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Abstract— The allocating and scheduling of tasks in parallel and
distributed systems has been considered to be an NP-Complete
problem, which has received much attention. Although plentiful
algorithms have been developed to obtain suboptimal solutions,
many of them didn’t consider the total execution time and load
balancing among processors simultaneously. To solve this
problem efficiently, this paper presents an improved genetic
algorithm based on the Critical Path Genetic Algorithm (CPGA)

with some heuristic principles added to improve the performance.

According to the evaluation results, our proposed algorithm
could ensure the quality and efficiency of obtained solutions
while avoiding the issues of CPGA algorithm, and always
outperforms the CPGA algorithm in the respect of load
balancing.

Keywords— Task Scheduling, Load Balance, Critical Path,
Genetic Algorithm, Multiprocessor System

I. INTRODUCTION

Nowadays, the parallel and distributed systems play an
important role in high-performance computing fields, e.g.,
massive data processing, fluid flow computing and weather
modeling. However, the allocating and scheduling of these
precedence-constrained tasks to processing elements (PEs e.g.,
processors) in these systems is known as an NP-complete
problem [5, 9, 15].

One of the crucial aspects of scheduling problem in parallel
computing system is load unbalancing where some PEs may
be overloaded heavily while the others are idle. Thus, the
scheduling problem involves how to allocate precedence-
constrained tasks to PEs optimally such that minimizing
overall execution time (i.e., schedule length), maximizing
utilization of PEs and load balancing simultaneously under the
precedence-constraints between tasks are satisfied [1].
Certainly, a large amount of algorithms have been proposed to
solve this problem such as heuristic methods, among which
the Genetic Algorithm (GA) is generally considered an
efficient way to gain high quality solutions for a broad range
of combinatorial optimization problems, multi-objective
optimization problems and function optimization, e.g., the task
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scheduling problem in parallel systems. Furthermore, genetic
search could take advantage of its inherent parallelism to
further reduce its execution time while searching for optimal
solutions [2, 9, 14].

Therefore, we proposed an improved genetic algorithm
named Improved Critical Path Genetic Algorithm (ICPGA),
based on the Critical Path Genetic Algorithm (CPGA).
Furthermore, our algorithm could ensure the quality and
efficiency of obtained solutions while avoiding the issues of
CPGA algorithm.

The remainder of this paper is organized as follows:
Section 2 describes some related researches about our
proposed algorithm. The scheduling model is demonstrated in
section 3. Section 4 illustrates the details of our proposed
CPGA-based algorithm. Section 5 gives the performance
comparison between our proposed algorithm and the CPGA
algorithm. Conclusions are given in section 6.

II. RELATED WORKS

The Standard GA (SGA) [12, 13, 14] first developed by
Holland in the mid-1960s, is a stochastic search method based
on the principles of biological evolution and natural genetics.
The SGA search begins by initializing a population of feasible
solutions at first, where individuals are encoded as strings
called chromosomes. A chromosome corresponds to a solution
to a given problem and some fitness functions are used to
evaluate the fitness of individual. Then, good individuals
survive after selection according to the fitness of individuals.
After that, the survived individuals reproduce offspring
through crossover and mutation operators. The above
processes are repeated until a termination condition is met.
Because of its simple mathematical calculations and efficient
search for the approximate optimal solution, many variants of
SGA have been developed and used widely in machine
learning, pattern recognition, neural networks, artificial
intelligence and other industrial applications [11].

The Critical Path Genetic Algorithm (CPGA) based on the
Modified Critical Path (MCP) [2, 3] algorithm, is considered
to be one of the best genetic algorithms for task scheduling in
multiprocessor system. It reuses these idle times of processors
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efficiently to reduce the schedule length by assigning some
tasks to idle time slots, and gives high priorities to Critical
Path Nodes (CPNs) such that these nodes can start as early as
possible. On the other hand, the fitness function used to
evaluate the performance of load balance among processors, is
calculated by the ratio of the maximal execution time to the
average execution time over all processors. However, there
are some deficiencies for the CPGA algorithm: First, different
selection pressures should be applied at different stages of
population evolution to promote the diversity of population,
and to avoid falling into local optimal solution. Second, the
fitness function for load balance can be changed to improve
the quality of solutions in some degree. Third, the
chromosome representation can be modified to be more
suitable for the case of Partitioned Scheduling [6].

III. THE DESCRIPTION OF PROBLEM

In general, the task scheduling problem in multiprocessor
system could be divided into the following two main
categories: deterministic (i.e., static) and non-deterministic
(i.e., dynamic) [7, 8, 10]. In the former case, the attributions of
a parallel program such as task dependencies, communication
costs, task processing time and synchronization constraints are
all known before execution. The work in this paper is only
concerned with deterministic scheduling problem in uniform
and non-preemptive system, where tasks are allocated onto
homogeneous multiprocessors and each processor must
completes the current task before executes the next one.
Therefore, the scheduling model is constructed as follows [2,
4,15]:

P(T)= 3

P(Tp= 2

P(T)= 1

Figure 1. Example of a DAG

o Let a task graph G = (V, E) be a Directed Acyclic
Graph (DAG), where V and E is a set of nodes and
directed edges respectively.

o Each task represented by a node, is a set of instructions
that must be executed sequentially with no preemption
on the same processor. The weight of each node is the
processing time needed by the corresponding task,
which is denoted by P(n;).
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o The directed edge represents a partial order among the
tasks. For example, if n; — n;, then n; cannot start until n;
finishes. The weight on a directed edge represents the
communication cost between tasks, which is denoted by
C(n;, nj). Besides, the C(n;, n;) would be equal to zero if
n; and n; are scheduled on the same processor.

o If a node n; is scheduled on processor P, the start time
and finish time of n; are denoted by ST(n;, P) and FT(n;,
P) respectively.

IV. THE PROPOSED CPGA-BASED ALGORITHM

As mentioned above, the main objective of our proposed
algorithm is to start the tasks as early as possible. Before
presenting our algorithm in details, some definitions should be
given first.

Definition 1: The total execution time (Schedule length) of
a parallel program is the maximum finishing time of all tasks,
and can be defined as follows [2]:

Schedule _length=max{ FT(n;,P,)}
i=12,....NumOfNodes;
j=12,....NumOfProcessors.

Definition 2: Because each task shouldn’t execute until its
parents have finished, the data arrival time (DAT) for each
task is the maximum sum of its parent’ finish time and
communication cost, which can be defined as follows [2]:

DAT (n,) = max{ FT (n,,P)+C(n,,n,)}
V(n,,n)e E;
i=12,....NumOfNodes;
j=1,2,....NumOfProcessors.

(1

2)

A. Encoding of Chromosome

The representation of chromosome is based on the schedule
of each processor, which is more suitable for the case of
Partitioned Scheduling than the CPGA algorithm. In other
words, each processor has a scheduling list containing these
tasks that have assigned to it, and preserving the precedence
constraints of DAG as well. Figure.2 shows an example of
such a representation of this chromosome, where Tasks Ty, Tj,
Ts would be scheduled on processor P; sequentially, tasks T,
Ts would be scheduled on processor P,, and task T, would be
scheduled on processor Ps.

A(TLITLTE)
Chromosome=+ P, (T, |T; )
B (T,)

Figure 2. Representation of a chromosome

B. Fitness function

The fitness function is used to evaluate the quality of
candidate solutions to the scheduling problem. In our
proposed algorithm, the main aim of scheduling is to
minimize schedule length and maximize the performance of
load balance among processors simultaneously. Therefore, the
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fitness functions of our proposed algorithm are defined as
follows, where E_time[P;] represents the execution time of
processor Pjused for tasks:

fitness _ functionl = o/ (schedule _length)”

N
fitness _ function2 =1/ Z(E _time[P]- Avg)’
i=1
N
Avg =) E_timeP]/ N; ®)
i=1
N = NumOfProcessors;
a, B, Ais a parameter.

The fitness_functionl used to evaluate the performance of
schedule length, could help expanding the differences between
individuals greater than the CPGA algorithm’s. Whereas, the
fitness function2 is only applied when there are two or more
chromosomes with almost the same schedule length whose
difference is in the range of acceptable. Here, in order to
evaluate the performance of load distribution among
processors more accurately than CPGA algorithm according to
the chromosome, our proposed algorithm uses the method
based on variance to evaluate the performance of these
potential solutions.

Generally, the two fitness functions could distinguish the
differences between individuals better than the CPGA
algorithm. Besides, the computation of the Schedule Length
for each chromosome in our proposed algorithm is
implemented as follows [2]:

Begin

1. Assign TL = the topological order of DAG;

2. Adjust TL to preserve the intra-processor precedence

constraints according to the chromosome;

3. Initiate PT[1...NumOfProcessors] = start_time;
4. While TL is not empty do
5. Remove a task T; from TL;
6 Get the processor number P; where T;
is scheduled according to the chromosome;
7. ST[Ti] = max{DAT(T;), PT[P;]};
8. FT[T;] = ST[T;] + P(Ty);
9. PT[P;] = FT[Ti];

10. End While

11.  Schedule length = max{FT(T, P)};
End
Figure 3. The pseudo code of Schedule length
P3 T4
P2 T2 TS
Pl T [T3 T6

v

345 7 9 14 17 18 Time
Figure 4. Gantt chart

For example 1: The schedule length of the chromosome in
Figure 2 is 18, whose Gantt chart is shown in Figure 4. Note
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that the C(n;, n;) would be equal to zero if n; and n; are
scheduled on the same processor.

C. Genetic operators

Genetic operators are used to reproduce a new population
through selection, crossover and mutation. On one hand, we
should promote the diversity of population such that our
algorithm could scan the entire space of feasible solutions. On
the other hand, the convergence rate of optimal solution
shouldn’t be ignored.

1) Initial population
All tasks are assigned to processors randomly, but the intra-

processor precedence constraints must be preserved according
to the topological order of the DAG.

2) Selection operator

The selection operator should be applied first to generate a
mating pool for crossover and mutation operators, which
could help guiding genetic search to a promising area of
feasible solutions. To use a smaller selection pressure early in
the genetic search for broad searching, and a bigger one in the
late to limit search space, our proposed algorithm applied the
Boltzmann annealing selection method in the selection phase,
where the selection probability of individual a; is as follows:

itness _ function(a;)/T L fitness _ function(a ;)/T
Ps(aj):ef _fi (a;) /Zl*‘ef Ji (a;
i=

5

j=L2,.....m; 4

T>0.
where the annealing temperature T is the key control
parameter for selection pressure and is related with the
maximal evolution generation.

3) Crossover operator

Each chromosome in the population will be subjected to
crossover with probability P.. The specific steps of crossover
operator could be described sequentially as follows:

P(T,T,T,) P (T, T})
R AT
P (T,) P (T;T,)
Chroml @ Chrom2
Pl (T3 T4)
Offspring =4 b, (T, T; Tg)
P (T))

Figure 5. Crossover operator

e Choose two chromosomes Chroml and Chrom2 from
current population, and let LT be a list of tasks
according to the topological order of DAT and Chrom1.

e Generate two random numbers M, N, and exchange the
Py of Chroml with the Py of Chrom2. Remove those
tasks that have included in the Chroml from LT. Then,
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leave those positions T; to be free slots if T has been
assigned to Py.

 Fill in the above free slots using the tasks of LT in an
ascending order according to processor number.

o If LT is not empty, the remaining tasks would be
assigned to processors randomly except Py Adjust the
task lists according to the topological order of the DAG.

For example 2: As shown in Figure 5, LT = {T;, T,, T3, Ty,
Ts, T¢} and M = 1, N = 3. First, exchange Chroml’P; with
Chrom?2°P;. After removing and changing, Chroml = {P (T3
T4), P2(T2 T5), P3(_)} and LT = {T], TG} Then, using T] to fill
the free slots denoted by character © ’, and assigning T6 to Py,
where Re {{[1...NumOfProcessors]} — {M}} is a random
number. Finally, adjust the task lists according to the
topological order of the DAG.

D. Mutation operator

Each chromosome in the population will be subjected to
mutation with probability P,. At first, a chromosome is
selected from population. Then, two task lists (e.g., P, and Py,)
are selected randomly from the chromosome, and a random
number is generated as a time point to split each of the task

lists into two parts: ST(T;, P) < R, VT, e the left parts and

ST(T;, P)=R, VT e the right parts. Finally, the parts of task

lists lying to the right of the time point are exchanged to
produce a new offspring (see Figure 6).

R (T, T|T,)
Chroml =1 P, (T, |I; )
P(T,)

P, P, are selected
R=6

B(LTIT)

Offspring =4 P, (T, Iy)
A (T,)

Figure 6. Mutation operator

E. Local Search

To take full advantage of each processor, our algorithm
used the improved Test slots function based on the CPGA
algorithm to adjust the intra-processor scheduling order for
each processor. There exist a situation in the CPGA algorithm
that a task T may be assigned to the idle time slot whose
S idle time is greater than ST(T, P), which will be contrary to
the principle of start task as early as possible. In addition, the
data arrival time of a task may be greater than the S_idle time
of an idle time slot and the idle time slot could accommodate
the task indeed, but the idle time slot will be nothing in CPGA
algorithm. Therefore, the pseudo code of our proposed
algorithm for local search is described as follows:

Begin
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1. Assign LT = the topological order of the chromosome;

2. Let LP[1...NumOfProcessors] be a list of idle time
slots of each processor;

3. While LT is not empty do

4. Remove a task T; from LT;

5. Forj=1to NumOfProcessors do

6. IF T; is scheduled on P; && LP[j] != NULL Then
7. For each time_slot of the LP[j] do

8. IF E idle time-S idle time >= P[T}]

9. && ST(T;, Pj) > S_idle_time

10 && (DAT(T;, Pj) <= S_idle_time

11. || DAT(T;, P;) + P[T;] <= E_idle_time) Then
12. Schedule the T; on the idle time_slot;
13. Update the idle time slots list of P;;

14. End IF

15. End While

End

Figure 7. The pseudo code of Test_Slots

V. PERFORMANCE EVALUATION

We have implemented our proposed algorithm and the
CPGA algorithm on Pentium(R) Dual-Core CPU (3.19GHz)
using C++ language to make a performance comparison
between them. Our implemented programs would be
terminated if the upper bound of generations is reached, or the
best individual fitness exceeds a pre-set value, or the average
fitness exceeds a pre-set value in respective iterations. Besides,
the population size is set to 100, and the task graph composed
of 400 tasks is generated randomly. These communication
costs are distributed uniformly between 1 and a specified
maximum (MCC). There are some control parameters for
programs Pgl, Pg2 and Pg3 of our proposed algorithm
respectively (see TABLE 1).

TABLE 1. CONTROL PARAMETERS
(24 ﬁ A Fitness
Programs P, P, Tolerance MCC
Pgl 1 1 1 |0.99 | 0.01 le-2 15
Pg2 1 2 1 1099 | 0.01 le-4 15
Pg3 1 4 1 ]10.99 | 0.01 le-5 15

First, our proposed algorithm and the CPGA algorithm are
compared with respect to the overall execution time (i.e.,
schedule length) where the number of processors is 20. As
shown in Figure 8, the schedule length of both algorithms
decreases with the number of generations increases, and
eventually converges to a constant. However, the control
parameter /3 could help distinguishing the differences between

individuals better than CPGA algorithm.
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Figure 8. The comparison of schedule length

Second, our proposed algorithm and the CPGA algorithm
are compared with respect to the Load Balance (LB) with

almost the same schedule length. The LB is defined as follows:

N
LB=,|> (E_time[P]- Avg)’

i=l1
where the E _time[P;], N and Avg are defined the same as
equation (3). Figure 9 shows that our proposed algorithm
could obtain a better approximate solution than the CPGA’s in
this respect, thus always outperform the CPGA algorithm in
general. Here, the LB value is smaller, the better performance
of the load balancing.

[Dcpoa Opgl Epg2 Opg3 |

70

60 M ]
50
40
30
20

LB

10 20 40 60 80 100

Processors

Figure 9. The comparison of load balance

VI.CONCLUSIONS

After using Boltzmann selection method and modified
fitness functions, the stability and accuracy of GA computing
for optimal solutions are greatly improved, although a little
time overhead is increased. According to the obtained results,
our proposed algorithm could distinguish the differences
between individuals better than the CPGA algorithm in
general. Besides, our proposed algorithm could ensure the
quality and efficiency of obtained solutions to scheduling
problem in multiprocessor systems while avoiding the issues
of CPGA algorithms. Furthermore, our next objective is to
improve the proposed algorithm so that it could be applied to
dynamic scheduling model.
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