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Abstract - Efficient task scheduling algorithm is critical for application programs to achieve high performance in 
heterogeneous computing systems.  Although a large number of scheduling heuristics have been presented in the 
literature, most of them are mainly for the systems with homogeneous processors. In this paper, we present a novel 
task scheduling algorithm, heterogeneous task duplication scheduling (HTDS), for a bounded number of 
heterogeneous processors with an objective to meet high performance. The HTDS algorithm uses task duplication 
method to decrease the communication overhead and to minimize the schedule length of application programs.  To 
evaluate the performance of the proposed task scheduling algorithm, we have developed a simulator that contains a 
parametric graph generator for generating weighted directed acyclic graphs with various characteristics.  We have 
implemented the HTDS along with three task scheduling algorithms, HEFT, LDBS1, and LDBS2, on the simulator. 
The simulation results show that our task scheduling algorithm outperforms other algorithms in terms of speedup. 
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1.0 Introduction 
 

With the recent developments in network 
technology, a new computing platform called 
heterogeneous computing system has emerged.  A 
heterogeneous computing system can be defined as a 
range of diverse computing resources, which can be 
local to one another or geographically distributed, 
utilized to execute computationally intensive 
applications.  For example, clusters of workstations 
connected by high-speed networks are an instance in 
local area, and the Grid computing environment is 
another instance in distributed area.  Because of the 
characteristics of heterogeneity, efficient task 
scheduling is critical for achieving high performance 
in heterogeneous computing systems. 

When the characteristics of an application program 
such as the execution time of tasks, the data size of 
communication between tasks, and task dependencies 
are known a priori, the application program in general 
can be represented as a directed acyclic graph (DAG), 
in which nodes represent the tasks and edges represent 
the communication costs as well as the dependencies 
among the tasks.  The task scheduling can be 
accomplished statically during the compile time.  The 
objective of the task scheduling is to map tasks onto 
processors, order their executions so that precedence 
requirements are satisfied, and minimize the overall 
completion time of an application program. 

Since the task scheduling problem has been shown 
to be NP-complete, it is hard to find out the real 
optimal solution for every case.  Therefore heuristics 
are often used to find a sub-optimal schedule.  Many 
heuristics have been proposed in the literature.  They 
are mainly for homogeneous computing systems.  
These heuristics can be roughly classified into a 

variety of categories, such as list-base algorithms [1], 
[5], [8], [11], [13], [19], [21], clustering-base 
algorithms [6], [22], and duplication-base algorithms 
[2], [3], [14]. 

Recently, many task scheduling algorithms for the 
heterogeneous computing systems have been proposed 
in the literature [4], [5], [7], [9], [15], [16], [17], and 
[20]. The task scheduling in heterogeneous computing 
systems is more complicated than that in the 
homogeneous computing systems.  This is because the 
task scheduling algorithm for the heterogeneous 
computing systems has to take into account the 
different execution rate of different processors and 
communication rate between different processors 
when computing the potential start-time of tasks on 
processors. 

In this paper, we propose a static task scheduling 
algorithm for a bounded number of fully connected 
heterogeneous resources called heterogeneous task 
duplication scheduling (HTDS) algorithm.  The HTDS 
algorithm consists of two phases.  In the first phase, it 
selects the task with the highest upward rank as used 
in HEFT [20] for scheduling.  In the second phase, it 
uses a task duplication method to assign the task to the 
processor that has the minimal finish time.  These two 
phases are repeated for each task until all tasks are 
scheduled.  To evaluate the performance of the 
proposed task scheduling algorithm, we have 
developed a simulator that contains a parametric graph 
generator for generating weighted directed acyclic 
graphs with various characteristics.  We have 
implemented the HTDS along with three task 
scheduling algorithms, HEFT, LDBS1 [4], and LDBS2 
[4], on the simulator.  We have generated DAGs with 
different parameter settings as test samples.  The 
simulation results show that our task scheduling 
algorithm outperforms other algorithms in terms of 
speedup for all test samples. 



This paper is organized as follows.  In Section 2, 
we give a brief introduction of related work.  In 
Section 3, we depict the scheduling system model 
which consists of a target computing environment, an 
application program, and performance criteria for 
scheduling.  Section 4 introduces our scheduling 
algorithm HTDS in details.  Section 5 presents an 
experimental study of our algorithm with others.  
Finally, we give our conclusions in Section 6. 
 

2.0 Related Work 
 

The task scheduling problem has been studied by 
some research groups for the heterogeneous 
computing systems.  Several scheduling algorithms for 
heterogeneous systems are proposed, such as Dynamic 
Level Scheduling (DLS) [19], Heterogeneous Earliest-
Finish-Time (HEFT) [20], Hybrid Heuristic [17], 
Levelized-Min Time (LMT) [9], Task Duplication 
Scheduling (TDS) [16], Heterogeneous Critical 
Parents with Fast Duplicator (HCPFD) [7], Fast 
Critical Path (FCP) [15] and Fast Load Balancing 
(FLB) [15], and Levelized Duplication Based 
Scheduling (LDBS) [4].  In this section, we briefly 
introduce two heuristic scheduling algorithms (HEFT 
and LDBS) used for experimental study in Section 5.  
The reason why we choose HEFT for performance 
comparison is that HEFT outperforms several other 
high performance scheduling algorithms, including 
DLS, LMT, FCP, etc.  On the other hand, since our 
algorithm belongs to the same category of scheduling 
algorithms as LDBS, it is quite nature to compare 
HTDS with LDBS.  For TDS, since it is limited to 
heterogeneous computing systems with homogeneous 
completely connected networks, we do not compare 
HTDS with TDS. 
 
2.1 The Heterogeneous Earliest Finish 
Time (HEFT) Algorithm 
 

The HEFT algorithm [20] has two major phases: a 
task prioritizing phase and a processor selection phase.  
In task prioritizing phase, HEFT computes the priority 
of each task according to the upward rank (ranku), 
which is the length of the critical path from task to the 
exit task.  The task list is generated by sorting the tasks 
in decreasing order of ranku.  Tie-breaking is done 
randomly.  In processor selection phase, tasks are 
selected according to their priorities and each selected 
task is scheduled to the best processor that minimizes 
the finish time of task with an insertion based policy.  
The time complexity of the HEFT algorithm is O(pv2), 
where p is the number of processors and v is the 
number of tasks. 
 
2.2 The Levelized Duplication Based 
Scheduling (LDBS) Algorithm 
 

The LDBS algorithm [4] utilizes level sorting 
technique to group tasks that are independent of each 
other into a level.  After level sorting process, tasks in 
the same level are grouped as a List set and one of the 
two duplication heuristics (LDBS1 and LDBS2) is 
used to perform the scheduling.  The insertion based 
policy is also used.  

In the LDBS1 scheduling heuristic, the task-
processor pair (vi, pj) with the minimum finish time 
across all possible task-processor pairs in the 
considering level is selected for scheduling first.  In 
estimating the finish time of task vi on pj, LDBS 
recursively duplicates the Critical Immediate 
Predecessor (CIP) of vi on processor pl, where each 
processor pl in processor set P will be considered, until 
the start time of task vi cannot be improved further.  
The time complexity of LDBS1 is O(|V|3|E||P|3), 
where V is the set of tasks of a DAG, E is the set edges 
of a DAG, and P is the set of processors used for 
scheduling. 

In the LDBS2 scheduling heuristic, tasks in List set 
are sorted in decreasing order of their ranks (The rank 
is defined the same as the rank in HEFT).  After that, 
tasks are scheduled level by level according to the 
sorted order.  The duplication policy is similar to that 
of LDBS1.  The difference between LDBS1 and 
LDBS2 is that LDBS2 does not search all possible 
task-processor pairs in a List set.  LDBS2 just selects 
the task in a List set with the highest rank and 
schedules the task to the processor that minimizes its 
finish time.  The time complexity of LDBS2 is 
O(|V|3|E||P|2), where V is the set of tasks of a DAG, E 
is the set edges of a DAG, and P is the set of 
processors used for scheduling. 
 

3.0 The Computational and the 
Architecture Model 

 
The scheduling system model used in this paper 

consists of a target computing environment, an 
application program, and performance criteria for 
scheduling. The heterogeneous computing 
environment model is a set P of p heterogeneous 
computing processors connected in a fully connected 
topology.  In our model, it is also assumed that 

1. Computation can be overlapped with 
communication, that is, any computing 
resource can execute the task and communicate 
with other computing resources at the same 
time. 

2. The schedule must be non-preemptive.  Once a 
processor has started task execution, it 
continues without interruption.  After the 
completion of the execution, it immediately 
sends the output data to all dependent children 
tasks simultaneously. 

 
An application program can be represented by a 

directed acyclic graph (DAG) G(V, E, C, W) as shown 
in Figure 1, where 



 V is a set of v nodes, and each node vi ∈ V 
represents a task which contains instructions 
that are executed sequentially without 
preemption.  In this paper, the terms of node 
and task are interchangeable. 

 E is a set of edges between the tasks.  Each 
edge corresponds to task dependences 
(communication messages or precedence 
constrains). 

 C is the set of communication cost.  Each edge 
has a communication cost ci,j∈C. 

 W is a v×p computation costs matrix in which 
each wi,j gives the estimated time to execute 
task vi on processor pj. 

 

 
Fig. 1. The application graph model of a 

heterogeneous system. 
 

Before scheduling, the tasks are labeled with the 
average execution costs.   The average execution cost 
can be computed as follows: 

 ∑
=

=
p
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The communication costs per transferred byte 
between any two machines are stored in matrix R of 
size p×p.  The communication cost of edge ei,j for 
transferring d bytes data from task vi (scheduled on pm) 
to task vj (scheduled on pn), is defined by  

jinmji dRc ,,, ×= .                        (2) 

where di,j is the amount of data transmitted from task vi 
to task vj (in bytes) and Rm,n is the communication cost 
per transferred byte from pm to pn (in sec/byte).  The 
average communication cost can be computed as 
follows:  

jiji dRc ,, ×= .                           (3) 

Where, R  is the average communication cost per 
transferred byte over all processors.  If two tasks are 
scheduled to the same processor, the communication 
cost between them is assumed to be zero. 

The main objective of the task scheduling is to 
determine the assignment of tasks of a given 
application to processors such that the scheduling 
length (makespan) is minimized and all precedence 
constrains are also satisfied.  
 

4.0 The HTDS Algorithm 
 

In this section, we first introduce some definitions 
and basic principles used in the proposed algorithm, 
followed by the description of our algorithm and an 
example of using HTDS to schedule tasks. 
 
4.1 Definitions and Rule used by HTDS 
 

Given a DAG, a task cannot start its execution 
before it gathers all necessary data from its parent 
tasks.  The term DRT(ni, pj) represents the data ready 
time of task ni on processor pj.  When a task ni is 
scheduled on a processor pj, we define ST(ni, pj) and 
FT(ni, pj) as the start time and the finish time of ni on 
processor pj, respectively.  The start time of a task on a 
processor depends on the data arrival time from its 
parent tasks and the time when the processor is 
available.  The critical immediate predecessor (CIP) of 
task ni is defined as the parent task of ni from which 
the sent data is the last one received by task ni.  The 
term CIP(ni, pj) represents the critical immediate 
predecessor of task ni on processor pj. 

To schedule a task on a processor, our method is to 
scan through the whole time span of the processor to 
find the earliest time slot that is larger enough to 
accommodate the schedulable task and the precedence 
constrains are not violated.  We use Rule 1 below to 
control the selection of a suitable time slot for a task 
on a processor. 

Rule 1: A task nr can be scheduled to a processor p, 
on which a set of m tasks {n1,n2,…,nm} have been 
scheduled, if there exists some values of k such that 
 
ST(nk+1, p) − max{FT(nk, p), DRT(nr, p)} ≥ w(nr, p), 
where k = 0, 1,…, m, ST(nm+1, p) = ∞, and FT(n0, p) = 
0. 

The earliest start time of nr on p is defined by 
max{FT(ni, p), DRT(nr, p)}, where i is the minimal 
value of k satisfying the inequality.  In our algorithm, 
tasks are ordered by their scheduling priorities.  The 
static priority rank of a task ni is recursively defined 
by 

)),((max)( ,)( jjinsuccnii nrankcwnrank
ij

++=
∈

       (4) 

where succ(ni) is the set of immediate successor of 
task ni, jic ,  is the average communication cost of 

edge , and ),( ji iw  is the average computation cost 
of task ni.  This rank is used by the HEFT algorithm 
[20] as well. 
 
4.2 HTDS Algorithm 
 

The HTDS algorithm is a task scheduling algorithm 
for a bounded number of heterogeneous processors.  It 
is given in Figure 2.  In Figure 2, at step 1, the 
computation costs of tasks and communication costs of 
edges are set to their mean values.  Step 2 computes 



the rank values of all tasks.  At step 3, scheduling list 
is generated by sorting the tasks in decreasing order of 
rank values.  Tie-breaking is done randomly.  It can be 
easily shown that the decreasing order of rank values 
forms a topological order of tasks, which is a linear 
order that preserves the precedence constrains.  Steps 4 
to 21 form a loop.  This loop performs the assignment 
of tasks to processors until all tasks in scheduling list 
are scheduled.  While considering a task for 
scheduling, we will estimate the earliest start time on 
every processor by calling function min_start_time, 
and the task is scheduled onto the processor that 
minimizes its finish time.  This process is performed 
from step 7 to step 21.  The second for loop (steps 
between 13 and 18) performs task duplication process.  
While estimating the start time of task ni on processor 
pj, the algorithm will try to duplicate possible 
ancestors of ni on each processor by calling function 
min_start_time and record the best solution.  After the 
best processor is found, the algorithm does the 
necessary duplication of ancestors and schedules the 
task to the best processor.  In the algorithm, when 
scheduling a task or duplicating a task on a processor, 
the task insertion policy (Rule 1) is applied.  
 
algorithm HTDS 

1. Set the computation costs of tasks and  
communication costs of edges to their mean values.

2. Compute rank values for all tasks 
3. Sort the tasks in a scheduling list  

in decreasing order of rank values. 
4. while (there are unscheduled tasks in the scheduling 

list) 
5.  do ni  select first task from the scheduling list 
6.   ftime  ∞ 
7.   for each processor pj ∈ processor set P 
8.    do compute earliest start time ST  ST(ni, pj) and  

finish time FT  FT(ni, pj) 
9.       if FT < ftime 
10.        then v  ni, m  pj, v_CIP  φ, m_CIP  φ ; 
11.           ftime  FT 
12.       nk  CIP(ni, pj) 
13.       for each processor pl ∈ processor set P 
14.         do stime  min_start_time(ni, pj, nk, pl, ST) 
15.          Undo all duplications generated  

         by min_start_time( ) function on pl 
16.          if stime + w(ni, pj) < ftime 
17.           then v  ni, m  pj, v_CIP  nk, m_CIP  pl ;
18.             ftime  stime + w(ni, pj) 
19.    min_start_time(v, m, v_CIP, m_CIP, ∞) 
20.    Schedule task v onto processor m 
21.    Remove v from scheduling list 

end_of_algorithm_HTDS 
Fig. 2. Algorithm HTDS 

 
Note that HTDS is based on the duplication concept 

of LDBS.  The difference of duplication method 
between LDBS and HTDS is that LDBS just tries to 
duplicate critical immediate parents, but HTDS tries to 
duplicate all possible ancestors.  

The function min_start_time is showed in Figure 3.  
In function min_start_time, if CIP of task ni on pj is nk, 
we will first try to duplicate nk onto pl.  If this can 
reduce the start time of ni on pj, we then try to 

minimize the start time of nk by recursively calling 
min_start_time(nk , pl , CIP(nk, pl), pl , ST(nk)) function 
to duplicate possible ancestors of nk.  This process is 
performed form step 3 to step 8.  After exploring the 
ancestor tasks reachable from nk, we attempt to further 
reduce the start time of ni by considering if there is 
another CIP of ni that dominates the start time of ni.  
This process is performed by Step 13. 

The time complexity of HTDS is O(|V|3|E||P|2) 
which is the same as LDBS2.  But actually, the 
execution time of HTDS is larger than LDBS2, 
because HTDS do more duplication trials than LDBS2. 
 
algorithm min_start_time(ni , pj , nk , pl , stime) 

1. if nk != φ 
2.  then if nk is not already scheduled on pl 
3.     then Duplicate nk in a time slot on pl  

         that minimize its start time 
4.       ST_ nk  ST(nk , pl) 
5.       Recompute ST  ST(ni , pj) 
6.       if ST<stime 
7.       then CIP_ nk  CIP(nk , pl) 
8.         ST_ nk _new  min_start_time (nk ,pl ,CIP_ nk,pl ,ST_

nk) 
9.         if ST_ nk _new < ST_ nk 
10.          then update the start time  

            and finish time of nk on pl 
11.         Recompute ST  ST(ni , pj) 
12.         nk  CIP(ni , pj) 
13.         stime  min_start_time (ni , pj , nk , pl , ST) 
14.         if stime < ST 
15.          then ST  stime 
16.       else undo_duplication(nk , pl) 
17.       return ST 
18.     else return stime 
19. else return stime 

end_of_algorithm_ min_start_time 
Fig. 3. Algorithm min_start_time 

 
4.3 Example 
 

We now give an example to show the behavior of 
algorithm HTDS.  Given the application graph model 
of heterogeneous system shown in Figure 1, at first, 
HTDS computes the rank values of all tasks.  We 
represent the rank values as a set {99, 59, 36, 52, 51, 
59, 27, 37, 35, 8}.  According to the rank values, the 
scheduling order of the tasks with respect to the HTDS 
is {n0, n5, n1, n3, n4, n7, n2, n8, n6, n9}.  Then, HTDS 
selects tasks according to the order of their priorities 
and schedules each selected task on the best processor 
with task duplication method.  In Figure 4, we show 
the scheduling results of scheduling algorithms of 
HTDS, LDBS1, LDBS2 and HEFT for the DAG 
shown in Figure 1.  The scheduling lengths of HTDS, 
LDBS2, LDBS1 and HEFT are 68, 71, 77, and 79, 
respectively. 
 



 
Fig. 4. Scheduling results of scheduling algorithms 
HTDS, LDBS1, LDBS2 and HEFT for the DAG 

shown in Fig. 1. 
 

5.0 Performance Evaluation and 
Simulation Results 

 
In this section, we use simulation approach to do 

the performance evaluation.  In order to evaluate the 
performance of the proposed scheduling algorithm, we 
compared the performance of HTDS with those of 
HEFT, LDBS1 and LDBS2.  We have implemented a 
random graph generator to produce weighted DAGs of 
applications.  Our random graph generator can allows 
assigning sets of values to the parameters which are 
used to generate the application graphs for the 
heterogeneous environment simulator. 
 

Our random graph generator requires the following 
input parameters to generate weighted DAGs. 

 
 Number of tasks in the graph, (v). 
 Graph parallelism (GP) [18].  The GP is defined 

as the ratio of total average computation time 

( iw ) of a DAG to the total average 
computation time of tasks on the critical path of 
a DAG. 

 Out degree base of a task, (out_degree_base). 
 Range percentage of computation costs on 

processors, (β).  The β is basically the 
heterogeneity factor for processor speeds. 

 Communication to computation ratio, (CCR).  It 
is the ratio of the average communication to the 
average computation cost. 

 Number of Processors, (PN).  This parameter 
indicates the bounded number of processors. 

 
In our study, we will focus on the study of the 

relation of CCR, GP, and PN to the scheduling 
speedup.  For experimental study, we set the values of 
v = {300}, the values of CCR = {1, 2, 3, 4, 5, 6, 7, 8, 9, 
10}, the values of GP = {8, 16, 32}, the values of β = 
{0.5, 1, 1.5}, the values of out_degree_base = {1, 3, 
6}, and the values of PN = {4, 8, 16, 32}.  For each 
tuple (v, CCR, GP, β, out_degree_base, PN), we 
randomly generate 10 DAGs as the test samples.  

Let GPP [3] be the ratio of GP to PN, i.e., GPP = 
GP / PN.  Since the GP is the ratio of total average 

computation time ( iw ) of a DAG to the total average 
computation time of tasks on the critical path of a 
DAG, it implies the maximal speedup that can be 
achieved by a scheduling algorithm for a given DAG.  
In the following we will analyze the performance of 
four scheduling algorithms, HTDS, HEFT, LDBS1, 
and LDBS2, based on the values of GPP. 
 
5.1 GPP<1 
 

GPP < 1 implies that the PN used in a scheduling 
algorithm is greater than the GP of a DAG.  Speedups 
for scheduling algorithms with GPP = 0.5 and GPP = 
0.25 are shown in Figure 5(a) and Figure 5(b), 
respectively.  From Figure 5, we can see that HTDS 
outperforms other algorithms for CCR ≥ 1.  It can be 
noted that when the value of CCR increased, the 
difference of speedups between HTDS and other 
algorithms is increased as well.  The reason is that 
when the value of CCR increases, the possibility of 
duplicating more ancestors of a task also increases.  
HTDS tries to duplicate all possible ancestors, and this 
is better than only duplicating immediate parents.  On 
the average, the rank of speedup is HTDS ≥ LDBS2 ≥ 
LDBS1 ≥ HEFT. 

Since GPP < 1 implies that the PN used in a 
scheduling algorithm is greater than the GP of a DAG, 
it is of interest to see if the speedup is proportional to 
the number of processors used.  From Figure 6, we can 
see that, in general, the more processors we used, the 
better speedup we can expect.  However the gain is not 
proportional to the number of processors used.  For 
example, in Figure 6(d), the speedups of HTDS for 
DAGs with CCR = 1 and GPP = 0.25, 0.5 and 1 are 
6.61, 6.10 and 5.23, respectively.  The ratio of 
processors used is 32:16:8 = 4:2:1 and the ratio of 
speedups is 6.61:6.10:5.23 = 1.26:1.17:1. 
 
5.2 GPP=1 
 

GPP = 1 implies that the PN used in a scheduling 
algorithm is equal to the GP of a DAG.  In Figure 7, 
speedups for scheduling algorithms with GPP = 1 are 
shown.  From Figure 7, we can see that the speedup 
ranking is HTDS ≥ LDBS2 ≥ LDBS1 ≥ HEFT.  
 



5.3 GPP>1 
 

GPP > 1 implies that the PN used in a scheduling 
algorithm is less than the GP of a DAG.  In Figure 8, 
speedups for scheduling algorithms with GPP = {2, 4} 
are shown.  From Figure 8(a), we can see that the 
speedups of HTDS are almost the same as LDBS2 
when CCR ≤ 10.  This seems to imply that when GPP 
is large enough, the speedups of HTDS is the same as 
LDBS2.  Figure 8 shows that in most case, the 
speedup ranking is HTDS ≥ LDBS2 ≥ LDBS1 ≥ 
HEFT.  
 
5.4 Comparisons of Execution Time of 
Scheduling Algorithms 
 

Since the execution time of scheduling algorithms 
depends on the number of tasks and the number of 
processors, we measure the execution time with 
respect to the number of tasks and the number of 
processors, respectively.  In Figure 9(a), we show the 
execution time of scheduling algorithms by setting the 
number of processors to thirty-six and the number of 
tasks form 500 to 1000.  In Figure 9(b), we show the 
execution time of scheduling algorithms by setting the 
number of tasks to 800 and the number of processors 
from 20 to 60.  From Figure 9, we can see that the 
execution time ranking is LDBS1 ≥ HTDS ≥ LDBS2 ≥ 
HEFT.  The execution time of LDBS1 is much higher 
than others.  From Figure 9(b), we can see that the 
execution time of LDBS1 is very sensitive to the 
number of processors.  As the number of processors 
increases, the execution time of LDBS1 increases 
rapidly.  

 
Fig. 5. The speedups of scheduling algorithms with 

GPP < 1. 
 

 
Fig. 6. The speedups of scheduling algorithms, where 

CCR=1,…,10 and GP ≤ 1. 

 

 
Fig. 7. The speedups of scheduling algorithms with 

GPP = 1. 

 
Fig. 8. The speedups of scheduling algorithms with 

GPP > 1. 
 

 
Fig. 9. The execution time (in second) of scheduling 

algorithms. 
 

6.0 Conclusions 
 

In this paper, we have presented a new algorithm, 
called the HTDS algorithm, for scheduling application 
graphs onto a heterogeneous computing system.  In the 
experimental study, we use randomly generated 
application graphs with various characteristics to test 
HTDS along with HEFT, LDBS1, and LDBS2 
scheduling algorithms.  From the simulations results 
we have the following conclusions.  (1) In terms of 
speedups of scheduling algorithms, on the average, the 
speedup ranking is HTDS ≥ LDBS2 ≥ LDBS1 ≥ 
HEFT.  (2) In terms of the execution time of 
scheduling algorithms, in general, the execution time 
ranking is LDBS1 ≥ HTDS ≥ LDBS2 ≥ HEFT.  Since 
the main objective of our algorithm is to minimize the 
schedule length and the scheduling is done off-line, a 
slightly longer time in generating a considerably 
improved solution should be acceptable.  In conclusion, 
our algorithm outperforms other algorithms in term of 
speedup (makespan). 
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