper is organized as follows. In Section
2, we briefly review the important previous research on maintain-
ing freshness and temporal validity of real-time data objects and
co-scheduling of update and application transactions. In Section
3, we first discuss the data validity and the staleness of real-time
data. We  then review the basic principles of one of the best known
periodic method called More–Less (ML) for maintaining data valid-
ity and its limitations when it is used for co-scheduling. In Section
4, we first give a motivating example to explain the co-scheduling
problem and then introduce a new metric to measure the quality
of data (QoD) for processing of periodic application transactions.
The details of the proposed co-scheduling algorithm AEDF-Co are
presented in Section 5. Section 6 reports the major findings from
the performance studies. We  conclude the paper and discuss the
future work in Section 7.

2. Related works

In recent years there has been extensive research on main-
taining temporal validity and freshness of real-time data objects
(Labrinidis and Roussopoulos, 2001; Xiong and Ramamritham,
2004; Xiong et al., 2005, 2006a, 2008a, 2010; Han et al., 2008, 2009;
Lam et al., 2004; Ahmed and Vrbsky, 2000; Gustafsson and Hansson,
2004; Xiang et al., 2008). Many of the papers use periodic update
transactions to provide a guarantee in data validity, i.e., the data
objects are valid throughout the whole operation period of a sys-
tem. One of the earliest proposals is the Half–Half (HH) method
(Ho et al., 1997) in which the period and relative deadline of an
update transaction are each set to be half of the validity interval
(Ramamritham, 1993) of the data object to be updated. To further
reduce the update workload, the More–Less (ML) method (Xiong
and Ramamritham, 2004), which will be reviewed in Section 3, was
proposed.

In contrast to HH and ML,  the deferrable scheduling algorithm
for fixed-priority transactions (DS-FP)  (Xiong et al., 2008a)  follows

the aperiodic task model in generating update jobs. It exploits the
semantics of temporal validity constraint of real-time data objects
by judiciously deferring the release times of update jobs. To reduce
the online scheduling overhead of DS-FP,  two extensions were
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Table 1
Symbols and definitions.

Symbol Definition

Xi Real-time data object i
�u

i
Update transaction i for updating Xi

Vmin
i

Minimum validity interval of Xi and �u
i

Vmax
i

Maximum validity interval of Xi and �u
i

Vi Validity interval of Xi and �u
i

Tu The set of update transactions
Ta The set of application transactions
�a

i
Application transaction i

Cu
i

(Ca
i
) Worst-case execution time (WCET) of �u

i
(�a

i
)

Du
i
(Da

i
) Relative deadline of �u

i
(�a

i
)

Pu
i
(Pa

i
) Period of �u

i
(�a

i
)

Ju
i,j

(Ja
i,j

) The j + 1th job of transaction �u
i

(�a
i
) (j = 0, 1, 2, . . .)

ru
i,j

(ra
i,j

) Release time of Ju
i,j

(Ja
i,j

)
du

i,j
(da

i,j
) Absolute deadline of Ju

i,j
(Ja

i,j
)

S (t) Staleness of data object X at time t
S. Han et al. / The Journal of Syste

roposed to produce a hyperperiod for DS-FP so that the sched-
le generated by repeating the hyperperiod infinitely will satisfy
he validity constraints of the real-time data objects (Xiong et al.,
008b). In Xiong et al. (2008b), based on a sufficient feasibility con-
ition of EDF scheduling, it proposed an extension of ML called
LEDF which is a linear time algorithm to solve the period and

eadline assignment problem.
Instead of providing a complete guarantee in data validity, some

orks adopted a less restrictive criterion such as statistical guar-
ntee in quality of service (QoS) (Amirijoo et al., 2006; Kang et al.,
004; Xiong et al., 2006b; Wei  et al., 2006). In Wei  et al. (2006),

 prediction-based QoS management scheme for periodic queries
ver dynamic data streams was proposed. In Xiong et al. (2006b),
everal extensions of ML  called statistical ML  algorithms were pro-
osed to provide a statistical guarantee in data validity for systems
here the processing time of an update transaction may  vary fol-

owing a pre-defined distribution.
Various heuristic-based dynamic scheduling methods were pro-

osed for soft real-time database systems where the arrivals of
pdate jobs are sporadic and unpredictable. Some of the pro-
osals are (Golab et al., 2009; Bateni et al., 2009; Labrinidis and
oussopoulos, 2001). Unlike the validity constraint proposed in
amamritham (1993),  in Golab et al. (2009),  it was  defined that

 data value starts to be stale right after its generation. Based on
he earliest deadline first (EDF) scheduling algorithm, it proposed a

aximum benefit with look-ahead algorithm to assign scheduling
riorities to the update jobs in an update stream with the pur-
ose to minimize the total staleness of data objects in a system.

n Bateni et al. (2009),  in addition to minimizing the total data
taleness, it aimed to limit the maximum stretch. By assuming

 quasi-periodic model in update generation, a constant-stretch
lgorithm was proposed. In Labrinidis and Roussopoulos (2001),
he scheduling problem of update streams to maintain fresh-
ess of dynamic information such as those contained in dynamic
eb pages was studied. Based on the popularities and depen-
encies of views, a quality-aware update scheduling algorithm
QoDA) was proposed to maximize the quality of data. In QoDA,
n update with the biggest negative impact on the quality of data
s given the highest priority for processing. In Ahmed and Vrbsky
2000) and Gustafsson and Hansson (2004),  various on-demand
chemes were proposed to reduce the number of unneces-
ary updates to minimize the CPU utilization for processing the
pdates.

The co-scheduling problem of update and application transac-
ions has been receiving growing interests in recent years. In Qu and
abrinidis (2007),  a two-level co-scheduling algorithm called query
pdate time sharing was proposed in which at the higher level it
ynamically adjusts the query and update share of CPU to maximize
he overall system profit. At the lower level, queries and updates
ave their own priority queues. The co-scheduling of updates and
ueries was also studied in Thiele et al. (2009).  However, unlike Qu
nd Labrinidis (2007),  it is for systems where the arrivals of updates
nd queries are pre-defined. Based on the pure update first and
uery first methods, it proposed an optimal schedule for given sets
f updates and queries to maximize both quality of data and qual-
ty of service. In Kulkarni et al. (2008),  the execution of queries
ver dynamic update streams was studied and a load-adaptive
cheme was proposed based on the rate monotonic scheduling. In
ang et al. (2004, 2007, 2009),  feedback control-based methods
ere proposed for dealing with unpredictable system workload

nd changing data requirements of real-time transactions. They
pply feedback-based miss ratio control schemes to maintain the

erformance within a desired value. The main problem of these
revious studies on solving the co-scheduling problem is that they
re not suitable for real-time surveillance systems which require
uarantees in both meeting the deadline constraints of application
i i

Qu
i
(t) Quality of data (QoD) of object Xi at time t

Qa
i
(t) Quality of service (QoS) of application transaction �a

i
at time t

transactions and data quality to ensure the correct execution of the
surveillance functions performed by the application transactions.

3. Preliminaries and motivation

In this section, we first discuss the validity and staleness of real-
time data. In Section 3.2,  we review the More–Less (ML) method
which is the basic method for maintaining data validity using peri-
odic update transactions. Table 1 summarizes the symbols that are
used frequently in the paper.

3.1. Validity and staleness of real-time data

In Ramamritham (1993), an “interval-based” approach was pro-
posed to define the temporal validity constraint for a real-time data
object. It is assumed that the “maximum rate of changes” in status
of a dynamic entity �i is bounded and its accuracy requirement
is pre-defined from applications. Based on these two  parameter
values, a validity interval Vi is defined for data object Xi such that
the difference in “value” between the status of an entity �i and
the corresponding data object Xi is not larger than the accuracy
requirement within the validity interval, Vi.

Definition 3.1. A real-time data object Xi at time t is valid if its
validity interval Vi plus the release time tr of the update job from
which it obtains its current value is not less than t, that is, tr + Vi ≥ t
(Ramamritham, 1993).

The importance of the validity constraint is that if a data object
accessed by an application job is valid, the degree of currency of
the data object is guaranteed (Golab et al., 2009). Another impor-
tant property of this criterion is that it can easily be combined with
the concept of data similarity (Kuo and Mok, 1993) for resolving
the concurrency control problem between update and application
transactions. Under the concept of data similarity, the values from
two successive update jobs for the same data object will be consid-
ered to be “similar” if the difference in their release times is smaller
than the validity interval (Kuo and Mok, 1993). If there is a data
conflict between an update job and an application job in access-
ing the data object, the serialization order between the update job
and the application job can be reversed to make the schedule to
be serializable. Therefore, it is not necessary to have a concurrency
control mechanism for resolving the data conflicts between these

two types of transactions (Kuo and Mok, 1993, 1994).

Following the above criterion for data validity and the assump-
tion on the “maximum rate of changes” in status of a dynamic entity,
we define the staleness of a real-time data object.
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(b)
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u
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u
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access to stale data object

increasing the update periods may  make it schedulable. In addition,
reducing the update workload may also reduce its impact on the
scheduling of the application jobs.

Table 2
Parameters of update transactions in Example 3.1.

Trans. Cu
i

Du
i

Pu
i

Vi Util.
Fig. 1. An illustration of the staleness of data object Xi .

efinition 3.2. Assume that the current value of data object Xi is
eleased at time tr and its validity interval is Vi. The staleness of Xi
t time t is defined as:

i(t) =
{

0, t ∈ [tr, tr + Vi]
t − (tr + Vi), t > tr + Vi

Note that under this definition, the minimum value of staleness
f a data object is zero while its maximum value is unbounded and
ncreases with time continuously until the completion of the next
pdate job. As shown in Fig. 1, data object Xi with validity interval
f length Vi is initialized at time 0. An update job is generated at
ime t1 and the new value is installed at time f1 due to preemption
rom higher priority jobs. The staleness of Xi increases linearly in
nterval [Vi, f1) and drops to 0 at time f1.

In this paper, it is assumed that the quality of a data object is
uantified by its staleness. If the staleness of a data object is larger,

ts quality will be lower. To ensure correct execution of the appli-
ation transactions, it is one of the main performance goals of this
aper to minimize the data staleness observed by the application
ransactions.

.2. The More–Less method and its problems

More–Less (ML) (Xiong and Ramamritham, 2004) is an off-line
eterministic method using periodic update transactions to main-
ain the temporal validity of a set of real-time data objects. To

aintain the validity of object Xi, an update transaction �u
i

gener-
tes a job Ju

i,j
at the beginning of every fixed period Pu

i
after capturing

he latest status of the entity �i. With the given validity interval
f each data object, ML  determines the periods and relative dead-
ines for a set of update transactions and schedules their jobs using
eadline Monotonic (DM) (Liu and Layland, 1973). The calculation
rder for each update transaction follows the Shortest Validity First
SVF) principle so that it starts from the update transaction with the
hortest validity interval. In calculating the relative deadline and
eriod for an update transaction, it adopts a pessimistic approach
sing the worst-case response time (WCRT) of the update trans-
ction such that the validity of the data object is guaranteed by
ompleting the jobs of the update transaction before their dead-
ines.

Although the resulting update workload from ML  has been
hown to be lower than that obtained from HH (Ho et al., 1997),
he total update workload from ML  can still be heavy as it uses
he WCRT in determining the update periods. Although this may

elp the update transactions achieve better data quality, it can
everely hurt the schedulability of the system. In addition, in ML,  it
s assumed that the application transactions are assigned lower pri-
rities compared with the update transactions in order to eliminate
Fig. 2. The schedules of the update transactions in Example 3.1 before and after
increasing the period of �u

2 .

the impact of their scheduling on the scheduling of update jobs.
Thus, the application transactions may  not be schedulable when
the update workload is heavy.

Example 3.1. Consider a simple example with three real-time
data objects X1, X2 and X3 to be refreshed by update transactions,
�u

1 , �u
2 and �u

3 , respectively. Fig. 2 shows a schedule obtained using
ML. Following the assumption in ML,  the application transactions
are assigned lower priorities compared with the update transac-
tions. In the example, we  concentrate on the scheduling of update
transactions to demonstrate the problems of ML.

Table 2 summarizes the periods and deadlines of �u
1 , �u

2 and �u
3

calculated using ML (Xiong and Ramamritham, 2004). Although the
total utilization for maintaining the validity of the three objects
is U =

∑3
i=1Cu

i
/Pu

i
= 1/4 + 2/7 + 2/24 = 0.619, the utilization for

updating the three objects is very different. The utilization for X3 is
only 0.083 while that for X1 is 0.25. It is three times of X3. In addition,
the update utilization for different data objects is independent on
their probabilities to be accessed by the application transactions. As
shown in Fig. 2, quite a number of update jobs for the data objects,
(e.g., X1) are wasted as no application job accesses to these data
versions before they become invalid.

To reduce the update utilization for non-accessed data objects
and the total update utilization, we  may  increase the validity inter-
vals in calculating the periods for the update transactions. Fig. 2(b)
shows the new update schedule for X2 in which the period of trans-
action �u

2 (denoted by �u′
2 ) is increased from 7 to 14. Its utilization is

reduced from 0.286 down to 0.143. As shown in Fig. 2(b) although
X2 may  be stale for a certain period of time, the impact can be lim-
ited if it is not a hot object, e.g., only one application job accesses to a
stale data object. Another important benefit of extending the valid-
ity periods is that if the set of update transactions is not schedulable,
�u
1 1 1 4 5 0.25

�u
2 2 3 7 10 0.286

�u
3 2 6 24 30 0.083

�u′
2 2 3 14 10 0.143
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system model consists of a fixed set of periodic application trans-
actions and a set of update transactions. The set of application
transactions is defined according to the surveillance requirements
while the set of update transactions is defined according to the

Upda te 
Trans. 1

...
...

Application
Trans. 1

Application
Trans. m

Application
Trans. i

...
...

Co-Schedu ler

Update 
Trans. i

Upd ate 
Trans. n

u
jJ , 1

u
jnJ ,

u
jiJ ,

uJ aJ

waiting 
queue

1,
a

jJ

,
a
i jJ

,
a
m jJ
Fig. 3. A simple bio-reactor process with 10 tra

. An application example and system model

In this section, we first describe a simple bio-reactor process
o illustrate the performance requirements of a real-time database
ystem for surveillance of critical events. Following the application
xample, we then present the system model and transaction model
sed in this paper, and define the quality of data (QoD) for execution
f application transactions.

.1. An application example

As shown in Fig. 3, the bio-reactor process contains 10 trans-
itters (sensors), 5 regulating valves and 3 blocking valves. The

etails of the field devices are described in Nixon et al. (2008).  Note
hat this bio-reactor process can be a part of a much larger scale
ndustrial production system. For the reliability purpose, multiple
ensors may  be deployed for capturing the status of the same entity.
hus, the total number of sensors maintained in the system can be
uch larger.
The primary objective of the transmitters (sensors) is to pro-

ide real-time process measurements. Each sensor implements an
pdate transaction for generating update jobs after capturing the

atest status of the operation process. The frequency (or called the
ate of update job generation) at which this information is required
y the process automation host is specific to the process equip-
ent and the measurement type, e.g., pressure, temperature, flow,

evel and analytical. The generated update jobs are submitted to a
atabase server (not shown in the figure) for refreshing the corre-
ponding real-time data objects maintained in the database.

The operation of each actuator is controlled by a periodic appli-
ation transaction which accesses to a set of pre-defined data
bjects maintained in the real-time database according to the func-
ions to be performed by the actuator. For example, the opening of

 blocking valve depends on the values of the temperature sensors
easuring the bio-reactor. When the actuator is a regulating valve,

he automation host will periodically update the actuator setpoint

s part of continuous control strategy according to the output from
he corresponding application transaction. If the actuator is a block-
ng valve, then the automatic host will trigger a setpoint request
nly if the output from the corresponding application transaction
ters, 5 regulating valves and 3 blocking valves.

satisfies a pre-defined threshold value. For this case, the setpoint
will be updated on a change-of-state, e.g., the setpoint will only be
written to the valve when the discrete setpoint changes. It is impor-
tant to have a guarantee in meeting the deadlines of the application
transactions. Otherwise, the status and safety in operation of the
bio-reactor cannot be guaranteed. At the same time, to ensure that
the decisions from the application transactions to the actuators are
correct, it is also important to guarantee that the validity of all the
sensor data are maintained above required levels for the execu-
tion of the application transactions. Otherwise, they may  generate
incorrect decisions to the actuators and the consequence can be
catastrophic.

4.2. System model

Fig. 4 depicts the system model to be used in this paper. It repre-
sents a typical real-time database system for surveillance of critical
events, including the bio-reactor process discussed in above. The
RTDB

readwriteji , ji ,

Fig. 4. An illustration of the system model.
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umber of real-time data objects maintained in the real-time
atabase. Each invocation of an application transaction �a

i
is called

n application job Ja
i,j

whose deadline da
i,j

is defined to be its release
ime ra

i,j
plus a fixed relative deadline Da

i
. Each update transaction

u
i

generates an update job Ju
i,j

at the beginning of every period Pu
i

to
efresh data object Xi with a validity interval Vi. Unlike ML, as will be
xplained in Section 5, the period for generating update jobs in an
pdate transaction may  not be fixed in AEDF-Co with the purpose to
educe the update workload. After installing an update job �a

i
for Xi,

he new version of Xi is valid up to time ra
i,j

+ Vi. The released update
obs and application jobs are sorted according to their priorities in
he waiting queue as shown in Fig. 4. The co-scheduler selects the
ighest priority job from the waiting queue for processing and the
cheduling is preemptive. If a higher priority job is released, i.e., a
igher priority job is inserted into the waiting queue, the job that is
rocessing will be preempted and returned into the waiting queue.
he main goals of our approach are to determine how to generate
pdate jobs from update transactions and schedule both update
nd application jobs in the waiting queue for execution, such that
he deadline constraints of all the application transactions are satis-
ed and at the same time, the quality of data (QoD) of the real-time
ata objects is maximized.

.3. Update transaction model and assumptions

In our update transaction model, each update transaction �u
i

s defined as a 4-tuple �u
i

= (Cu
i

, Vmin
i , Vmax

i , Oi), where Cu
i

is the
orst-case execution time (WCET) for installing an update job of

u
i

into the real-time database system; Vmin
i is the minimum valid-

ty interval and Vmax
i is the maximum validity interval of �u

i
. The

alidity interval Vi for an update transaction �u
i

to maintain the
alidity of data object Xi is then determined within this range, i.e.,
min ≤ Vi ≤ Vmax. The details of the definitions for Vmin

i and Vmax
i

ill be discussed in Section 4.5. Oi defines the set of application
ransactions that will access to Xi.

Since different update transactions refresh different data objects
nd each update job just updates one data object, no concurrency
ontrol is considered in processing update jobs (Ramamritham
t al., 2004). To further simplify the problem, it is assumed that
he real-time data objects are maintained in main memory such
hat no I/O access delay is required in accessing a data object.

.4. Application transaction model and assumptions

In our application transaction model, each application transac-
ion is defined as a 4-tuple �a

i
= (Ca

i
, Da

i
, Pa

i
, �i), where Ca

i
is the

orst-case execution time (WCET) for executing an application job
f �a

i
; Da

i
is the relative deadline; Pa

i
is the period for generating

pplication jobs; and �i is the set of update transactions which pro-
ide new data values for �a

i
, that is �i = {< �u

k
, ˛i,k >}|�i |

k=1
where

i,k is the importance factor of �u
k

to �a
i

and
∑

k˛i,k = 1. Different
ata objects may  have different importance to the function to be
erformed by an application transaction and a larger value of ˛i,k
eans that data object Xk is of higher importance to it.
Each invocation of an application transaction is called an appli-

ation job which consists of a set of pre-defined operations. To
implify the discussion, the operations are assumed to be executed
ne by one, and each operation reads one real-time data object.
ased on the values of the accessed data objects, it generates a
ecision according to the defined surveillance function to respond

o the events occurring in the operation environment.

Since the function of each application transaction to be
erformed in a system are pre-defined according to system require-
ents, the period, the deadline constraint, the data requirements
d Software 85 (2012) 1729– 1743

and the processing time for each application transaction are pre-
defined or can be pre-analyzed.

4.5. Quality of data (QoD) and quality of service (QoS)

Observing stale data objects can make an application job gener-
ate incorrect response in event surveillance. Thus, an important
performance objective in addition to meeting the deadlines of
all the application jobs is to maximize the quality of data (QoD)
observed by an application job.

In Ramamritham (1993),  it uses a validity interval to define
the quality of a data object. This method is simple but may not
be sufficient for the systems which need to co-schedule update
and application transactions. In digital real-time surveillance and
control systems, sensors are usually configured with a range of sam-
pling frequencies for defining the quality of real-time data objects
to improve the system flexibility (Seto et al., 1996; HART, 2007).
In this paper, following Seto et al. (1996),  we propose to use a
range of validity intervals, [Vmin

i , Vmax
i ], for each data object Xi and

its corresponding update transaction �u
i

as introduced in the pre-

vious subsection. The values of Vmin
i and Vmax

i of a data object are
system-dependent. The definition of Vmin

i is the same as the origi-
nal definition of validity interval in Ramamritham (1993) while the
value for Vmax

i of a data object can be defined based on the dynamic
property of the corresponding entity in the operation environment.
If the dynamic property of an entity is higher, the difference in value
between the Vmin

i and Vmax
i will be smaller. After Vmin

i , although a
data object is considered to be stale, it still has some “value” to the
application jobs. A new update job Ju

i,j
released from �u

i
at time ru

i,j

has to be installed into the database before ru
i,j

+ Vmax
i ; otherwise,

the quality of the data object provided by completing Ju
i,j

will be
considered to be too poor to be used by any application jobs.

The main benefit of using a range of validity intervals is that it
provides flexibility in scheduling for tradeoff between the quality of
data objects and the system schedulability. In cases that we cannot
meet the deadlines of all the application jobs while ensuring that
all the data objects are valid as defined by their minimum valid-
ity intervals, we may  use larger validity intervals to schedule them
provided that the validity intervals are not larger than the maxi-
mum validity intervals of the update transactions (Seto et al., 1996;
HART, 2007). For these cases, a data object may be invalid for a cer-
tain period of time but the maximum degree of staleness is bounded
by the maximum validity intervals of the update transactions.

Different surveillance applications may  have different functions
for quantifying the quality of a data object as a function of time
after Vmin

i . In this paper, to simplify the discussion, we follow the
definition of staleness (Definition 3.2) to define the quality of data
(QoD) of data object Xi at time t:

Qu
i (t) = 1 − Si(t)

Vmax
i − Vmin

i

(1)

where Si(t) is the staleness of Xi at time t defined according to
Definition 3.2.  According to Eq. (1),  the QoD of Xi is bounded by 1
because the staleness is not smaller than 0. The QoD of a data object
decreases with an increase in data staleness. It is assumed that the
impact of data staleness to the QoD of a data object depends on the
difference between the minimum and maximum validity intervals
of the data object. The minimum validity interval gives the best QoS
(i.e., QoD = 1) while the QoD of the data object reduces to zero when
its validity is extended to the maximum validity interval. If the QoD
of Xi is between 0 and 1, then Xi still has some “value” to the appli-

cation jobs. Once the staleness becomes larger than Vmax

i − Vmin
i , the

QoD of Xi will become negative. A negative value of QoD of a data
object indicates that the data object is useless or even harmful to
the application jobs. As shown in Fig. 5, we assume that an update
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Fig. 5. An example of the quality of data (QoD) of data object X1.

ob of �u
i

is released at time 0. From time Vmin
i , the QoD of Xi starts to

ecrease linearly until a new update job is installed at time t1. Then,
he QoD of Xi is restored to 1 and then decreases again starting at
ime t1 + Vmin

i .
Based on the definition of the QoD for a data object, we can define

he quality of service (QoS) obtained from completing an application
ob. We  use Qa

i (t) to denote the QoS obtained from completing �a
i

as
 function of time. The impact of a stale data object on an applica-
ion job is application dependent. Herein, it is assumed that Qa

i (t) is
he sum of the QoD Qu

k(t) (�k ∈ �i) at the time when �a
i

is finished,
eighted by the importance factor ˛i,k. This definition is suitable

or aggregate surveillance queries which access to a set of data
bjects to derive a result from the set of data objects, e.g., an appli-
ation job calculates the mean temperature of a set of neighboring
emperature sensors in process management.

a
i (t) =

⎧⎪⎨
⎪⎩

|�i |∑
k=1

˛i,k · Qu
k(t) Qu

k(t) ≥ 0

0, o.w.

(2)

Note that if an application job misses its deadline, the QoS
btained from it will be reduced to zero. Thus, to ensure the cor-
ectness of the surveillance functions, it is important to meet the
eadlines of the application jobs as well as to maximize the QoD by
imely completion of update jobs.

. Adaptive co-scheduling: AEDF-Co

In this section, we first describe the baseline methods, the
pdate First (UF), Application First (AF)  and the Interleaved U/A
chemes for co-scheduling the two types of transactions, and their
imitations. Then, we introduce a novel co-scheduling algorithm
alled Adaptive Earliest Deadline First Co-Scheduling (AEDF-Co) to
esolve the real-time co-scheduling problem. Its performance goal
s to find a schedule for given sets of application and update trans-
ctions such that all the application transactions can meet their
eadline constraints while the QoD of the data objects is maxi-
ized.

.1. Baseline algorithms and their limitations

The update and application transaction co-scheduling problem
asically consists of two sub-problems: (1) how to generate update

obs from an update transaction to maintain the data validity; and
2) how to determine the priorities for the update and application
obs so that all of them can be completed before the deadlines.

Two baseline solutions to address this co-scheduling problem
re the Update First (UF) and Application First (AF)  methods. UF and
F represent two extremes in co-scheduling: UF assigns higher pri-
rities to update transactions to maximize the QoD of the real-time
ata objects while AF assigns higher priorities to the application

ransactions to minimize the probability of violating their deadline
onstraints.

To maintain the data validity, both UF and AF apply the More–Less
ML) approach to determine the periods and deadlines of the update
d Software 85 (2012) 1729– 1743 1735

transactions using a fixed validity interval of a data object, and
then they use Deadline Monotonic (DM) to schedule the update
jobs. In UF and AF,  the application jobs are also scheduled using
DM according to their relative deadlines. Although both the appli-
cation and update transactions use DM to prioritize the jobs, we
cannot simply schedule them together. This is because ML  does not
consider the possible preemption from the application transactions
when calculating the periods and deadlines for the update trans-
actions. Interleaving the executions of the update and application
jobs may  make some of them miss the deadlines and make the
overall performance totally unpredictable. UF and AF simplify this
problem by either assigning higher priorities to the update transac-
tions or application transactions, respectively. In this way, they can
either maximize the QoD obtained from the update transactions
or maximize the schedulability of the application transactions.
These simple solutions, however, inevitably will either reduce the
schedulability of the application transactions (i.e., in UF)  or the QoD
(i.e., in AF)  especially when the system workload is heavy. One
simple way to balance the QoD and meeting the deadlines of appli-
cation jobs is to interleave the priorities of AF and UF according to
a fixed ratio. We  call this scheme as the Interleaved-U/A scheme
in which a certain percentage, called the relative priority factor,
of update transactions are assigned to higher priorities relative to
the set of application transactions. For example if the value of the
relative priority factor is 0.1, 10 percents of update transactions
are assigned to lower priorities relative to the set of application
transactions. Of course, the biggest performance problem of the
Interleaved-U/A scheme is how to set the value for the relative pri-
ority factor to maximize the overall system performance.

5.2. The design principles of AEDF-Co

To overcome the drawbacks of UF and AF and to maximize
the performance of both application and update transactions, it
is important to dynamically adjust the relative priorities of the
application and update jobs in the co-scheduling. In this section,
we present the design principles of the Adaptive Earliest Deadline
First Co-Scheduling (AEDF-Co) algorithm which has four important
features.

Firstly, we introduce a deferrable scheduling (Xiong et al.,
2008a) into AEDF-Co. ML is pessimistic on the deadline and period
assignments for an update transaction as it uses the worst-case
response time of an update transaction to determine the period and
relative deadline of its jobs. The pessimistically calculated relative
deadline Du

i
will derive a relatively short period Pu

i
(Pu

i
= Vi − Du

i
)

especially for the update transactions with shorter validity inter-
vals, and impose a heavy update workload on the system. This can
severely hurt the system schedulability and degrade the perfor-
mance of the application transactions if the update transactions are
assigned higher priorities as in UF.  To resolve this problem, AEDF-
Co defers the release time of an update job as late as possible if
the quality of the corresponding data object will not be affected,
i.e., the next job is completed before the previous version of the
corresponding data object becomes invalid. In AEDF-Co, the dead-
line du

i,k
of Ju

i,k
is set as the release time of the previous job Ju

i,k−1
plus Vi which is set to be the value of its minimum validity interval,
i.e., ru

i,k−1 + Vmin
i . After setting the deadline of Ju

i,k
, its release time

ru
i,k

is calculated backwards from its deadline du
i,k

by taking its exe-
cution time Cu

i
and the total preemption from higher priority jobs

(both update and application jobs) into consideration. As shown
in Fig. 6(a), compared with the one obtained from ML,  the release

u u u′

time of J

i,k
is deferred from r

i,k
to r

i,k
. The deferral of the release time

reduces the relative deadline of the update job Ju
i,k

from du
i,k

− ru
i,k

to

du
i,k

− ru′
i,k

and increases the separation between Ju
i,k−1 and Ju

i,k
. This

will help reduce the utilization of the update transactions and allow
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Ju
i, k-1

Vi
min

du
i,  k-1ru

i, k-1

ru
i, k
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i, k

Ju'i, k

ru'i, k
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i, k+1

du'i, k+1

Vi
min

Vi
min

Ju
i, k

Higher-priority preemption

Job execution time
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Vi
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(a) Deferr ing the  release  time of upd ate job  Ju
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order of their deadlines, i.e., using EDF. Initially, the first applica-
tion job Ja

i,0 of each application transaction �a
i

and first job Ju
i,0 of

each update transaction �u
i

with deadline Vmin
i are put into QEDF

(Lines 1 and 2).
Fig. 6. An illustration of calculating the 

ore application transactions to be scheduled in the system. Thus,
nlike ML,  the update job generations in AEDF-Co may  not follow a
xed period.

The second important feature of AEDF-Co is to use a range of
alidity intervals (Vmin

i and Vmax
i ) to determine the validity inter-

als Vis for the update jobs of an update transaction, �u
i

such that
ifferent jobs of the same update transaction may  have different
alidity intervals. Initially, we set Vi to be Vmin

i with the purpose to
aximize the QoD of data object Xi. In cases where an update job

s not schedulable, a larger value of Vi will be used provided that
t is not larger than Vmax

i . For example as shown in Fig. 6(b), if the
eadline du

i,k
of Ju

i,k
is set to be ru

i,k−1 + Vmin
i , Ju

i,k
is not schedulable

s the derived release time ru
i,k

is smaller than the deadline du
i,k−1

f Ju
i,k−1 due to preemption from higher-priority jobs (both update

nd application jobs). To solve the problem, the deadline du
i,k

of Ju
i,k

s increased from ru
i,k−1 + Vmin

i up to ru
i,k−1 + Vmax

i such that Ju
i,k

is
chedulable. As shown in Fig. 6(b), the new deadline and release
ime for Ju

i,k
are du′

i,k
and ru′

i,k
, respectively, after extending the value

or Vi.
Thirdly, as illustrated in Example 3.1,  some update jobs are

nnecessary and wasted as the new versions created by them are
ever accessed by any application jobs. In order to minimize the
umber of such update jobs, we include a look-ahead policy into
EDF-Co. If the release time of an update job is to be determined,
EDF-Co will first look ahead the waiting queue and find the earliest
elease time t among all the application jobs which will access to
he data object to be updated by this update job. If the deadline of
he update job is earlier than t, then it will be deferred to t. Then, the
elease time of the update job will be calculated based on the new

eferred deadline. For example, as shown in Fig. 7, the deadline of
pdate job Ju

i,k
is first deferred to du′

i,k
. By observing that the earliest

elease time of the application jobs that will access to Xi is ra
1,j

, the

eadline du
i,k

is further deferred from du′
i,k

to ra
1,j

, and then the release
e time ru
i,k

for update job Ju
i,k

in AEDF-Co.

time ru
i,k

is deferred accordingly. In this way, the look-ahead policy
will further reduce the update workload in the system.

Finally, we  adopt the dynamic scheduling, the earliest deadline
first (EDF), to schedule the application jobs and update jobs based
on their deadlines. It is expected that the dynamic scheduling will
be more adaptive to the urgencies of the jobs such that the overall
schedulability of the system can be improved.

5.3. The algorithm

Algorithm 1 summarizes the framework of the AEDF-Co algo-
rithm. In Algorithm 1, it is assumed that all the update and
application transactions are synchronized at time 0 and all the
real-time data objects are temporally valid initially. The waiting
queue QEDF stores the update and application jobs in the ascending
Fig. 7. An illustration of adjusting the deadline of an update job.
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Table 3
Parameters of update and application transactions in Example 5.1.

Cu
i

/Ca
i

Vmin
i

Vmax
i

Du
i
/Da

i
Pu

i
/Pa

i

�u
1 1 5 9 1 4

�u
2 2 8 12 3 5
a

cannot schedule the transaction sets successfully. In UF,  application
job Ja

1,0 misses its deadline while in AF both Ju
1,0 and Ju

2,0 miss their
deadlines.
S. Han et al. / The Journal of Syste

lgorithm 1 (Adaptive Earliest Deadline First Co-Scheduling).
Input: Update transactions Tu = {�u

i
}m
i=1 and application transactions Ta = {�a

i
}n
i=1

Output: Construct a schedule S if Tu and Ta are all schedulable; otherwise, reject.
1: Insert all 1st jobs Ju

i,0
of �u

i
in QEDF by setting du

i,0
= Vmin

i
.

2:  Insert all 1st jobs Ja
i,0

of �a
i

in QEDF .
3: while TRUE do
4: if the first job Ji,k from QEDF is an application job or an update job

with determined release time then
5: Schedule Ji,k using EDF;
6: if Ji,k is finished then
7: di,k+1 = ri,k + Vmin

i
if Ji,k is an update job;

8: di,k+1 = ri,k + Pa
i

+ Da
i

if Ji,k is an application job;
9:  Enqueue Ji,k+1 to QEDF ;
10: end if
11: else
12: Dequeue Ji,k from QEDF ;
13: di,k = AdjustUpdateDeadline(Ji,k);
14: if di,k ≤ the deadline of the 1st job in QEDF then
15:  if k == 0 then
16: ri,k = CalcUpdateReleaseTime(i, k, 0, di,k);
17: else
18: ri,k = CalcUpdateReleaseTime(i, k, di,k−1, di,k);
19: end if
20: else
21: Enqueue Ji,k to QEDF ;
22: end if
23: end if
24: end while

After the initialization, we dequeue the first job Ji,k from QEDF.
f Ji,k is an application job or an update job whose release time has
een derived (Lines 4–10), we will schedule them using EDF and

nsert the next job of the same transaction into the QEDF if the cur-
ent job is finished. If Ji,k is an update job whose release time has not
een derived (Lines 11–23), we will first perform the look-ahead
olicy by invoking Algorithm 3 to defer its deadline du

i,k
as much

s possible as long as the QoD of the corresponding data object to
e accessed by the following application jobs in QEDF will not be
ffected. Algorithm 3 first searches a deadline d that can make job
u
i,k

schedulable (Lines 2–11 of Algorithm 3). Then it searches the
arliest release time r of the application jobs that will access to the
ata object to be updated by Ju

i,k
(Lines 13–18 of Algorithm 3). The

aximum of d and r is chosen to be the deadline of Ju
i,k

(Line 19 of
lgorithm 3). After the adjustment, if du

i,k
is not the earliest deadline

n QEDF, Ju
i,k

will be re-inserted into QEDF. Then, we  will dequeue the
rst job in QEDF and repeat the same process; Otherwise, we calcu-

ate its release time ru
i,k

backwards from du
i,k

by calling Algorithm 2.
t searches backwards from the deadline du

i,k
of Ju

i,k
to the deadline

u
i,k−1 of the previous job Ju

i,k−1 and allocates the idle slots that are
ot occupied by any higher-priority jobs to Ju

i,k
until the remaining

xecution time of Ju
i,k

is 0. Once the remaining execution time of Ju
i,k

s reduced to 0, the time point is chosen to be the release time ru
i,k

or Ju
i,k

.

lgorithm 2 (CalcUpdateReleaseTime(i, k, di,k−1, di,k)).

Input:  Ji,k and time interval [di,k−1, di,k).
Output:  Release time ri,k .
1:  CR = Ci; //CR is the remaining execution time of Ju

i,k
.

2:  ri,k = di,k;
3: while ri,k ≥ di,k−1 do
4: if time slot ri,k is not scheduled then
5: Schedule time slot ri,k for Ju

i,k
;

6: CR − −; //allocate the idle slot to Ju
i,k

and the remaining
execution time decreases by 1.

7: end if
8: if CR == 0 then

9: return ri,k; //get the release time of Ju

i,k
when CR is 0.

10: end if
11: end while
12: return FAILURE; //the release time is smaller than di,k−1.
�1 1 – – 5 8
�a

2 2 – – 6 9

Algorithm 3 (AdjustUpdateDeadline(Ju
i,k

, di,k)).

Input: The update job Ju
i,k

and its original deadline di,k .
Output: Adjusted deadline d′

i,k
.

1: //search the smallest deadline for Ju
i,k

.
2:  for d = di,k to di,k + Vmax

i
− Vmin

i
do

3: if k == 0 then
4: ri,k = CalcUpdateReleaseTime(i, k, 0, d); //Ju

i,k
is the first job of

�u
i

.
5: else
6: ri,k = CalcUpdateReleaseTime(i, k, di,k−1, d); //Ju

i,k
is not the first

job of �u
i

.
7: end if
8: ifri,k /= FAILURE then
9: break;  //find the earliest deadline.
10: end if
11: end for
12: //search the earliest release time of the application jobs that will

access to the data object to be updated by Ju
i,k

.
13: r  = di,k + Vmax

i
− Vmin

i
;

14: for each �a
k

∈ Oi do
15: if the earliest job of �a

k
in QEDF is �a

k,l
then

16: r = min{r, ra
k,l

};
17: end if
18: end for
19: return d′

i,k
= max{d, r}; //choose the larger one as the deadline of

Ju
i,k

.

Example 5.1. Consider a set of two  update transactions {�u
1 , �u

2 }
and a set of two application transactions {�a

1, �a
2} with parameters

shown in Table 3. It is assumed that application transaction �a
1 will

access to data objects X1 and then X2 sequentially, and �a
2 will access

to data object X2 only. The validity of X1 and X2 is maintained by �u
1

and �u
2 , respectively.

In UF and AF,  the periods and relative deadlines of �u
1 and �u

2 are
determined by ML using the minimum validity intervals of X1 and
X2. The schedules obtained from UF and AF are shown in Fig. 8(a)
and (b), respectively. As shown in Fig. 8(a) and (b), both UF and AF
Fig. 8. AEDF-Co outperforms UF and AF in scheduling the jobs.
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Table 4
Parameter settings in the experiments.

Parameter Value Parameter Value

# of Update Trans. [50, 375] # of App. Trans. [30, 80]
Cu

i
[5, 10] Ca

i
[10, 20]

t
I
t
t
i
w
n
j
e
t
i
t
1

6

o
p
m
d
C
o
b
e
f

6

m
t
u
t
t
c
p
d
c
t
t
a
o
i
r
1

s
i
R
s

s
p
a
c

Vmin
i

[2500, 10,000] Pa
i

[200, 8000]
Vmax

i
1.5 × Vmin

i
Da

i
0.4 × Pa

i

Fig. 8(c) shows the schedule obtained from AEDF-Co. At initial
ime 0, both Ju

1,0 and Ja
1,0 have the same earliest deadline at time 5.

t is assumed that Ja
1,0 is selected to execute. Job Ja

1,0 is finished at
ime 1. Then, Ju

1,0 is the job with the earliest deadline. According to
he deferrable and look-ahead policies in Algorithm 3, its deadline
s deferred to time 9. Therefore, application job Ja

2,0 becomes the job
ith the earliest deadline and is selected for execution. At time 3,
o job has been released in QEDF and the release time of the update

ob with the earliest deadline will be calculated. Then, Ju
2,0 has the

arliest deadline. Its release time ru
2,0 is derived to be at time 6 and

he next job Ju
2,1, which has a deadline at time 14, i.e., ru

2,0 + 8, is
nserted into QEDF. Similarly, the release time ru

1,0 of Ju
1,0 is derived

o be at time 8, and the next job Ju
1,1 which has a deadline at time

3, i.e., ru
1,0 + 5, is inserted into QEDF.

. Experiment evaluation and discussions

In this section, we present the important results obtained from
ur performance studies on AEDF-Co. In the experiments, we com-
are AEDF-Co with the Update first (UF) and Application First (AF)
ethods as well as the combined scheme, Interleaved-U/A using

ifferent relative priority factors. Since the validity interval in AEDF-
o is chosen within a range, [Vmin

i , Vmax
i ] while a single fixed value

f validity interval is used for each update transaction in ML,  for
etter comparison, in UF,  AF and Interleaved-U/A, we repeat the
xperiments using the Vmin

i and Vmax
i to be the fixed validity value

or update transaction �u
i

.

.1. Simulation model, parameters and measures

The simulation model is developed according to the system
odel introduced in Section 4.2. It consists of a real-time con-

roller and a fixed set of sensor nodes. Each sensor node runs an
pdate transaction to generate update jobs following the release
imes determined by the adopted method, i.e., ML or AEDF-Co. At
he same time, a set of application transactions is maintained at the
ontroller to generate application jobs following the pre-defined
eriods to access to the data objects maintained in the real-time
atabase. In the simulation model, we do not consider the con-
urrency control between the update transactions and application
ransactions as the conflicts can easily be resolved by the applica-
ion of the concept of data similarity (Kuo and Mok, 1993). It is also
ssumed that the synchronization delay in accessing shared data
bject is small and can be ignored as all the data objects are resided
n the main memory and the problem of priority inversion can be
esolved by the use of the priority inheritance method (Sha et al.,
990).

Table 4 summarizes the set of parameters and their default
ettings used in the experiments. They are determined accord-
ng to the parameter settings used in previous studies (Xiong and
amamritham, 2004) with some modifications to fit them into our
ystem model.

Since one of the performance goals is to meet the deadline con-

traints of all the application transactions, one of the important
erformance metrics used in the experiments is the miss rate of
pplication jobs (MRA) which is defined as the number of appli-
ation jobs which miss their deadlines over the total number of
Fig. 9. MRA vs. # of Update Trans.

application jobs generated. Another important performance metric
is NRQoD, which is defined as the number of completed application
jobs that have accessed to at least one data object with negative
quality over the total number of application jobs completed. If an
application job accesses to a data object with negative quality, the
result generated from it is unpredictable and can be incorrect. In
addition, we  also measure the rate of update jobs that miss their
deadlines (MRU), the average QoS (QoS) obtained from the appli-
cation jobs as defined from Eq. (2),  the average QoD of each data
object (QoD), the average QoD of all data objects (QoDall), and the
worst-case QoD of each data object (QoDw). The QoD of a data object
is the average of the lowest QoD of each version of the data object.
If the QoD of a data object is lower, the probability of accessing a
data object with negative quality will be higher. The QoDall is the
average of QoD of all the data objects. The QoDw of a data object is
the lowest QoD of the data object observed by the application jobs.
Similar to NRQoD, it is another performance indicator of the QoD
observed by the application jobs.

6.2. Experimental results

We  have conducted extensive experiments to evaluate the per-
formance of AEDF-Co. For the limit of space, three representative
experiments are presented in the following.

6.2.1. Impact of update workload
In the first set of experiments, we  fix the number of application

transactions at 60 and vary the number of update transactions from
100 to 375 to investigate the performance of AEDF-Co as compared
with UF and AF under different update workloads. Increasing the
number of update transactions increases the total update workload
in the system. Fig. 9 depicts the miss rate of application jobs (MRA)
when the number of update transactions is varied. It is important
to observe that only the MRA of UF is greater than zero and its MRA
increases consistently with the number of update transactions. This
is because in UF higher priorities are assigned to the update transac-
tions. Increasing the workload of the update transactions increases
the preemption from update jobs to the application jobs, and thus
increases the probability of missing deadlines of the application
jobs. As shown in Fig. 9, the MRA of UF-min is consistently higher
than that of UF-max. It is because with the use of smaller valid-

ity intervals in UF-min, the periods of the update transactions are
shorter and the total workload of the update transactions is higher.
Thus, the preemption of the application jobs from the update jobs is
longer. The MRA of AF remains zero even when the update workload
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Fig. 10. NRQoD vs. # of Update Trans.

s very heavy. This is because, in AF,  higher priorities are assigned
o the application transactions. Thus, the performance of the appli-
ation jobs is not affected by the update workload and all of them
an be finished before their deadlines if the total workload of the
pplication transactions is not very heavy. The MRA of AEDF-Co is
lso remained zero for different update workloads. This illustrates
hat AEDF-Co is effective in meeting the deadlines of the application
obs even when the update workload is heavy.

In addition to meeting the deadlines of the application jobs,
EDF-Co is also effective in maintaining the QoD for the execution
f the application jobs. As shown in Fig. 10,  the NRQoD of AEDF-Co
lso remains zero even when the update workload is heavy. On
he other hand, as shown in Fig. 10,  although in AF all the applica-
ion jobs can be completed before the deadlines, the NRQoD of AF is
onsistently higher than zero for different number of update trans-
ctions. It reaches a value of about 10% when the number of update
ransactions equals to 50. Thus, although all the application jobs can
e completed before their deadlines, the results generated by them
ay  be incorrect. The higher NRQoD of AF is because some update

obs miss their deadlines as depicted in Fig. 11.  In AF,  lower priori-
ies are assigned to the update jobs compared with the application

obs. Thus, they may  miss their deadlines if the preemption from
he application jobs is long. Missing the deadline of an update job
an seriously degrade the quality of the corresponding data object

Fig. 11. MRU vs. # of Update Trans.
Fig. 12. QoDall vs. # of Update Trans.

and make the probability of accessing a data object with negative
quality much higher. It is worth to note that the MRU of AF decreases
with an increase in number of update transactions. This is because
in AF the worst-case response time of an update transaction is used
for calculating its relative deadline. Thus, if the number of update
transactions is larger, the deadline constraints of the lower-priority
transactions will be looser. Therefore, they have lower probabilities
of missing deadlines due to preemption from application jobs.

Consistent with the results shown in Fig. 10,  the average QoD of
all the data objects (QoDall) of AF is in general worse compared with
UF and AEDF-Co as depicted in Fig. 12.  As shown in Fig. 12,  the QoDall

of UF-min remains close to 1 for different number of update trans-
actions as it assigns higher priorities to the update transactions and
uses smaller validity intervals. It is also interesting to observe that
similar to UF-min, the QoDall of AEDF-Co also remains close to 1 for
different update workloads. This indicates that AEDF-Co is not only
just able to maintain the quality of a data object above the level as
defined by Vmax

i
but it also can achieve a QoD that is close to the

maximum quality. The good performance of AEDF-Co can also be
observed in Fig. 13 in which the QoS of AEDF-Co remains close to 1
for different number of update transactions. One of main reasons for

the better performance of AEDF-Co as compared with UF and CF is
the lower update workload due to the use of the deferrable schedul-
ing and the look-ahead policy. Although UF-min can provide a good

Fig. 13. QoS vs. # of Update Trans.
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Fig. 14. QoD for each Data Object.

oD of data objects, the QoS of UF-min is still not as good as AEDF-
o as shown in Fig. 13.  This is because some of the application jobs
iss their deadlines in UF-min. Note that once an application job
isses its deadline, the QoS it returned will be reduced to zero.
As an example to show the QoD for each data object, we  present

he results for the experiments in which the number of update
ransactions is 300 and the number of application transactions is
0. Fig. 14 shows the average QoD of each data object (QoD). Consis-
ent with the results shown in Figs. 10 and 12,  as shown in Fig. 14,
n general, the QoD of AF is worse compared with UF and AEDF-Co
specially for the data objects with smaller IDs. It is because the
pdate transactions which are responsible to maintain the validity
f the data objects with smaller IDs are assigned higher priori-
ies in calculating their periods and relative deadlines. Since the
alculation uses the worst-case response time of an update trans-
ction to determine its relative deadline, the relative deadlines for
igher priority update jobs are tighter. Thus, they are easier to miss
eadlines after preemption from application jobs. Not just QoD, as
hown in Fig. 15,  the worst-case QoD of a data object (QoDw) of
F is also much lower compared with UF and AEDF-Co. It reaches
 value of less than −14 for the data objects with smaller IDs. As
hown in Figs. 14 and 15,  the QoD and QoDw of UF depend on its
hosen values for validity intervals. UF-min gives higher values of
oD and QoDw as the update transactions have shorter periods for

Fig. 15. Worst-Case QoD.
Fig. 16. QoDall vs. # of App. Trans.

generating update jobs compared with UF-max. Consistent with
the results presented in Fig. 12,  the QoD and QoDw of AEDF-Co are
similar to that of UF-min and have values close to 1 for different
data objects as shown in Figs. 14 and 15.

6.2.2. Impact of application transaction workload
In the second set of experiments, we  vary the number of applica-

tion transactions while the number of update transactions is fixed
at 300. Increasing the number of application transactions increases
the total workload of the application transactions. Consistent with
the results obtained from the first set of experiments, although UF
in general gives a better QoD compared with AF (Figs. 16–18), the
MRA of UF is the worst compared with AF and AEDF-Co (Fig. 19).
On the other hand, although in AF the deadlines of all the applica-
tion jobs can be met  as shown in Fig. 19,  the QoD observed by the
application jobs can be poor as shown in Figs. 18 and 20.  The lower
QoDall of AF as shown in Fig. 16 is due to higher miss rate of update
jobs in AF (MRU) (Fig. 21).  The MRU of AF increases with an increase
in application workload as higher application workload increases
the preemption from application jobs on the update jobs. Thus, the

update jobs have higher probability to miss deadlines in AF.  Con-
sistent with the results obtained from the first set of experiments,
AEDF-Co gives the best overall performance in terms of meeting the

Fig. 17. QoD vs. Data Object ID.
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Fig. 18. Worst Case QoD vs. Data Object ID.

Fig. 19. MRA vs. # of App. Trans.

Fig. 20. NRQoD vs. # of App. Trans.

Fig. 21. MRU vs. # of App. Trans.
Fig. 22. QoS vs. # of App. Trans.

deadlines of the application jobs and maximizing the QoD for exe-
cution of the application jobs as shown in Figs. 16–19. The QoS of
AEDF-Co is also the best for different number of application trans-
actions as shown in Fig. 22.

6.2.3. Interleaved-U/A
Figs. 23–25 show the performance of Interleaved-U/A (both U/A-

min  and U/A-max) for different values of the relative priority factor
as compared with AEDF-Co. In U/A-min, the validity interval for a
data object is set to be the minimum validity of the data object while
in U/A-max, the maximum validities of the data objects are used.
The number of update transactions and application transactions
are set to be 300 and 60 respectively. As shown in Figs. 23 and 24,
increasing the value for the relative priority factor decreases the
QoD and QoS as the number of update transactions with priority
higher than the application transactions is decreased. At the same
time, the miss rate of the application transactions is decreased as
shown in Fig. 25.  Similarly, U/A-min gives better QoD  as compared
with U/A-max as the generation periods of the update transactions
are smaller. The tradeoff is higher miss rate of application transac-

tions. As shown in Figs. 23–25, AEDF-Co consistently gives better
performance in term of QoD, QoS and meeting the deadlines of
application transactions compared with U/A-min and U/A-max for
different values of relative priority factors.
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Fig. 23. QoDall vs. Relative Priority Factor.

Fig. 24. QoS vs. Relative Priority Factor.

Fig. 25. MRA vs. Relative Priority Factor.
d Software 85 (2012) 1729– 1743

7. Conclusions and future work

In this paper, we address the co-scheduling problem of update
and application transactions in a real-time database system for
surveillance of critical events. To ensure the effectiveness of the
surveillance functions, we need to meet the deadlines of applica-
tion jobs and at the same time to provide good quality of data for
their executions. To achieve these goals at the same time is diffi-
cult. In this paper, we  propose a dynamic co-scheduling approach
called Adaptive Earliest Deadline First Co-Scheduling (AEDF-Co) to
schedule the update jobs and application jobs. As shown in our
experimental results, AEDF-Co is effective in meeting the deadlines
of all the application jobs and maintain the QoD of the real-time
objects to a level close to maximum by timely completion of the
update jobs. It is also shown that AEDF-Co gives a much better
overall performance in meeting the two performance goals as com-
pared with the baseline methods UF and AF as well as a combined
version of them. An important future work is how to apply this
co-scheduling technique in wireless sensor and actuator networks
where transmission delays between sensors/actuators and the con-
troller cannot be ignored.
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