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Summary

The paper presents a coherent approach to solving the problems
of computer system synthesis based on Ant Colony Optimization
methods. We describe algorithm realizations aimed to optimize
resource selection and task scheduling, as well as the adaptation
of this algorithm for coherent co-synthesis realization. This is
approach, which we called a par-synthesis [1]. We then present
selected analytical experiments proving the correctness of the
par-synthesis concept and indicate its practical motivations.
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1. Introduction

Presented algorithms let us find the solution, but at the
same time they let us evaluate the algorithms themselves.
This way we can tell which of the algorithms is faster in
finding better and better solutions, which algorithm is
more tolerant to modifications of system parameters, and
also which of them enables fast adaptation to new
parameters, while the system changes dynamically.

If we assume that solution is changing dynamically, it
would be a big obstacle for greedy algorithms, because
modification of single parameter (giving eventually better
parameters) forces another verification of the full set of
solutions.

In our approach, the obtained solutions are considered
allowing for the following parameters:

= size and cost of operational memory,

= size and cost of mass storage,

= number of processors and the cost of computing power,
= the time needed for scheduling the tasks.

To evaluate obtained solution, we use the method of
weighted average: evaluated are all parameters considered
during the analysis with appropriate weights; if the final
grade of the new solution is better than the grade of the
previous one, the new solution is being saved.

2. Adaptation of ACO to solve the problems
of synthesis

The Ant Colony Optimization (ACO) algorithm is a
heuristics using the idea of agents (here: ants) imitating
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their real behavior [2], [3]. Basing on specific information
(distance, amount of pheromone on the paths, etc.) ants
evaluate the quality of paths and choose between them
with some random probability (the better path quality, the
higher probability it represents). Having walked the whole
path from the source to destination, ants learn from each
other by leaving a layer of pheromone on the path. Its
amount depends on the quality of solution chosen by
agent: the better solution, the bigger amount of pheromone
is being left. The pheromone is then “vapouring” to enable
the change of path chosen by ants and let them ignore the
worse (more distant from targets) paths, which they were
walking earlier (Fig. 1).
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Fig. 1. The idea of algorithm — overcoming the obstacle by ants

The result of such algorithm functioning is not only
finding the solution. Very often it is the trace, which led us
to this solution. It lets us analyze not only a single solution,
but also permutations generating different solutions, but
for our problems basing on the same division (i.e. tasks are
scheduled in different order, although they are still
allocated to the same processors). This kind of approach is
used for solving the problems of synthesis, where not only
the partition of tasks is important, but also their schedule.
To adapt the ACO algorithm to synthesis problems, the
following parameters have been defined:

= Number of agents (ants) in the colony,

= Vapouring factor of pheromone (from the range (0; 1)).
The process of choosing these parameters is important and
should consider that:

= For too big number of agents, the individual cycle of
algorithm can last quite long, and the values saved in the
table (“levels of pheromone”) as a result of addition will
determine relatively weak solutions.

= On the other hand, when the number of agents is too
small, most of paths will not be covered and as a result,
the best solution can long be uncovered.

The situation is similar for the vapouring factor:



IJCSNS International Journal of Computer Science and Network Security, VOL.10 No.9, September 2010 207

= Too small value will cause that ants will quickly “forget”

good solutions and as a result it can quickly come to so

called stagnation (the algorithm will stop at one solution,

which doesn’t have to be the best one).

» Too big value of this factor will make ants don’t stop

analyze “weak” solutions; furthermore, the new solutions

may not be pushed, if time, which has passed since the last

solution found will be long enough (it is the values of

pheromone saved in the table will be too big).

The ACO algorithm defines two more parameters, which

let you balance between:

= o — the amount of pheromone on the path, and

= (- “quality” of the next step.

These parameters are chosen for specific instance of

problem. This way, for parameters:

= o > [ there is bigger influence on the choice of path,
which is more often exploited,

= o < [ there is bigger influence on the choice of path,
which offers better solution,

= o = f there is balanced dependency between quality of
the path and degree of its exploitation,

= o = 0 there is a heuristics based only on the quality of
passage between consecutive points (ignorance of the
level of pheromone on the path),

= [ =0 there is a heuristics based only on the amount of
pheromone (it is the factor of path attendance),

= o = =0 we’ll get the algorithm making division
evenly and independently of the amount of pheromone
or the quality of solution.

Having given the set of neighborhood N of the given point

i, amount of pheromone on the path 7 and the quality of

passage from point i to point j as an element of the table #

you can present the probability of passage from point i to j

as [4]:
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Formula 1. Evaluation of the quality of the next step in the ACO
algorithm

In the approach presented here, the ACO algorithm uses

agents to find three pieces of information:

= the best / the most beneficial division of tasks between
processors,

= the best sequence of tasks,

= searching for the best possible solution for the given
distribution.

Agents (ants) are searching for the solutions which are the

collection resulting from the first two targets (they give

the unique solution as a result). After scheduling, agents

fill in two tables:

= two-dimensional table representing allocation of task to
the given processor,

= one-dimensional table representing the sequence of
running the tasks.

The job of agent involves (Fig. 2).

Collecting information:
Allocation of tasks to resources and running
the tasks

A 4

Drawing the next available task with the
probability specified in the table of task
running sequence

A 4

Drawing resources with the probability
specified in the table of allocation the tasks
to resources

A 4

Task scheduling

A 4

N
Is it the last task? \

A 4

End

Fig. 2.Agent operation scheme

To evaluate the quality of allocation the task to processor,
the following method is being used (Fig. 3).

The computational complexity of single agent is
polynomial and depends on the number of tasks, resources
and times of tasks beginning.

After initiating the tables (of allocation and sequence) for
each agent, the algorithm starts the above cycle, after
which the evaluation of solutions takes place. Having
completed the particular number of cycles, the parameters
are being updated and algorithm continues working (Fig.
4).
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Evaluation of current (incomplete)
scheduling

l

Allocation of task to the next of available

A

resources

!

Evaluation of the sequence obtained

v
Release the task

l

Was it the last of available
resources?

End

Fig. 3.The principle of path evaluation

3. Customization of the B&B to synthesis
problems solving

Branch & Bound (B & B) algorithm is a greedy algorithm

browsing the set of solutions and “pruning” these branches,

which give worse solutions than the best solution already

found [5], [6]. This kind of approach often significantly

reduces the number of solutions, which must be

considered. However in the worst case scenario, “pruning”

the branches is impossible and as a result, the B & B

algorithm analyzes the complete search-tree.

Both forms (DFS and BFS) of B & B algorithm were used

for synthesis. It let us comprehend the problem of analysis

of three different kinds of optimization (cost, power, time)

without discrediting any of the problems.

B&B algorithm investigates the problem by:

= choice of the task,

= definition of initial time to which you can schedule the
task,

= choice of processor on which the task will be allocated.
Because schedule the chosen task in the first available
time unit or on the first available processor is not always
the best idea, all available time units and processors are
being considered. As a result, calculative complexity of
algorithm changes exponentially when new tasks are
added or polynomial after addition of new processors.
B&B algorithm is relatively simple, but the number of
solutions, which must be examined, is huge.

Example

In scheduling of ten independent tasks on 4 different
processors and on 2 additional resources is the full tree
which included more than 108 potential solutions!

Initiation of tables of tasks running
sequence and allocation of tasks to
resources

l

Completing the cycle of analysis for each

!

Evaluation of the best solution found in
current cycle

agent <

For each agent — basing on the best solution —
updating the tables of tasks running sequence and
allocation of tasks to resources

i

Is it the last cycle?

Optimization.
/customization of system
parameters.

Fig. 4.The principle of ACO algorithm operation
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4. Calculative experiments

Because one algorithm creates unlimited cycle and the
other one takes a very long time to finish in many cases,
the results given in the tables present state of the system
after not more than given time limit of analysis.
Depending on the solution criterion, there were used both
forms of B&B — DFS and BFS — for the algorithm to be
able to find a good solution in time. Each solution given
by ACO algorithm will be graded on the basis of solutions
found by Branch & Bound algorithm.

Formula for the assessment of obtained solution is
following [4]:

1 criterions resu l t
assessment = 100% - ———— —E&B
CPIterions — yim -1 TeSUlt oo
(Formula 6.2.)

Formula 2. Assessment (AS) of solutions

The final grade is influenced only by these parameters,

which were being optimized by algorithms: cost, power

and schedule length (speed). The assessment of proposed

system includes all three parameters (schedule length, cost

and power consumed by the system):

= the assessment higher than 100% means that ACO
algorithm has found better solution than B&B,

= the assessment equal 100% means that both algorithms
have found equally good solutions,

= the assessment less than 100% means that B&B
algorithm has found better solution.

4.1. Scheduling of tasks

For the simplicity of tasks descriptions, the (n: i, j )

scheme was adopted, where n — name of the task, i —

constant time (independent of the speed of processor), j—

time dependent on the speed of processor.

Example 1

Parameters of the problem:

= 5 tasks: (Taskl: 1, 0), (Task2: 1, 0), (Task3: 2, 0),
(Task4: 1, 0), (Task5: 1, 0),

= 2 identical, universal processors,

= additional resources (memory, storage): without of
constraints.

= Relations between tasks are shown on the figure:

[Task 1 ] [Task 2 ] [Task 3

[T==k £ | [Task & |

Scheduling obtained by both algorithms is identical.

= total time of scheduling: 3 units,

= use of resources: 2 units.

Obtained scheduling is presented on the figure (Fig. 5):

Schedule BEB
[Taak3 [Teek s
sk [Tase 2 [Faekc e
Schedule ACO
[Taakz [Tk 1 [Fuks
i Tkt
Fig5.Schedules - results for example 1
Example 2

Parameters of the problem:

= 12 identical tasks UET (time equal lunit); Unit
Execution Tasks

= 2 identical, general processors,

= additional resources (memory, storage): without of
constraints,

= relations between tasks are shown on the figure:

Meskl | (k2| [=k3 ]

Taskd
k]
M7 ] Teke | kS | [kl | ki | e |

Scheduling obtained by both algorithms is identical. The
algorithms have found solutions immediately after their
activation. Obtained scheduling is presented on the figure
(Fig. 6):

Schedule BER

i Tims TS [TaEs Traks [Taks 1

LT [Tmks Trwd [Task T I LETT

|Schedule ACO

[Fmat T T TTaEE Trak 16 [T 1

Fig. 6.Schedules; results for example 2
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Example 3

Parameters of the problem:

= 12 task: (Taskl: 1, 0), (Task2: 1, 0), (Task3: 7, 0),

(Task4: 3, 0), (Task5: 1, 0), (Task6: 1, 0), (Task7: 3, 0),

(Task8: 2, 0), (Task9: 2, 0), (Task10: 1, 0), (Task11: 3, 0),

(Task12: 1, 0)

= 2 identical, general processors,

= additional resources (memory, storage): without of
constraints,

= relations between tasks are shown on the figure:

Mask2z | [Task3 | [Taskd | [Task11l |
\

Task5 | [Tesk6_ | [msk? |
//

[Task & | [Taskd | [Mask10__ |

Task 12

Scheduling obtained by both algorithms is identical: 14
unit - time of scheduling. Obtained scheduling is presented
on the figure (Fig. 7):

Schedule BEB
[fid [T |
Takl [Tukg [Teed [Task T [TuskS Trask® TaikS Tk 12 JTust 12}
Bchedule ACO
Tkl [Tk [Tk [Tmt [Tk Tk 0 [Tt 12
[Taakz | T [Tei?_[Tuskt ks

Fig. 7.Schedules - results for example 3

Example 4

Example from link STG (Standard Graph Set: task 000
RNC50) [7].

Parameters of the problem:

= 50 dependent tasks about difference parameters,

= 2 identical, universal processors,

= additional resources (memory, storage): without of
constraints.

The algorithms have found solutions 15 minutes after their

activation. Scheduling obtained by both algorithms is

identical: schedule length: 131 unit (optimum by STG,

too). Schedules are presented on the figure (Fig. 8):

Acheduls B&B

Task 1 [T [7 [Tookd TrTouk 2 [7 Te [T]Touk Tuliﬁ}lTnli To [T [Took [ Took TTask 35 [Tow [Touk 43 [Took [Tosk [Task 0|

Ta [T [Tash 17 [Task? [[Tusk 13 [[Tusk 16 [[Tosh 22 ITlTTI‘t!'.I'TI |Task 32 |Tl.k!-'ln Task 'I'I-

Schedule ACO

Tasi 1 7o [Tk 16 |TlT [Tas [Tasa 3 J7 Tk Jresh 22 IM T4 |Ta |7 Tash 20| Taak [Tashd | Task M-

Tast [Tk ¥ [[Ta [Teat [T [Task 1% [1 [Task [Tasc 12 [T[Touk 2 [Tesk27[Te [Tos [Toek [1[Ts [ 1[Taic Totkdd [T [Tose 0 |

Fig. 8.Schedules - results for example 4

4.2. Partition of resources

Solves of resources partition problems proposed by ACO

and B & B algorithms were verified on the basis of the

following examples.

Example 1

Parameters of the problem:

= 5 tasks,

= 2 identical, general processors,

= additional resources: 3 units of memory, 3 unit’s
storage.

= parameters of tasks:

Tasks | Tim | Memor | Storage
€ y

Taskl 1 2 1

Task2 3 2 1

Task3 2 1 1

Task4 1 1 1

Task5 1 2 1
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= relations between tasks are shown on the figure:

CX

The algorithms have found optimum solution immediately
after their activation. Schedules obtained by both
algorithms are identical: 5 unit schedule length, 3 unit
memory, 3 unit storage. Obtained scheduling is presented
on the figure (Fig. 9):

Achedulz BER
P ]
Tl B [t
Schedule ACO
] it Tt
el [t i

Fig. 9.Schedules - results for examplel

Example 2

Parameters of the problem:

= 10 tasks,

= 2 identical, general processors,

= additional resources: 3 units of memory, 3 units of
storage.

= parameters of tasks:

Tasks Tim

Memor | Storage

Task1
Task2
Task3
Task4
Task5
Task6
Task7
Task8
Task9
Task10

— == == ]w]—|e
== NN == o<
— === ===~

= Relations between tasks are shown on the figure:
[k =3 T I I

Schedules obtained by both algorithms are identical: 10
unit schedule length, 3 unit memory, 3 unit storage.
Obtained scheduling is presented on the figure (Fig. 10):

Sehedule BEB, ACD
il [l [t | e i |
i [Tal [ et

Fig. 10.Schedules - results for example 2

Example 3

Parameters of the problem:

= 10 tasks,

= 2 identical, general processors,

= additional resources: 3 unit’s memory, 3 unit’s storage.
= parameters of tasks:

Tasks | Tim | Memor | Storage
€ y
Task1 1 2 1
Task2 3 2 1
Task3 2 1 1
Task4 1 1 1
Task5 1 2 1
Task6 1 2 3
Task7 3 2 2
Task8 2 1 1
Task9 1 3 1
Task10 1 1 1

= Relations between tasks are shown on the figure:
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M ] [ ] [ ] [ | [=9 ]
Task 10

The algorithms have found solutions immediately after
their activation. Schedules obtained by both algorithms are
identical: 10 unit schedule length, 3 unit memory, 3 unit
storage. Obtained scheduling is presented on the figure
(Fig. 11):

Aehedule BEB, ACO

Tokd s [kt Tetin | T

Taki Ttakd

fake ekl it

Fig. 11.Schedules - results of operations of algorithms for

example 3
Example 4
Parameters of the problem:
= 25 tasks,

= 3 identical, general processors,

= additional resources: 5 units of memory, 5 units of
storage.

= parameters of tasks:

Tasks Memor

=
8

Storage

Task1
Task2
Task3
Task4
Task5
Task6
Task7
Task8
Task9
Task10
Task11
Task12
Task13
Task14
Taskl5
Task16

= WIWIN|—= RN n|W|W|[—|®

—_
o

NS} Kl (O [UVY Ty [OV) Rl Rl KU I NS R I\ oy NS I (O NS ) NOVY
EN I Il NN Py NNy NOVE Kl eyl NUST | (O NN Iy (O ) AN | (9]

AW —

Task17 3 1 1
Task18 5 1 1
Task19 1 2 3
Task20 1 2 2
Task21 4 1 4
Task22 1 3 1
Task23 3 1 3
Task24 1 2 2
Task25 1 1 4

Algorithms presented in a schedule in time till 15 minutes
from starting. Algorithm B&B did not find in this time to
find optimum. It following results was received was:

= schedule length: 33 unit for B & B, 30 unit for ACO.
Obtained scheduling is presented on the figure (Fig 12):

wchedule BEB
TofTwhl |kl |Tmkd Tk Tash# [T |Togk 16
e [l [t h [ala[i— b T

PR
Sehedule ACO

Tk Tl

Ta [k |es e [k [kt )

Tkl |Ta [Tkl EYRETE Tk

I

Fi
g. 12. Schedules - results for example 4

4.3. Comparison of coherent and non-coherent
synthesis
Coherent synthesis is based on recurring division and
scheduling tasks, in order to define the best set of
hardware and scheduling for the system. As a result, the
systems proposed by coherent synthesis may be better than
the ones obtained as a result of incoherent synthesis
(which makes division at the beginning of synthesis
process) not only in relation to optimized parameters, but
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also in general (eventually, the system can enable much
faster tasks completion at the same or even lower energy
consumption, etc.). The results obtained by coherent and
incoherent synthesis will be presented on the basis of the
following examples.

Example 1

= 25 independent tasks with different completion times.

= 3 identical processors.

= Criterion of optimization: power.

The time of algorithm operation until finding the solution,
length of scheduling, cost and power consumption of the
system as well as the quality of solution obtained as a
result of coherent synthesis are presented in the table (Tab.

1).

Tab.1. Results of coherent and non-coherent synthesis: Example 1

Algorithm Coherent Non-coherent AS

Time | Lengt | Cost | Powe | Time | Lengt | Cost | Powe o5
h r h r

ACO 4.0 420 100 6913 120 320 .00 | 6527 | 100

B&B 450 69.0 6.00 | 6%0.0 120 63.0 800 | 7020 101

Systems obtained as a result of coherent synthesis
consume less energy and are cheaper. In the case of B&B
algorithm, system obtained as a result of coherent
synthesis is generally better than the one obtained by
incoherent synthesis (assessment = 108.8%).

Example 2

= 25 independent tasks with different completion times.

= 3 identical processors.

= Criterion of optimization: cost.

The time of algorithm operation until finding the solution,
length of scheduling, cost and power consumption of the
system as well as the quality of solution obtained as a
result of coherent synthesis are presented in the table (Tab.
2).

Tab. 2. Results of coherent and non-coherent synthesis — Example 2

Algorithm Coherent Non-coherent AS
Time | Lengt | Cost | Powe | Time | Lengt | Cost | Powe o
h r h r
ACO 20 430 700 | 6921 30 380 | 800 | 6845 [ 114
3
B&B 20 69 600 | 6900 30 63 800 | 7026 | 133
3

Similarly how in previous case, systems for coherent
synthesis are clearly cheaper and quicker.

Example 3

= 25 identical, independent tasks.

= 5 identical processors.

= Criterion of optimization: cost.

The time of algorithm operation until finding the solution,
length of scheduling, cost and power consumption of the

system as well as the quality of solution obtained as a
result of coherent synthesis are presented in the table (Tab.

3).
Tab. 3. Results of coherent and non-coherent synthesis — Example
3
Algorithm Coherent Non-coherent AS
Time | Lengt | Cost | Powe | Time | Lengt | Cost | Powe %
h r h r
ACO 123 280 400 | 3006 43 200 300 | 305.0 | 200
B&B 12.5 0.0 200 | 3000 43 0.0 6.00 | 3200 SDED.

In presented examples is visible the considerable
superiority of coherent synthesis with non-coherent.
Except improvement of the costs, the power consumption
improved also. The larger number of processors was
eliminated as well as the demand lowered of memory and
storage too. In result of the assessment of system for
algorithm the ACO is equal 124.1 % and for algorithm B
& B is equal 168.0 %.

Example 4

= 25 identical, independent tasks.

= 5 identical processors.

= Criterion of optimization: power consumption.

The time of algorithm operation until finding the solution,
length of scheduling, cost and power consumption of the
system as well as the quality of solution obtained as a
result of coherent synthesis are presented in the table (Tab.
4).

Tab. 4. Results of coherent and non-coherent synthesis — Example 4

Algorithm Coherent Non-coherent AS
%
Time | Lengt Cost | Powe | Time | Lemgt | Cost | Powe
h r h r
ACO 83 10.0 100 | 3000 [ 293 10.0 100 [ 3000 100.
0 0 0
B&E 83 30.0 200 | 3000 [ 203 440 700 | 3170 103.
1

Systems for coherent synthesis are clearly cheaper and
quicker. The difference is visible in case of algorithm
B&B: the assessment of solution for coherent synthesis is
higher though the assessment of proposed solutions in
both cases is considerably worse than in case of solutions
proposed by algorithm the ACO (206.7 %).

Example 5

= 25 identical, independent tasks.

= 5 unrelated processors.

= Criterion of optimization: power consumption.

The time of algorithm operation until finding the solution,
length of scheduling, cost and power consumption of the
system as well as the quality of solution obtained as a
result of coherent synthesis are presented in the table (Tab.
5).
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Tab. 5. Results of coherent and non-coherent synthesis — Example 5

Algorithm Coherent Non-coherent AS
Time | Lengt | Cost | Powe | Time | Lengt | Cost | Powe *
h r h r
ACO 875 500 200 | 5000 140 480 700 | 53%0 107.
B&B 875 50.0 2.00 | 500.0 140 50.0 6.00 | 5200 154.
0

Algorithm ACO for coherent synthesis finds good solution,
better than solution for non-coherent. We have again the
superiority of coherent synthesis. Solutions for non -
coherent synthesis are weak, assessment 75% for ACO as
well as 76% for B & B.

4. Conclusions

We may say, basing on the above research, that the ACO
algorithm is better suitable for both one- and multi-
objective analyses of optimization of computer systems.
Furthermore, the use of coherent analysis significantly
improved the quality of obtained solutions. In the case of
multi-objective  synthesis, heuristic algorithm gave
comparable results for optimized parameters and at the
same time, the final grade of the systems it proposed was
much better. The computational experiments prove the
superiority of coherent synthesis over the incoherent
synthesis and heuristic algorithms over the greedy ones.
Solutions of this method are better both, for their cost, as
and of time of executing the tasks and of optimization of
multi-criterions.
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