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Abstract—This paper proposes a Real-Time Duplication-Based Algorithm (RT-DBA) for scheduling precedence-related periodic tasks

with hard deadlines on networks of workstations (NOWs). We have utilized selective subtask duplication that enables some tasks to

have earlier start times, which enables additional tasks (and, hence, task sets) to finish before their deadlines, thereby increasing the

schedulability of a real-time application. We strongly believe that duplication can be used as a tool for obtaining a better quality of

service (QoS) from the real-time heterogeneous system, and this is our major contribution. We have taken both the computation and

the communication heterogeneities into account while modeling such a system. Both data and control dependencies between the tasks

have also been considered. Our algorithm exhibits scalability, fully exploits the underlying parallelism, and is capable of scheduling an

application, even if the available number of processors is less than the required number of processors. Based on extensive simulation

studies, we observe that RT-DBA offers an enhanced success ratio as compared to other scheduling schemes when communication is

a dominant factor.

Index Terms—Favorite predecessor, heterogeneous network of workstations, periodic tasks, precedence constraints, real-time

scheduling, subtask compaction, subtask duplication.

Ç

1 INTRODUCTION

IN addition to their correctness [1], a real-time system is
defined as one which makes results available in a timely

manner, due to decreasing costs of processors, real-time
applications are being implemented and run on networks of
workstations (NOWs). Real-time requirements may neces-
sitate intensive communication [2], [3] in these NOWs. In
order to provide a cost-effective solution while satisfying
desired performance requirements, such multicomputer
systems may very often be heterogeneous. This means that
they usually consist of both programmable processors and
dedicated hardware systems for enhanced performance,
and heterogeneity can be present within these two domains.
For example, programmable processors can be general-
purpose microprocessors, microcontrollers, or specialized
digital signal processors (DSPs). Therefore, each task could
have potentially a different execution time if it were to be
executed on a microprocessor, a microcontroller, or a DSP
system, and it is imperative to devise efficient scheduling
algorithms for extracting a better performance on a
heterogeneous multiprocessor platform [4], [5]. Real-time
scheduling algorithms can be broadly categorized into two
types—static algorithms [6], [7] and dynamic algorithms [8],
[9]. Real-time scheduling on multiprocessors has been
proven to be NP-complete, even for a very simplified task
model such as two processors and unit task execution time

[10]. This has encouraged various researchers to propose
heuristics for solving the scheduling problem [2], [3], [4],
and we also adopt a similar approach in this paper.

2 MOTIVATION

As a major contribution, we are proposing a way to select
communicating subtasks for duplication so that there is no
need for interprocessor communication, thereby eliminat-
ing such precedence delays. Hence, a larger number of tasks
and, consequently, a larger task set are able to meet the
deadlines. We strongly believe that our proposed algorithm
can increase the schedulability of real-life applications such
as audio/video on demand wherein the server relays audio
or video information to the user’s computer by transmitting
a certain number of frames per second. By employing our
proposed subtask duplication approach, many tasks can be
processed relatively faster and therefore enable a larger
number of frames to be transmitted within the same time
duration, and the server could possibly provide a better
QoS. By employing task duplication, a larger number of
subtasks can be scheduled within the deadline window,
and hence, the utilization factor of the hard real-time system
can be improved. This means that a larger number of task
sets can meet their deadlines. Therefore, our proposed
scheme can be very useful for traditional hard real-time
military and command and control applications.

The aim of this research is twofold: 1) to propose a
scheduling algorithm (Real-Time Duplication-Based Algo-
rithm (RT-DBA)) that employs duplication in order to
improve the schedulability of a hard real-time system on
NOWs and 2) to ensure that a real-time schedule is
generated, even if an adequate number of processors are
not available, and, in doing so, demonstrate downward
scalability. The proposed scheme works in the following

1586 IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 20, NO. 11, NOVEMBER 2009

. N. Auluck is with the Department of Computer Science, Quincy
University, Quincy, IL 62301. E-mail: aulucni@quincy.edu.

. D.P. Agrawal is with the Department of Computer Science, University of
Cincinnati, Cincinnati, OH 45221-0030. E-mail: dpa@cs.uc.edu.

Manuscript received 20 Mar. 2008; revised 2 Oct. 2008; accepted 7 Nov. 2008;
published online 20 Nov. 2008.
Recommended for acceptance by P. Srimani.
For information on obtaining reprints of this article, please send e-mail to:
tpds@computer.org, and reference IEEECS Log Number TPDS-2008-03-0112.
Digital Object Identifier no. 10.1109/TPDS.2008.247.

1045-9219/08/$25.00 � 2009 IEEE Published by the IEEE Computer Society

Authorized licensed use limited to: COLORADO STATE UNIVERSITY. Downloaded on November 9, 2009 at 23:56 from IEEE Xplore.  Restrictions apply. 



stages: 1) The tasks are scheduled based on the rate-
monotonic algorithm [11], i.e., the tasks with lower periods
are assigned higher priority and are scheduled first. The
proposed scheme computes a set of mathematical para-
meters for each subtask and then generates clusters of
subtasks based on these quantities. 2) It assigns each cluster
to an appropriate heterogeneous processor and schedules
the messages on appropriate links. Based on the initial
number of clusters, the critical number of processors (or
CNP) is obtained that leads to reduced computation time. We
assume that CNP ¼ initial number of clusters. Another quan-
tity of interest is the number of processors that are available
to schedule the real-time application. This quantity is called
the available processors (or AP). 3) AP is compared with
CNP and one of the following three actions is taken:

1. If AP < CNP, the proposed scheme demonstrates
downward scalability and invokes the cluster com-
paction procedure to schedule all generated clusters
on to the fewer number of processors.

2. If AP ¼ CNP, the proposed scheme schedules the
clusters to their appropriate processors.

3. If AP > CNP, the proposed scheme exploits the
underlying parallelism and employs subtask dupli-
cation to reduce the final finish time of the
application, thereby increasing its success ratio (SR).

The rest of this paper is organized as follows: In Section 3,
we discuss the related work. Section 4 describes the task
model along with some terminology. The proposed algo-
rithm with pseudocode is elaborated in Section 5. The
simulation results are described in Section 6. Finally,
Section 7 concludes the paper. A running trace of the
proposed algorithm, as well as the theoretical analysis, is
shown in the Appendix.

3 RELATED WORK

Real-time scheduling on multiple processors has been
addressed using various approaches, basically extending
the single-processor model, e.g., [4]. In another approach,
real-time tasks are grouped into clusters based on commu-
nication delays, each cluster is assigned to a processor, e.g.,
[12], and several heuristics have been proposed to schedule
complex periodic tasks on homogeneous multiprocessors.
Hence, the algorithms in [12] cannot be directly adopted for
heterogeneous systems. Moreover, unlike the schemes
discussed in [12], our scheme is scalable. A replication-
based scheme that improves the schedulability of a real-time
application has been discussed in [13]. However, the scheme
makes the naı̈ve assumption that there is only one commu-
nication channel in the network. Essentially, the scheme is
based on dynamic programming and can potentially have a
very large search space. In contrast, our scheme considers
multiple channels and is a heuristic-based approach.

Scheduling of real-time tasks on a uniprocessor has been
a well-researched problem [11], [14]. Reward-based sche-
duling has been discussed in [15]. Extensive research has
also been carried out for the homogeneous multiprocessor
model [8], [9], [16], [17], [18]. Real-Time Scheduling on
Heterogeneous Multiprocessors has also been a topic of
extensive research [4], [5], [6], [11], [20], [21], [22], [23], [24],
[25]. Recent papers [4], [5] extend the popular EDF
algorithm for heterogeneous multiprocessors. One of the

limitations is that they assume independence between
various subtasks.

A reliability-driven scheduling scheme for tasks with
precedence constraints on heterogeneous multiprocessor
systems has been discussed in [21]. In our previous work
[22], [23], we have proposed several scheduling algorithms
for heterogeneous NOWs. Omari et al. [26] present an
adaptive scheme that schedules fault-tolerant soft tasks on
multiprocessors. A replication-based technique for multi-
processor scheduling has been discussed in [27]. A feedback
control algorithm called EUCON has been proposed in [28].
In [29], the authors propose a solution to the problem of
scheduling a set of precedence-related tasks on variable-
speed processors. The roots of our scheme can be found in
[30], [31], and [32], which do not consider real-time tasks. In
[33] and [34], the authors presented a hardware-software
cosynthesis system that partitions and schedules an
embedded system consisting of multiple periodic tasks. In
[35] and [36], the authors proposed algorithms for schedul-
ing periodic tasks on identical multiprocessors. In this
research, we assume processors of varying speeds and
configurations. Task duplication has been suggested for
I/O-intensive tasks in a cluster-based system [37] so that
frequently copying of huge amounts of data can be avoided.
Task duplication has also been used for improving the
schedule length of the parallel application [38], [39], albeit
for non-real-time systems.

4 PROBLEM SPECIFICATION

Various mathematical notations used for the real-time task
parameters are shown in Table 1. The input to the algorithm
is the real-time application ðT Þ, which consists of a set of
independent periodic tasks. Each periodic task ðti 2 T Þ
can be further subdivided into a set of precedence-related
subtasks [24]. The real-time system also consists of the set
of available heterogeneous processors, AP ¼ fp1; p2;
p3; . . . ; png. A periodic task can be represented by a Directed
Acyclic Graph (DAG) [16], [24], with a subtask sði; j; kÞ of a
task ti being represented as a node in the DAG, where i
denotes the periodic task ID, j denotes the subtask ID
within a periodic task, and k stands for the invocation ID of
a subtask. The worst-case execution time of a subtask is
given by �ðsði; j; kÞ; pzÞ, where pz is an element of an array
P ðpz 2 P Þ. The communication cost between two subtasks
sði; j; kÞ and sði; l; kÞ of a task ti 2 T is given by
cððsði; j; kÞ; sði; l; kÞÞÞ. The length of the longest path from
the subtask to the exit node is given by p eðsði; j; kÞÞ. The set
of clusters is given by CL ¼ fcl1; cl2; cl3 . . .g. The edges
between the subtasks represent the data dependency
between them in that a subtask cannot start till it has
received the results from all of its predecessor tasks. The
control dependency between tasks can be modeled based
on the system functionality if certain conditions exist in the
DAG. These conditions are represented on the edges of the
DAG such that the transmission on such an edge will take
place only if the associated condition is satisfied.

An example in Fig. 1 has two independent real-time
tasks t1 and t2. The edges between the tasks represent the
data flow (solid edges) and the control flow (dotted edges).
The number along each edge represents the volume of data
that needs to be transmitted if the two tasks are allocated to
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different processors. Two conditions—namely, C1 and C2 are
shown. A conditionCx 2 C has two possible outcomes—true
ðCxÞ or false ð�CxÞ. Based on the outcomes of various
conditions for a task set, a subset of the tasks is executed. We
assume that the same conditions exist for all invocations of
the real-time tasks. It has been assumed that in each
invocation ðkÞ during pdi, the period of a task ðtiÞ, a task
needs to be executed for all subtasks ðsði; j; kÞÞ. The deadline
of a real-time task is given by di, and it can be <¼ the task

period. The schedule is generated for a length equal to the
hyperperiod (or hp), which is defined as the least common
multiple (LCM) of all the task periods. Such a scheme may
prove expensive if the periods for the real-time tasks are
prime with respect to each other (as it will result in a very
large hp). Some real-time literature states that “in many
realistic cases, this worst case may not be encountered” [40] and
“in industry practice, task periods are typically assigned to be
integer multiples of each other” [41]. However, if the tasks in the
application have coprime periods, then one can modify the
periods of some selective tasks (increase or decrease) by a
small amount [33]. Since the periods are modified by a small
amount (1-5 percent), the feasibility of the real-time schedule
is not affected drastically.

We assume that a set of processors are connected by a
point-to-point network. A deadline-driven protocol called
the earliest-due-date deadline (EDD-D) is used to schedule
messages between the real-time subtasks [42]. When a
subtask called the sender s wishes to send a message to a
subtask called the destination d, EDD-D sets up a channel
s! d. The set of messages in the system is represented by
M ¼ fm1;m2;m3; . . . ;mng, and each message is character-
ized by its deadline, given by dðmiÞ, given mi 2M.
Messages are scheduled to be transmitted on links between
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pair of processors. Each link can be represented as ld 2 L,
where L is the set of links.

Our scheduling algorithm assumes that subtasks are
nonpreemptive. An edge between two processors repre-
sents the delay involved in sending or receiving messages
from one processor to another. The processors are assumed
to have local memory. It is also assumed that an I/O
coprocessor is available so that computation and commu-
nication can be performed concurrently. If two commu-
nicating subtasks are assigned to the same processor, they
incur zero communication delay. This is because once a
subtask completes execution, its results are stored in the
local memory of the processor, and the following subtask
can access the result from the local memory [34]. It is
assumed that when the subtasks are duplicated, they are
consistent with the original subtasks. It has also been
assumed that there is adequate amount of buffer space to
store all the duplicated subtasks. The set of processors has
been assumed to be dedicated. In other words, they are free
unless a subtask is executing on them.

5 RT-DBA

Our proposed scheduling scheme is based on calculating a
set of mathematical quantities (given in Table 1) for each
real-time subtask. These quantities can be calculated using
equations given in Table 2. The pseudocode in Fig. 2
outlines the steps involved in RT-DBA as follows:

1. Stage 1 (create PL list). In stage 1, a PL list consisting of
all tasks arranged in increasing order of their periods
is created using the rate-monotonic algorithm [11] in

which the priority of a task is inversely proportional to
its period.

2. Stage 2 (calculate mathematical quantities for all
subtasks of all tasks). In stage 2, various mathema-
tical quantities are calculated for every subtask as
follows (please see the equations given in Table 2):

a. The DAG is traversed from top to bottom, and
the earliest start time ðestÞ is calculated for each
subtask. The est of a subtask is the earliest time
that a particular subtask can start execution.

b. Next, the favorite processors (fproc1 to fprocm)
of all subtasks are calculated. fproc1 is the
processor that has the shortest completion time
(starting from the root) if that subtask is executed
on that particular processor. Similarly, fproc2 is
the processor on which the subtask has the next
shortest completion time (see (2) in Table 2).

c. Next, the earliest completion time ðectÞ is
calculated for each subtask in a top-down
fashion. The ect of a subtask is defined as the
earliest time that a subtask can finish its
execution. To calculate the est of a subtask, the
ect values of all its predecessors need to be
known. The est of that node is the maximum of
the ect values of all its predecessors.

d. Now, the favorite predecessor ðfpredÞ is calcu-
lated for each subtask in the graph. Among all the
predecessors of a subtask, it is the fpred that
makes it wait the longest. Hence, the aim is to
assign atask anditsfpred to the samecluster. If the

AULUCK AND AGRAWAL: ENHANCING THE SCHEDULABILITY OF REAL-TIME HETEROGENEOUS NETWORKS OF WORKSTATIONS... 1589

TABLE 2
Mathematical Relations for Subtask Parameters

Authorized licensed use limited to: COLORADO STATE UNIVERSITY. Downloaded on November 9, 2009 at 23:56 from IEEE Xplore.  Restrictions apply. 



fpred has already been assigned previously, then
the remaining set of predecessors are examined;
the predecessor that has the minimum execution
time on the current processor is chosen. This set
will also exclude the predecessors that cannot be
executed because of control dependencies.

e. Next, the best start time ðbstÞ and the best
completion time ðbctÞ are calculated for each
subtask in a bottom-up fashion. These quantities
are used to find out if two subtasks are critical.
Two subtasks sði; y; zÞ and sði; j; zÞ are critical
with respect to each other if bstðsði; y; zÞÞ �
bctðsði; j; zÞÞ < cðsði; j; zÞ; sði; y; zÞÞ. The signifi-
cance of subtask criticality implies that if two
subtasks are not critical to each other, they can
be assigned to different processors. For calculat-
ing the bct value of a subtask node, the bst
values of all of its successors need to be
calculated. If a subtask node has more than
one successor, the minimum bst value is chosen
as the bct value. In addition, if the subtask node
is the fpred of its successor, the communication
cost between them is zero. Otherwise, the
communication cost is subtracted from the bst
value (see (7) in Table 2).

f. Next, the execution cost of a subtask on a fictitious
processor is calculated (see (9) in Table 2). This
quantity is the average execution cost of a subtask
on all available processors. This quantity is used
for the execution cost of a subtask in case AP <
CNP and the cluster compaction procedure needs
to be carried out (please see stage 4).

3. Stage 3 (perform cluster generation). In stage 3, the
cluster generation procedure is carried out (see
Fig. 3). This stage involves the generation of a queue
that contains all the subtasks in the graph arranged
in increasing order of their p e values. When
calculating the p e values, only the computation
costs are taken into consideration (the communica-
tion costs are ignored). The clusters are formed by
following the fpred chain from the bottom to the top

of the DAG. The generation of clusters is accom-
plished by performing a depth-first search, starting
from the exit node. The search progresses by tracing
the path from the initial subtask (the first queue
element) to the entry subtask by following the fpred
value. The first cluster completes when the entry
subtask is reached for the first time. The next cluster
then starts from the next unassigned subtask in the
queue. If the fpred of a subtask has already been
assigned and if it is not critical, then an unassigned
subtask (among the current subtask’s immediate
predecessors), which has the lowest execution time
on the current processor, is selected. The cluster
generation process continues recursively, till all the
subtasks have been assigned. Each cluster is then
allocated to the first available fprocm of the header
subtask of that cluster.

The process outlined above assumes that the
deadline of a task is equal to its period. If the deadlines
of the real-time tasks are smaller than their periods,
then the quantity ðdi � pdiÞ is calculated for all the
tasks. Then, the clusters are formed for the tasks based
on a decreasing value of ðdi � pdiÞ. The main idea
behind this approach is that the tasks with higher ðdi �
piÞ values need to finish execution earlier. Hence, they
deserve to be assigned to faster processors.

It may also be possible that the deadline of a task
is greater than its period. Hence, at any time instant,
there may be multiple invocations of a real-time task.
The proposed scheme can be easily modified to
handle such a case. The first invocation of the real-
time task is assigned as before. The subsequent
invocations will be assigned to the extra processors.
After this assignment, the duplication phase can be
carried out to enhance the SR.

4. Stage 4 (compare AP and CNP and perform
duplication or compaction).

i If AP > CNP, subtask duplication is carried out
to increase the SR. A check is done to see if each
subtask in a cluster is preceded by its fpred
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subtask. If this is not the case, then the tail of
that particular cluster is replaced with its fpred
chain, till the entry node. The cutoff tail is
assigned to the next available fprocm of the last
node. Duplication is carried out till all subtasks
are preceded by their favorite predecessors or
till there are no more remaining processors.

ii If AP < CNP, then the excess clusters are
accommodated in fictitious processors. The
procedure for cluster compaction is given in
Fig. 4. The clusters are then arranged in
decreasing order of c cðclx; pzÞ, which is defined
as the sum of execution times of all the subtasks
assigned to pz 2 P . The value of c cðclx; pzÞ for
each cluster clx 2 CL is given by c cðclx; pzÞ ¼P
�ðsði; j; kÞ; pzÞ, where sði; j; kÞ 2 ti, and ti 2 T .

The least populated cluster of a system processor
is merged with the most populated cluster of a
fictitious processor. This process is carried out

till the number of clusters becomes equal to the
number of processors. The p e value of a subtask
is used to find out the place where the subtask is
to be inserted. The subtasks are inserted so that
the increasing p e value is maintained as we go
from a larger numbered subtask to a smaller
numbered subtask.

Our algorithm can also handle the case when AP is
variable. Based on the initial AP, RT-DBA performs one of
the following actions: 1) compaction if AP < CNP ðmode1Þ,
2) mapping clusters on to the processors if AP ¼
CNP ðmode2Þ, and 3) duplication if AP > CNP ðmode3Þ.
The initial value of AP can either increase or decrease. If AP
increases, the action taken by RT-DBA will depend on the
mode that it is in. If it is in mode1, then the compaction
procedure is called with this new AP value. If the value of
AP increases further, it could go to mode2 or mode3. If it is in
mode2, then the duplication procedure can be called. If it is
in mode3, then further duplication can be carried out. If AP
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decreases, the action taken by RT-DBA depends on the
mode that it is in. If it is in mode1, then more compaction
can be carried. If it is in mode2, compaction can be carried
out by calling the compaction procedure. If it is in mode3,
the amount of duplication can be reduced by calling the
duplication procedure with the new AP value. If the AP
value decreases further, then it could go to mode2 or mode1.

6 SIMULATION RESULTS

In this section, we compare the performance of RT-DBA with
relevant algorithms in the literature, namely, AEAP [21] and
COSYN [33] (the performance of MOGAC is similar to
COSYN [34]). Both AEAP and COSYN are heuristic-based
algorithms that schedule precedence-related periodic tasks
on heterogeneous multiprocessors. We have used both
randomly generated task graphs and graphs that represent
real-life applications [43] such as sparse matrix solver and
SPEC fppp. Randomly generated graphs have been used
extensively in the past by researchers [12], [21], [22], [23].
Input DAGs have also been generated using the popular Task
Graphs for Free (TGFF) suite [44], as well as the benchmark
Standard Task Graph Set [43]. The processor architectures
have been generated in a random fashion. We have coded a
software scheduler module that accepts a set of precedence-
related periodic tasks and generates a real-time schedule.
Four performance metrics have been used. The first metric is
the SR and is defined as the ratio of the number of task sets
found to be schedulable (all tasks meet deadlines) by the
algorithm to the total number of task sets considered. The
second metric is called the Compaction Factor (CF), and it is
defined as AP/CNP. The third metric is called the Hetero-
geneity Factor (HF), and it is defined as the standard
deviation of the subtask execution costs. To calculate the
standard deviation of a set of execution costs, we

1. calculate the mean value of all execution costs,
2. calculate the deviation for each execution cost

(cost�mean),
3. calculate the squares of all the deviations obtained in

step 2,
4. calculate the mean of all squared deviations, and
5. calculate the square root of the mean obtained from

step 4.
The fourth metric is called the total Communication-to-
Computation Ratio (CCR), and it is defined as average edge

cost/average node cost. The execution cost for a node is the
cost on its chosen processor. A low value of CCR would
imply low levels of communication (versus computation)
and vice versa.

The task and system parameters are generated in a way
similar to [12]. The CCR values between subtasks in a
periodic task are given by a uniform distribution and have
been selected from the range (0, 10). The execution cost of
each subtask is given by a uniform distribution and has
been selected from the range (1, 100). The period of the
first task in the task set has been set as follows: pdi ¼ Cav �
task size [12]. Here, Cav is the average execution time of all
the subtasks in the periodic task, and task size is the
number of subtasks. The utilization factor is given by a
uniform distribution, and its value is selected from the
range (0, 1). The results shown here are for task sets with
five periodic tasks fT ¼ t1; t2; t3; t4; t5g. Tasks t1 to t5 have
{2, 4, 6, 8, 10} subtasks, respectively. The total number of
edges has been selected from the range (20, 60). The number
of predecessors and successors has been varied from 1 to 10.
The periods of the tasks are pd1, pd2, pd3, pd4, and pd5. If the
period of the first task is pd, then the periods of the
subsequent tasks will be 2pd, 3pd, 4pd, and 5pd. The length
of the schedule generated is the LCM of the periods, i.e., it is
60 � pd. Enough simulation runs are performed to provide
95 percent confidence interval. Each point in the following
curves is the result of 1,000 runs of the algorithms. For each
point in the following graphs, we generated 1,000 task sets.
All the simulations were run on a Pentium 4 2.4-GHz PC
running Red Hat Linux.

6.1 Effect of Communication to Computation Ratio

Figs. 5 and 6 indicate the effect of CCR on the proposed
schemes. The number of processors ranged from 5 to 25. The
utilization factor of the heterogeneous system is given by the
equation UFhetero ¼

P
�ðsði; j; kÞÞ=ðAP � hpÞ for all ti 2 T .

The subtask execution times have been generated randomly
from the range {2, 200}. The experiments have been run for
CCR values of 0.1, 1.0, and 10.0, representing varying levels
of communication. All of the four algorithms have been
assigned an equal number of processors. In Figs. 5 and 6, we
observe that as the system utilization increases, the SR
decreases. This can be explained as follows: as the
utilization increases, so do the subtask execution times (for
a fixed period). Hence, fewer subtasks (and, consequently,
task sets) succeed in meeting their deadlines, and the SR
value reduces. We also observe that RT-DBA offers a higher
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SR as compared to the other schemes, as selective subtask
duplication results in some subtasks finding earlier start
(and, hence, finish) times. This results in an increase in the
number of task sets that can meet their deadlines. Hence, the
SR value is higher as compared to AEAP and COSYN that
do not employ duplication. It can also be seen that the
improvements in the SR are more pronounced for the case
where the CCR value is 1.0 than that when CCR ¼ 0:1. This
is due to the fact that the aim of subtask duplication is to
reduce the interprocessor communication between subtasks
assigned to different processors. Hence, the gains (in terms
of SR values) are greater when there is more communication
in the system.

6.2 Effect of Heterogeneity

We have captured the effect of subtask heterogeneity (in
terms of the execution time) on the performance of the real-
time heterogeneous system in this simulation. The number
of processors varied from 5 to 27. The min e value has been
kept fixed at 10, and the max e value has been incremented
by a constant factor of 4 time units. The results of this study
are shown in Fig. 7. We observe that as the HF value of the
system increases, its SR experiences a decrement. This is
because with an increase in the HF value, there is more
variation in the subtask execution times.

Also, a task set with larger variation in execution times
will have a larger average subtask execution time. Hence, it
will be assigned a larger period as compared to the same task
set with lesser variation in execution times. But there is still a
larger disparity between the average subtask execution time
and the actual subtask execution times for the task set with a
higher HF value. Hence, as the HF value is increased, the
actual completion time of the subtasks increases. Therefore, a
lesser number of subtasks succeed in meeting their dead-
lines. This leads to a decrease in the SR of the application. A
CCR value of 1.0 has been assumed in this study.

6.3 Effect of Cluster Compaction

This study demonstrates the scalability aspect of RT-DBA.
The results of this study are illustrated in Fig. 8. A low value
of CF indicates that AP << CNP. On the other hand, a high
value of CF indicates that AP >> CNP. The number of
processors ranged from 3 to 30. We observe that as the CF
increases, the SR value also increases. This is due to the fact
that as the CF value increases, processors are added to the
heterogeneous system, which enables the system to exploit
the parallelism offered. Hence, a larger number of subtasks
(and, hence, task sets) meet their deadlines. If CF < 1,

compaction is carried out; else, duplication is performed.
Hence, more task sets are able to meet their deadlines, and
the SR increases versus the compared schemes. Although
AEAP and COSYN do not support compaction, we
included this feature for the sake of fairness in comparison.
A CCR value of 1.0 has been assumed in this experiment.

6.4 Effect of Message Load on Success Ratio

Fig. 9 shows the effect of the message load on the SR of the
application. A CCR of 1.0 and N ¼ 30 have been assumed for
this simulation. The number of messages has been varied
from 6 to 60 in increments of six. The message load ¼
number of messages=number of tasks in the application. It is
observed that as the message load increases, the SR value
decreases. That is because with increased message load, there
are more messages in the system that need to be scheduled
(for the same number of tasks and processors). Hence, there
is a greater load on the processors, and consequently,
more tasks (and, hence, task sets) miss their deadlines.

6.5 Results for Real-Life Application Graphs

We have tested and compared various schemes for the task
graphs that represent real-life applications such as sparse
matrix solver and SPEC fppp [43]. The results of these
simulations are given in Figs. 10 and 11. We observe that our
proposed scheme offers a higher utilization value (the
utilization value at which task sets begin to miss deadlines)
as compared to COSYN, AEAP, and the Random scheme. If
there is no communication in the application (i.e., CCR ¼ 0),
the performance of COSYN and RT-DBA is similar. How-
ever, RT-DBA outperforms COSYN (and the other schemes)
when there is significant communication in the system (i.e.,
CCR ¼ 1:0). This is because, the aim of duplication is to
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Fig. 7. Effect of heterogeneity. Fig. 8. Effect of compaction.

Fig. 9. Effect of message load on SR.
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reduce/minimize the IPC time between communicating
subtasks assigned to different processors. This ensures that
selected subtasks start (and, hence, finish) earlier. Hence,
more subtasks (and task sets) are able to meet their deadline
requirements. Therefore, it follows logically that the gain in
SR will be more when there is more communication in the
system. The sparse matrix solver graph has 96 tasks and
67 edges. The number of predecessors has been randomly
chosen from {0, 6}. The execution costs have been randomly
chosen from {0, 35}. The SPEC fppp graph has 334 tasks
and 1,145 edges. The number of predecessors has been
randomly chosen from {0, 80}. The execution costs have been
randomly chosen from {0, 404}.

In addition, we have also tested all the algorithms using
the TGFF suite [44]. The results are shown in Fig. 12. A CCR
value of 1.0 has been used. We observe that as the utilization
factor increases, the SR decreases. That is because the
execution costs of the subtasks increases, and there is more
tightness in the schedule. We also see that RT-DBA offers a
better SR as compared to other existing schemes, owing to
subtask duplication. For this experiment, we considered a
task set T ¼ ft1; t2; t3g. Tasks t1, t2, and t3 have 4, 8, and
12 subtasks, respectively. The task periods are pd1, pd2, and
pd3. If the period of the first task is pd, then the periods of
the second and the third tasks will be 2pd and 3pd,
respectively. Hence, hp ¼ 6pd. The execution times have
been chosen uniformly from the range {2, 200}. For each
subtask, the number of predecessor tasks and successor
tasks were chosen uniformly from the range {1, 10}.

6.6 Effect of Data and Control Dependency

Fig. 13 shows the effect of control dependency on the
system performance. This simulation has been conducted
for a single periodic task consisting of 30 subtasks. The

number of conditions have been chosen as four for this task
set. This resulted in the formation of eight subgraphs. In the
figure, we observe that the addition of control dependency
results in a higher SR for the real-time application. This can
be explained as follows: with the addition of conditions
between tasks, only a subset of them executes (as compared
to the scenario in which there is no condition dependency
between tasks and, hence, all tasks are executed). This leads
to a reduction of load on the NOWs as multiprocessors, and
this translates to a higher SR value.

6.7 The Case When Deadline Is Less than Period

In this section, we discuss the case when the deadline is
smaller than the period. The results of our simulation are
shown in Fig. 14. The same model that is described at the
beginning of Section 5 has been used in this study. Looking at
the figure, it can be seen that for the largest ðd� pdÞ, the first
scheme offers a better SR value than the plain RT-SDA. This
can be explained as follows: The tasks with larger ðd� pdÞ
values have less time to complete execution than the tasks
with smaller ðd� pdÞ values and therefore should be
executed first. This ensures that such tasks get their “favorite
processors,” and hence, the SR of the application could
improve as compared to the plain RT-SDA.

7 CONCLUSION

The major contribution of this research is in proposing a
selected duplication-based algorithm (RT-DBA) for en-
hancing the schedulability of precedence-related periodic
tasks on real-time heterogeneous NOWs. When sufficient
processors are available, subtask duplication cuts down
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Fig. 10. Ub for the sparse matrix task graph.

Fig. 11. Ub for SPEC fppp.

Fig. 12. SR versus UF for TGFF ðCCR ¼ 1:0Þ.

Fig. 13. Effect of control dependency.
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the interprocessor communication between communicat-
ing subtasks assigned to different processors. This enables
some subtasks to find earlier start times. Hence, more
subtasks (and task sets) are able to meet their deadline
requirements. This phenomenon enables RT-DBA to offer
a higher SR as compared to the other schemes. We
strongly believe that the duplication can be used as a
valuable tool to improve the schedulability of real-time
applications, especially when communication is a domi-
nant factor in the system. In addition, our scheduling
scheme supports scalability for the heterogeneous NOWs
in that the application is schedulable even if the required
number of processors is not available, although this
would result in a reduction in the schedulability of the
application. Therefore, we conclude that a trade-off exists
between scalability and schedulability—increased scalabil-
ity results in a decrease in schedulability and vice versa.

APPENDIX A
Now, we will illustrate the working of RT-DBA with the
help of the sample DAG ðt1Þ in Fig. 15. The period of
t1 ¼ 50. The execution times of all the subtasks of t1 are
shown in Table 3. The algorithm works as follows:

1. First, we obtain the est for all subtasks. Let us consider
subtask 10, which has two immediate predecessors:
6 and 7. The fproc1 of 6, 7, and 10 is p1. According to
its equation, estð10Þ¼max: fectð7Þkectð6Þþcð6; 10Þg¼

max: f11kð10þ 2Þg ¼ max: f11k12g ¼ 12. The est
values of all the subtasks in the DAG are shown in
Table 4.

2. Next, we obtain the fprocm for all subtasks. Let us
consider subtask 1.10. The sum of its est plus its
execution time on all the processors (p1 to p8) is
calculated as fð12þ 1Þ; ð12þ 5Þ; ð12þ 6Þ; ð12þ 7Þ;
ð12þ 4Þ; ð12þ 8Þ; ð12þ 5Þ; ð12þ 6Þg ¼ f13; 17; 18; 19;
16; 20; 17; 18g. On arranging these values in increas-
ing order, we get {13, 16, 17, 17, 18, 18, 19, and 20}.
These values correspond to processors p1, p5, p2, p7,
p3, p8, p4, and p6, respectively, and they are the
favorite processors for subtask 10 (in increasing
order).

3. Now, we obtain ect for all nodes in the application.
For a subtask 10, ectð10Þ ¼ estð10Þ þ �ð10;fproc1ð10ÞÞ
¼ 12þ 1 ¼ 13. Hence, the ect value for 1.10 is 13. ect
values for all subtasks are shown in Table 4.

4. Now, we obtain the fpred for each node in the
application. Let us consider subtask 12. fpredð12Þ ¼
fmax: ðectð9Þþcð9;12ÞÞkðectð10Þþcð10;12ÞÞkðectð11Þ þ
cð11; 12ÞÞg ¼ max: fð19þ 1Þ; ð13þ 2Þ; ð15þ 1Þg ¼
max: f20; 15; 16g ¼ 20. Hence, fpred ð12Þ ¼ 9. The
fpred values of all subtasks are shown in Table 4.

5. Next, we obtain bst and bct for all subtasks. Let us
consider subtask 3. It has two successor subtasks—6
and 7. Now, bstð6Þ ¼ 11, and bstð7Þ ¼ 12. According to
the equation in Table 4, bctð3Þ ¼ min: fðbstð6Þ �
cð3; 6ÞÞ; bstð7Þg. Hence, bctð3Þ ¼ min: fð11� 2Þ; 12g ¼
min: f9; 12g ¼ 9. Therefore, bstð3Þ ¼ bctð3Þ � �ð3;
fproc1ð3ÞÞ ¼ bctð3Þ � �ð3; p1Þ ¼ 9� 2 ¼ 7.

6. Now, we arrange all nodes in the queue and start
cluster formation. Initially, the queue formation takes
place. For task t1, the queue is {12, 11, 10, 9, 6, 7, 8, 5,
3, 4, 2, and 1}. The generation of the first cluster
starts from 12. It is preceded by fpredð12Þ ¼ 9.
Subtask 9 is preceded by its fpred, which is 5.
Continuing in a similar fashion, the next subtasks
will be 2 and 1. Hence, the first cluster is 12-9-5-2-1
and is assigned to its fproc1 ¼ p5. Similarly, the
second, third, and fourth clusters are 11-7-4-1, 10-6-
3-1, and 8-4-1, and they are assigned to p1, p2, and p7,
respectively. The complete schedule is shown in
Fig. 16. It has a schedule length of 34 time units.
Since three free processors are available, duplication
can be carried out. Subtask 7 in the second cluster is
not preceded by its fpred. Hence, the subcluster 4-1
is cut off and is replaced with the fpred chain 3-1.
The second cluster is modified to 11-7-3-1, and the
cutoff subcluster 4-1 is allocated to p6, which is the
best available processor remaining. The schedule
length now has reduced to 30 (see Fig. 17). Hence,
duplication has resulted in a gain of 4 time units.

A.1 RT-DBA Time and Space Complexity Analysis

Let mj be the total number of subtasks in DAG dj 2 D. Let p
be the number of heterogeneous processors and e be the
total number of communication edges in the DAG. The first
step involves calculating the est, ect, fpred, fprocm, p e, and
queue. While calculating the est, for each node, all the
predecessors need to be examined, and all edges need to be
traversed. Hence, the number of predecessors ¼ mi. There-
fore, for mi nodes, the complexity for calculating est is
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Oðm2
i þ eÞ. While calculating the fproc, for each node, all

p processors need to be examined. Therefore, for mi nodes,
the complexity is Oðmi � pÞ. While calculating the ect, all
nodes need to be examined. Therefore, the complexity for
this stage is OðmiÞ.While calculating the value of p e, for
each node, mi nodes need to be examined, and so, the
complexity is Oðm2

i Þ. The formation of the queue involves
sorting nodes based on p e values (using Quick Sort).
Therefore, the complexity is Oðmi � log2 �miÞ. While calcu-
lating the fpred, for each node, roughly mi predecessors

need to be examined, so the complexity is Oðm2
i Þ. On

adding all the above, the complexity becomes
Oðm2

i þ eþmi þmi � pþm2
i þ eþmi � log2miÞ. For most

practical DAGs and dense graphs, mi >> p, and e is of the
order of m2

i . Hence, the complexity ¼ Oðm2
i Þ. The second step

deals with the calculation of the quantities bst and bct. This
involves a bottom-up traversal of the DAG. The complexity
of this step is OðeÞ. The next step involves the formation of
the clusters. This is similar to a depth-first search of the
DAG, and the complexity of this step is Oðmi þ eÞ. For a
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Task Execution Times

TABLE 4
Mathematical Quantities for the Tasks Shown in Fig. 15
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connected graph, this is equivalent to OðeÞ. The complexity
of the duplication stage is given by Oðt �miÞ, where t is the
number of subtasks not preceded by their fpred subtasks. In
the worst case, all the subtasks are duplicated. In other
words, t ¼ mi. Hence, the complexity becomes Oðm2

i Þ. The
next stage is the cluster compaction stage, and this step
involves sorting of the processors based on the empty slots.
Therefore, each pass through the compaction code is of the
order of Oðmi þ p � log2pÞ. In the worst case, p ¼ mi. The
number of required passes depends on the difference
between AP and CNP and is given by the expression
Q ¼ log2ðmiÞ. Therefore, the complexity of compaction is
Oðm2

i Þ. The calculation of the utilization factor values
involves the traversal of all the invocations of all tasks.
Therefore, the complexity of this step is OðmiÞ. Hence, the
overall complexity is Oðm2

i þ eþ eþm2
i þm2

i þmiÞ. For
dense graphs, e ¼ m2

i . Hence, the time complexity for the
specific DAG with mi is Oðm2

i Þ. Now, DAG1 will run hp=pd1

times. Similarly, DAG2 will run hp=pd2 times, and so on.
Hence, the time complexity for all n DAGs is given by the
following equation:

m2
1 � ðhp=pd1Þ þm2

2 � ðhp=pd2Þ þ � � � þm2
n � ðhp=pdnÞ

¼ hp m2
1=pd1 þm2

2=pd2 þ � � � þm2
n=pdn

� �
:

Each real-time subtask can be represented as a floating
point and can therefore be stored in one memory cell. The
total number of real-time tasks is hp=pd1 þ hp=pd2 þ
hp=pd3 þ � � � þ hp=pdn ¼ hp � ð1=pd1 þ 1=pd2 þ 1=pd3 þ � � � þ
1=pdnÞ. For the sake of brevity, let us assume that this is
equal to x. Since each subtask needs one memory cell,
x subtasks need x memory cells. For all DAGs, the total
number of edges can be given by E. For very dense graphs,
E ¼ x2. Hence, all edges need x2 memory locations. The
execution cost array for a subtask depends on the number of
processors. Each subtask needs AP elements. Therefore, all
x subtasks will need x �AP elements. In the worst case,
there will be one subtask and one processor, so AP ¼ x.
Hence, all x subtasks will need x2 memory locations. The
number of subtasks that need to be duplicated ¼ x2. On
adding all the above, we get xþ x2 þ x2 þ x2. Hence, the
space complexity of RT-DBA is of the order of x2.

Schedulability test condition S-1. A task ti 2 T is
schedulable with RT-DBA if the following condition is
satisfied: ectðsði; j; kÞÞ � hp such that jsuccðsði; j; kÞÞj ¼ 0.

The exit node will have zero successors. Because of the
precedence constraints, the exit node will always be the last
node to execute. A task set T ¼ ft1; t2; t3; . . . . . . ; tapg will be
schedulable with RT-DBA if the above test condition holds
for all ti 2 T .

Schedulability test condition S-2. If UFhetero corresponds
to the task load of the heterogeneous system, �hetero

corresponds to the communication load, and �hetero corre-
sponds to the idle load, then a task set is schedulable with
RT-DBA if UFhetero � AP � ð�hetero þ �heteroÞ.
CLhetero refers to the communication load of the real-

time application. The communication cost is the delay
associated with data transmission and is given by
cðsði; j; kÞ; sði; l; kÞÞ, where sði; j; kÞ and sði; l; kÞ are the
two communicating subtasks. Note that based on our
model, subtasks that are part of the same task can
communicate with each other (hence, the i term in both
subtasks is the same). Also, data transmission is done

between the same invocations of two communicating

subtasks (hence, the k term in both subtasks is the same).

Let us define � to be the set of all precedence-related

subtask pairs that are not assigned to the same processor:

� ¼ sði; j; kÞ; sði; l; kÞf g for all ti 2 T
where i; j; k and l are all integers:

ð1Þ

The sum total of communication edge costs for all such

pairs would give us the total communication cost. Let us

say that this cost ¼ �hetero. Hence, we get

�hetero ¼
X

c sði; j; kÞ; sði; l; kÞð Þ for all ti 2 T and all ST ðtiÞ:
ð2Þ

Since RT-DBA is nonpreemptive, there is a certain amount

of time that a processor can be idle. For a specific cluster

cl� 2 CL, this time can be given as hp� ðlactðheadcl� ÞÞ,
where headcl� corresponds to the head subtask of cluster cl� .

For all clusters, this time can be represented by (if the total

number of clusters in an application is �)

�hetero ¼ðhp� lactðheadcl1ÞÞ þ ðhp� lactðheadcl2Þ
þ � � � þ ðhp� lactðheadclaÞÞ:

ð3Þ

A real-time application will be schedulable if the sum of the

task load, communication delay, and idle time is less than

the total processing capacity of the workstations. The total

processing capacity ¼ AP. Hence, we get

UFhetero þ �hetero þ �hetero � AP
¼> UFhetero � AP � ð�hetero þ �heteroÞ:

ð4Þ
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