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ABSTRACT

An ant colony optimization (ACO) approach for the
precedence and resource constrained multiprocessor
scheduling problem is presented and evaluated. The
algorithm employs distributed agents which mimic the
way of ants to find a feasible solution to complete jobs.
Traditionally, the multiprocessor scheduling problems
only consider the precedence constraint and finding the
minimum of maximum complete time. In ACO, a set of
ant-like agents or sofiware ants solve the problem under
consideration  through a cooperative effort. A
two-dimensional grid assigns jobs on processors scheme
is proposed. This scheme is a time dependent structure
in scheduling the jobs. In the exploration of the search
space, a delay solution generation rules and dynamic
rules are proposed, which are not only capable to
escape the local optimal solution, but can get the
feedback by previously  constructed  solutions.
Simulation results reveal that developed ant colony
system algorithm ensures an appropriate approach of
solving multiprocessor system scheduling problems with
precedence and resources constrains.

1: Introductions

In general, job scheduling problems are seen as
involving to execute a set of jobs satisfying a given type
of constraints and optimizing a given criterion [1].
Scheduling has many applications in commercial,
industrial and academic fields, such as communications,
production planning, project management, process
scheduling in operating systems and class arrangement.
The multiprocessor scheduling problems only consider
the precedence constraint and finding the minimum of
maximum complete time. An ACO approach for the
precedence and resources constrained multiprocessor
scheduling problem is presented and evaluated.

In the multiprocessor scheduling problem, given
programs (tasks) with precedence relation within tasks
are to be scheduled in a given multiprocessor system.
The Genetic Algorithm (GA) is the most popular and
widely used techniques for several flavors of the
multiprocessor scheduling problem [2], [3]. Hou et al.

develop an efficient method, the height value of each
job, based on a GA to solve the multiprocessor
scheduling problem [2]. Correa et al. proposed a new
combined approach, where a genetic algorithm is
improved with the introduction of some knowledge
about the scheduling problem [4]. Zomaya et al.
investigates an alternative paradigm, based on GA, to
efficiently solve the parallel processor scheduling
problem [5]. All above works are considered for
multiprocessor scheduling only without containing the
resource constraints. Oh and Wu carried out through a
multi-objective GA to minimize processors required and
the total tardiness of tasks [6]. GA generates good
quality of output schedules, however, their scheduling
times are usually much higher than the heuristic-based
techniques [7] [8].

In ACO, a set of ant-like agents or software ants solve
the problem under consideration through a cooperative
effort. This effort is mediated by exchanging information
on the problem structure the agents concurrently collect
while stochastically building solutions [9]. Ant colony
system (ACS) algorithm is applied to TSP that the ACS
outperforms other nature-inspired algorithms such as
simulated annealing and evolutionary computation [10].
Besten et al. present an application using ACO to slove
the single machine total weighted tardiness problem [11].
Yuvraj et al. use ACO to solve the problem of
scheduling in flowshop with sequence-dependent setup
times of jobs [12]. The two ant-colony optimization
algorithms were proposed for solving the permutation
flowshop scheduling problem [13]. Merkle et al.,
present an ACO approach for the Resource-Constrained
Project Scheduling problem (RCPSP), which is a
schedule problem to find the minimum makespan with
resource and precedence constraints [14]. Similarly, we
propose a modified ACO algorithm for scheduling, in
which a set of concurrent distributed agents collectively
discover a feasible solution. Two suggested rules are
applied in ACO algorithm to explore the search space
and to find sound solutions. They are delay solution
generation rules and dynamic rules.

In this work, a multiprocessor schedule problem with
resource and precedence constraints is introduced to find
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a near optimal solution while the scheduling time is
restricted, now to be referred as resource-constrained
multiprocessor scheduling problems (RMPSP). [17] A
series of studies has been done using HNN and mean
field annealing. A typical CHNN scheme was applied to
the multiprocessor scheduling problems. All of these
works assumed that there was no resource constraint, or
each resource type had only one resource available and
each job needed at most one resource for each type
[15-17].

2: Ant colony system and scheduling
problem

2.1 Ant colony system

Ant Colony Optimization algorithms could be good
alternatives to  existing algorithms for hard
combinatorial optimization problems [18]. ACO mimics
the behavior of foraging ants. Ants deposit pheromones
along the paths they move. The pheromone level
deposited on a particular path increases with the number
of ants passing through that path. Ants use pheromones
to communicate and cooperate with each another to
identify shorter paths to the food source. Dorigo et al.
proposed the first ACO algorithm [19] to solve the
well-known traveling salesman problem (TSP), which
method then evolved into the ant colony system (ACS)
[20] as depicted in Figure 1.

Initialize
Loop
Each ant is positioned on a starting node
Loop
Each ant applies a state transition rule to
incrementally build a solution and a local
pheromone update rule
Until all ants have built a complete solution
A global pheromone updating rule is applied
Until End_condition is reached

Figure 1 ACS for TSP.

A graph G=(V,E) comprises a set of nodes (vertex)

V={vi,vs,....., va} and a set of edges E ={(i, j)| vi, vieV }.

Normally, each edge (i, j) is associated with one value
representing a distance or cost. Each ant establishes a
feasible solution to the TSP by repeatedly applying a
state transition rule to choose nodes to visit. Ants choose
the next node to visit using a combination of heuristic
and pheromone information. Ant k at node v; selects the
next node v; to move when g =g, based on Eq. (1).

(e, NI* (G, ) =‘g}%{[f(hl)]“[U(i,l)]ﬁ} (1)

q is a random number uniformly distributed in [0,1],
and 0=¢y=1 is an predetermined parameter that
determines the relative importance of exploitation
versus exploration. (i, j) denotes the pheromone level
on edge (i, j). And 5(i, j) represents a heuristic function

defined as the reciprocal of cost c;. Ji(i) denote the set
of nodes that to be visited by ant £ at node v; and
parameter a, S determines the relative importance
between the pheromone level and the edge cost.

If ¢>qy, v; is randomly selected from Ji(i) according to
the probability distribution given by

L) U[G)) TSP
pG ) =1 S [eGD1 601 @)

vied; (i)
0 ;

otherwise.

After an ant has completed its tour, the pheromones
on the edges of that tour are updated using the local
updating rule. The ACS uses the following local
updating rule to prevent succeeding ants from searching
in the neighborhood of the currently best tour. The rule
is defined as,

T(l’])<_(1_p)7(laj)+pAT(l:]) (3)

where 0<p<l is a parameter representing the local
pheromone evaporation rate, and (i, j)=7, the initial
pheromone level.

Once all the ants have completed their tours, the
pheromones on all edges of the graph are updated using
the global updating rule. The ACS uses the global
updating rule to accelerate searching the best solution.
The global updating rule enhances the edges involved in
the globally best tour and is defined as,

7(i,j) « (1=-0)7(i, j) + 67, (i, ) @)

where 0<d<l is a parameter representing the global
pheromone evaporation rate, and

Lgbf1 , if edge(i, j) € the best tour,
0 , otherwise. )

Tgb(i’j):{

Lg, represents the global best tour at current iteration.

The ACO approach has been applied recently to
scheduling problems, such as job-shop, flow-shop, and
single machine tardiness problems. For the pheromone
matrix (z;), job j is the ith job on the machine. The ants
directly use the value of 7; and heuristic function to
estimate the desirability of placing job j as the ith job on
the machine when computing a new solution
[10][14][21][22][23]). In this work, a different
pheromone matrix (z;) is employed, which the element z;;,
denoted the pheromone value of job j is processing at
time ¢ on one machine. The 7, is similar to z; which is
suitable for a dynamic environment.

2.2 Scheduling problem

Suppose there are N jobs and M identical machines.
First, a job cannot be segmented (preemptive) and no job
migration. There are precedence relations between the
jobs, and setup time is set to zero from one job switch to
next job. The precedence relations between the jobs can
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be represented by an acyclic activity-on-node network. O
is a set of & resource types. R; =0 is the resource capacity
for resources of type ieQ, Every job j has a duration p;
and resource requirements 7y, 7, where 7;; is the
requirement for a resource of type i when job j is
processed [14].

In Figure 2, there are 6 jobs and 4 resources type on
two machines case. At each time, the total resource
allocation is not more than the total available resource
for each type resources. The two dimension matrix (N*7)
is employed in this work, which is to represent the
scheduling result, V,;=1 if job j is processed at time ¢,
otherwise V,;=0. Each V}; is associated with one 7, and
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Figure 2. Simulation cases for 6 jobs with precedence and
resource constraint and one solution matrix.

3: ACO algorithm for RMPSP

Figure 3 lists the scheduling algorithm for the
scheduling problem, which combing the dynamic rule
and delay solution generation rule is named as DDACS.

1. Initialize

2. Loop

3 Each ant k is positioned on a starting node

4 Loop

5. Initialize t=1, m=0, C = and J,(t=0)

6 Loop

7 compute m the have scheduled job in time ¢

8 while Ji(t) #J and m <M do

9. Select one job j € Ji(t) with state transition rule
10. if job j at time ¢ under constraints satisfied

11. if the delay rule is activated then delay job j
12. else schedule job j at time ¢

13. m=m+1

14. C=CU{j} and Ju(t) = Ji(®) -{ j}

15. applied local update rule

16. end while

17. t=t+1

18. add the eligible job to set Ji(2) with in-degree=0

19. Until |C|=N

20. Until all ants have built a complete solution

21. A dynamic rule to adjust the Lj
22. A global updating rule is applied with the best solution
23. Until End condition is reached

Figure 3. DDACS Algorithm.

A set of all eligible jobs Ji(?) is computed, which are
all predecessors finished satisfied at time ¢z. The initial
Ji(0) is with in-degree=0 which is the eligible jobs at
time 0. A job is selected by the ant from Ji(#) and
scheduled at time ¢. The processor constraint is defined
that there are at most M jobs can be assigned to M
processors. After selecting one job to one processor
which satisfies the resource constraints, then, C and J(?)

are updated, where C is the set of already scheduled jobs.

The algorithm runs until some stopping criterion is met,
e.g., a certain number of generations have been done.
According to state transition rule given by Eq. (6) and
(7), the next job j is chosen from Jy(z) when g =< g, which
flavors the choices for the next job by closing to
Lj ,shortening processing time and with a large amounts
of pheromone[24].

j=arg max{[r(t,l)]a -[n(t,l)]ﬁ}

ledy(®

(6)

If g¢>qy, job j is randomly selected from Jy(?) according
to the probability distribution given by Eq. (7).

[ /)" -[n(e. /)Y
Pt j)=1 2@l el e

leJ (1)

()

0 , otherwise

where o, [ are the parameters correlating to the
importance of pheromone and heuristic, respectively.
Concerning heuristics, this study uses the adaptations of
priority heuristics called critical path method to compute
the earliest/latest starting process time; £; /L; for job j.
At the beginning, the E; and L; is under no resource
consideration, it is a more conservative value for each
job. The L; is changed dynamically in coming iteration
based on dynamic rule showed in section 3.1. The 7
function is shown in Eq. (8).

1
d; +)xg/p; +1
dj
2-d,lc)xgfp, +1

whered ; = ‘L/ - t‘ and cis a large constant value

, if E, <1<,

U(taj): ajEJk(t)

if (2L,

It shows that the job j with the shortest process time
and nearest L; will get higher # value. The job j has
higher probability is selected from Ji(?) at time ¢, which
the d; is minimum first when L; =¢<L;, or which the d;
is maximum first when #£>L; Once one job j is selected
based on the state transition rule, then V,; =1, t€ls; ./,
where start processing time s; = ¢ and finish time f; =
t+p; -1, which is to ensure non-preemptive requirement
satisfied.

An ant has built one solution of RMPSP, the
pheromones 7, are updated using the local updating rule.

2(t, )0 == p)-2(t, j)+ p-Az(t, /). telsi f1 (9

where job j processed from s; to f;,and set Az(t, j)=t,
The pheromone 7; is set to a lower value, and then this
job j will have lower probability to be the choice for
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another ant. The reason for this is that old pheromone
should not have too strong an influence on the future.

Figure 4 is another feasible solution for next ant, the
job 5 is the first job to assign to processor which has the
higher 7 value. Such solution has the smaller makespan,
i. e. makespan=11. The local update rule used to select
another job is a strategy to avoid trap into local
maximum (or minimum).
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Figure 4. Simulation result of another ant after the previous ant
using local update rule.

After all ants build all feasible schedules, the global
update rule is used to increment the pheromone 7; by
applying the best solution so far. All 7; , which the V;
=1, get enhanced pheromone is updated by the global
update rule, otherwise evaporating some amount of
pheromone by global pheromone evaporation rate. This
is an elitist strategy that leads ants to search near the
best-found solution.

ot f)yew = (1=6)-7(6, 1)+ 8- Az, (1. ) s €l /1 (10)

Ams , if V, =1
AT, (t,])= ’ Y
Tgb( 9]) { 0 , lf th :0

1+ ms,, - ms g,

jels, /]
(11)

and Ams =
ms,,

where Aty (t,j) is computed by the best schedule in the
current iterations, the amount of pheromone added is
0Atg(t,j). The msyq and msgy, is the makespan of the best
schedule in previous and current iteration.

3.1 Dynamic rule

One job’s earliest starting and latest starting time is
computed by critical path. At first, it is assumed that the
makespan is equal to critical path length without
consideration of the resource constraint. Due to the
resource constraint, the makespan may be greater than
the critical path in the optimal solution. That is the
critical path may be longer, then the value of Z;j have to
increase, while the # function is based on the latest
starting time. This rule is used for the best solution
found in each iteration. This rule is named as a
“dynamic” heuristic rule. The more accurately Lj is
found, then the more appropriate # function value can be
estimated. The job tardiness and Lj adjusting rule is
defined as follow:

{Lj JIfE, <8, <L,

L = ,
S, if L, <S,

J

(12)

3.2 Delay solution generation rule

The delay solution generation rule allows some jobs
to be pushed later, which is designed to escape the local
optimal solution. One job j is selected and has to be
delayed, this job will not in Jy#) for a certain delay
length, which is a uniform distribution of [0, Lj — {] as
shown in Eq. (13). This assumption is that one job can
be processed later to let the other jobs be processed first
under the resource constraint. If there is exists one job
that requires much of the resources scheduled at time ¢,
then it will prohibit some other jobs from being
processed for some time. But these jobs will result in a
makespan that is greater than the optimal solution.

Figure 5 is an example for 10 jobs with 3 resource
types and precedence relations. Based on proposed
method without delay strategy, it will choose 2 jobs
from Ji(1)={1,2,3} to be run when 2 processors exist at
t=1. Assume that job 1 and 2 are assigned to be
processed. And then the Jy(2) ={3,4,5} at time 2. In this
case, job 2 needs resources 2 of R; and job 5 needs
resources 3 of R;. The total available amount of resource
R; is 4. It is not sufficient for job 5 processed
concurrently when /=2, neither to job 3 or 4. And it is
never an optimal solution if job 2 is scheduled at =1. If
job 2 or 3 can be pushed later to be processed, then the
other jobs (job 4 and 5) can be assigned earlier. And the
successor jobs of job 4 and 5 can be started as soon as
possible. The job 7 can be processed early, which is a
critical path job. The comparison is showed in Figure 6
and 7.

To delay the eligible job on purpose is called the
“delay” rule. It is a Consideration of this rule enables the
finding of feasible solution space. The delay time is
defined as following:

gx(L;-t), if g>q, andt<L;
0 , otherwise

delay time= { (13)

where ¢ is a random number uniformly distributed in
[0,1], and 0=¢; =1 is an predetermined parameter that
determines the probability of changing the influence on
the decisions of the ants during the run of the algorithm,
and the option that an elitist ant forgets the found
solution. The ¢, value increases close to 1 after certain
iteration using q,= q; +In(1+iteration# / iteration,,,y)

The DDACS combing the dynamic rule and delay
solution generation rule is to explore the search space of
undiscovered solution.

4: Experimental simulations

The simulations involve different sets of scheduling
problems with different jobs from 10 to 60 jobs. All
simulation is assumed that there are 3 or 4 different type
resources and using 10 ants. The following simulation
set is iteration,,,=10000, 7,~0.5, =10, 6=0.1, p=0.1,
a=1, p=1, qp =0.9 and gq; =0.95, if no other values are
mentioned.
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Figure 5 is the 10 jobs case using 2 processors. Figure
6 is the result of no delay rule with the state diagram and
Gantt chart. Figure 7 is scheduling result using delay
rule. If the delay rule is unused, the optimal schedule
can not be found at all.
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Figure 5: Simulation cases for 10 jobs with precedence and
resource constraint.
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Figure 6. The solution matrix and Gantt chart with no delay
rule for 2 processors.
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Figure 7. The solution matrix and Gantt chart with delay rule
for 2 processors.

The following cases are from the PSLIB which is the
problems of RCPSP. In this library there are 30 to 120
jobs case, each has at least 480 instances. The PSLIB
about project scheduling problem which is no processor
constraint involved which is a special case of proposed
problem. It is a simple case for RMPSP which assumed
the processor is unlimited or these problems are no
processor. The processors number is an input parameter
or assumed to contain enough processors.

The following simulation cases as shown in Figure 8
are for 30 jobs /case. Simulation results show that

DDACS work more efficient to find more number of
optimal solutions, the suggested ant algorithm with
appropriate rule design increases the probability of
finding the optimal solutions.
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Figure 8. Probability of finding optimal solutions comparison
with ACS and DDACS.
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Figure 9. The number of the solution found near optimal
solution for 480 different instances after 500 iterations.

Figure 9 shows the difference between the makespan
with the optimal solution for 30 jobs with 480 instances
(after 500 iterations). The total number of near optimal
solution with delay solution generation rule is superior to
not employing the rule. For example, the DDACS get
about 93.3% (=448/480) cases near the optimal solution,
and the difference of makespan with optimal solution is
no more than 2.

Figure 10 shows makespan of the simulation results
for a 30 jobs case and a 60 jobs case. These two cases
show that more processors than needed make no
improvement to the schedule with precedence and
resource constraints. The minimum processors needed
are not considered in this work. It can easy be found
which numbers of processor are sufficient, or to
anticipate the processor requirement from the simulation
results. The 60 jobs case needs about 5 processors, the
30 jobs case needs 4 processors.
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—8— (0 jobs
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processor

Figure 10. The makespan for one 30jobs case after 100
iterations with different processors.
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5: Conclusions and discussion

This work introduces an ACO approach for
precedence and resource constrained multiprocessor
scheduling problems. Additional features added in the
proposed algorithm are the changing of the latest starting
time of each job for heuristic influence, and the delay
solution generation rule to escape the local minimum.
The resource-constrained project scheduling problem is a
special kind scheduling problem of RMPSP. The
proposed method can be applied to solve RCPSP directly
without modification. This approach also provides a
method to predict the minimum number of processors
required in multiprocessor system. The a, f parameters

determination in ACO algorithm is quite time consuming.

The suggested scheme uses the critical path characteristic
to reduce the inconvenience in finding these two
parameters.

Compared to other meta-heuristics such GA, SA and
tabu search, relatively less attempts have been made to
solve multi-processor scheduling problem using the ant
colony algorithms.

Future works should examine the setup time between
jobs of a certain machine, or if there is communication
cost between two jobs which are processing in different
processors. In a dynamic situation, there may be some
emergency jobs arriving at a certain time or changing the
resources available and requirement.
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