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The Machine-Part Cell Formation Problem (MPCFP) is a NP-Hard optimization problem that consists in grouping machines and
parts in a set of cells, so that each cell can operate independently and the intercell movements are minimized. This problem has
largely been tackled in the literature by using different techniques ranging from classic methods such as linear programming
to more modern nature-inspired metaheuristics. In this paper, we present an efficient parallel version of the Migrating Birds
Optimization metaheuristic for solving the MPCFP. Migrating Birds Optimization is a population metaheuristic based on the
V-Flight formation of the migrating birds, which is proven to be an effective formation in energy saving.This approach is enhanced
by the smart incorporation of parallel procedures that notably improve performance of the several sorting processes performed by
the metaheuristic. We perform computational experiments on 1080 benchmarks resulting from the combination of 90 well-known
MPCFP instances with 12 sorting configurations with and without threads. We illustrate promising results where the proposal is
able to reach the global optimum in all instances, while the solving time with respect to a nonparallel approach is notably reduced.

1. Introduction

The Machine-Part Cell Formation Problem (MPCFP) is
based on the well-known Group Technology (GP) [1] widely
used in themanufacturing industry.The goal of theMPCFP is
to organize amanufacturing plant in a set of cells that contain
a limited number of machines and parts, but minimize the
cell-interchange of parts. The purpose is to reduce costs
and increase productivity. The MPCFP is known to be NP-
Hard, so there is always the challenge of producing high
quality solutions in a limited time interval. During the last
years, several techniques have successfully been applied to
this problem, from mathematical methods such as linear
programming [2] to classic metaheuristics such as particle
swarm optimization [3] and more modern ones such as
artificial fish swarms [4].

In this paper, we present a new and efficient parallel
version of the Migrating Birds Optimization metaheuristic

for solving theMPCFP.MigratingBirdsOptimization (MBO)
is a population-basedmetaheuristic inspired by the V-shaped
flight employed by birds when they migrate. This technique
is known to be very effective for energy saving during
flying. This interesting approach is enhanced by precisely
integrating parallel procedures particularly for the efficient
sorting of birds and neighboring solutions. It results in a
notable improvement in terms of performance of the whole
solving process. We perform computational experiments
by using 90 well-known MPCFP instances, 2 well-known
sorting algorithms, 1 sequential configuration, and 5 thread
configurations (1, 4, 8, 16, and 32) resulting in a total of 1080
benchmarks. The obtained results are encouraging where the
proposal is able to reach the global optimum in all instances,
while the solving time with respect to a nonparallel approach
is notably reduced.

The outline of the study is as follows. In Section 2, we give
some information on the related work. Section 3 describes
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2 Scientific Programming

Table 1: Initial incidence matrix 𝑀 × 𝑃.

Part 1 Part 2 Part 3 Part 4 Part 5 Part 6 Part 7
Machine 1 0 1 0 1 1 1 0
Machine 2 1 0 1 0 0 0 0
Machine 3 1 0 1 0 0 0 1
Machine 4 0 1 0 1 0 1 0
Machine 5 1 0 0 0 0 0 1

and models the MPCFP. Section 4 gives an overview of
MBO. Section 5 describes how to resolve the MPCFP using
MBO with parallel sort. Section 6 presents and discusses
the experimental results. Section 7 concludes and provides
guidelines for future work. Finally, the Appendix provides
detailed results for the 1080 benchmarks, in which each
includes 90 test instances.

2. Related Work

Several investigations that have been carried out for the
problem MPCFP are as follows: linear programming [5], a
goal programming model [6], a hybrid genetic algorithm
[7], boolean satisfiability [8], constraint programming [9],
and using an artificial fish swarm algorithm [4]. An analysis
of the evolution of cell formation problem can be found in
[10, 11]. As MPCFP is NP-Hard problem, many researchers
have considered applying approximation methods as meta-
heuristics. Various research can be found in the field of
metaheuristics,.in which the search is performed using iter-
ative procedures, which allow moving from one solution
to another in the search space. This type of metaheuristic
performs movements in the neighborhood of the current
solution, which means it has a perturbative nature. As
metaheuristics are based on trajectories, among which we
have simulated annealing [12–14], tabu search [15–17], local
iterated search [18, 19], and local variable search [20], there
is also another type of metaheuristics which are based on
population.The population metaheuristics have a set of indi-
viduals, where each individual encodes a temporary solution.
These metaheuristics use an evaluation function fitness of
each individual, with the aim of obtaining the best values
of the population that solve an optimization problem. In
addition, there are disturbances in the algorithm that directed
individuals in the population or part of them to possible
solutions for better fitness. Among these population-based
metaheuristics, ant colony optimization [21, 22], particle
swarm optimization [3, 23, 24], cat swarm [25, 26], and
Migrating Birds Optimization [27] can be found in prob-
lems like a hybrid flowshop scheduling with total flowtime
minimisation [28], closed loop layout with exact distances in
flexible manufacturing systems [29], and preliminary results
forMPCFP [30]. A brief review of nature-inspired algorithms
for optimization can be found in [31].

In the area of manufacturing and industrial applications,
parallel implementations using metaheuristics have been
addressed, such as GRASP and grid computing to solve
the location area problem [32], performance analysis of
coarse-grained parallel genetic algorithms on the multicore

Sun Ultra SPARC T1 [33], a parallel genetic algorithm for
the multilevel unconstrained lot-sizing problem [34], and
a memetic algorithm and a parallel hyperheuristic island-
based model for a 2D packing problem [35]. We can also
find research using parallel metaheuristics as a cooperative
parallel metaheuristic for the capacitated vehicle routing
problem [36] and optimizing shared-memory hyperheuris-
tics on top of parameterized metaheuristics [37] and, finally,
we can find a review of recent progress in implementing par-
allelism with metaheuristics included in the following work
[38].

Different studies have addressed the parallel sorting
algorithms as massively parallel sort-merge joins in main
memory multicore database systems [39], an efficient par-
allel merge sort for fixed and variable length keys [40], a
randomized parallel sorting algorithm with an experimental
study [41], sorting algorithm for many-core architectures
based on adaptive bitonic sort [42], performance comparison
of sequential quick sort and parallel quick sort algorithms
[43], the time profit obtained by parallelization of quick
sort algorithm used for numerical sorting [44], an efficient
massively parallel quick sort [45], and, finally, a fast parallel
implementation of quick sort and its performance evaluation
on SUN enterprise 10000 [46].

In this paper, we have chosenmetaheuristicMBObecause
it has a friendly design, composed of two linked lists for each
of the sides of the flock of birds and a node as a leader bird.
Furthermore, MBO has been applied to various optimization
problems with promising results [47–49]. We focus on an
efficient parallel sorting for MBO when solving MPCFP,
which to our knowledge has not yet been reported. It has been
chosen to parallelize the sorting algorithms in MBO because
4 out of the 8 steps of the MBO metaheuristic used sorting
algorithms, and therefore we believe that applying parallel
sorting in these steps is possible to achieve reduction of the
execution time in MBO algorithm.

3. Machine-Part Cell Formation Problems

The Machine-Part Cell Formation Problem (MPCFP) is
NP-Hard optimization problem; the main objective is the
formation of set of machines and parts in groups so that
the number of intercell transportation of parts is minimized.
Therefore, the initial matrix (see matrix in Table 1) must be
converted into a matrix that has a block diagonal structure
(cells are easily visible; see matrix in Table 2). This example
corresponds to a MPCFP with the following parameters: 5
machines, 7 parts, and 𝑀max = 3 for 2 cells. The optimum
value obtained is 0, and the final incidence matrix 𝑎

𝑖𝑗
is
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Scientific Programming 3

Table 2: Rearranged incidence matrix 𝑀 × 𝑃.

Cell 1 Cell 2
Part 1 Part 3 Part 7 Part 2 Part 4 Part 6 Part 5

Cell 1
Machine 2 1 1 0 0 0 0 0
Machine 3 1 1 1 0 0 0 0
Machine 5 1 0 1 0 0 0 0

Cell 2
Machine 1 0 0 0 1 1 1 1
Machine 4 0 0 0 1 1 1 0

Table 3: Matrix 𝑀 × 𝐶 → 𝑦
𝑖𝑘
.

Cell 1 Cell 2
Machine 1 0 1
Machine 2 1 0
Machine 3 1 0
Machine 4 0 1
Machine 5 1 0

Table 4: Matrix 𝑃 × 𝐶 → 𝑧
𝑗𝑘
.

Cell 1 Cell 2
Part 1 1 0
Part 2 0 1
Part 3 1 0
Part 4 0 1
Part 5 0 1
Part 6 0 1
Part 7 1 0

constructed from the results of the matrices 𝑦
𝑖𝑘
and 𝑧
𝑗𝑘
(see

Tables 3 and 4).
A rigorous mathematical formulation of MPCFP is given

by Boctor [2]. The problem is represented by the following
mathematical model:

(i) Parameters, index, and sets:

(a) 𝑎
𝑖𝑗
, the 𝑀 × 𝑃 binary machine-part incidence

matrix, where

𝑎
𝑖𝑗

=

{

{

{

1 if 𝑗th part visits 𝑖th machine;

0 otherwise,
(1)

(b) 𝑀, the number of machines,
(c) 𝑃, the number of parts,
(d) 𝐶, the number of cells,
(e) 𝑖, the index of machines (𝑖 = 1, . . . , 𝑀),
(f) 𝑗, the index of parts (𝑗 = 1, . . . , 𝑃),
(g) 𝑘, the index of cells (𝑘 = 1, . . . , 𝐶),
(h) 𝑀max, the maximum number of machines per

cell.

(ii) Variables and domains:

(a) 𝑦
𝑖𝑘
, the 𝑀 × 𝐶 machine-cell matrix, where

𝑦
𝑖𝑘

=

{

{

{

1 if machine 𝑖 ∈ cell 𝑘;

0 otherwise,
(2)

(b) 𝑧
𝑗𝑘
, the 𝑃 × 𝐶 part-cell matrix, where

𝑧
𝑗𝑘

=

{

{

{

1 if part 𝑗 ∈ family 𝑘;

0 otherwise.
(3)

(iii) Objective function:

minimized
𝐶

∑

𝑘=1

𝑀

∑

𝑖=1

𝑃

∑

𝑗=1

𝑎
𝑖𝑗
𝑧
𝑗𝑘

(1 − 𝑦
𝑖𝑘

) . (4)

(iv) Being subject to the following constraints:

𝐶

∑

𝑘=1

𝑦
𝑖𝑘

= 1 ∀
𝑖
,

𝑀

∑

𝑖=1

𝑦
𝑖𝑘

≤ 𝑀max ∀
𝑘
,

𝐶

∑

𝑘=1

𝑧
𝑗𝑘

= 1 ∀
𝑗
.

(5)

4. Migrating Birds Optimization

Migrating Birds Optimization (MBO) is a nature-inspired
population metaheuristic based on the V-shaped flight of the
migrating birds [50, 51], which is proven to be an effective
formation in energy saving [52]. In the V-formation (shown
in Figure 1), some parameters like wing-tip spacing (WTS),
maximum width of the wing (𝑤), angle of the V-formation
(𝛼), and depth and wing span (𝑏) are important to form
an effective V-formation [53, 54]. The conceptual similarity
between the parameters of the algorithm of MBO with the
actual migration of birds in V-flight formation is investigated
in Duman et al. [27]. This conceptual similarity is described
in Table 5.
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4 Scientific Programming

Table 5: Conceptual similarity of MBO metaheuristic and V-shape natural migration of birds.

Parameter description Concept in real migration birds in V-formation
The number of initial solutions of the flock. Birds in V-formation.
The number of neighboring solutions generated for each initial
solution.

The induced power required which is inversely proportional to the
speed.

The number of neighboring solutions shared with the next solution. Wing-tip spacing (WTS).
The number of tours. The number of wing flaps before a change occurs in the leading bird.
The number of iterations (total number of generated neighbor
solutions). There is no conceptual relationship.

WTS

Depth

Wing span (b)

𝛼

Figure 1: The V-shaped flight.

The MBO starts with a number of 𝑛 initial solutions cor-
responding to birds in a V-flight formation. These solutions
are generated randomly and a solution as the leader bird is
chosen; then the remaining birds are alternately distributed
to each side of the flock. In the next step, for all tours,
improving the leader solution is performed by generating and
evaluating its 𝑘 neighbors. For each solution 𝑆

𝑟
in the flock

(except leader), try to improve 𝑆
𝑟
by evaluating its (𝑘 − 𝑥)

neighbors and 𝑥 unused best neighbors from the solution in
the front. Move the leader solution to the end and forward
one of the solutions following it to the leader position. Finally,
when the iterations are over, return the best solution in the
flock. Algorithm 1 depicts the classic procedure of MBO
algorithm.

5. Solving the MPCFP Using MBO with
Parallel Sort

The first step in solving the problem MPCFP is a proper
integration with the MBO metaheuristic. In this sense, we
conceptualize every bird of the flock (including the leader of
the flock) as a possible solution to the problem MPCFP (see
Figure 2). Each bird will be composed of a matrix 𝑀 × 𝐶 and
matrix 𝑃 × 𝐶. These matrices are those modified while the
problem lapsed iterations. In addition, they will be used for
the calculation of fitness to problem MPCFP.

5.1. Generate Initial Solutions. For generating initial solu-
tions, consider the following inputs: machines = 4, parts =
5, cells = 2, 𝑀max = 2, and a matrix 𝑀 × 𝑃 (see Table 6).

Considering data in Table 6, the first step to generate an
initial solution is as follows.

Step 1. Generate random allocations in the matrix 𝑀 × 𝑃

with some random method. This matrix 𝑀 × 𝐶 (see Table 7)
satisfies constraints that exists in only one machine in a cell
and 𝑀max is less than or equal to 2 in an entire cell.

Step 2. Generatewith amanualmethod thematrix𝑃×𝐶 from
the matrix 𝑀 × 𝐶. For this, a connection is established with
the matrix 𝑀 × 𝑃 and with the matrix solution 𝑀 × 𝐶. In
lightface, machines correspond to the cell number 1 and, in
bold, machines correspond to cell number 2 (see Table 8).

The manual method for determining the matrix 𝑃 × 𝐶

involves adding the value 1 out of every position 𝑖, 𝑗 of the
𝑀 × 𝑃 matrix and putting this value in the temporary array
of sums according to the corresponding cell. We perform the
operation for each value of positions 𝑖, 𝑗 of the matrix 𝑀 × 𝑃

(see Table 9).

Example 1.
(i) 𝑀 × 𝑃[1, 1] = 1 → is the value that is associated with

cell 1; we add this value to the Row 𝑆𝑢𝑚 𝑜𝑓 𝐶𝑒𝑙𝑙 1.
(ii) 𝑀 × 𝑃[2, 1] = 1 → is the value that is associated with

cell 2; we add to this value to the Row 𝑆𝑢𝑚 𝑜𝑓 𝐶𝑒𝑙𝑙 2.
(iii) 𝑀 × 𝑃[3, 1] = 0 → is the value that is associated with

cell 2; we add to this value to the Row 𝑆𝑢𝑚 𝑜𝑓 𝐶𝑒𝑙𝑙 2.
(iv) 𝑀 × 𝑃[4, 1] = 1 → is the value that is associated with

cell 1; we add to this value to the Row 𝑆𝑢𝑚 𝑜𝑓 𝐶𝑒𝑙𝑙 1.

Step 3. From the results of Table 9, we build a partial solution
to the matrix 𝑃 × 𝐶 (see Table 10).

Step 4. Find possible solutions to 𝑃 × 𝐶.

Wemust choose the values of the positions 𝑖, 𝑗 that belong
to the temporary matrix 𝑀 × 𝑃 and have the largest values
of each row. Subsequently, we replace larger values assigning
them the value 1, and for the other values in the rowwe assign
them the value of 0 (see Table 11). In case of draw, that is, the
entire row has equal numbers, we keep unchanged if the value
of their positions is 1. In the case that the same numbers are
greater than 1, to each number greater than 1, we assign them
a value of 1.

We consider rows having values equal to 1 in this case
correspond to rows pertaining tomachines 3 and 4. From this
point, we generate all possible combinations of matrices and
randomly choose one (see Table 12).
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Scientific Programming 5

(1) Generate 𝑛 initial solutions in V-formation
(2) 𝑖 = 0

(3) while (𝑖 < 𝐼) do
(4) for int 𝑗 = 0; 𝑗 < 𝑚; 𝑗++ do
(5) Improve the leading solution by generating and evaluating 𝑘 neighbors of it
(6) 𝑖 = 𝑖 + 𝑘

(7) for each solution 𝑆
𝑟
in the flock (except leader) do

(8) Try to improve 𝑆
𝑟
by evaluating (𝑘 − 𝑥) neighbors of it and 𝑥 unused best

neighbors from the leader
(9) 𝑖 = 𝑖 + (𝑘 − 𝑥)

(10) end
(11) end
(12) Move the leader solution to the end and forward one of the solutions following it

to the leader position
(13) end
(14) Return the best solution in the flock

Algorithm 1: Pseudocode of Migrating Birds Optimization.

Cell 1 Cell 2

OBRF = other birds in right flock,
bird number 2

Cell 1 Cell 2

Part 5
Part 6
Part 7

Part 4
Part 3
Part 2
Part 1Machine 1

OBRF_2

Leader

OBRF_1

OBLF_2

OBLF_1

00

1

1Machine 2

0

1
1

0

1
Machine 3

0

1
0

0

1

1
Machine 4
Machine 5

1

01

0
1

1
0

0
0

P × CM× C

Figure 2: Integration of Migrating Birds Optimization with the Machine-Part Cell Formation Problem.

Table 6: Matrix 𝑀 × 𝑃.

Part 1 Part 2 Part 3 Part 4 Part 5
Machine 1 1 0 0 1 1
Machine 2 1 0 1 0 1
Machine 3 0 1 0 1 1
Machine 4 1 0 1 0 0

5.2. Generating Neighboring Solutions. To generate a neigh-
boring solution, we consider the following inputs: machines
= 4, parts = 5, cells = 2,𝑀max = 2,matrix𝑀×𝑃, matrix𝑀×𝐶,
and matrix 𝑃 × 𝐶 (see Table 13).

Table 7: Matrix 𝑀 × 𝐶.

Cell 1 Cell 2
Machine 1 1 0
Machine 2 0 1
Machine 3 0 1
Machine 4 1 0

Step 1. Randomly choose a position 𝑖, 𝑗 in the matrix 𝑀 × 𝐶

that has a value of 1 and we work with the machine associated
with that row 𝑖. This is the same as selecting a machine and
working with its row 𝑖. In this case, we chose randomly the
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6 Scientific Programming

Table 8: Relationship between the matrix 𝑀 × 𝑃 with the matrix 𝑀 × 𝐶.

Part 1 Part 2 Part 3 Part 4 Part 5 Cell 1 Cell 2
Machine 1 1 0 0 1 1 1 0
Machine 2 1 0 1 0 1 0 1
Machine 3 0 1 0 1 1 0 1
Machine 4 1 0 1 0 0 1 0

Table 9: Generation of temporary matrix sum.

Part 1 Part 2 Part 3 Part 4 Part 5 Cell 1 Cell 2
Machine 1 1 0 0 1 1 1 0
Machine 2 1 0 1 0 1 0 1
Machine 3 0 1 0 1 1 0 1
Machine 4 1 0 1 0 0 1 0
Sum of Cell 1 2 0 1 1 1
Sum of Cell 2 1 1 1 1 2

Table 10: Matrix 𝑃 × 𝐶.

Cell 1 Cell 2
Part 1 2 1
Part 2 0 1
Part 3 1 1
Part 4 1 1
Part 5 1 2

Table 11: Matrix 𝑃 × 𝐶.

Cell 1 Cell 2 Cell 1 Cell 2
Part 1 2 1

→

1 0
Part 2 0 1 0 1
Part 3 1 1 1 1
Part 4 1 1 1 1
Part 5 1 2 0 1

position of the matrix 𝑀 × 𝐶[2, 2] with a value of 1, which
corresponds to machine 2 (see Table 14).

Step 2. Then on machine 2, we randomly pick a cell that has
a 0. In this case, we choose the position of the matrix 𝑀 ×

𝐶[2, 1]; we accomplish a replacement of the value of 0 to 1
and finally realize a replacement for 𝑀 × 𝐶[2, 2] value of 1 to
0. You can see the result of this operation in Table 15. In the
case that the constraints are inconsistent, youmust repeat the
procedure from Step 1.

Step 3. We carry out the construction of the matrix 𝑃 × 𝐶

using the manual method explained in Section 5.1.

5.3. Flowchart of Migrating Birds Optimization. This section
describes the stages of the algorithm MBO, as it integrates
with the problem of MPCFP and in which stages parallel
arrangement algorithms are applied. For a better understand-
ing, a flow chart has been included (see Figure 3) which is
divided into 4 main phases: algorithm initialization, a tour
process, leader replacement, and algorithm finalization.

5.3.1. Algorithm Initialization. Parameter Initialization (Stage
1 in Figure 3). At this stage, all the values required by theMBO
metaheuristic are initialized; all the values required by the
problem of MPCFP and that type of sorting algorithm are to
be implemented in the metaheuristic.

Among the metaheuristic values, there are

(i) number of birds (𝑛),
(ii) number of neighbors (𝑘),
(iii) number of tours (𝑚),
(iv) number of shared solutions (𝑥),
(v) number of iterations (𝐼).

And between complementary metaheuristic parameters,
we can include

(i) leader exchange mode, where there are 2 types of
changes of leader; exchange the leader with the
successor and exchange the leader with the best;

(ii) sort type applied in the initial birds flock, where there
is an ordering with random birds in the flock and
another with birds ordered according to their fitness.

Among the parameters required for the problemMPCFP,
we have

(i) incidence matrix (𝑀 × 𝑃),
(ii) number of machines (𝑀),
(iii) number of parts (𝑃),
(iv) number of cells (𝐶),
(v) maximum number of machines in a cell (𝑀max).

Finally, for the types of sorting applied to MBO, we have
the following parameters:

(i) Type of sorting algorithm: quick sort or merge sort.
(ii) Sorting technique: normal or with threads.
(iii) Number of threads if required.
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Scientific Programming 7

Table 12: All possible combinations of matrices 𝑃 × 𝐶.

Cell 1 Cell 2 Cell 1 Cell 2
Part 1 1 0 Part 1 1 0
Part 2 0 1 Part 2 0 1
Part 3 1 0 Part 3 1 0
Part 4 1 0 Part 4 0 1
Part 5 0 1 Part 5 0 1

Cell 1 Cell 2 Cell 1 Cell 2
Part 1 1 0 Part 1 1 0
Part 2 0 1 Part 2 0 1
Part 3 0 1 Part 3 0 1
Part 4 1 0 Part 4 0 1
Part 5 0 1 Part 5 0 1

Begin MBO

Parameter
initialization

Generate initial solutions

Create initial flock

1

2

3A
lg

or
ith

m
 in

iti
al

iz
at

io
n

Generate neighboring
solutions for the leader

Generate neighboring
solutions for other birds

Share the other
neighboring solutions
leader with other birds

4

5

Replace the leader

Get the best solution

7

8

6

End MBO

No

No
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finished?
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Figure 3: Flowchart of Migrating Birds Optimization.
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8 Scientific Programming

Table 13: Initial matrices for generating neighboring solutions.

(a)

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5
Machine 1 1 0 0 1 1
Machine 2 1 0 1 0 1
Machine 3 0 1 0 1 1
Machine 4 1 0 1 0 0

(b)

Cell 1 Cell 2
Machine 1 1 0
Machine 2 0 1
Machine 3 0 1
Machine 4 1 0

(c)

Cell 1 Cell 2
Part 1 1 0
Part 2 0 1
Part 3 0 1
Part 4 1 0
Part 5 0 1

Table 14: Machine selection.

(a)

Cell 1 Cell 2
Machine 1 1 0
Machine 2 0 1
Machine 3 0 1
Machine 4 1 0

(b)

Cell 1 Cell 2
Machine 1 1 0
Machine 2 0 1
Machine 3 0 1
Machine 4 1 0

Table 15: Final matrix 𝑀 × 𝐶.

Cell 1 Cell 2
Machine 1 1 0
Machine 2 1 0
Machine 3 0 1
Machine 4 1 0

Generate Initial Solutions (Stage 2 in Figure 3). At this
stage, we generate initial solutions according to the method
described in Section 5.1.These solutionsmust satisfy the three
constraints of model MPCFP.

Create Initial Flock (Stage 3 in Figure 3). From the initial
solutions, we create an array of birds, and finally ordered

arrangement created the conceptual V-formation birds. For
it, we assign the first position (first solution) in the array as the
leader of the flock, and we perform an alternate distribution
of birds between each side of the flock for the rest of the birds.
We must consider that the birds are always sorted by fitness
from low to high, the bird with lower fitness being the best
solution to the problem (MPCFP is aminimization problem).
Furthermore, we must consider that this is a stage in which
we incorporate parallel order by quick sort and merge sort.

5.3.2. A Tour Process. This phase has two subphases inter-
nally: evolution of the leader bird and the evolution of
the other birds. The evolution of the leader bird phase has
one stage (generating neighboring solutions for the leader)
and the evolution of the other birds phase has two stages
(generating neighboring solutions for the other birds and
sharing neighboring solutions that are not used by the leader
with the other birds).

Generate Neighboring Solutions for the Leader (Stage 4 in
Figure 3). This stage consists of generating neighboring
solutions according to the steps outlined in Section 5.2.
Subsequently, these neighboring solutions are sorted using an
algorithm of parallel sort; see line (5) in the algorithm MBO
(Algorithm 1).

Generate Neighboring Solutions for the Other Birds (Stage 5 in
Figure 3). In this stage, we create 𝑘 − 𝑥 neighboring solution
to each bird of the flock; then these birds are sorted by an
algorithmof parallel sort; see lines (7) and (8) in the algorithm
MBO (Algorithm 1).

Share Neighboring Solutions That Are Not Used by the Leader
with the Other Birds (Stage 6 in Figure 3). Share the other
neighboring solutions of the leader with the other sides of the
V-formation of birds; this is done alternately from left to right
or from right to left. After sharing the neighboring solutions,
we performed a sorting using an algorithm of parallel sort in
all neighboring solutions that every bird in the flock has (not
including the leader).

Leader Replacement (Stage 7 in Figure 3). At this stage, we
performed a replacement of leader; for this we choose the
nearest successor; that is, choose one of the birds closer to
the leader. The successor will take its place and the leader
will be available at the end of the flock. We must take into
consideration that if we choose a successor belonging to the
left section of the flock, the leader will pass to the end of the
left section. The same procedure applies to the right section
of the flock (see Algorithm 2).

Algorithm Finalization (Stage 8 in Figure 3). In this step, the
fitness of the leader is obtained; in addition, a procedure
to remove a response matrix explicitly is made; that is, we
construct an incidence matrix 𝐴[𝑀][𝑃] according to the
order given by the matrices of solutions𝑌 and 𝑍. The order is
according to the index of less than most of the machines and
parts (see Algorithm 3).
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Scientific Programming 9

(1) int 𝑡𝑦𝑝𝑒 𝑜𝑓 𝑠𝑜𝑟𝑡 = Get Type Of Sort ()
(2) boolean 𝑙𝑒𝑓𝑡 𝑜𝑟 𝑟𝑖𝑔ℎ𝑡 𝑠𝑖𝑑𝑒 = Random Boolean ()
(3) Main Function Replace Leader With Successor () is
(4) if 𝑙𝑒𝑓𝑡 𝑜𝑟 𝑟𝑖𝑔ℎ𝑡 𝑠𝑖𝑑𝑒 then
(5) Change Leader With Left Birds ()
(6) Sort Left Birds (𝑡𝑦𝑝𝑒 𝑜𝑓 𝑠𝑜𝑟𝑡)
(7) else
(8) Change Leader With Right Birds ()
(9) Sort Right Birds (𝑡𝑦𝑝𝑒 𝑜𝑓 𝑠𝑜𝑟𝑡)
(10) end
(11) 𝑙𝑒𝑓𝑡 𝑜𝑟 𝑟𝑖𝑔ℎ𝑡 𝑠𝑖𝑑𝑒 = !𝑙𝑒𝑓𝑡 𝑜𝑟 𝑟𝑖𝑔ℎ𝑡 𝑠𝑖𝑑𝑒

(12) end

Algorithm 2: Replace leader with successor.

(1) Main Function Convert to final matrix (int𝐴[𝑖][𝑗], int𝑌[][], int𝑍[][]) is
(2) int𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑡𝑟𝑖𝑥[𝑀][𝑃], 𝑡𝑒𝑚𝑝 𝑚𝑎𝑡𝑟𝑖𝑥[𝑀][𝑃], 𝑖𝑖 = 0, 𝑗𝑗 = 0

(3) /∗ Sort machines ∗/
(4) for int 𝑘 = 0; 𝑘 < 𝐶; 𝑘++ do
(5) for int 𝑖 = 0; 𝑖 < 𝑀; 𝑖++ do
(6) if 𝑌[𝑖][𝑘] == 1 then
(7) for int 𝑗 = 0; 𝑗 < 𝑃; 𝑗++ do
(8) 𝑡𝑒𝑚𝑝 𝑚𝑎𝑡𝑟𝑖𝑥[𝑖𝑖][𝑗] = 𝐴[𝑖][𝑗]

(9) end
(10) 𝑖𝑖 = 𝑖𝑖 + 1

(11) end
(12) end
(13) end
(14) /∗ Sort parts ∗/
(15) for int 𝑘 = 0; 𝑘 < 𝐶; 𝑘++ do
(16) for int 𝑗 = 0; 𝑗 < 𝑃; 𝑗++ do
(17) if 𝑍[𝑗][𝑘] == 1 then
(18) for int 𝑖 = 0; 𝑖 < 𝑀; 𝑖++ do
(19) 𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑡𝑟𝑖𝑥[𝑖][𝑗𝑗] = 𝑡𝑒𝑚𝑝 𝑚𝑎𝑡𝑟𝑖𝑥[𝑖][𝑗]

(20) end
(21) 𝑗𝑗 = 𝑗𝑗 + 1

(22) end
(23) end
(24) end
(25) return 𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑡𝑟𝑖𝑥

(26) end

Algorithm 3: Convert matrix 𝑀 × 𝐶 and 𝑃 × 𝐶 to final matrix.

5.3.3. Sorting Algorithm. For MBO, we use two sorting
algorithms, merge sort and quick sort, in which we executed
sequentially and in parallel using threads.

Merge Sort. It was developed in 1945 by John Von Neumann.
It is a search algorithmof complexity𝑂(𝑛 log 𝑛) (see Table 16).
Algorithm 4 illustrates a general pseudocode for merge
sort.

Quick Sort. It was developed in 1959 by Charles Richard
Hoare. It is a search algorithm of complexity 𝑂(𝑛 log 𝑛) (see
Table 16). Algorithm 5 illustrates a general pseudocode for
quick sort.

6. Computational Experiments

6.1. Configuration Benchmarks. The MPCFP performance
was evaluated experimentally using 90 test instances from
Boctor’s experiments, composed of 10 problems considering
5 values of𝑀max = 8, 9, 10, 11, 12with𝐶 = 2 and 10 instances
considering 4 values of 𝑀max = 6, 7, 8, 9 with 𝐶 = 3. The test
data are available in [55].The 90 instances have been executed
31 times using 12 different configurations of sequential and
parallel sorting (see Table 18). We must also consider that the
sorting algorithms (sequential and parallel) were applied in
the following stages (see Figure 3) of MBO:

(i) Stage 3 → create initial flock.
(ii) Stage 4 → generate neighboring solutions for the

leader.
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10 Scientific Programming

(1) Main Function MergeSort (𝑂𝑏𝑗𝑒𝑐𝑡[] 𝐴) is
(2) Object[] result, left, right
(3) if 𝑙𝑒𝑛𝑔𝑡ℎ(𝐴) ≤ 1 then
(4) return 𝐴

(5) else
(6) int𝑚𝑖𝑑𝑑𝑙𝑒 = 𝑙𝑒𝑛𝑔𝑡ℎ(𝐴)/2

(7) for 𝑖 = 0 to middle do
(8) 𝑙𝑒𝑓𝑡[𝑖] = 𝐴[𝑖]

(9) end
(10) for 𝑖 = 𝑚𝑖𝑑𝑑𝑙𝑒 + 1 to length(𝐴) do
(11) 𝑟𝑖𝑔ℎ𝑡[𝑖] = 𝐴[𝑖]

(12) end
(13) left = MergeSort (left)
(14) right = MergeSort (right)
(15) result = Merge (left, right)
(16) return result
(17) end
(18) end

Algorithm 4: Merge sort.

(1) Main Function QuickSort (𝑂𝑏𝑗𝑒𝑐𝑡[] 𝐴, int 𝑙𝑜𝑤, int ℎ𝑖𝑔ℎ) is
(2) if 𝑙𝑜𝑤 < ℎ𝑖𝑔ℎ then
(3) 𝑝𝑖V𝑜𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 = Partition (𝐴, low, high)
(4) QuickSort (𝐴, low, 𝑝𝑖V𝑜𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛)
(5) QuickSort (𝐴, 𝑝𝑖V𝑜𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 + 1, high)
(6) end
(7) end
(1) Function Partition (𝑂𝑏𝑗𝑒𝑐𝑡[] 𝐴, int 𝑙𝑜𝑤, int ℎ𝑖𝑔ℎ) is
(2) Object pivot = 𝐴[low]
(3) int leftwall = low
(4) for 𝑖 = 𝑙𝑜𝑤 + 1 to high do
(5) if 𝐴[𝑖] < 𝑝𝑖V𝑜𝑡 then
(6) Swap (𝐴[𝑖], 𝐴[leftwall])
(7) leftwall = leftwall + 1
(8) end
(9) end
(10) Swap (𝐴[low], 𝐴[leftwall])
(11) return leftwall
(12) end

Algorithm 5: Quick sort.

(iii) Stage 5 → generate neighboring solutions for other
birds.

(iv) Stage 6 → share neighboring solutions that are not
used by the leader with the other birds.

The optimization algorithm using parallel sorting was
coded in Java version 1.8.0 40 using Eclipse IDE for Java
Developers Version Mars.1 Release (4.5.1). For running the
MBO with parallel sorting, we use Java(TM) SE Runtime
Environment (build 1.8.0 40-b27). The parameter values of
MBO are described in Table 17. Finally, the hardware features
that have run instances are MacBook Pro computer (Retina,
13-inch, late 2013) with an Intel Core i5 (processor speed =
2,4GHz; number of processors = 1; total number of cores =
2; L2 cache per core = 256KB; L3 cache = 3MB), 4GB RAM

1600MHz DDR3, and Video Card Intel Iris 1536MB running
OS X El Capitan version 10.11.2 (15C50).

6.2. Results. Tables 19 and 20 represent a summary of
the results provided in Appendix A [55]. These summary
tables describe the average results of 90 instances. Column
1 (threads) corresponds to the identifier assigned to the
number of threads used in the search algorithm. Column
2 (execution time-BET) shows the best execution time
obtained in milliseconds. Column 3 (execution time-AVG)
describes the average time in milliseconds of the finest time
of execution of MBO. Column 4 (execution time-ST) repre-
sents the standard deviation of the best times of execution
obtained by MBO. Column 5 (cycle-BC) shows the cycle in
which the optimal value was found. Column 6 (cycle-AVG)
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Scientific Programming 11

Table 16: Complexity sorting algorithm.

Name Best Average Worst Memory Method Stable
Merge sort 𝑂(𝑛 log 𝑛) 𝑂(𝑛 log 𝑛) 𝑂(𝑛 log 𝑛) Depends Merging Yes
Quick sort 𝑂(𝑛 log 𝑛) 𝑂(𝑛 log 𝑛) 𝑂(𝑛

2
) 𝑂(log 𝑛) Partition Depends

Table 17: Configuration parameters for MBO.

Name Parameter Value
Number of birds 𝑛 5
Number of neighbors 𝑘 3
Number of tours 𝑚 10
Number of shared solutions 𝑥 1
Number of iterations 𝐼 2591
Leader exchange mode — Exchange the leader with the successor
Sort type applied in the initial birds flock — Birds ordered according to their fitness

Table 18: Configuration sorting algorithms.

Algorithm Sequential Threads
1 4 8 16 32

Merge sort Yes Yes Yes Yes Yes Yes
Quick sort Yes Yes Yes Yes Yes Yes

describes the average cycle. Column 7 (cycle-ST) represents
the standard deviation. Column 8 (time cycle-BTC) shows
the best cycle time in which the optimal value was found
in milliseconds. Column 9 (time cycle-AVG) describes the
average cycle in milliseconds. Column 10 (time cycle-ST)
represents the standard deviation in milliseconds. Finally, we
must consider all tests that have achieved the global optimum.

Execution Time Analysis. The execution time is the total time
when the metaheuristic was searching in the search space
for the best solution. In this sense, according to what is
described in Tables 19 and 20, we can consider that the merge
sort algorithm using 8 threads had the lowest average time
(152.7333ms) to run 90 instances (see column 2: execution
time-BET in Tables 19 and 20). In addition, whenwe compare
the times of running the metaheuristic sequentially (without
threads and using merge sort algorithm), regarding the
best time to run the metaheuristic reached with threads (8
threads), we can see that using 8 threads is an improvement
in the execution time of the metaheuristic. This behavior can
also be seen inTables 19 and 20 (see column3: execution time-
AVG in Tables 19 and 20).

Cycle Analysis. A cycle is fulfilled after replacing the leader of
the flock (stage 7 in Figure 3). Currently with a parameter of
2591 iterations (𝐼), we can achieve 38 cycles. Consequently,
the leader of the flock during the algorithm changes its value
38 times. Basically, the cycles, where the best value has been
obtained before the execution is finished, provided us with
information to reduce the iteration time assigned in the input
parameter of themetaheuristic. Considering the values of the
cycles (see column 6: cycle-AVG in Tables 19 and 20), we can
approximate an average value in 9, for the number of cycles to

find a global optimum, for using both merge sort and quick
sort, with threads and without threads. Also, this involves
reducing the value of the iteration limit 𝐼 = 2591 → 𝐼 =

561. But we must also consider the random factor having the
metaheuristic (see stage 2 in Figure 3, stage 4 in Figure 3,
and stage 5 in Figure 3), and this randomness allows the
possibility of finding a global optimumwith fewer cycles (see
column 5: cycle-BC in Tables 19 and 20). Therefore, this is
a recommended change, but it is not enough to always find
a global optimum. The quick sort algorithm using threads
having irregular times is evenmuchworse than the quick sort
used sequentially.

Time Cycle Analysis. In relation to the average cycle time
where the best optimum was found, we note that, according
to the tests, the merge sort algorithm with 8 threads has been
the least time used (see column 9: time cycle-AVG in Tables
19 and 20. It should be considered interesting results as it
has achieved better times using parallel sort versus sequential
sort, mainly by using merge sort with 4, 8, and 16 threads and
quick sort with 16 threads (see column 8: time cycle-BTC in
Tables 19 and 20).

7. Conclusions

In this paper, we use a Migrating Birds Optimization
algorithm by a parallel sorting to solve Machine-Part Cell
Formation Problems. Computational experiments using con-
ventional hardware resources have been conducted in 90
test instances, 2 well-known sorting algorithms, 1 sequential
configuration, and 5 thread configurations (1, 4, 8, 16, and 32),
giving a total of 1080 benchmarks. Among the main results,
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12 Scientific Programming

Table 19: Result of merge sort.

Threads Execution time (ms) Cycle Time cycle (ms)
BET AVG ST BC AVG SD BTC AVG SD

Without threads 153.9667 171.1556 21.1539 3.1667 9.0778 4.7263 13.6778 43.3778 23.8747
1 155.5556 168.4111 13.9276 3.0222 9.0778 4.7812 13.2333 42.6556 22.9180
4 153.9333 170.9556 28.8802 2.8556 9.1556 4.9501 12.1444 43.7333 25.6019
8 152.7333 155.8667 3.8451 2.9667 9.2778 4.8785 12.2111 40.2333 20.2717
16 153.1333 161.8222 11.5292 2.9222 9.1222 4.9112 12.2444 40.9000 21.5416
32 153.9222 169.5000 21.8506 3.1889 9.2000 4.8937 13.5667 43.6333 24.7712
Minimum 152.7333 155.8667 3.8451 2.8556 9.0778 4.7263 12.1444 40.2333 20.2717
Maximum 155.5556 171.1556 28.8802 3.1889 9.2778 4.9501 13.6778 43.7333 25.6019

Table 20: Result of quick sort.

Threads Execution time (ms) Cycle Time cycle (ms)
BET AVG ST BC AVG SD BTC AVG SD

Without threads 153.3333 163.0000 12.7284 2.9889 9.0111 4.9168 12.5222 41.2222 22.1071
1 154.5778 167.9000 15.5926 3.0889 9.0778 4.8703 13.1778 42.2667 22.3487
4 153.3111 163.6778 12.2109 3.1333 9.2000 4.9019 13.3222 41.7444 22.4733
8 169.2889 195.6667 26.3893 2.8667 9.1667 4.8796 13.5667 49.6556 27.5041
16 154.3444 169.7778 18.9543 2.8111 8.9889 4.7619 12.1333 42.2444 23.6231
32 156.0889 176.7222 25.8717 2.9889 9.1111 4.8993 13.4111 45.5889 25.9852
Minimum 153.3111 163.0000 12.2109 2.8111 8.9889 4.7619 12.1333 41.2222 22.1071
Maximum 169.2889 195.6667 26.3893 3.1333 9.2000 4.9168 13.5667 49.6556 27.5041

we highlight a new alignment of the MBO parameters to
solveMPCFP.Thenew configuration consists of the following
parameter values: number of birds (𝑛 → 5), number of
neighbors (𝑘 → 3), number of tours (𝑚 → 10), number of
shared solutions (𝑥 → 1), and number of iterations (𝐼 →

2591). We observed a decrease in cycles from 38 to 9, which
means that the leader of the flock reaching the cycle number
9 has a very high probability of finding the global optimum;
therefore, we can reduce the number of iteration limit from
𝐼 = 2591 to 𝐼 = 561.This observation of the number of cycles
applied to all benchmarks.

In addition, it is important to note that quick sort algoritm
has variable times in the execution of MBO (see column 9:
time cycle-AVG in Table 20). There have been cases in which
quick sort algorithm runs without threads; it is even more
favorable than when run with threads. Otherwise, with the
merge sort algorithm, we found promising results. We can
consider that the merge sort algorithm using 8 threads shows
a reduction in execution time compared to using sequential
sorting algorithm.

Among the guidelines for future research, we can point to
applying different ways of generating initial solutions as well
as of generating neighboring solutions. We can also compare
them with other sorting algorithms implemented in MBO.

Appendix

A. Details of the Benchmarks

A.1. Boctor’s Problems. Table 21 describes the configuration
of the 90 instances of tests. The description of the table is

given the following attributes: Column 1 (ID) corresponds to
the identifier assigned to each instance. Column 2 (Boctor’s
problem) represents the identifier of the 10 Boctor’s problems.
Column 3 (cell) is the number of cells. Column 4 (𝑀max)
corresponds to the maximum number of machines per cell.
Column 5 (OPT) depicts the optimum global for the given
problem.

A.2. Experimental Results. Tables 22, 23, 24, 25, 26, 27, 28,
29, 30, 31, 32, and 33 constrast the times by using different
sorting algorithms. These tables have the same headers,
which are described below: column 1 (ID) corresponds to
the identifier assigned to each instance. Column 2 (OPT)
depicts the optimum value for the given problem. Column
3 (optimum-MBO) depicts the best value reached by using
Migrating Birds Optimization. Column 4 (optimum-AVG)
the average value of 31 executiones is depicted. Column 5
(optimum-SD) represents the standard deviation. Column
6 (optimum-RPD%) represents the difference between the
best known optimum value and the best optimum value
reached by MBO in terms of percentage. Column 7 (execu-
tion time-BET) shows the best execution time obtained in
milliseconds. Column 8 (execution time-AVG) describes the
average time inmilliseconds of the finest time of execution of
MBO. Column 9 (execution time-ST) represents the standard
deviation of the best times of execution obtained by MBO.
Column 10 (cycle-BC) shows the cycle in which the optimal
value was found. Column 11 (cycle-AVG) describes the
average cycle. Column 12 (cycle-ST) represents the standard
deviation. Column 13 (time cycle-BTC) shows the best cycle
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Scientific Programming 13

Table 21: Boctor’s problems.

ID Boctor’s problem Cell 𝑀max OPT
B01 1 2 8 11
B02 1 2 9 11
B03 1 2 10 11
B04 1 2 11 11
B05 1 2 12 11
B06 2 2 8 7
B07 2 2 9 6
B08 2 2 10 4
B09 2 2 11 3
B10 2 2 12 3
B11 3 2 8 4
B12 3 2 9 4
B13 3 2 10 4
B14 3 2 11 3
B15 3 2 12 1
B16 4 2 8 14
B17 4 2 9 13
B18 4 2 10 13
B19 4 2 11 13
B20 4 2 12 13
B21 5 2 8 9
B22 5 2 9 6
B23 5 2 10 6
B24 5 2 11 5
B25 5 2 12 4
B26 6 2 8 5
B27 6 2 9 3
B28 6 2 10 3
B29 6 2 11 3
B30 6 2 12 2
B31 7 2 8 7
B32 7 2 9 4
B33 7 2 10 4
B34 7 2 11 4
B35 7 2 12 4
B36 8 2 8 13
B37 8 2 9 10
B38 8 2 10 8
B39 8 2 11 5
B40 8 2 12 5
B41 9 2 8 8
B42 9 2 9 8
B43 9 2 10 8
B44 9 2 11 5
B45 9 2 12 5
B46 10 2 8 8
B47 10 2 9 5
B48 10 2 10 5
B49 10 2 11 5
B50 10 2 12 5
B51 1 3 6 27

Table 21: Continued.

ID Boctor’s problem Cell 𝑀max OPT
B52 1 3 7 18
B53 1 3 8 11
B54 1 3 9 11
B55 2 3 6 7
B56 2 3 7 6
B57 2 3 8 6
B58 2 3 9 6
B59 3 3 6 9
B60 3 3 7 4
B61 3 3 8 4
B62 3 3 9 4
B63 4 3 6 27
B64 4 3 7 18
B65 4 3 8 14
B66 4 3 9 13
B67 5 3 6 11
B68 5 3 7 8
B69 5 3 8 8
B70 5 3 9 6
B71 6 3 6 6
B72 6 3 7 4
B73 6 3 8 4
B74 6 3 9 3
B75 7 3 6 11
B76 7 3 7 5
B77 7 3 8 5
B78 7 3 9 4
B79 8 3 6 14
B80 8 3 7 11
B81 8 3 8 11
B82 8 3 9 10
B83 9 3 6 12
B84 9 3 7 12
B85 9 3 8 8
B86 9 3 9 8
B87 10 3 6 10
B88 10 3 7 8
B89 10 3 8 8
B90 10 3 9 5

time in which the optimal value was found in milliseconds.
Column 14 (time cycle-AVG) describes the average cycle
in milliseconds. Column 15 (time cycle-ST) represents the
standard deviation in milliseconds. Finally, it describes the
average time for each column.
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14 Scientific Programming

Table 22: MBO using sequential merge sort algorithm.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 158 251 171.6413 4 7 2.4350 17 53 34.2198
B2 11 11 11.0000 0.0000 0.00 157 263 84.9052 1 3 1.1575 4 31 23.2120
B3 11 11 11.0000 0.0000 0.00 153 209 47.3905 2 4 1.4984 9 24 10.2378
B4 11 11 11.0000 0.0000 0.00 155 160 4.7848 2 4 1.9449 8 20 8.5007
B5 11 11 11.0000 0.0000 0.00 155 160 4.4053 2 4 2.0723 8 20 9.2034
B6 7 7 7.0000 0.0000 0.00 165 172 5.9968 2 8 5.4244 10 40 25.3084
B7 6 6 6.0000 0.0000 0.00 158 165 10.2942 2 5 2.6567 9 24 10.9301
B8 4 4 4.1935 0.6011 0.00 154 226 63.7678 3 10 8.5001 13 59 55.3723
B9 3 3 3.1935 0.4016 0.00 152 157 3.4802 2 5 2.5686 8 24 10.5719
B10 3 3 3.0000 0.0000 0.00 152 183 41.7133 2 4 1.5422 8 21 10.5715
B11 4 4 4.1613 0.3739 0.00 155 233 66.3620 2 11 9.9109 9 73 63.6411
B12 4 4 4.0000 0.0000 0.00 153 235 86.2169 2 4 1.6643 11 29 18.5750
B13 4 4 4.0000 0.0000 0.00 152 161 30.0537 3 6 3.6577 12 27 14.8101
B14 3 3 3.3548 0.4864 0.00 152 159 26.0370 2 6 3.7006 8 26 15.6561
B15 1 1 1.6452 0.9504 0.00 152 155 2.6176 2 5 2.3505 8 22 9.6363
B16 14 14 14.0000 0.0000 0.00 155 182 48.3518 3 8 3.5493 12 43 25.2893
B17 13 13 13.0000 0.0000 0.00 152 174 35.1554 2 5 2.1717 8 26 9.4585
B18 13 13 13.0000 0.0000 0.00 152 177 41.1985 2 4 1.8275 8 21 8.6059
B19 13 13 13.0968 0.5388 0.00 153 218 62.5518 1 6 4.0377 4 39 26.7267
B20 13 13 13.0000 0.0000 0.00 155 225 138.3519 3 7 4.5423 13 41 21.4062
B21 9 9 9.1935 0.4016 0.00 153 172 43.6026 2 9 5.2990 8 41 26.7630
B22 6 6 6.1290 0.3408 0.00 152 155 2.0494 1 5 3.1326 4 23 12.9070
B23 6 6 6.1290 0.3408 0.00 152 153 2.0489 2 7 4.8491 8 31 19.7735
B24 5 5 5.2581 0.5755 0.00 152 153 1.6409 2 6 2.4012 8 24 9.6949
B25 4 4 4.1290 0.3408 0.00 152 154 6.0300 3 6 5.4158 12 27 22.1520
B26 5 5 5.0000 0.0000 0.00 154 157 2.3372 2 8 6.0393 8 37 24.7760
B27 3 3 3.0323 0.1796 0.00 152 154 2.2017 2 7 4.8524 8 30 19.3886
B28 3 3 3.2903 0.5884 0.00 152 155 4.7996 1 5 3.2670 4 24 13.9205
B29 3 3 3.0968 0.3005 0.00 152 156 7.3660 3 5 2.0447 12 23 8.2142
B30 2 2 2.4516 0.5680 0.00 152 153 1.7289 2 7 6.5031 8 28 26.3895
B31 7 7 7.0000 0.0000 0.00 153 157 2.7615 4 8 3.2156 19 37 13.2221
B32 4 4 4.2903 0.9016 0.00 152 155 4.1960 3 7 3.7805 13 31 15.0563
B33 4 4 4.1290 0.4995 0.00 152 154 3.7868 2 6 3.0154 8 26 12.7931
B34 4 4 4.3226 0.7478 0.00 152 153 1.2835 2 6 4.2925 8 27 17.1088
B35 4 4 4.7097 0.9727 0.00 152 153 1.6468 1 5 2.0723 4 21 8.5183
B36 13 13 13.0000 0.0000 0.00 154 158 3.8763 3 9 4.9110 13 39 19.3956
B37 10 10 10.3226 0.7478 0.00 152 155 2.5387 2 6 5.4497 9 28 22.2304
B38 8 8 8.0968 0.3005 0.00 152 154 3.3601 2 8 5.6323 8 34 22.8731
B39 5 5 5.1935 1.0776 0.00 152 166 20.9165 2 6 3.5493 8 27 15.7638
B40 5 5 5.0000 0.0000 0.00 152 162 16.8069 2 4 1.8357 8 19 7.9044
B41 8 8 8.0000 0.0000 0.00 155 158 2.9064 1 10 5.2974 4 42 22.2617
B42 8 8 8.0000 0.0000 0.00 152 198 70.2758 1 4 2.0718 8 24 17.2073
B43 8 8 8.0000 0.0000 0.00 152 154 1.7221 1 4 2.2818 4 19 9.3681
B44 5 5 5.9677 1.4256 0.00 152 154 3.8616 2 5 2.5264 8 24 10.1847
B45 5 5 6.1935 1.5366 0.00 152 153 1.3536 2 6 4.6467 8 26 19.1860
B46 8 8 8.0645 0.2497 0.00 154 158 3.4348 3 10 6.7563 12 42 27.9592
B47 5 5 5.0000 0.0000 0.00 152 155 4.1228 2 5 2.9256 8 22 13.0905
B48 5 5 5.4839 2.0145 0.00 152 153 1.3897 2 5 2.8931 8 22 11.7203
B49 5 5 5.1935 0.6011 0.00 152 152 1.1704 3 6 3.1819 12 26 12.7969
B50 5 5 5.3226 0.7478 0.00 152 153 1.4473 2 6 3.4529 8 26 14.0041
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Scientific Programming 15

Table 22: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.1613 0.9694 0.00 154 159 4.7774 5 21 9.0993 21 92 39.5406
B52 18 18 18.9355 1.0307 0.00 154 156 2.2785 2 19 9.3341 8 80 38.7324
B53 11 11 11.0000 0.0000 0.00 153 155 1.5889 4 10 2.8815 16 42 12.1075
B54 11 11 11.0000 0.0000 0.00 152 154 1.6277 3 7 2.4596 12 32 10.2627
B55 7 7 7.0000 0.0000 0.00 154 158 4.4897 4 11 5.5967 16 48 22.6364
B56 6 6 6.0000 0.0000 0.00 153 155 1.9233 4 10 3.4112 16 44 13.9193
B57 6 6 6.0968 0.3962 0.00 153 154 1.3552 6 12 5.2644 24 52 21.4015
B58 6 6 6.0645 0.3592 0.00 152 155 4.0377 3 9 3.7643 14 38 14.9752
B59 9 9 9.1290 0.3408 0.00 154 158 2.6825 5 15 6.7165 21 64 28.5839
B60 4 4 4.3871 1.2021 0.00 152 156 2.3145 6 13 5.7136 24 56 23.8186
B61 4 4 4.1290 0.3408 0.00 152 155 2.0394 4 13 6.7101 16 54 27.4017
B62 4 4 4.0000 0.0000 0.00 152 155 4.1824 4 9 3.4273 18 40 13.6191
B63 27 27 27.2581 0.5143 0.00 155 165 11.2005 4 21 11.4243 16 90 48.4598
B64 18 18 18.3871 0.9549 0.00 155 167 14.2569 7 19 9.3371 28 86 39.7379
B65 14 14 14.0645 0.2497 0.00 153 161 9.3472 6 15 7.5537 25 65 31.4611
B66 13 13 13.0000 0.0000 0.00 154 247 97.6943 6 11 3.3020 24 81 67.8854
B67 11 11 11.0323 0.1796 0.00 156 209 33.3034 4 14 7.7241 19 77 43.7733
B68 8 8 8.8065 2.3154 0.00 156 179 30.7013 2 13 7.7239 9 63 40.9466
B69 8 8 8.5161 0.6256 0.00 154 190 35.2266 5 12 5.7914 20 64 35.7448
B70 6 6 6.4839 0.6256 0.00 152 167 16.6121 5 12 5.6220 22 57 26.9089
B71 6 6 6.0000 0.0000 0.00 155 176 15.3473 6 11 5.4370 29 54 24.4164
B72 4 4 4.2258 0.5603 0.00 155 168 21.0614 6 12 4.0783 28 55 23.1119
B73 4 4 4.4516 0.6752 0.00 152 173 15.2415 4 11 6.4611 16 52 28.1919
B74 3 3 3.3226 0.4752 0.00 153 166 14.9468 4 13 8.6221 20 60 35.3722
B75 11 11 11.6774 0.9794 0.00 156 169 8.4222 4 17 10.5949 17 77 47.6167
B76 5 5 5.2581 0.6816 0.00 154 167 23.7204 3 12 5.0513 14 56 26.0949
B77 5 5 5.3871 0.8032 0.00 165 174 8.3753 6 14 8.1313 27 66 37.9381
B78 4 4 4.9355 1.2093 0.00 163 176 12.2235 5 13 4.7399 22 60 25.3983
B79 14 14 14.0323 0.1796 0.00 156 181 28.4157 5 10 3.2965 25 47 16.9919
B80 11 11 11.0000 0.0000 0.00 171 190 20.4805 3 10 4.6704 17 53 23.3860
B81 11 11 11.3871 0.8032 0.00 159 186 24.6086 7 14 7.1159 34 70 35.5031
B82 10 10 10.3548 0.6607 0.00 153 169 25.0386 4 12 6.0875 16 55 29.4125
B83 12 12 12.2258 1.2572 0.00 154 167 8.4371 4 12 6.3860 18 57 29.6714
B84 12 12 12.0000 0.0000 0.00 155 165 13.7350 6 11 3.8852 31 52 17.8962
B85 8 8 8.9355 1.4361 0.00 153 170 23.4146 4 14 7.3518 17 64 33.0030
B86 8 8 8.1613 0.5829 0.00 156 177 15.4220 3 10 3.7814 13 47 18.0706
B87 10 10 10.4839 1.0605 0.00 156 184 20.5574 4 18 9.4481 19 89 50.8878
B88 8 8 8.0000 0.0000 0.00 155 194 109.8234 4 9 3.1995 20 61 96.8101
B89 8 8 8.0000 0.0000 0.00 153 159 8.7550 4 10 3.7275 17 42 15.4842
B90 5 5 5.2903 0.9016 0.00 152 156 2.2509 4 11 5.6435 17 49 22.9895

AVG 8.1025 0.4576 0.00 153 171 21.1539 3 9 4.7263 13 43 23.8747
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16 Scientific Programming

Table 23: MBO using parallel merge sort algorithm with 1 thread.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 159 206 78.6150 2 6 3.2038 14 43 35.4355
B2 11 11 11.0000 0.0000 0.00 155 173 19.0187 1 4 1.5141 6 21 8.1043
B3 11 11 11.0000 0.0000 0.00 154 172 13.6524 1 3 1.2495 4 16 5.5298
B4 11 11 11.0000 0.0000 0.00 153 172 16.4752 3 5 1.6552 12 24 10.3208
B5 11 11 11.0000 0.0000 0.00 152 155 5.0775 2 5 3.1064 8 24 12.5736
B6 7 7 7.0000 0.0000 0.00 155 185 36.0141 3 10 6.0544 13 48 27.2948
B7 6 6 6.0000 0.0000 0.00 159 202 24.7416 2 6 4.4252 9 35 21.5014
B8 4 4 4.4516 0.8500 0.00 158 197 88.5635 3 12 8.1669 17 58 40.5206
B9 3 3 3.0645 0.2497 0.00 153 172 12.9714 2 5 2.3122 12 23 9.5575
B10 3 3 3.0000 0.0000 0.00 152 168 13.5060 1 4 2.2609 7 20 10.8349
B11 4 4 4.2258 0.4250 0.00 156 186 18.4762 1 10 7.4314 5 53 41.0204
B12 4 4 4.0000 0.0000 0.00 160 178 17.7416 2 4 1.7585 8 21 10.0164
B13 4 4 4.0000 0.0000 0.00 152 171 19.3874 2 4 2.2714 8 21 10.1196
B14 3 3 3.2903 0.4614 0.00 152 169 15.2222 2 6 4.9287 8 28 22.3718
B15 1 1 1.0968 0.5388 0.00 153 165 11.9830 2 6 3.4694 8 29 16.5698
B16 14 14 14.0000 0.0000 0.00 155 163 9.5187 2 7 3.4128 8 33 14.8828
B17 13 13 13.0000 0.0000 0.00 153 155 2.8564 2 5 2.0225 8 21 8.8107
B18 13 13 13.0000 0.0000 0.00 152 155 2.6401 2 5 2.2264 8 24 9.3277
B19 13 13 13.3871 1.0223 0.00 152 155 3.7145 2 7 4.0236 8 30 16.7423
B20 13 13 13.0000 0.0000 0.00 152 154 2.2240 2 6 3.6308 8 28 14.7566
B21 9 9 9.1935 0.4016 0.00 154 161 4.3366 3 11 6.9041 12 47 29.4637
B22 6 6 6.1935 0.4016 0.00 153 156 2.2926 1 5 2.4203 4 23 10.0929
B23 6 6 6.0645 0.2497 0.00 152 155 4.3901 2 7 4.9174 8 31 19.7046
B24 5 5 5.3548 0.6607 0.00 152 155 2.7712 2 6 5.4696 8 28 22.2898
B25 4 4 4.3871 0.6672 0.00 152 156 3.3534 3 7 3.7411 12 29 15.0894
B26 5 5 5.0323 0.1796 0.00 155 162 5.0227 2 7 3.3376 9 34 13.9975
B27 3 3 3.0323 0.1796 0.00 154 157 4.5927 3 6 3.4619 12 27 14.2464
B28 3 3 3.0968 0.3005 0.00 152 156 3.8156 2 6 2.3714 8 25 10.0092
B29 3 3 3.3548 0.4864 0.00 152 155 3.1271 2 4 2.4913 8 19 10.2875
B30 2 2 2.5484 0.6752 0.00 154 157 3.3421 1 8 7.1106 6 33 29.8981
B31 7 7 7.0000 0.0000 0.00 158 166 5.7951 1 10 5.4402 5 44 23.6942
B32 4 4 4.1935 0.7492 0.00 153 159 3.6603 2 7 4.7390 8 31 20.0530
B33 4 4 4.0645 0.3592 0.00 153 158 3.9906 2 6 3.3872 8 25 13.7612
B34 4 4 4.2581 0.6816 0.00 152 158 3.7035 2 5 3.5636 8 25 14.7240
B35 4 4 4.4516 0.8500 0.00 153 158 4.3965 2 5 3.3916 8 22 14.3879
B36 13 13 13.0000 0.0000 0.00 156 166 6.3017 1 10 5.6101 5 44 24.9727
B37 10 10 10.3226 0.7478 0.00 154 157 2.4314 2 8 6.6553 8 34 27.1586
B38 8 8 8.1613 0.4544 0.00 152 156 4.2246 3 10 8.3402 12 44 34.0656
B39 5 5 5.0000 0.0000 0.00 153 159 11.6618 3 5 2.3363 12 23 9.8435
B40 5 5 5.1935 0.6011 0.00 152 160 6.3128 2 5 2.0645 9 25 8.9185
B41 8 8 8.1613 0.8980 0.00 154 169 10.6175 1 8 5.2096 4 36 22.4695
B42 8 8 8.0000 0.0000 0.00 153 166 10.1747 2 4 1.9438 8 18 8.0620
B43 8 8 8.0000 0.0000 0.00 152 165 10.7002 2 5 2.1568 12 24 9.2664
B44 5 5 5.7742 1.3344 0.00 153 161 8.5650 2 4 1.8062 8 21 7.8376
B45 5 5 5.9677 1.4256 0.00 152 159 8.0203 2 5 2.6453 8 24 10.7374
B46 8 8 8.0645 0.2497 0.00 155 172 12.5416 2 9 6.5325 8 44 31.3379
B47 5 5 5.0968 0.5388 0.00 153 162 6.1438 2 6 2.2423 8 26 9.7972
B48 5 5 5.1290 0.4995 0.00 152 157 3.8888 2 5 2.3646 8 23 9.8283
B49 5 5 5.2581 0.6816 0.00 153 166 11.7214 3 5 2.3335 14 25 9.2466
B50 5 5 5.3226 0.7478 0.00 158 297 112.2328 2 5 4.2598 8 46 59.0964
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Table 23: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.1935 1.0139 0.00 170 210 50.5103 9 21 8.4341 40 120 65.5098
B52 18 18 19.0000 1.2383 0.00 160 174 12.9624 7 21 8.9031 29 96 39.5778
B53 11 11 11.0000 0.0000 0.00 161 178 16.1011 4 10 3.4251 17 49 15.4218
B54 11 11 11.0000 0.0000 0.00 164 225 110.0060 4 9 2.2274 17 53 25.5038
B55 7 7 7.0000 0.0000 0.00 170 227 95.8822 6 12 4.8697 35 73 34.6457
B56 6 6 6.0000 0.0000 0.00 158 176 22.7563 4 10 4.1773 18 46 17.2158
B57 6 6 6.0323 0.1796 0.00 158 164 3.8771 6 11 4.7317 29 49 20.2836
B58 6 6 6.0000 0.0000 0.00 157 167 7.3482 4 10 4.1721 17 47 17.6931
B59 9 9 9.1290 0.3408 0.00 162 176 9.1676 4 12 7.6146 16 60 35.3615
B60 4 4 4.2581 0.9989 0.00 160 167 5.9831 3 13 7.2062 14 62 31.0985
B61 4 4 4.1290 0.3408 0.00 160 165 3.8543 6 12 6.4014 25 53 28.3432
B62 4 4 4.0000 0.0000 0.00 158 164 4.8012 4 10 5.3501 18 43 23.0980
B63 27 27 27.2903 0.4614 0.00 167 175 6.0466 2 16 7.7237 9 76 36.5377
B64 18 18 18.3871 1.0223 0.00 160 168 5.1665 3 19 9.7662 15 86 43.3281
B65 14 14 14.0323 0.1796 0.00 160 165 3.8291 4 16 8.6324 17 71 37.8486
B66 13 13 13.0000 0.0000 0.00 158 164 4.3960 4 9 3.8069 17 42 17.3308
B67 11 11 11.0000 0.0000 0.00 161 169 5.7328 3 13 6.7766 15 60 30.8939
B68 8 8 8.5161 1.3873 0.00 157 166 4.9242 5 12 5.9210 20 55 25.9415
B69 8 8 8.7097 0.8244 0.00 159 186 80.6533 4 10 3.5186 20 59 78.6617
B70 6 6 6.3548 0.6082 0.00 157 164 4.1299 5 11 6.0651 21 49 26.3690
B71 6 6 6.3226 0.9087 0.00 164 173 4.9813 3 13 7.2318 15 64 34.0172
B72 4 4 4.2581 0.5143 0.00 162 169 7.0074 4 13 7.3266 18 61 31.5165
B73 4 4 4.3548 0.5507 0.00 155 163 7.4271 4 10 4.5181 16 46 19.8506
B74 3 3 3.3871 0.6152 0.00 154 159 6.2096 4 12 6.5673 18 54 27.7339
B75 11 11 11.8710 0.9217 0.00 156 166 6.2745 7 19 9.0094 32 84 39.6957
B76 5 5 5.1290 0.4995 0.00 154 159 4.0391 3 12 7.1859 12 53 30.5339
B77 5 5 5.6129 0.9892 0.00 154 158 2.9061 3 12 6.2763 12 52 26.0995
B78 4 4 4.7097 1.1887 0.00 152 157 4.4870 3 15 8.9251 12 64 37.0953
B79 14 14 14.0000 0.0000 0.00 154 160 3.9374 4 10 3.9070 17 46 16.9129
B80 11 11 11.0000 0.0000 0.00 154 159 3.6503 4 10 3.0409 16 43 12.6801
B81 11 11 11.2258 0.7169 0.00 154 157 2.5025 3 12 7.2826 13 51 29.8398
B82 10 10 10.7097 0.7829 0.00 153 160 9.2766 4 10 4.2187 19 45 17.2205
B83 12 12 12.1290 0.7184 0.00 154 161 5.0024 5 13 7.6357 23 59 32.3602
B84 12 12 12.0968 0.5388 0.00 154 159 3.8746 3 11 5.8103 12 49 25.2224
B85 8 8 9.3548 1.4731 0.00 153 157 3.7096 4 13 7.1319 19 57 29.5541
B86 8 8 8.0000 0.0000 0.00 152 157 4.4661 4 11 4.7817 16 46 19.8128
B87 10 10 10.3871 0.9193 0.00 156 165 5.2583 6 18 8.5468 25 81 38.3296
B88 8 8 8.0000 0.0000 0.00 154 159 6.6066 4 11 3.8846 16 47 16.1636
B89 8 8 8.0323 0.1796 0.00 153 158 4.5929 3 10 5.0891 12 42 21.2703
B90 5 5 5.7742 1.3344 0.00 153 157 2.6204 6 11 3.8401 24 46 15.4224

AVG 8.1065 0.4446 0.00 155 168 13.9276 3 9 4.7812 13 42 22.9180

 5192, 2016, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2016/9402503 by C

ochrane Peru, W
iley O

nline L
ibrary on [23/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



18 Scientific Programming

Table 24: MBO using parallel merge sort algorithm with 4 threads.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 158 216 109.1743 2 6 3.6142 9 42 25.9406
B2 11 11 11.0000 0.0000 0.00 152 157 6.6604 2 4 1.2365 10 18 7.4686
B3 11 11 11.0000 0.0000 0.00 152 166 47.4789 1 4 1.2960 4 18 8.4496
B4 11 11 11.0000 0.0000 0.00 152 155 2.5716 1 5 2.6331 4 20 10.8924
B5 11 11 11.3871 1.4984 0.00 153 167 45.7047 1 6 3.3085 4 29 18.6757
B6 7 7 7.0000 0.0000 0.00 154 162 9.6934 2 9 5.7726 8 40 24.3002
B7 6 6 6.0000 0.0000 0.00 154 167 41.5747 3 6 2.6845 12 26 10.8095
B8 4 4 4.3226 0.7478 0.00 153 155 2.5003 2 11 9.7807 8 49 39.5824
B9 3 3 3.0645 0.2497 0.00 152 168 58.7230 2 6 2.9494 8 27 17.1893
B10 3 3 3.0000 0.0000 0.00 152 166 41.0109 2 4 1.9355 8 20 9.1206
B11 4 4 4.1290 0.3408 0.00 155 160 4.3005 2 10 6.9986 8 43 29.6649
B12 4 4 4.0000 0.0000 0.00 153 166 41.1127 1 4 1.8044 4 19 7.2704
B13 4 4 4.0000 0.0000 0.00 152 155 2.5059 2 6 4.9324 8 25 20.2386
B14 3 3 3.1935 0.4016 0.00 152 167 46.3310 1 5 2.2269 4 26 14.4843
B15 1 1 1.3548 0.8386 0.00 152 154 2.6249 2 5 3.1356 8 24 12.8711
B16 14 14 14.0000 0.0000 0.00 154 171 46.8582 3 8 4.1048 12 36 19.3441
B17 13 13 13.0000 0.0000 0.00 154 157 4.7342 2 5 1.9903 8 21 8.5249
B18 13 13 13.0000 0.0000 0.00 152 166 40.2106 3 5 1.9210 12 26 11.5105
B19 13 13 13.1935 0.7492 0.00 152 157 9.6044 2 7 4.3160 8 29 17.8754
B20 13 13 13.0000 0.0000 0.00 152 165 54.4453 2 7 3.8504 8 32 17.1361
B21 9 9 9.2258 0.4250 0.00 154 173 54.5359 2 11 7.4947 10 51 32.7887
B22 6 6 6.0968 0.3005 0.00 154 160 5.8877 3 5 2.8044 12 24 11.6705
B23 6 6 6.0645 0.2497 0.00 152 169 48.5055 2 7 4.5711 8 35 21.3986
B24 5 5 5.2581 0.5755 0.00 152 154 2.3010 2 6 2.7875 8 25 11.3416
B25 4 4 4.1935 0.4016 0.00 152 167 46.4296 2 6 2.6644 8 27 23.6771
B26 5 5 5.0000 0.0000 0.00 154 158 3.7574 3 8 6.3478 15 37 26.7206
B27 3 3 3.0323 0.1796 0.00 154 168 47.1433 2 5 3.5903 9 26 19.3762
B28 3 3 3.3226 0.4752 0.00 152 158 19.6735 1 5 3.6966 4 23 15.3801
B29 3 3 3.1613 0.4544 0.00 152 163 41.5225 2 5 3.3315 8 25 35.7845
B30 2 2 2.4839 0.5699 0.00 152 165 44.6843 2 7 5.1800 8 30 22.1249
B31 7 7 7.0000 0.0000 0.00 153 161 6.9997 3 8 4.2651 12 37 18.4910
B32 4 4 4.2903 0.9016 0.00 155 205 147.1775 1 8 5.0298 5 40 29.8585
B33 4 4 4.0645 0.3592 0.00 153 172 25.2682 2 5 3.2974 8 25 13.9995
B34 4 4 4.3226 0.7478 0.00 152 155 3.4554 1 6 6.1399 4 28 24.5491
B35 4 4 4.3871 0.8032 0.00 152 157 7.2196 2 5 2.8979 8 23 11.7220
B36 13 13 13.0000 0.0000 0.00 158 172 15.0594 3 10 5.7384 12 46 26.7314
B37 10 10 10.4516 0.8500 0.00 154 166 14.1400 2 8 6.8311 8 38 28.5876
B38 8 8 8.0323 0.1796 0.00 155 164 12.4326 2 8 5.6068 8 37 23.8998
B39 5 5 5.3548 1.3796 0.00 154 163 12.5069 2 5 2.0884 8 22 9.4440
B40 5 5 5.2581 0.6816 0.00 153 165 16.5927 2 5 3.6106 8 24 15.9870
B41 8 8 8.1613 0.8980 0.00 156 166 9.9435 1 10 8.3483 4 47 36.1707
B42 8 8 8.0000 0.0000 0.00 155 174 34.2187 2 4 1.6350 8 19 8.1873
B43 8 8 8.0000 0.0000 0.00 153 198 46.1624 1 4 2.1423 4 24 13.0368
B44 5 5 5.7742 1.3344 0.00 156 183 32.3323 2 5 1.6919 10 25 9.0367
B45 5 5 5.8065 1.4005 0.00 152 157 4.5948 2 5 2.8658 9 24 12.1692
B46 8 8 8.0323 0.1796 0.00 157 176 28.1980 3 10 7.1360 14 50 40.1945
B47 5 5 5.1935 0.7492 0.00 155 183 36.2397 2 6 2.5649 8 31 16.0299
B48 5 5 5.1935 0.6011 0.00 152 166 23.6329 2 5 2.2832 8 24 10.1954
B49 5 5 5.2581 0.6816 0.00 152 155 2.8071 2 5 2.4613 8 22 10.1229
B50 5 5 5.1290 0.4995 0.00 152 155 4.6881 2 7 5.3336 8 30 25.5601
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Scientific Programming 19

Table 24: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.2903 1.0064 0.00 159 164 4.3110 4 22 9.2894 16 98 40.3385
B52 18 18 19.0645 1.0935 0.00 154 159 5.8249 5 22 9.8280 22 95 42.6600
B53 11 11 11.0000 0.0000 0.00 153 178 32.7949 4 11 3.7102 19 51 18.7233
B54 11 11 11.0000 0.0000 0.00 153 164 19.9278 3 7 2.7140 12 34 14.0533
B55 7 7 7.0000 0.0000 0.00 155 160 3.4790 2 10 4.3510 8 46 18.3698
B56 6 6 6.0000 0.0000 0.00 154 156 1.7121 2 10 3.2772 8 42 13.7300
B57 6 6 6.0323 0.1796 0.00 153 160 16.4040 4 10 3.8788 17 45 16.0311
B58 6 6 6.0323 0.1796 0.00 154 168 26.7755 3 10 3.9119 12 45 16.9634
B59 9 9 9.2258 0.4973 0.00 155 194 38.6829 3 15 8.8444 13 76 44.3162
B60 4 4 4.9032 1.7001 0.00 154 169 24.2931 3 12 6.6625 13 54 30.0641
B61 4 4 4.1290 0.5623 0.00 155 268 200.8557 4 12 7.0176 16 109 179.0541
B62 4 4 4.0000 0.0000 0.00 153 157 4.2149 3 9 3.8691 13 40 15.6801
B63 27 27 27.2581 0.5143 0.00 154 165 10.6263 6 16 9.2118 24 71 40.8554
B64 18 18 18.4516 0.8099 0.00 154 178 18.2276 7 19 9.1876 31 91 45.9490
B65 14 14 14.0323 0.1796 0.00 155 161 7.8149 6 15 7.3228 25 68 30.9394
B66 13 13 13.0000 0.0000 0.00 155 194 41.5668 6 10 3.4251 24 52 21.8884
B67 11 11 11.0323 0.1796 0.00 158 210 67.1852 1 13 6.8971 4 72 42.9510
B68 8 8 8.3226 1.2751 0.00 153 197 51.5259 4 13 7.9708 16 68 52.5572
B69 8 8 8.5806 0.6720 0.00 155 208 84.9156 5 11 5.6323 21 60 31.5805
B70 6 6 6.5484 0.8884 0.00 154 231 66.9705 4 15 8.5271 29 91 56.9068
B71 6 6 6.0645 0.3592 0.00 157 217 70.6903 3 12 6.9808 14 71 46.9560
B72 4 4 4.2258 0.4250 0.00 161 189 40.5461 5 13 7.1670 24 68 41.0736
B73 4 4 4.4516 0.6239 0.00 156 177 29.4202 4 13 5.3836 20 59 23.6061
B74 3 3 3.3871 0.5584 0.00 154 161 4.3200 3 13 7.5998 12 55 32.4734
B75 11 11 11.7742 1.0866 0.00 155 172 13.9606 4 15 9.4963 16 69 45.7583
B76 5 5 5.1935 0.6011 0.00 154 159 4.2812 4 13 6.7199 16 55 28.2946
B77 5 5 5.9677 1.1968 0.00 154 157 3.0589 4 12 7.3398 16 54 30.8010
B78 4 4 4.6452 1.1120 0.00 153 156 2.6757 1 13 7.3425 4 56 30.7701
B79 14 14 14.0000 0.0000 0.00 154 161 5.2525 4 10 2.9487 18 43 12.1078
B80 11 11 11.0000 0.0000 0.00 155 202 147.0668 3 11 5.4449 16 50 26.2353
B81 11 11 11.4516 0.9605 0.00 155 208 59.8935 7 13 4.7648 28 74 32.8557
B82 10 10 10.6452 0.7978 0.00 155 190 37.9565 4 13 7.3710 20 68 41.9503
B83 12 12 12.0000 0.0000 0.00 155 162 6.1394 3 10 5.8394 12 48 28.0464
B84 12 12 12.1935 0.6011 0.00 154 158 2.8090 7 12 6.3531 28 53 25.9466
B85 8 8 9.1613 1.7146 0.00 154 156 1.8346 4 13 6.5165 16 57 27.0130
B86 8 8 8.0000 0.0000 0.00 153 157 3.0107 3 11 3.7543 14 47 15.8781
B87 10 10 10.8065 1.0462 0.00 156 168 14.7487 6 17 9.3396 24 78 43.8068
B88 8 8 8.1935 1.0776 0.00 154 157 2.8132 4 10 5.2145 16 44 21.6391
B89 8 8 8.0000 0.0000 0.00 154 157 2.5607 3 10 4.7956 13 44 20.3743
B90 5 5 5.3871 1.0223 0.00 154 156 2.1397 4 11 4.6769 16 46 19.3850

AVG 8.1183 0.4847 0.00 153 170 28.8802 2 9 4.9501 12 43 25.6019
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20 Scientific Programming

Table 25: MBO using parallel merge sort algorithm with 8 threads.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 153 175 52.9600 2 7 3.4650 10 40 24.1691
B2 11 11 11.0000 0.0000 0.00 152 155 4.2538 1 4 1.3663 4 17 6.3123
B3 11 11 11.0000 0.0000 0.00 152 154 2.2737 2 4 1.2675 8 16 4.9966
B4 11 11 11.0000 0.0000 0.00 152 154 2.1875 3 5 1.6669 12 22 6.6451
B5 11 11 11.0000 0.0000 0.00 152 154 3.5484 1 5 4.6460 4 22 19.1976
B6 7 7 7.0000 0.0000 0.00 154 159 6.9589 3 9 5.6927 12 41 23.3150
B7 6 6 6.0323 0.1796 0.00 152 155 2.6567 2 5 3.3376 8 24 13.6479
B8 4 4 4.2581 0.6816 0.00 152 154 2.2500 2 10 7.8339 8 43 31.7022
B9 3 3 3.0645 0.2497 0.00 152 154 2.8853 1 6 4.2480 4 26 17.5545
B10 3 3 3.0000 0.0000 0.00 152 155 4.3342 2 4 2.2017 8 19 9.0625
B11 4 4 4.1613 0.3739 0.00 154 158 4.0725 3 11 6.8310 12 46 28.0720
B12 4 4 4.0000 0.0000 0.00 152 154 2.2041 1 4 1.7487 4 18 7.3882
B13 4 4 4.0645 0.3592 0.00 152 157 8.3824 2 6 4.0825 8 24 16.4007
B14 3 3 3.4516 0.5059 0.00 152 156 10.8955 2 5 2.0848 8 21 8.3643
B15 1 1 1.2903 0.7829 0.00 152 153 1.8322 2 5 2.4110 8 23 9.8292
B16 14 14 14.0000 0.0000 0.00 155 160 4.5349 2 7 3.6044 10 32 14.9542
B17 13 13 13.0000 0.0000 0.00 152 155 2.2423 2 4 1.6145 8 20 6.7850
B18 13 13 13.0000 0.0000 0.00 152 154 3.8763 1 5 2.1553 4 22 9.3721
B19 13 13 13.0000 0.0000 0.00 152 153 1.4796 2 7 6.3034 8 28 25.4949
B20 13 13 13.0000 0.0000 0.00 152 153 1.4803 2 8 5.1278 8 33 20.5847
B21 9 9 9.1613 0.3739 0.00 154 158 2.8485 2 12 10.3146 8 52 42.6586
B22 6 6 6.2581 0.6308 0.00 152 155 3.1380 2 6 2.8459 8 25 11.7755
B23 6 6 6.1935 0.5428 0.00 152 153 2.0198 2 10 7.3810 8 43 30.1207
B24 5 5 5.2581 0.5755 0.00 152 154 1.9355 1 7 3.5024 4 28 14.1402
B25 4 4 4.2581 0.5143 0.00 152 153 2.0562 2 6 3.2132 8 26 12.9135
B26 5 5 5.0000 0.0000 0.00 154 158 4.3165 2 9 6.1518 8 39 26.6302
B27 3 3 3.0645 0.2497 0.00 152 155 2.3085 2 7 3.3033 8 30 13.5624
B28 3 3 3.2581 0.5755 0.00 152 153 1.9680 2 5 3.0261 8 24 13.0409
B29 3 3 3.2258 0.4250 0.00 152 154 2.4705 2 4 1.8228 8 18 7.6122
B30 2 2 2.5484 0.6239 0.00 152 154 3.7018 2 7 5.7358 8 28 23.3637
B31 7 7 7.0000 0.0000 0.00 154 158 3.0953 2 10 6.2340 8 42 25.8763
B32 4 4 4.3871 1.2826 0.00 152 155 2.7875 2 8 5.7081 8 36 23.1095
B33 4 4 4.1935 0.6011 0.00 152 154 3.7125 2 5 3.5753 8 21 15.1291
B34 4 4 4.1290 0.4995 0.00 152 153 1.5268 2 5 4.2205 8 23 16.8363
B35 4 4 4.6452 0.9504 0.00 152 152 1.0984 1 5 2.2177 4 21 8.8371
B36 13 13 13.0000 0.0000 0.00 154 158 3.6041 4 9 4.6647 16 39 19.2969
B37 10 10 10.3871 0.8032 0.00 152 155 4.3569 1 6 2.7689 4 24 11.4273
B38 8 8 8.2258 0.4973 0.00 152 154 2.2026 2 9 7.5453 8 40 30.0411
B39 5 5 5.0000 0.0000 0.00 152 154 2.2327 2 5 2.9759 9 22 11.9398
B40 5 5 5.1935 0.6011 0.00 152 153 1.9989 2 5 2.7552 8 22 11.5980
B41 8 8 8.0000 0.0000 0.00 154 159 4.8193 3 10 5.9482 14 45 24.6265
B42 8 8 8.0000 0.0000 0.00 152 154 2.3692 2 4 2.3592 8 20 9.9095
B43 8 8 8.0645 0.3592 0.00 152 154 1.8526 1 5 2.9563 4 21 12.2532
B44 5 5 6.3548 1.5176 0.00 152 153 1.1538 2 5 2.9494 8 24 11.9644
B45 5 5 6.1613 1.4854 0.00 152 153 1.5443 2 5 2.6917 8 23 10.8397
B46 8 8 8.0323 0.1796 0.00 155 159 4.2805 2 9 6.9125 8 41 28.3549
B47 5 5 5.0968 0.5388 0.00 152 154 2.0294 2 5 2.0811 8 21 8.4729
B48 5 5 5.1935 0.6011 0.00 152 154 1.6428 2 4 2.2647 8 20 9.1640
B49 5 5 5.2581 0.6816 0.00 151 153 3.5342 2 5 2.6482 8 21 10.6357
B50 5 5 5.1290 0.4995 0.00 152 153 3.1826 2 5 2.8493 8 22 11.5451
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Scientific Programming 21

Table 25: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 27.9355 0.8139 0.00 154 161 3.4660 10 26 8.4370 41 111 35.6271
B52 18 18 18.9355 1.0626 0.00 154 157 3.3758 8 24 9.0310 32 102 36.6151
B53 11 11 11.0000 0.0000 0.00 153 155 1.8334 6 11 4.6911 24 45 19.0585
B54 11 11 11.0000 0.0000 0.00 152 154 3.7637 3 8 2.6941 12 35 11.1208
B55 7 7 7.0000 0.0000 0.00 154 158 3.2984 3 11 5.1034 13 49 21.0208
B56 6 6 6.0000 0.0000 0.00 153 156 3.0093 4 11 3.8401 16 48 15.2743
B57 6 6 6.1290 0.4275 0.00 153 155 2.8387 4 11 5.4081 16 46 22.2407
B58 6 6 6.0645 0.2497 0.00 152 155 4.2566 3 10 3.8702 12 43 15.8509
B59 9 9 9.0323 0.1796 0.00 155 158 3.0526 5 14 6.9780 22 60 29.3752
B60 4 4 4.3871 1.2021 0.00 153 156 2.1687 5 14 7.0227 21 59 29.2113
B61 4 4 4.1613 0.4544 0.00 153 156 4.8604 3 12 6.3903 12 52 27.7761
B62 4 4 4.0323 0.1796 0.00 152 154 2.3678 4 10 4.8644 17 45 20.3279
B63 27 27 27.1935 0.4016 0.00 156 162 4.4719 4 15 7.7450 16 66 32.7914
B64 18 18 18.0968 0.3005 0.00 154 157 2.4722 5 19 8.3824 23 81 35.1227
B65 14 14 14.0323 0.1796 0.00 153 156 4.1228 6 15 8.5828 24 65 35.2348
B66 13 13 13.0000 0.0000 0.00 152 155 2.5179 7 9 2.7072 28 41 11.3806
B67 11 11 11.1290 0.3408 0.00 154 159 4.6810 4 12 6.4386 17 52 27.4067
B68 8 8 8.2258 0.9205 0.00 154 157 3.4830 3 14 9.5942 12 61 40.0795
B69 8 8 8.6129 0.7154 0.00 153 156 4.5924 4 11 5.9648 16 48 24.0260
B70 6 6 6.3548 0.7549 0.00 152 159 9.1831 3 14 6.6604 12 60 29.2535
B71 6 6 6.0000 0.0000 0.00 154 160 5.0885 6 14 6.2436 28 60 26.1248
B72 4 4 4.2581 0.5143 0.00 153 156 2.0956 3 11 5.6317 13 49 23.2173
B73 4 4 4.3548 0.6607 0.00 152 155 4.3015 3 12 7.6978 12 51 31.3144
B74 3 3 3.4839 0.5699 0.00 152 154 2.1038 3 11 6.2472 12 45 25.2912
B75 11 11 11.7419 0.9298 0.00 154 160 4.5345 3 17 8.7525 13 72 37.3021
B76 5 5 5.0645 0.3592 0.00 153 156 2.3192 4 12 6.1097 19 53 25.0673
B77 5 5 5.5161 0.8896 0.00 152 155 4.3891 3 12 7.1977 12 52 29.2321
B78 4 4 4.6774 1.1072 0.00 152 155 2.3908 4 15 6.2862 17 62 25.6253
B79 14 14 14.0000 0.0000 0.00 155 159 3.0324 6 10 4.4923 24 43 18.5246
B80 11 11 11.0000 0.0000 0.00 153 157 3.3665 4 11 3.6697 16 46 15.4853
B81 11 11 11.3871 0.8032 0.00 152 156 4.2659 3 14 8.3982 12 61 34.5279
B82 10 10 10.6774 0.7911 0.00 153 155 1.8613 5 12 5.4156 21 53 22.2498
B83 12 12 12.1935 0.7492 0.00 154 160 4.3436 2 11 5.9686 8 50 25.0351
B84 12 12 12.1290 0.4995 0.00 153 156 2.6567 6 13 6.1890 25 55 25.4035
B85 8 8 9.5806 1.8934 0.00 153 156 3.8652 3 13 6.6922 13 55 27.3698
B86 8 8 8.0000 0.0000 0.00 152 155 2.2504 4 10 4.1195 16 43 17.4584
B87 10 10 10.4839 0.9263 0.00 155 159 3.6559 4 18 8.6221 16 79 36.8990
B88 8 8 8.0000 0.0000 0.00 154 156 2.8530 4 10 3.8077 16 41 15.5335
B89 8 8 8.0000 0.0000 0.00 152 156 4.3232 3 9 3.6948 12 39 15.6479
B90 5 5 5.3871 1.0223 0.00 152 155 3.4501 3 11 4.1108 13 45 16.8234

AVG 8.1029 0.4293 0.00 152 155 3.8451 2 9 4.8785 12 40 20.2717
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22 Scientific Programming

Table 26: MBO using parallel merge sort algorithm with 16 threads.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 156 174 38.3904 1 6 3.8370 4 33 26.3519
B2 11 11 11.0000 0.0000 0.00 152 170 37.5675 2 4 1.4338 8 21 9.5525
B3 11 11 11.0000 0.0000 0.00 152 153 1.4421 2 4 1.3384 8 18 5.5949
B4 11 11 11.0000 0.0000 0.00 152 184 126.1403 3 5 1.9620 12 25 9.3102
B5 11 11 11.0000 0.0000 0.00 153 176 53.4639 1 5 2.5716 4 25 14.3306
B6 7 7 7.0000 0.0000 0.00 154 170 28.7805 3 10 4.5744 12 47 22.7679
B7 6 6 6.0323 0.1796 0.00 155 178 33.1697 3 5 3.8685 12 28 17.8745
B8 4 4 4.3871 0.8032 0.00 152 177 28.8102 2 12 10.4629 9 57 49.2948
B9 3 3 3.1290 0.3408 0.00 154 177 40.8947 2 6 6.0373 10 33 28.3257
B10 3 3 3.0000 0.0000 0.00 154 200 42.9216 3 4 1.3125 12 24 8.8010
B11 4 4 4.2258 0.4250 0.00 154 208 57.8835 2 11 7.2915 9 61 47.9815
B12 4 4 4.0000 0.0000 0.00 154 161 7.1918 2 3 1.6271 8 16 7.6983
B13 4 4 4.0000 0.0000 0.00 156 241 69.3555 2 5 2.0452 11 34 24.6320
B14 3 3 3.1935 0.4016 0.00 153 180 41.3214 2 5 2.6700 10 28 12.9253
B15 1 1 1.4516 0.9605 0.00 152 167 20.7708 3 6 2.0992 12 26 11.3581
B16 14 14 14.0000 0.0000 0.00 155 193 49.9363 1 8 5.0855 5 47 33.2326
B17 13 13 13.0000 0.0000 0.00 153 179 33.2854 2 4 1.7604 8 23 9.0254
B18 13 13 13.0000 0.0000 0.00 154 176 28.2143 2 5 2.2442 8 26 12.5006
B19 13 13 13.1935 0.7492 0.00 153 205 61.2246 2 6 4.9091 8 38 28.1094
B20 13 13 13.0000 0.0000 0.00 152 155 4.7306 2 8 5.9932 10 35 24.7893
B21 9 9 9.3226 0.4752 0.00 155 167 12.4572 2 8 7.2314 12 39 31.2266
B22 6 6 6.1613 0.3739 0.00 152 156 3.6509 3 7 3.6945 12 29 15.2464
B23 6 6 6.0645 0.2497 0.00 152 155 4.2187 2 8 5.2534 8 34 21.9115
B24 5 5 5.4516 0.7229 0.00 152 153 1.5651 1 5 2.7048 4 24 11.3314
B25 4 4 4.3871 0.7154 0.00 152 153 1.5317 2 6 2.5012 8 26 10.3027
B26 5 5 5.0000 0.0000 0.00 154 157 3.2883 1 8 5.9864 4 36 24.8583
B27 3 3 3.0645 0.2497 0.00 152 156 3.6957 1 5 2.6453 4 23 11.2241
B28 3 3 3.3548 0.5507 0.00 152 154 1.6415 1 6 2.6506 4 25 11.1220
B29 3 3 3.2903 0.5287 0.00 152 153 1.8228 2 5 2.5239 8 21 10.6774
B30 2 2 2.4839 0.6768 0.00 152 154 3.7411 2 9 7.4944 10 36 29.9656
B31 7 7 7.0000 0.0000 0.00 154 158 3.1174 3 9 3.2322 13 39 14.2112
B32 4 4 4.0000 0.0000 0.00 152 155 4.6167 2 7 4.6467 8 31 19.3095
B33 4 4 4.1290 0.4995 0.00 152 154 2.5653 2 4 2.4947 8 20 10.4209
B34 4 4 4.1290 0.4995 0.00 152 154 3.5070 2 8 6.2436 8 36 25.3171
B35 4 4 4.6452 0.9504 0.00 152 153 1.8866 1 5 3.1398 4 22 13.0124
B36 13 13 13.0000 0.0000 0.00 154 157 3.0980 2 7 4.4587 8 32 19.6268
B37 10 10 10.3226 0.7478 0.00 153 156 2.3582 2 6 3.8032 8 28 15.7390
B38 8 8 8.0645 0.2497 0.00 152 154 3.6121 2 11 9.1926 9 47 36.9595
B39 5 5 5.1613 0.8980 0.00 152 153 1.7858 3 5 1.9126 12 22 7.5316
B40 5 5 5.1290 0.4995 0.00 152 153 1.5568 2 6 3.7757 8 26 15.1195
B41 8 8 8.0000 0.0000 0.00 154 158 4.4959 3 8 4.4325 12 37 19.3518
B42 8 8 8.0000 0.0000 0.00 152 154 1.8416 2 4 2.9146 8 19 11.7187
B43 8 8 8.0000 0.0000 0.00 152 153 1.9527 2 4 2.2500 8 20 9.6155
B44 5 5 6.0645 1.4591 0.00 152 153 1.9757 2 5 2.3859 8 23 9.7173
B45 5 5 6.1935 1.5366 0.00 152 154 3.6550 3 7 4.0113 12 29 16.0929
B46 8 8 8.0323 0.1796 0.00 155 158 3.2614 3 8 4.9381 13 35 20.3281
B47 5 5 5.0000 0.0000 0.00 152 155 1.8769 2 5 1.8590 8 22 7.6797
B48 5 5 5.0645 0.3592 0.00 152 154 2.0925 2 5 2.5012 8 22 10.5511
B49 5 5 5.3226 1.1658 0.00 152 155 3.6409 2 6 3.4125 8 26 14.2755
B50 5 5 5.3226 0.7478 0.00 152 157 3.3205 3 6 4.1309 12 28 16.7865
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Table 26: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.0323 0.7521 0.00 158 168 4.9579 5 18 10.2663 21 82 45.4441
B52 18 18 18.9032 1.1062 0.00 155 163 4.9174 3 20 9.9102 12 87 41.3697
B53 11 11 11.0000 0.0000 0.00 155 159 3.0438 3 11 5.6777 13 48 23.7862
B54 11 11 11.0000 0.0000 0.00 152 158 3.8968 3 8 2.6384 12 37 11.8709
B55 7 7 7.0000 0.0000 0.00 155 164 4.9862 4 11 5.2009 16 51 23.2484
B56 6 6 6.0000 0.0000 0.00 154 160 5.1881 3 10 3.0761 14 42 12.8828
B57 6 6 6.0000 0.0000 0.00 153 159 7.0420 4 15 8.2207 16 64 35.1398
B58 6 6 6.0000 0.0000 0.00 152 159 8.3060 6 10 3.8362 25 46 17.9194
B59 9 9 9.0645 0.2497 0.00 154 158 4.4036 3 13 6.4481 13 57 25.8823
B60 4 4 4.6452 1.7426 0.00 154 157 3.1356 3 11 6.5308 12 47 26.7605
B61 4 4 4.0645 0.2497 0.00 153 155 2.7337 4 10 4.5938 18 43 18.8219
B62 4 4 4.0000 0.0000 0.00 152 154 2.3592 3 10 4.4376 12 42 18.0429
B63 27 27 27.2258 0.4973 0.00 154 159 4.5781 3 16 8.9346 14 71 38.5607
B64 18 18 18.1613 0.3739 0.00 154 157 2.6036 2 21 10.4142 9 89 43.2948
B65 14 14 14.0645 0.2497 0.00 153 156 2.2977 9 16 7.2749 37 68 30.2108
B66 13 13 13.0000 0.0000 0.00 153 155 4.6939 4 9 4.0798 16 39 16.7346
B67 11 11 11.0323 0.1796 0.00 154 158 3.7491 4 13 6.3256 20 57 27.2279
B68 8 8 8.2581 1.2641 0.00 154 156 2.0780 4 14 8.1412 17 61 33.2352
B69 8 8 8.5161 0.5699 0.00 153 155 1.9806 3 11 6.3845 12 48 25.9051
B70 6 6 6.4839 0.8112 0.00 152 155 4.0201 6 14 7.0459 26 60 28.5073
B71 6 6 6.0968 0.3962 0.00 154 157 2.9403 4 12 6.6669 17 51 26.8024
B72 4 4 4.2258 0.4973 0.00 153 156 2.5425 4 12 4.9425 17 50 19.7463
B73 4 4 4.6129 0.8032 0.00 153 156 4.3359 4 12 7.1703 16 52 29.2444
B74 3 3 3.5806 0.7648 0.00 152 154 2.1597 3 12 6.5769 12 51 26.8259
B75 11 11 11.7097 1.0064 0.00 155 158 2.7669 4 16 8.1914 16 67 34.7627
B76 5 5 5.2581 0.6816 0.00 154 156 2.1938 4 15 8.8187 16 64 36.6178
B77 5 5 5.3226 0.7478 0.00 152 155 3.8935 3 12 5.2079 12 51 21.4117
B78 4 4 4.5806 1.4323 0.00 152 155 2.1292 5 16 7.5307 21 67 29.9967
B79 14 14 14.0000 0.0000 0.00 155 159 3.9738 4 10 4.1530 17 43 16.7283
B80 11 11 11.0000 0.0000 0.00 154 156 1.8293 6 11 4.1832 24 45 17.7170
B81 11 11 11.4516 0.9605 0.00 152 155 3.8187 4 12 6.0628 17 49 24.8217
B82 10 10 10.5484 0.8500 0.00 153 155 2.7044 3 11 6.4430 12 47 26.5292
B83 12 12 12.0000 0.0000 0.00 155 158 2.8105 6 10 3.6928 24 44 15.9765
B84 12 12 12.0000 0.0000 0.00 153 157 5.0225 2 10 4.6216 9 44 18.9497
B85 8 8 9.4839 1.6304 0.00 152 155 1.9587 3 13 8.1050 12 57 33.4782
B86 8 8 8.1290 0.5623 0.00 152 154 1.6611 3 11 4.6358 13 45 18.8382
B87 10 10 10.4194 0.8860 0.00 154 158 2.7913 4 18 9.6760 17 76 41.0048
B88 8 8 8.0000 0.0000 0.00 154 156 3.9358 5 10 3.5021 21 44 14.3271
B89 8 8 8.0323 0.1796 0.00 152 155 2.0294 4 11 5.5903 17 47 22.9967
B90 5 5 5.3871 1.0223 0.00 152 154 1.8334 5 11 5.2521 20 46 21.4332

AVG 8.1007 0.4296 0.00 153 161 11.5292 2 9 4.9112 12 40 21.5416
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24 Scientific Programming

Table 27: MBO using parallel merge sort algorithm with 32 threads.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 156 202 73.4610 3 7 2.8048 13 41 25.2275
B2 11 11 11.0000 0.0000 0.00 153 159 8.6862 3 4 1.4473 12 22 9.7667
B3 11 11 11.0000 0.0000 0.00 152 155 3.1575 1 4 1.6481 4 17 7.1419
B4 11 11 11.0000 0.0000 0.00 153 159 12.7325 3 5 2.2756 12 23 10.9487
B5 11 11 11.0000 0.0000 0.00 153 159 7.8248 2 5 2.0583 8 24 8.4883
B6 7 7 7.0000 0.0000 0.00 154 168 11.3770 2 10 6.2576 10 44 28.5622
B7 6 6 6.0645 0.2497 0.00 153 162 10.6669 3 6 2.3623 13 29 12.9453
B8 4 4 4.1935 0.6011 0.00 152 157 4.6720 2 12 9.9450 8 51 41.2599
B9 3 3 3.0968 0.3005 0.00 153 157 5.1856 1 5 2.5098 4 25 10.4043
B10 3 3 3.0000 0.0000 0.00 152 159 8.1494 1 3 1.7001 4 16 7.8501
B11 4 4 4.2581 0.4448 0.00 153 164 11.3640 3 12 7.4554 14 52 32.6614
B12 4 4 4.0000 0.0000 0.00 152 157 5.4880 1 4 1.8026 4 17 7.6960
B13 4 4 4.0645 0.3592 0.00 152 159 9.9945 2 5 2.4679 9 22 10.6621
B14 3 3 3.2581 0.4448 0.00 152 157 7.2963 2 5 2.6632 8 23 11.1257
B15 1 1 1.5161 0.8896 0.00 152 162 14.1797 2 6 2.7731 8 25 12.0180
B16 14 14 14.0000 0.0000 0.00 155 178 28.1446 3 6 2.8459 12 32 12.6052
B17 13 13 13.0000 0.0000 0.00 152 163 9.4999 1 4 1.6669 4 19 7.8038
B18 13 13 13.0000 0.0000 0.00 153 176 50.4821 1 5 2.3431 5 22 12.0773
B19 13 13 13.1935 0.7492 0.00 153 167 23.5020 2 7 4.6575 12 34 25.0622
B20 13 13 13.0000 0.0000 0.00 152 196 65.9215 2 7 4.9246 9 39 27.7927
B21 9 9 9.3548 0.4864 0.00 154 197 89.8626 2 11 8.3362 8 56 40.0088
B22 6 6 6.1613 0.5829 0.00 155 213 63.0063 2 5 2.0161 8 32 18.9462
B23 6 6 6.1935 0.4016 0.00 155 241 100.2556 3 7 5.8505 12 48 39.5844
B24 5 5 5.2903 0.5884 0.00 152 164 31.9873 2 6 3.1288 8 28 12.6167
B25 4 4 4.1613 0.3739 0.00 152 155 2.4839 2 6 4.9858 8 26 20.2954
B26 5 5 5.0645 0.2497 0.00 155 162 5.6949 2 7 5.6531 8 34 24.0685
B27 3 3 3.0968 0.3005 0.00 154 158 2.8860 2 6 3.6580 9 28 15.0662
B28 3 3 3.1613 0.4544 0.00 152 156 3.2326 2 7 3.2322 8 30 13.6381
B29 3 3 3.0968 0.3005 0.00 152 155 3.9811 2 5 2.2785 8 23 9.0958
B30 2 2 2.5161 0.6256 0.00 152 156 4.9036 2 7 5.6843 8 30 23.2274
B31 7 7 7.0000 0.0000 0.00 155 164 5.3710 1 7 4.3247 4 33 19.4109
B32 4 4 4.1935 0.7492 0.00 152 157 3.1191 2 6 3.7035 8 28 15.7836
B33 4 4 4.0000 0.0000 0.00 153 156 2.9574 3 5 2.7712 12 23 11.8504
B34 4 4 4.0645 0.3592 0.00 152 156 4.1986 2 7 7.1646 8 32 31.8354
B35 4 4 4.3226 0.7478 0.00 152 155 3.3758 2 5 3.0862 8 22 12.7461
B36 13 13 13.0000 0.0000 0.00 155 162 5.9413 2 7 3.9284 9 34 16.4346
B37 10 10 10.3226 0.7478 0.00 154 157 3.3153 2 7 5.8622 8 29 23.8995
B38 8 8 8.2581 1.2641 0.00 152 156 4.6789 2 10 8.4328 8 42 34.3955
B39 5 5 5.0000 0.0000 0.00 152 159 6.1503 2 5 2.9153 8 25 12.1929
B40 5 5 5.1290 0.4995 0.00 155 168 23.4268 3 5 1.5513 13 23 7.9119
B41 8 8 8.1613 0.8980 0.00 154 161 4.2011 4 9 6.6078 16 42 27.6753
B42 8 8 8.0000 0.0000 0.00 153 157 6.3106 2 4 1.7828 8 18 7.7493
B43 8 8 8.0000 0.0000 0.00 152 160 7.4285 2 5 2.6019 8 23 11.7932
B44 5 5 5.8710 1.3842 0.00 154 161 7.9767 2 5 2.0687 12 22 9.0735
B45 5 5 5.8710 1.3842 0.00 153 156 5.2525 2 5 3.0603 8 25 12.6925
B46 8 8 8.0323 0.1796 0.00 154 165 8.5232 1 9 7.2947 4 40 32.4977
B47 5 5 5.0000 0.0000 0.00 153 163 7.4939 2 6 3.3732 8 27 13.6618
B48 5 5 5.0645 0.3592 0.00 155 190 88.3159 3 5 2.3550 12 26 10.0136
B49 5 5 5.1290 0.4995 0.00 153 167 23.7535 2 6 2.2562 8 25 9.6192
B50 5 5 5.1935 0.6011 0.00 153 206 111.6447 1 5 2.3619 4 30 22.2696
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Scientific Programming 25

Table 27: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.1613 0.7347 0.00 160 233 106.5829 4 19 9.9746 16 113 64.2842
B52 18 18 18.8387 0.7347 0.00 154 164 6.9436 6 21 9.2897 27 91 41.3948
B53 11 11 11.0000 0.0000 0.00 155 164 13.5560 5 11 3.1833 22 47 13.7809
B54 11 11 11.0000 0.0000 0.00 156 163 4.5475 4 8 2.4274 17 37 11.2196
B55 7 7 7.0000 0.0000 0.00 159 170 8.7338 5 10 3.2038 26 47 13.2918
B56 6 6 6.0000 0.0000 0.00 154 166 10.0578 6 10 3.3742 27 47 16.6980
B57 6 6 6.0000 0.0000 0.00 155 169 18.2314 6 11 5.5162 25 52 24.6267
B58 6 6 6.0000 0.0000 0.00 154 162 4.3901 3 10 5.1287 12 44 22.2686
B59 9 9 9.1613 0.5829 0.00 161 176 14.3747 5 14 7.2798 23 70 36.4352
B60 4 4 4.2903 1.1312 0.00 157 173 14.4923 6 14 6.1914 25 64 28.9730
B61 4 4 4.1613 0.5829 0.00 155 163 6.7429 4 9 4.0040 16 42 16.5396
B62 4 4 4.0323 0.1796 0.00 154 160 3.5345 4 10 4.6504 16 43 19.3696
B63 27 27 27.2258 0.4250 0.00 159 172 5.1895 3 20 11.1084 13 91 50.3296
B64 18 18 18.1935 0.4016 0.00 157 173 22.8970 6 21 9.5444 25 102 51.5291
B65 14 14 14.0645 0.2497 0.00 156 229 88.8105 6 16 6.8318 29 96 56.9926
B66 13 13 13.0000 0.0000 0.00 155 198 64.6472 4 10 4.2088 20 55 27.5365
B67 11 11 11.0968 0.3005 0.00 166 269 216.8374 3 15 9.5772 14 118 195.6026
B68 8 8 8.2258 0.9205 0.00 154 170 13.6269 4 11 6.2202 17 53 26.0361
B69 8 8 8.5161 0.7244 0.00 155 168 15.0527 6 13 6.1990 26 59 36.8672
B70 6 6 6.5484 0.8884 0.00 153 156 5.1117 3 14 8.3743 14 62 34.9847
B71 6 6 6.1290 0.4995 0.00 154 160 5.1506 4 11 4.5231 16 49 19.3207
B72 4 4 4.3548 0.5507 0.00 152 157 3.9059 6 16 8.5049 25 67 36.2737
B73 4 4 4.5161 0.6768 0.00 152 166 25.8682 4 13 9.0983 17 57 39.4182
B74 3 3 3.5484 0.7676 0.00 154 169 18.5330 3 13 7.3941 13 57 32.0482
B75 11 11 11.6452 0.9504 0.00 156 166 10.2917 6 14 9.4745 26 64 42.2402
B76 5 5 5.1290 0.4995 0.00 153 202 49.9134 6 13 6.4288 25 73 35.4865
B77 5 5 5.3871 0.8032 0.00 152 161 11.1016 4 13 7.0557 17 56 28.8527
B78 4 4 4.7742 1.3344 0.00 153 159 7.9270 4 13 6.6488 17 55 29.2830
B79 14 14 14.0000 0.0000 0.00 153 166 11.9017 2 9 3.9646 8 41 16.3156
B80 11 11 11.0000 0.0000 0.00 154 162 9.6500 6 11 5.3587 24 50 23.5722
B81 11 11 11.3548 0.8386 0.00 153 158 6.6857 5 13 7.0744 20 56 29.7124
B82 10 10 10.4516 0.7676 0.00 152 160 10.6532 5 13 5.9386 20 55 27.4567
B83 12 12 12.0968 0.5388 0.00 153 170 19.9290 5 11 3.8451 24 51 17.9308
B84 12 12 12.0000 0.0000 0.00 154 161 6.7725 4 13 7.3941 16 55 31.6225
B85 8 8 8.8387 1.2409 0.00 154 164 14.7388 5 14 7.2984 22 62 34.7666
B86 8 8 8.0968 0.5388 0.00 153 162 10.3043 4 10 4.3183 16 44 18.7357
B87 10 10 10.1290 0.4995 0.00 154 166 10.6363 5 18 8.1722 21 80 36.7600
B88 8 8 8.0000 0.0000 0.00 154 160 6.2300 6 11 4.4717 24 50 18.2966
B89 8 8 8.0000 0.0000 0.00 154 181 63.1321 4 10 3.9393 16 50 22.3958
B90 5 5 5.4839 1.1216 0.00 154 158 5.3563 3 10 4.3045 12 41 18.0081

AVG 8.0756 0.4173 0.00 154 170 21.8506 3 9 4.8937 14 44 24.7712
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26 Scientific Programming

Table 28: MBO using sequential quick sort algorithm.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 156 190 58.2650 2 7 3.8624 11 43 33.3476
B2 11 11 11.0000 0.0000 0.00 153 161 11.6192 2 4 1.4074 8 19 6.0245
B3 11 11 11.0000 0.0000 0.00 152 155 2.5085 2 4 1.5176 8 17 6.5214
B4 11 11 11.0000 0.0000 0.00 152 182 101.4110 2 4 1.8246 8 22 9.4797
B5 11 11 11.0000 0.0000 0.00 152 156 6.3229 2 5 3.4426 9 22 13.9587
B6 7 7 7.0000 0.0000 0.00 154 161 13.5107 3 8 4.1693 12 37 17.3353
B7 6 6 6.0323 0.1796 0.00 153 168 13.8935 3 6 2.9068 12 31 13.1726
B8 4 4 4.0645 0.3592 0.00 152 182 34.6447 2 10 7.8375 8 49 35.8762
B9 3 3 3.1290 0.3408 0.00 152 156 9.6349 2 6 5.9664 8 29 33.1260
B10 3 3 3.0000 0.0000 0.00 152 154 2.1771 2 4 1.1968 8 16 4.7947
B11 4 4 4.1290 0.3408 0.00 154 157 3.1084 1 11 8.3456 4 46 34.7346
B12 4 4 4.0000 0.0000 0.00 152 155 3.0374 1 3 1.5794 5 15 6.4709
B13 4 4 4.2258 0.7169 0.00 152 153 1.8814 2 5 5.3585 8 23 22.5828
B14 3 3 3.3548 0.4864 0.00 152 154 1.6533 2 5 2.3971 8 23 9.8987
B15 1 1 1.1290 0.4995 0.00 152 153 1.5027 2 6 2.2912 8 24 9.3735
B16 14 14 14.0000 0.0000 0.00 154 158 6.5646 2 8 4.7026 8 34 19.1483
B17 13 13 13.0000 0.0000 0.00 153 155 2.0283 2 5 1.8860 9 21 7.4763
B18 13 13 13.0000 0.0000 0.00 152 157 7.3231 1 6 2.4995 4 25 10.3130
B19 13 13 13.0968 0.5388 0.00 152 159 6.4381 2 7 6.0690 8 33 24.6737
B20 13 13 13.0000 0.0000 0.00 153 159 7.5257 2 7 4.6504 8 31 19.5123
B21 9 9 9.2903 0.4614 0.00 154 158 4.8569 2 9 7.8941 8 41 32.4426
B22 6 6 6.1613 0.3739 0.00 152 160 7.6086 3 6 2.7611 12 26 12.0577
B23 6 6 6.1613 0.3739 0.00 152 157 5.0575 4 10 7.1245 16 43 29.3833
B24 5 5 5.2903 0.5287 0.00 152 159 6.8078 2 7 4.8146 9 30 19.7313
B25 4 4 4.1613 0.3739 0.00 152 155 4.9514 2 6 2.5430 8 24 10.4495
B26 5 5 5.0000 0.0000 0.00 154 163 8.4537 2 8 4.4837 8 36 18.4994
B27 3 3 3.0323 0.1796 0.00 153 158 6.3527 1 7 5.5072 5 29 22.6066
B28 3 3 3.2581 0.4448 0.00 152 162 9.1764 2 6 4.4041 8 26 20.0669
B29 3 3 3.1613 0.3739 0.00 152 163 8.9060 1 5 2.9534 4 23 12.2417
B30 2 2 2.6129 0.8032 0.00 152 162 11.2350 2 7 6.3716 8 30 26.7117
B31 7 7 7.0000 0.0000 0.00 155 172 13.0047 3 8 5.2176 14 40 23.0526
B32 4 4 4.0968 0.5388 0.00 154 163 16.2313 2 8 5.0189 8 36 22.6064
B33 4 4 4.0645 0.3592 0.00 153 161 8.5798 2 5 2.5016 8 22 10.6692
B34 4 4 4.1290 0.4995 0.00 152 158 9.0177 2 6 5.0302 8 27 20.6482
B35 4 4 4.6452 0.9504 0.00 152 153 1.5098 1 5 4.4678 4 23 18.0923
B36 13 13 13.0000 0.0000 0.00 154 174 26.3191 3 8 4.2014 12 41 24.8909
B37 10 10 10.5161 0.8896 0.00 153 161 12.2450 2 7 3.9136 8 30 15.9159
B38 8 8 8.0968 0.3962 0.00 152 157 6.5512 2 10 8.7204 8 43 35.7477
B39 5 5 5.0000 0.0000 0.00 152 161 13.6204 3 5 2.3431 12 25 10.6618
B40 5 5 5.0000 0.0000 0.00 152 163 9.7288 2 5 2.1438 8 21 9.9864
B41 8 8 8.0000 0.0000 0.00 155 165 12.7196 1 10 6.2553 5 48 26.9376
B42 8 8 8.0000 0.0000 0.00 152 157 3.5951 2 4 1.7804 8 19 7.5267
B43 8 8 8.0645 0.3592 0.00 152 155 2.4947 2 5 5.3110 8 24 22.0386
B44 5 5 6.0645 1.4591 0.00 152 155 3.3302 2 6 3.3601 8 25 13.7010
B45 5 5 6.4516 1.5240 0.00 152 154 1.4135 2 5 2.2907 8 21 9.2427
B46 8 8 8.1290 0.3408 0.00 154 161 4.7801 3 9 6.7587 14 42 29.0482
B47 5 5 5.0968 0.5388 0.00 153 156 2.5392 1 4 1.8139 4 20 7.8833
B48 5 5 5.1935 0.6011 0.00 152 155 4.2327 2 5 2.4021 8 23 9.6806
B49 5 5 5.1290 0.4995 0.00 152 155 3.8960 3 7 4.9298 12 31 20.3514
B50 5 5 5.1935 0.6011 0.00 152 157 7.6718 2 5 2.2728 8 24 9.2511
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Scientific Programming 27

Table 28: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.2258 0.9205 0.00 155 161 4.3769 4 19 9.2586 20 82 39.4718
B52 18 18 18.9032 1.1062 0.00 154 158 4.4286 7 20 9.4888 29 85 40.2330
B53 11 11 11.0000 0.0000 0.00 154 157 2.8269 4 10 4.1346 16 44 16.8027
B54 11 11 11.0000 0.0000 0.00 153 156 2.3075 4 9 3.2052 16 38 13.3121
B55 7 7 7.0000 0.0000 0.00 154 158 2.9370 4 10 5.4839 16 45 22.7564
B56 6 6 6.0000 0.0000 0.00 154 157 2.2337 4 8 2.6184 16 36 11.1519
B57 6 6 6.0000 0.0000 0.00 153 157 4.3503 6 10 4.0231 24 43 16.3044
B58 6 6 6.1290 0.3408 0.00 154 157 2.8189 5 10 3.8882 20 44 15.7987
B59 9 9 9.1935 0.6011 0.00 154 160 3.4817 3 13 8.1588 12 59 34.8749
B60 4 4 4.5161 1.3631 0.00 154 157 2.8511 3 12 4.7288 12 50 19.8736
B61 4 4 4.2258 0.6170 0.00 153 156 3.6237 3 11 4.2571 17 48 17.2788
B62 4 4 4.0323 0.1796 0.00 152 155 2.5098 4 10 3.6820 16 41 15.5667
B63 27 27 27.2581 0.4448 0.00 155 164 6.3053 4 19 10.1183 19 84 42.8466
B64 18 18 18.3548 0.5507 0.00 154 175 29.3106 7 20 9.2391 37 95 41.8859
B65 14 14 14.1935 0.4016 0.00 154 162 11.5242 5 14 6.2896 22 61 26.2881
B66 13 13 13.0000 0.0000 0.00 154 174 31.3824 6 11 3.7301 24 51 22.7029
B67 11 11 11.0323 0.1796 0.00 155 166 11.5943 6 12 5.7328 24 53 23.5936
B68 8 8 8.5806 1.7469 0.00 154 160 5.9015 3 11 6.2869 12 48 25.7106
B69 8 8 8.5161 0.8112 0.00 153 165 12.9041 4 10 5.4759 16 47 24.7696
B70 6 6 6.6452 0.8386 0.00 153 160 11.3877 2 12 7.7095 8 52 31.6072
B71 6 6 6.1290 0.4995 0.00 157 178 18.6546 2 11 5.3096 11 54 28.3288
B72 4 4 4.2581 0.7732 0.00 154 171 19.4453 4 11 6.3664 16 54 29.4289
B73 4 4 4.4194 0.6204 0.00 154 174 16.4459 5 10 4.0422 21 51 19.9695
B74 3 3 3.5484 0.6239 0.00 156 187 33.9678 5 12 7.8744 20 67 49.6365
B75 11 11 11.5806 1.0255 0.00 159 200 45.3931 4 17 9.9043 17 95 67.7548
B76 5 5 5.0645 0.3592 0.00 154 171 37.0215 4 14 6.9785 17 67 30.3144
B77 5 5 5.3871 0.8032 0.00 154 161 7.2560 4 14 7.2969 17 62 31.3623
B78 4 4 4.5806 1.1188 0.00 153 166 11.1021 8 15 4.9588 32 69 24.4737
B79 14 14 14.0000 0.0000 0.00 155 173 15.1100 5 9 2.9421 20 44 16.3185
B80 11 11 11.0000 0.0000 0.00 154 164 13.3813 4 11 3.7198 17 48 16.2591
B81 11 11 11.5484 1.1787 0.00 155 177 20.2888 2 13 8.5572 8 64 39.3331
B82 10 10 10.7419 0.7732 0.00 154 227 142.7347 3 10 5.1533 13 56 31.9425
B83 12 12 12.3548 1.5176 0.00 154 180 28.3520 3 11 6.7907 13 58 36.4259
B84 12 12 12.0000 0.0000 0.00 155 165 12.8809 2 12 5.0773 9 54 23.5388
B85 8 8 9.4516 1.6899 0.00 154 164 17.4202 3 13 6.9161 13 59 29.5533
B86 8 8 8.1613 0.5829 0.00 153 155 2.0525 4 11 6.3534 16 49 25.9607
B87 10 10 10.3871 0.9549 0.00 154 159 5.2984 5 16 9.5733 20 68 40.5421
B88 8 8 8.0000 0.0000 0.00 154 157 2.8466 5 10 3.0610 21 43 12.7689
B89 8 8 8.0323 0.1796 0.00 154 156 2.3349 4 10 5.9039 16 43 23.9970
B90 5 5 5.3871 1.0223 0.00 153 155 2.5778 3 11 4.7201 13 46 18.9533

AVG 8.1111 0.4529 0.00 153 163 12.7284 2 9 4.9168 12 41 22.1071
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28 Scientific Programming

Table 29: MBO using parallel quick sort algorithm with 1 thread.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 156 193 68.9999 2 7 3.1195 9 41 17.8353
B2 11 11 11.0000 0.0000 0.00 153 165 18.8674 2 4 1.1538 8 19 8.8834
B3 11 11 11.0000 0.0000 0.00 153 161 19.3106 2 4 1.3827 8 19 6.5820
B4 11 11 11.0000 0.0000 0.00 153 167 25.8893 2 4 1.8014 8 20 9.8274
B5 11 11 11.0000 0.0000 0.00 154 177 33.0442 2 5 2.6769 9 29 17.8432
B6 7 7 7.0000 0.0000 0.00 154 165 11.4363 1 8 5.7640 4 38 25.6395
B7 6 6 6.0645 0.2497 0.00 153 159 3.8032 2 8 5.1941 9 36 22.4181
B8 4 4 4.2581 0.6816 0.00 152 158 5.4317 3 9 7.4731 12 38 30.7397
B9 3 3 3.0968 0.3005 0.00 153 168 20.1787 2 5 2.6102 10 25 11.7018
B10 3 3 3.0000 0.0000 0.00 152 158 7.1719 2 4 1.5794 8 17 6.8647
B11 4 4 4.1613 0.3739 0.00 154 162 8.1435 4 11 8.0349 16 48 34.9012
B12 4 4 4.0000 0.0000 0.00 152 154 1.6950 2 4 1.7064 8 18 6.9414
B13 4 4 4.0000 0.0000 0.00 152 154 2.0832 2 6 3.3636 8 25 13.6855
B14 3 3 3.4516 0.5680 0.00 152 168 22.8717 2 6 4.3793 8 27 19.2045
B15 1 1 1.4194 0.8860 0.00 153 175 34.8684 3 7 3.2531 12 33 16.1056
B16 14 14 14.0000 0.0000 0.00 159 221 63.7515 2 7 4.2848 11 41 21.9744
B17 13 13 13.0000 0.0000 0.00 154 178 48.9971 2 4 1.7026 9 22 9.6839
B18 13 13 13.0000 0.0000 0.00 152 155 4.3855 3 6 2.3655 12 24 10.3454
B19 13 13 13.0968 0.5388 0.00 152 153 2.1513 2 7 5.6009 8 30 22.7850
B20 13 13 13.0000 0.0000 0.00 152 153 1.5027 2 7 5.0298 8 32 20.2303
B21 9 9 9.0968 0.3005 0.00 154 158 3.0132 1 10 8.6519 4 43 35.6950
B22 6 6 6.1613 0.3739 0.00 152 156 4.0430 2 6 4.0364 8 26 16.4319
B23 6 6 6.0968 0.3005 0.00 152 153 1.4803 3 6 4.5416 12 27 18.2106
B24 5 5 5.3871 0.6152 0.00 152 153 1.5394 2 5 2.4132 8 23 9.6668
B25 4 4 4.4516 0.8500 0.00 152 154 1.8757 2 5 1.8567 8 23 7.7759
B26 5 5 5.0000 0.0000 0.00 154 158 4.2421 2 9 6.0213 8 40 25.2638
B27 3 3 3.0323 0.1796 0.00 152 156 3.4467 1 6 4.3334 4 27 17.5791
B28 3 3 3.3548 0.5507 0.00 152 154 2.4328 3 5 1.9724 12 24 8.1028
B29 3 3 3.2581 0.4448 0.00 152 154 3.9059 2 5 2.6126 8 23 10.6863
B30 2 2 2.2581 0.5143 0.00 152 154 1.8062 4 8 3.8077 16 32 15.4194
B31 7 7 7.0000 0.0000 0.00 154 166 12.3793 3 9 3.5214 12 39 14.8130
B32 4 4 4.1935 0.7492 0.00 154 161 9.6416 3 8 5.6009 12 35 23.3415
B33 4 4 4.1290 0.4995 0.00 152 160 7.4242 1 5 2.9712 4 24 12.6727
B34 4 4 4.0645 0.3592 0.00 152 156 4.2459 3 6 4.2170 12 28 17.9599
B35 4 4 4.9032 1.0118 0.00 153 166 10.7510 2 5 3.7626 8 26 16.9638
B36 13 13 13.0000 0.0000 0.00 155 177 17.3078 3 8 4.6900 12 38 23.3320
B37 10 10 10.5161 0.8896 0.00 153 165 14.0154 2 6 4.9622 8 26 20.6570
B38 8 8 8.0645 0.2497 0.00 152 165 14.2440 2 11 7.5177 8 52 33.8136
B39 5 5 5.3548 1.3796 0.00 154 168 10.6828 2 6 2.8136 8 27 13.6350
B40 5 5 5.1935 0.6011 0.00 152 162 7.7362 2 5 2.0832 8 22 8.8589
B41 8 8 8.0000 0.0000 0.00 154 177 24.0561 1 10 7.6418 4 47 36.2878
B42 8 8 8.0000 0.0000 0.00 153 182 36.9639 2 4 1.4081 8 20 10.2833
B43 8 8 8.0968 0.5388 0.00 162 268 137.6530 2 4 2.1463 12 33 27.5295
B44 5 5 5.8710 1.3842 0.00 155 172 21.8345 2 5 3.8857 8 27 19.0926
B45 5 5 5.8710 1.3842 0.00 153 182 50.6757 2 6 3.1036 8 29 20.3958
B46 8 8 8.1935 0.4016 0.00 172 219 56.1605 3 10 5.7329 15 60 43.2816
B47 5 5 5.0968 0.5388 0.00 166 207 40.9797 2 6 5.1442 10 40 29.2231
B48 5 5 5.0645 0.3592 0.00 163 170 5.2351 2 5 2.6258 8 26 12.1034
B49 5 5 5.1935 0.6011 0.00 160 170 8.4292 2 5 3.0754 9 24 13.6420
B50 5 5 5.5806 0.9228 0.00 160 174 21.8488 1 6 5.7528 4 28 25.8977
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Scientific Programming 29

Table 29: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.3548 0.9504 0.00 167 198 36.1613 3 20 9.4901 14 106 48.8988
B52 18 18 18.7742 0.6688 0.00 155 159 3.0282 4 19 10.1538 17 84 42.9794
B53 11 11 11.0000 0.0000 0.00 154 159 4.8285 5 10 3.0593 20 43 13.3710
B54 11 11 11.0000 0.0000 0.00 152 156 2.9388 3 9 3.0061 12 38 12.4134
B55 7 7 7.0000 0.0000 0.00 154 164 12.3552 4 13 6.6611 16 57 28.3718
B56 6 6 6.0000 0.0000 0.00 154 175 24.3904 5 9 3.9809 22 44 17.8687
B57 6 6 6.0000 0.0000 0.00 153 163 6.9322 4 11 5.2964 16 50 24.4128
B58 6 6 6.0000 0.0000 0.00 153 156 3.5822 5 10 5.6569 21 41 23.9429
B59 9 9 9.0323 0.1796 0.00 155 166 5.9601 2 12 6.4739 8 54 27.6165
B60 4 4 4.5161 1.3631 0.00 154 163 7.2272 5 11 4.4119 21 49 19.4739
B61 4 4 4.2581 0.6308 0.00 154 158 6.1989 2 9 3.6644 8 41 15.6830
B62 4 4 4.1290 0.5623 0.00 153 156 2.4999 5 10 4.2704 20 42 17.9183
B63 27 27 27.2903 0.4614 0.00 155 166 6.3789 5 17 8.5487 26 77 38.2296
B64 18 18 18.2903 0.5287 0.00 157 165 6.0370 7 23 9.6062 28 104 42.0711
B65 14 14 14.1613 0.4544 0.00 154 160 4.3692 4 15 8.1672 17 65 36.0926
B66 13 13 13.0000 0.0000 0.00 154 163 8.8223 5 9 2.8923 20 42 12.0080
B67 11 11 11.0323 0.1796 0.00 159 170 7.5927 4 12 5.8966 17 55 26.7593
B68 8 8 8.5484 1.7481 0.00 154 162 7.1544 3 11 5.3146 12 50 22.5538
B69 8 8 8.3548 0.5507 0.00 153 156 2.4425 4 12 6.3070 16 51 25.7643
B70 6 6 6.2581 0.6308 0.00 153 156 2.2671 3 10 5.7856 12 44 23.9520
B71 6 6 6.0645 0.3592 0.00 156 181 27.7347 2 13 8.4332 11 64 39.5748
B72 4 4 4.1290 0.3408 0.00 155 177 29.3796 8 14 5.3225 36 64 23.1387
B73 4 4 4.5484 0.5680 0.00 153 182 46.2198 5 12 5.6883 20 63 40.8649
B74 3 3 3.4839 0.6768 0.00 153 181 24.0085 5 13 7.7974 22 62 38.6443
B75 11 11 11.7742 1.0866 0.00 164 216 65.0219 7 19 8.5961 30 102 42.8679
B76 5 5 5.1290 0.4995 0.00 154 159 3.2132 4 12 6.9587 19 50 28.7074
B77 5 5 5.9355 1.0626 0.00 154 159 2.5791 3 11 6.9711 13 50 29.2492
B78 4 4 4.7419 1.4135 0.00 153 158 2.8838 4 15 9.7257 20 64 40.5362
B79 14 14 14.0000 0.0000 0.00 156 162 5.3378 4 11 5.1178 18 49 21.6838
B80 11 11 11.0000 0.0000 0.00 153 159 2.9928 4 10 3.3575 16 46 14.4630
B81 11 11 11.2903 1.0064 0.00 153 158 2.8994 5 12 5.9435 21 52 25.2294
B82 10 10 10.6129 0.9892 0.00 154 158 2.6680 2 10 5.5058 8 45 22.8974
B83 12 12 12.0000 0.0000 0.00 156 165 6.5898 4 10 3.6210 20 46 14.5889
B84 12 12 12.0645 0.3592 0.00 155 163 5.1148 4 10 5.6932 18 44 24.3315
B85 8 8 8.9355 1.2893 0.00 155 161 5.5007 4 16 8.2380 16 69 35.8578
B86 8 8 8.0645 0.2497 0.00 153 165 10.2890 3 10 4.3411 15 46 18.2102
B87 10 10 10.5484 0.9605 0.00 157 177 13.8084 5 18 7.6776 23 87 37.4388
B88 8 8 8.2581 1.4368 0.00 154 166 13.5674 5 10 5.8803 24 46 24.4021
B89 8 8 8.0323 0.1796 0.00 156 168 18.2189 6 9 3.7301 24 43 20.6299
B90 5 5 5.3871 1.0223 0.00 153 164 9.5021 4 12 5.7030 18 54 24.8741

AVG 8.1115 0.4667 0.00 154 167 15.5926 3 9 4.8703 13 42 22.3487
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30 Scientific Programming

Table 30: MBO using parallel quick sort algorithm with 4 threads.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 154 188 70.6184 1 6 4.1450 7 35 21.4910
B2 11 11 11.0000 0.0000 0.00 152 182 34.7551 2 3 1.4591 8 19 11.0777
B3 11 11 11.0000 0.0000 0.00 153 177 33.6228 2 4 1.7083 8 19 7.7936
B4 11 11 11.0000 0.0000 0.00 153 170 28.4944 2 4 1.7314 8 21 7.5054
B5 11 11 11.0000 0.0000 0.00 153 177 33.1479 2 4 2.1347 8 23 13.0829
B6 7 7 7.0000 0.0000 0.00 161 192 19.0742 3 9 5.1148 15 50 25.7463
B7 6 6 6.0323 0.1796 0.00 152 159 9.1029 1 5 2.5413 4 23 12.2419
B8 4 4 4.4516 1.2339 0.00 152 159 12.7028 2 11 8.2441 8 46 33.8427
B9 3 3 3.0968 0.3005 0.00 158 257 84.1696 1 6 3.5033 14 44 31.5700
B10 3 3 3.0000 0.0000 0.00 153 183 28.7203 2 4 2.5145 8 24 18.5823
B11 4 4 4.0968 0.3005 0.00 156 165 7.6151 3 11 6.1848 13 50 27.3824
B12 4 4 4.0000 0.0000 0.00 152 155 2.0000 2 4 1.5596 8 16 6.3920
B13 4 4 4.0645 0.3592 0.00 152 154 1.8538 3 4 2.1089 12 19 8.8271
B14 3 3 3.2903 0.4614 0.00 152 160 9.8399 1 5 2.5222 4 24 10.5106
B15 1 1 1.4516 0.8500 0.00 152 156 3.8373 1 5 3.5542 4 24 14.7010
B16 14 14 14.0000 0.0000 0.00 154 173 25.6756 3 9 4.8887 12 41 27.1373
B17 13 13 13.0000 0.0000 0.00 153 157 6.4014 2 5 1.6950 8 21 7.1785
B18 13 13 13.0000 0.0000 0.00 152 155 5.7326 2 5 2.4926 8 22 10.7346
B19 13 13 13.0000 0.0000 0.00 152 157 7.7789 3 7 3.6761 12 30 15.0969
B20 13 13 13.0000 0.0000 0.00 152 155 4.7308 2 6 3.0810 8 27 12.7058
B21 9 9 9.0968 0.3005 0.00 154 158 2.9072 3 11 7.1601 12 46 30.0206
B22 6 6 6.0645 0.2497 0.00 154 182 76.4377 3 6 2.7909 12 39 63.2356
B23 6 6 6.1290 0.4275 0.00 152 160 13.7304 2 7 4.4337 8 33 23.9618
B24 5 5 5.3871 0.6672 0.00 152 154 2.6893 3 6 2.5123 12 27 10.0762
B25 4 4 4.1935 0.6011 0.00 152 155 3.2505 2 6 2.8128 10 26 11.2697
B26 5 5 5.0000 0.0000 0.00 153 158 4.2021 2 8 6.8480 8 37 28.5317
B27 3 3 3.0968 0.3005 0.00 152 159 7.4229 3 8 6.4966 12 34 27.3041
B28 3 3 3.1935 0.4016 0.00 152 174 36.7644 2 6 4.5661 10 30 20.8310
B29 3 3 3.2258 0.4250 0.00 152 154 1.6224 1 5 1.8526 4 20 7.7248
B30 2 2 2.3871 0.5584 0.00 152 153 2.0651 2 6 3.0268 8 25 12.0320
B31 7 7 7.0000 0.0000 0.00 154 158 3.8702 2 9 5.1157 8 40 21.2321
B32 4 4 4.0000 0.0000 0.00 153 155 2.0925 2 6 3.6732 8 27 15.0795
B33 4 4 4.0645 0.3592 0.00 152 154 2.3150 1 5 2.5089 4 24 10.0413
B34 4 4 4.2581 0.6816 0.00 152 154 3.8401 2 6 4.1587 8 28 17.4530
B35 4 4 4.7097 0.9727 0.00 152 153 1.4701 1 7 5.4404 4 29 21.7851
B36 13 13 13.0000 0.0000 0.00 154 157 3.1167 2 6 3.5128 8 29 14.5407
B37 10 10 10.4516 0.8500 0.00 152 155 2.1840 1 5 3.6124 4 24 14.6059
B38 8 8 8.0323 0.1796 0.00 152 155 3.6706 2 14 9.2075 8 59 37.5165
B39 5 5 5.1613 0.8980 0.00 152 153 1.7339 2 5 2.6929 8 22 10.9139
B40 5 5 5.2581 0.6816 0.00 152 153 1.6091 2 5 2.4279 8 23 10.0457
B41 8 8 8.0000 0.0000 0.00 154 158 4.7956 2 7 4.4959 8 32 18.6759
B42 8 8 8.0000 0.0000 0.00 152 154 1.7469 2 4 2.2418 8 17 9.4866
B43 8 8 8.0000 0.0000 0.00 152 154 2.0064 1 5 2.4552 4 21 10.1844
B44 5 5 6.2581 1.5048 0.00 152 153 1.3647 1 6 3.6715 4 25 14.7284
B45 5 5 6.2903 1.5534 0.00 152 154 3.6805 3 5 2.3316 12 22 9.3036
B46 8 8 8.1290 0.3408 0.00 154 158 2.9719 3 9 6.7561 12 39 28.1927
B47 5 5 5.0968 0.5388 0.00 153 165 8.1313 2 5 2.2322 9 22 9.6494
B48 5 5 5.1935 0.6011 0.00 156 169 11.8787 1 6 4.2139 4 27 18.5138
B49 5 5 5.2581 0.6816 0.00 152 182 30.8552 2 5 2.3787 10 24 10.4171
B50 5 5 5.2581 0.6816 0.00 152 196 63.4998 3 8 5.8501 12 40 28.8074
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Scientific Programming 31

Table 30: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.2581 1.2902 0.00 154 167 15.4226 7 21 7.9024 29 95 36.2584
B52 18 18 18.5806 0.9228 0.00 154 157 4.2457 7 20 9.5797 29 85 41.1011
B53 11 11 11.0000 0.0000 0.00 154 156 2.3477 5 10 3.7096 20 41 15.1854
B54 11 11 11.0000 0.0000 0.00 152 154 2.3408 6 9 2.1973 24 37 9.2985
B55 7 7 7.0000 0.0000 0.00 154 157 2.9607 4 11 4.6251 20 48 20.0461
B56 6 6 6.0000 0.0000 0.00 154 156 3.9259 5 10 3.7273 20 44 15.4734
B57 6 6 6.1290 0.4995 0.00 152 155 1.9394 4 11 3.9784 16 48 16.3756
B58 6 6 6.0000 0.0000 0.00 153 155 1.8439 4 9 3.4241 16 39 13.8646
B59 9 9 9.1290 0.4275 0.00 154 158 5.4091 4 11 4.9422 19 49 20.9249
B60 4 4 4.6452 1.4955 0.00 153 156 2.4622 5 12 6.4630 21 52 27.5544
B61 4 4 4.0323 0.1796 0.00 153 156 2.9838 3 11 7.3924 12 46 30.1892
B62 4 4 4.0323 0.1796 0.00 153 165 11.7614 3 9 4.1137 12 41 18.7758
B63 27 27 27.1935 0.4016 0.00 155 174 17.4625 6 17 9.3253 25 77 41.1960
B64 18 18 18.2903 0.5287 0.00 154 168 12.6685 4 18 9.1350 16 81 44.2824
B65 14 14 14.0323 0.1796 0.00 155 167 9.6409 3 15 7.6449 15 69 33.6520
B66 13 13 13.0000 0.0000 0.00 153 160 6.3507 4 9 3.0157 19 42 13.7272
B67 11 11 11.0000 0.0000 0.00 155 175 15.9737 6 15 8.3154 26 73 40.7381
B68 8 8 8.3226 1.2751 0.00 153 164 16.0762 3 11 6.8135 13 52 31.3006
B69 8 8 8.4839 0.6768 0.00 153 157 4.3202 4 12 6.9641 17 53 28.7297
B70 6 6 6.6452 0.9504 0.00 152 155 4.3401 4 15 8.3663 16 65 33.8478
B71 6 6 6.0645 0.3592 0.00 154 158 3.7631 7 13 6.9158 30 58 28.7037
B72 4 4 4.3226 0.6525 0.00 153 156 2.3215 4 13 8.2617 16 55 33.7554
B73 4 4 4.6774 0.6525 0.00 153 159 6.6099 3 11 5.8756 12 48 25.2215
B74 3 3 3.5484 0.5680 0.00 152 158 6.5660 4 13 7.7735 17 54 32.1404
B75 11 11 11.7419 1.0945 0.00 155 162 9.8424 5 18 7.4919 21 77 31.6711
B76 5 5 5.1935 0.6011 0.00 154 169 17.1585 6 14 6.6203 26 64 36.1670
B77 5 5 5.5161 0.8896 0.00 153 166 17.0023 3 13 6.6431 14 56 28.0002
B78 4 4 4.8387 1.4628 0.00 154 167 16.8144 4 17 8.5824 18 77 36.9169
B79 14 14 14.0000 0.0000 0.00 158 182 31.2523 4 9 6.0580 20 48 28.0606
B80 11 11 11.2581 1.4368 0.00 154 168 12.6654 4 11 4.0099 16 51 21.3734
B81 11 11 11.3871 0.9549 0.00 153 164 10.3919 4 15 9.5243 19 67 42.0640
B82 10 10 10.6452 0.7094 0.00 153 160 9.4966 5 11 5.4876 23 51 27.6218
B83 12 12 12.0000 0.0000 0.00 154 157 2.8341 4 12 4.8057 19 51 19.9222
B84 12 12 12.2903 0.7829 0.00 153 157 5.0586 5 14 8.1952 20 59 34.1199
B85 8 8 8.9677 1.3536 0.00 154 162 10.7207 8 15 6.6079 33 65 31.6611
B86 8 8 8.0323 0.1796 0.00 152 166 10.2565 4 9 3.7700 16 40 17.8689
B87 10 10 10.7097 0.9727 0.00 154 166 10.2930 7 19 8.5170 28 82 37.4828
B88 8 8 8.0000 0.0000 0.00 160 177 8.3988 4 10 4.3527 18 50 20.4859
B89 8 8 8.0323 0.1796 0.00 154 173 15.7080 2 10 8.1272 8 49 40.5965
B90 5 5 5.2903 0.9016 0.00 154 164 9.5502 4 11 5.5830 16 49 26.4783

AVG 8.1108 0.4544 0.00 153 163 12.2109 3 9 4.9019 13 41 22.4733
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32 Scientific Programming

Table 31: MBO using parallel quick sort algorithm with 8 threads.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 190 260 90.7097 2 6 3.5636 12 55 39.8897
B2 11 11 11.0000 0.0000 0.00 205 231 16.0884 1 3 1.3408 5 27 11.3853
B3 11 11 11.0000 0.0000 0.00 201 218 12.8483 2 4 1.2487 15 25 8.4055
B4 11 11 11.0000 0.0000 0.00 197 224 13.2765 2 4 1.6198 9 30 10.1960
B5 11 11 11.0000 0.0000 0.00 203 226 16.9506 1 5 2.5425 5 31 15.3820
B6 7 7 7.0000 0.0000 0.00 179 209 26.6540 3 8 4.1551 16 46 20.1586
B7 6 6 6.0645 0.2497 0.00 159 170 8.6506 2 5 2.3958 9 26 10.8302
B8 4 4 4.5806 1.2852 0.00 161 208 24.9863 2 9 8.2168 11 49 44.8206
B9 3 3 3.0000 0.0000 0.00 156 169 9.0874 1 5 2.9975 4 25 14.9742
B10 3 3 3.0000 0.0000 0.00 160 187 29.3461 1 4 1.9143 4 21 10.0919
B11 4 4 4.2581 0.4448 0.00 221 265 38.7226 3 12 7.1297 18 92 57.9354
B12 4 4 4.0000 0.0000 0.00 189 244 25.8799 2 4 1.8917 9 30 13.7061
B13 4 4 4.0000 0.0000 0.00 175 212 26.0266 2 5 2.0609 9 29 12.7301
B14 3 3 3.5161 0.5080 0.00 191 233 25.7782 2 5 2.1251 10 32 17.8553
B15 1 1 1.4839 0.9263 0.00 158 172 15.6618 2 5 2.1266 8 25 10.8872
B16 14 14 14.0000 0.0000 0.00 219 241 17.5973 2 8 4.4454 10 51 28.6909
B17 13 13 13.0000 0.0000 0.00 155 178 22.8931 2 5 1.4142 8 23 6.1196
B18 13 13 13.0000 0.0000 0.00 157 170 16.5604 2 5 1.9620 8 23 10.1844
B19 13 13 13.2903 0.9016 0.00 184 212 13.5299 2 6 2.9024 10 38 15.5537
B20 13 13 13.0000 0.0000 0.00 179 195 11.0056 2 8 5.7083 8 44 29.5659
B21 9 9 9.1613 0.3739 0.00 173 223 67.1284 4 10 8.0616 19 60 50.9887
B22 6 6 6.1613 0.3739 0.00 193 273 88.1693 3 6 3.0764 12 46 37.1433
B23 6 6 6.2258 0.4973 0.00 187 232 20.6745 2 6 4.7992 14 44 30.3885
B24 5 5 5.4516 0.7229 0.00 185 216 28.3318 2 5 2.5046 14 32 12.6408
B25 4 4 4.3548 0.7094 0.00 180 220 38.7354 2 7 3.3575 11 41 21.8570
B26 5 5 5.0000 0.0000 0.00 222 267 65.9248 2 9 6.2550 11 63 40.3980
B27 3 3 3.0968 0.3005 0.00 163 187 72.6372 1 6 4.0640 4 32 19.3312
B28 3 3 3.2903 0.4614 0.00 161 188 57.0519 2 5 2.3773 8 26 13.4644
B29 3 3 3.1290 0.3408 0.00 153 176 30.2510 2 5 1.9615 9 24 10.0626
B30 2 2 2.3871 0.5584 0.00 153 175 21.4547 3 9 6.7079 12 41 29.4979
B31 7 7 7.0000 0.0000 0.00 161 211 43.1659 2 10 4.5541 10 58 30.4089
B32 4 4 4.3871 1.0223 0.00 155 191 40.5896 1 7 6.1083 4 38 31.5310
B33 4 4 4.1935 0.6011 0.00 156 214 47.1663 2 6 3.0204 12 37 18.9796
B34 4 4 4.2581 0.6816 0.00 156 169 21.7325 2 5 2.2855 10 26 10.2277
B35 4 4 4.4516 0.8500 0.00 155 184 36.3288 1 5 2.4861 4 25 14.0484
B36 13 13 13.0000 0.0000 0.00 159 172 12.9491 2 9 5.4378 8 44 24.1031
B37 10 10 10.5806 0.9228 0.00 154 165 12.0246 2 7 6.6159 9 35 31.7865
B38 8 8 8.0968 0.3005 0.00 155 162 8.0036 2 11 9.7551 8 50 41.9069
B39 5 5 5.0000 0.0000 0.00 154 162 6.2843 2 5 2.1109 8 23 9.1885
B40 5 5 5.1290 0.4995 0.00 160 185 31.2620 2 5 1.9898 9 27 11.3643
B41 8 8 8.1613 0.8980 0.00 157 191 35.3240 3 9 5.6883 12 52 34.1054
B42 8 8 8.0000 0.0000 0.00 153 191 35.1184 2 4 2.0557 8 25 14.0413
B43 8 8 8.0000 0.0000 0.00 153 195 46.0170 2 4 1.8163 8 26 13.6305
B44 5 5 5.9677 1.4256 0.00 155 180 30.1549 1 5 2.3372 4 23 10.0189
B45 5 5 5.8710 1.3842 0.00 154 162 10.2862 1 5 2.5661 4 24 11.2124
B46 8 8 8.0645 0.2497 0.00 159 197 41.1302 2 10 6.8400 8 53 42.0245
B47 5 5 5.0968 0.5388 0.00 156 185 49.5067 2 6 2.5703 9 34 21.4733
B48 5 5 5.1290 0.4995 0.00 154 183 34.0827 2 5 2.5493 9 28 13.3359
B49 5 5 5.2581 0.6816 0.00 155 171 26.4985 2 6 4.9605 8 27 22.1096
B50 5 5 5.1935 0.6011 0.00 159 293 137.7965 2 6 4.3729 10 44 30.5390

 5192, 2016, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2016/9402503 by C

ochrane Peru, W
iley O

nline L
ibrary on [23/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Scientific Programming 33

Table 31: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.2903 0.8638 0.00 237 261 14.2311 4 21 9.5117 22 144 67.3566
B52 18 18 18.7742 0.8835 0.00 219 233 14.9013 3 21 10.1319 19 133 65.4978
B53 11 11 11.0000 0.0000 0.00 201 230 12.1596 5 11 3.8566 28 66 25.8455
B54 11 11 11.0000 0.0000 0.00 202 217 12.3461 3 8 2.6401 21 48 16.3395
B55 7 7 7.0000 0.0000 0.00 214 240 12.0357 4 11 4.1032 23 74 26.0514
B56 6 6 6.0000 0.0000 0.00 204 224 12.4441 4 11 4.5166 22 66 28.6479
B57 6 6 6.0323 0.1796 0.00 208 228 12.0374 4 11 3.5765 24 67 21.0756
B58 6 6 6.0000 0.0000 0.00 206 224 11.6898 4 9 4.5009 16 56 28.0782
B59 9 9 9.1290 0.4275 0.00 174 241 39.2589 5 16 9.8178 23 103 60.2449
B60 4 4 4.7419 1.7883 0.00 154 159 3.9053 3 12 5.6472 12 51 24.0830
B61 4 4 4.1613 0.3739 0.00 154 157 4.0611 3 12 7.1637 12 51 29.2026
B62 4 4 4.0000 0.0000 0.00 154 157 4.8422 4 10 5.3876 17 43 22.6520
B63 27 27 27.1935 0.4016 0.00 158 169 5.2271 3 14 7.9795 14 66 35.6641
B64 18 18 18.2903 0.6426 0.00 155 159 2.8364 3 19 10.2648 14 84 42.7305
B65 14 14 14.0968 0.3005 0.00 154 163 8.1524 3 14 7.8763 13 62 35.1641
B66 13 13 13.0000 0.0000 0.00 154 166 13.0996 7 12 3.6136 28 54 17.3759
B67 11 11 11.0968 0.3005 0.00 166 263 83.3463 3 15 9.6607 17 109 100.7377
B68 8 8 8.1935 0.6011 0.00 155 184 23.4952 4 12 6.7003 19 60 35.4280
B69 8 8 8.5806 0.7199 0.00 158 211 64.9205 5 12 6.2117 22 75 65.2722
B70 6 6 6.7097 0.8638 0.00 155 231 135.2276 3 13 6.6360 18 83 66.1519
B71 6 6 6.2258 0.6170 0.00 162 200 53.9548 5 12 8.4985 27 67 46.9196
B72 4 4 4.3226 0.5993 0.00 154 160 4.7503 6 12 5.8701 24 53 24.2337
B73 4 4 4.4839 0.6256 0.00 154 181 34.0598 3 13 7.3084 14 63 39.7601
B74 3 3 3.3871 0.5584 0.00 154 163 4.2860 3 12 6.5822 18 53 27.1781
B75 11 11 11.6129 0.9892 0.00 168 183 13.2764 4 18 9.8581 18 89 45.1418
B76 5 5 5.1935 0.6011 0.00 163 193 35.1540 4 13 6.0851 20 70 40.9876
B77 5 5 5.2581 0.6816 0.00 154 186 23.2987 4 15 8.8359 24 73 39.9299
B78 4 4 4.7097 1.1887 0.00 156 170 10.0336 5 15 6.8506 23 69 31.6560
B79 14 14 14.0000 0.0000 0.00 156 164 6.0066 3 10 3.5484 12 46 15.1387
B80 11 11 11.0000 0.0000 0.00 153 158 6.2756 5 11 3.4811 20 48 14.9292
B81 11 11 11.4839 0.9263 0.00 154 159 5.5222 3 12 7.9278 16 54 31.9301
B82 10 10 10.5484 0.8500 0.00 154 156 2.3344 4 12 5.7675 16 51 24.5353
B83 12 12 12.0000 0.0000 0.00 157 164 4.1408 4 13 6.6827 16 60 29.7937
B84 12 12 12.0645 0.3592 0.00 154 158 5.3961 4 11 5.1974 16 49 22.7398
B85 8 8 8.9032 1.4687 0.00 154 157 2.9860 5 11 4.7201 21 47 19.4751
B86 8 8 8.2258 0.8835 0.00 154 156 2.0765 3 8 4.5371 12 34 18.4101
B87 10 10 10.5161 0.9957 0.00 162 171 4.9756 7 19 8.8350 29 87 40.9288
B88 8 8 8.0000 0.0000 0.00 154 157 2.9647 4 10 4.8012 17 43 20.1409
B89 8 8 8.0000 0.0000 0.00 154 157 3.8529 4 10 4.7071 18 45 19.3560
B90 5 5 5.1935 0.7492 0.00 154 156 1.4398 3 10 4.2256 12 43 17.4126

AVG 8.1079 0.4472 0.00 169 195 26.3893 2 9 4.8796 13 49 27.5041
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Table 32: MBO using parallel quick sort algorithm with 16 threads.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 157 177 45.0254 2 6 3.3999 12 34 19.8172
B2 11 11 11.0000 0.0000 0.00 152 157 6.9088 2 3 1.0555 8 16 5.8123
B3 11 11 11.0000 0.0000 0.00 152 157 6.2524 2 4 1.4760 8 20 7.8748
B4 11 11 11.0000 0.0000 0.00 154 178 34.0738 2 4 1.8198 9 22 13.7301
B5 11 11 11.0000 0.0000 0.00 155 176 26.4524 1 5 2.4065 4 25 11.7152
B6 7 7 7.0000 0.0000 0.00 155 197 56.6853 2 9 5.5449 10 47 28.6512
B7 6 6 6.0000 0.0000 0.00 152 203 48.1049 3 7 3.5948 16 41 32.0212
B8 4 4 4.1935 0.6011 0.00 157 173 22.7143 2 9 7.1292 8 42 31.6330
B9 3 3 3.0645 0.2497 0.00 154 166 16.3615 2 6 5.1249 9 27 21.8324
B10 3 3 3.0000 0.0000 0.00 156 184 33.1923 2 4 1.4323 8 24 19.4711
B11 4 4 4.2258 0.4250 0.00 163 232 56.6515 4 10 5.7893 22 62 40.3968
B12 4 4 4.0000 0.0000 0.00 157 187 39.6154 2 5 1.9962 8 27 14.4440
B13 4 4 4.0000 0.0000 0.00 154 168 11.7917 1 6 3.1890 4 28 13.8900
B14 3 3 3.4516 0.5059 0.00 153 196 78.8003 2 5 2.7549 8 31 37.8248
B15 1 1 1.5806 1.0255 0.00 152 175 23.7062 2 5 2.9523 8 29 17.7501
B16 14 14 14.0000 0.0000 0.00 154 191 21.0426 3 8 3.8362 12 43 22.4885
B17 13 13 13.0000 0.0000 0.00 155 177 30.7922 2 4 1.3190 8 22 5.8902
B18 13 13 13.0000 0.0000 0.00 154 167 11.8313 2 5 2.6011 10 26 10.8408
B19 13 13 13.0968 0.5388 0.00 154 170 17.4841 3 8 4.9782 12 36 23.2831
B20 13 13 13.0000 0.0000 0.00 153 166 11.7813 1 6 4.9294 7 31 23.0983
B21 9 9 9.0968 0.3005 0.00 157 183 16.9218 1 9 5.6618 5 46 26.0856
B22 6 6 6.0968 0.3005 0.00 154 177 24.5003 2 5 2.2590 8 25 13.5459
B23 6 6 6.2258 0.4250 0.00 154 165 14.6940 3 8 6.6832 13 36 30.1027
B24 5 5 5.2903 0.5884 0.00 154 168 13.6450 3 6 4.7176 12 29 19.0212
B25 4 4 4.3226 0.6525 0.00 152 173 25.1826 1 5 2.3233 4 24 11.7187
B26 5 5 5.0000 0.0000 0.00 155 177 24.4236 2 7 4.0783 8 32 18.5792
B27 3 3 3.0968 0.3005 0.00 153 165 10.0336 1 6 2.6303 4 28 11.0112
B28 3 3 3.1613 0.4544 0.00 154 175 22.3457 1 6 3.1084 4 27 13.0248
B29 3 3 3.0323 0.1796 0.00 156 166 14.2496 3 5 2.0457 12 23 9.0459
B30 2 2 2.4839 0.6256 0.00 153 162 10.4239 2 8 7.0603 8 34 28.7763
B31 7 7 7.0000 0.0000 0.00 163 175 10.1719 2 8 4.4158 11 37 20.2809
B32 4 4 4.0968 0.5388 0.00 154 171 16.5987 2 6 3.3376 8 28 16.8551
B33 4 4 4.2581 0.6816 0.00 154 165 13.2649 2 5 3.3237 8 22 13.7882
B34 4 4 4.1290 0.4995 0.00 154 175 30.9978 1 5 4.1265 4 27 22.0238
B35 4 4 4.5806 0.9228 0.00 153 178 96.2795 2 5 2.2337 8 23 9.5409
B36 13 13 13.0000 0.0000 0.00 154 167 13.6572 2 9 4.7026 8 40 19.6464
B37 10 10 10.6452 0.9504 0.00 152 156 2.9487 1 5 3.7108 4 23 15.0990
B38 8 8 8.0645 0.2497 0.00 152 155 2.0182 3 11 8.6129 12 45 34.9003
B39 5 5 5.0000 0.0000 0.00 152 156 2.2874 2 4 2.1677 8 20 9.0137
B40 5 5 5.1290 0.4995 0.00 152 155 2.8021 3 6 4.3584 12 25 17.7059
B41 8 8 8.0000 0.0000 0.00 155 160 4.9095 3 9 5.2548 12 39 21.6216
B42 8 8 8.0000 0.0000 0.00 153 157 4.8928 2 4 2.8744 8 20 12.4631
B43 8 8 8.0000 0.0000 0.00 152 163 9.2213 1 5 3.8633 4 24 16.0156
B44 5 5 6.4516 1.5240 0.00 154 171 24.9946 2 5 2.4132 8 23 14.3787
B45 5 5 5.9677 1.4256 0.00 154 168 16.9289 2 6 2.4323 8 26 10.5386
B46 8 8 8.0323 0.1796 0.00 160 192 33.4808 2 10 8.0861 10 56 44.0563
B47 5 5 5.1935 0.7492 0.00 155 176 28.5692 2 5 2.5539 8 27 19.4449
B48 5 5 5.1935 0.6011 0.00 153 166 16.1625 2 5 2.4569 8 25 12.9483
B49 5 5 5.2581 1.1245 0.00 154 185 24.4041 2 6 4.2487 12 34 26.5968
B50 5 5 5.2581 0.6816 0.00 152 163 12.7533 2 5 2.7309 8 24 12.5672
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Scientific Programming 35

Table 32: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.1290 1.1472 0.00 155 163 4.5195 2 18 8.4909 9 81 36.9657
B52 18 18 18.9032 0.9436 0.00 155 159 3.0589 5 20 9.0487 22 86 37.0107
B53 11 11 11.0000 0.0000 0.00 154 158 3.9611 4 10 3.8532 17 42 15.9685
B54 11 11 11.0000 0.0000 0.00 152 156 2.7739 3 8 2.9461 12 36 12.0974
B55 7 7 7.0000 0.0000 0.00 154 159 4.2006 4 9 3.7540 16 40 15.8327
B56 6 6 6.0000 0.0000 0.00 154 159 4.3319 2 11 4.5788 8 46 19.1962
B57 6 6 6.0645 0.2497 0.00 153 159 9.3087 5 12 5.6773 20 51 24.6464
B58 6 6 6.0645 0.2497 0.00 153 157 3.1748 5 10 5.7940 20 44 23.7433
B59 9 9 9.0645 0.2497 0.00 155 160 3.7944 3 13 6.6326 14 58 27.4709
B60 4 4 4.6452 1.7233 0.00 154 158 5.7524 6 14 5.8481 25 58 25.0316
B61 4 4 4.0645 0.2497 0.00 153 157 3.0000 3 11 4.8558 12 48 20.1127
B62 4 4 4.0000 0.0000 0.00 152 155 3.5305 2 10 5.8902 8 44 25.2071
B63 27 27 27.2581 0.4448 0.00 157 162 3.2847 4 17 10.0560 19 75 43.2526
B64 18 18 18.4516 0.9946 0.00 154 157 4.0473 4 20 8.9582 16 86 36.8209
B65 14 14 14.1290 0.3408 0.00 154 156 2.2562 5 18 8.3264 21 75 34.2576
B66 13 13 13.0000 0.0000 0.00 154 156 2.8368 5 10 3.5281 23 45 14.0460
B67 11 11 11.0968 0.3005 0.00 155 159 2.1357 3 11 5.8249 13 50 24.4252
B68 8 8 8.1290 0.3408 0.00 154 158 4.0166 3 13 6.0748 13 56 25.8166
B69 8 8 8.3226 0.5408 0.00 154 157 3.5042 3 10 3.6715 13 44 15.2921
B70 6 6 6.6129 0.6672 0.00 153 156 2.5003 3 12 5.7179 12 52 23.5929
B71 6 6 6.1290 0.4995 0.00 154 158 3.0494 4 12 6.1740 16 53 25.9316
B72 4 4 4.2258 0.4973 0.00 153 158 4.4504 4 13 7.0095 16 54 29.2744
B73 4 4 4.4839 0.7244 0.00 154 157 3.1088 5 15 8.0446 20 62 33.2164
B74 3 3 3.6129 0.6672 0.00 153 156 2.3601 4 14 7.6069 16 59 31.1370
B75 11 11 11.6452 0.9848 0.00 155 162 8.1721 3 16 9.6780 16 71 41.5330
B76 5 5 5.0645 0.3592 0.00 154 168 15.3240 5 12 4.8560 20 56 23.5850
B77 5 5 5.5806 0.9228 0.00 154 171 25.1381 3 15 9.7619 12 66 41.9013
B78 4 4 4.8065 1.2495 0.00 159 182 29.0268 4 12 6.2212 17 60 27.7959
B79 14 14 14.0000 0.0000 0.00 157 169 15.0903 3 9 3.8852 13 44 15.6725
B80 11 11 11.0000 0.0000 0.00 154 162 10.4361 4 11 3.9841 23 47 16.2254
B81 11 11 11.3548 0.8386 0.00 154 172 19.7290 7 15 7.2530 33 71 32.6199
B82 10 10 10.4839 0.7690 0.00 156 199 119.2439 5 12 6.1247 20 80 132.6427
B83 12 12 12.0000 0.0000 0.00 157 188 28.7156 3 11 5.8672 13 56 32.9586
B84 12 12 12.1935 0.6011 0.00 155 180 30.9175 6 11 5.1700 25 54 26.6157
B85 8 8 9.0645 1.4127 0.00 154 162 8.6101 3 12 5.6041 12 54 23.3782
B86 8 8 8.1290 0.7184 0.00 155 178 29.0973 2 10 5.2824 9 47 28.5301
B87 10 10 10.6452 1.0503 0.00 157 180 28.1470 4 15 6.8785 16 72 29.6574
B88 8 8 8.0000 0.0000 0.00 153 194 35.9039 2 9 3.5636 8 51 20.8887
B89 8 8 8.0323 0.1796 0.00 155 183 37.7474 3 10 4.7424 14 52 34.4475
B90 5 5 5.5806 1.2048 0.00 152 178 32.5974 4 10 5.5323 22 51 24.4181

AVG 8.1072 0.4325 0.00 154 169 18.9543 2 8 4.7619 12 42 23.6231
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36 Scientific Programming

Table 33: MBO using parallel quick sort algorithm with 32 threads.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B1 11 11 11.0000 0.0000 0.00 157 193 67.2126 4 8 3.8529 19 47 23.5622
B2 11 11 11.0000 0.0000 0.00 153 160 6.2348 2 4 1.3190 9 19 7.0225
B3 11 11 11.0000 0.0000 0.00 153 158 4.9071 1 4 1.8020 4 19 7.5696
B4 11 11 11.0000 0.0000 0.00 152 156 2.5745 2 4 1.6428 8 16 6.8760
B5 11 11 11.0000 0.0000 0.00 154 160 5.0292 2 6 3.4962 8 29 14.8304
B6 7 7 7.0000 0.0000 0.00 160 195 70.3551 3 11 7.8781 12 60 43.3428
B7 6 6 6.0000 0.0000 0.00 155 160 3.6423 2 5 2.2538 9 24 9.5139
B8 4 4 4.1935 0.6011 0.00 154 160 4.4473 2 13 10.0692 8 56 41.9610
B9 3 3 3.0323 0.1796 0.00 153 158 3.1302 2 5 2.6901 8 22 11.0625
B10 3 3 3.0000 0.0000 0.00 153 161 5.0956 2 4 1.9092 8 19 8.2968
B11 4 4 4.1613 0.3739 0.00 159 174 8.7291 2 11 9.6157 10 55 44.6467
B12 4 4 4.0000 0.0000 0.00 154 158 3.0515 2 4 2.0483 8 20 8.5759
B13 4 4 4.0645 0.3592 0.00 153 157 3.8356 2 4 1.7677 8 18 7.3472
B14 3 3 3.4516 0.5059 0.00 152 156 3.0789 2 5 3.0164 9 24 12.6226
B15 1 1 1.2581 0.6816 0.00 152 158 7.3659 2 6 2.6069 8 25 11.2249
B16 14 14 14.0000 0.0000 0.00 154 168 8.2101 2 7 3.0670 10 35 13.2306
B17 13 13 13.0000 0.0000 0.00 154 159 3.4867 2 5 1.9389 8 22 8.2489
B18 13 13 13.0000 0.0000 0.00 152 156 2.6437 2 4 2.0288 8 20 8.4173
B19 13 13 13.0000 0.0000 0.00 152 159 6.3924 2 6 2.6567 8 27 11.0241
B20 13 13 13.0000 0.0000 0.00 152 158 8.2973 2 7 3.5360 8 30 14.4425
B21 9 9 9.1290 0.3408 0.00 163 180 10.9634 2 9 6.9766 9 47 33.4055
B22 6 6 6.0645 0.2497 0.00 153 159 3.6133 1 6 3.4591 4 29 14.6736
B23 6 6 6.1935 0.4016 0.00 154 159 5.3000 2 7 5.8411 12 32 24.2679
B24 5 5 5.4516 0.6752 0.00 152 157 3.6320 2 6 2.7658 8 25 11.7582
B25 4 4 4.2258 0.4250 0.00 152 157 3.4273 2 7 4.7573 8 29 19.6816
B26 5 5 5.0323 0.1796 0.00 155 167 7.9712 1 8 5.1750 4 38 22.6477
B27 3 3 3.0645 0.2497 0.00 154 160 5.4513 2 6 4.0284 8 28 17.1102
B28 3 3 3.1290 0.3408 0.00 152 157 3.9081 3 5 1.7096 12 23 7.4421
B29 3 3 3.0645 0.2497 0.00 152 157 4.1860 1 5 2.5911 4 21 10.8956
B30 2 2 2.5806 0.5642 0.00 152 157 3.6694 2 7 6.6775 8 31 28.3555
B31 7 7 7.0000 0.0000 0.00 155 165 6.5364 1 8 4.6596 4 37 21.1130
B32 4 4 4.1935 0.7492 0.00 153 159 4.2621 1 8 5.6591 4 34 23.4602
B33 4 4 4.1290 0.4995 0.00 152 157 3.4093 3 6 3.2015 12 25 13.2534
B34 4 4 4.3226 0.7478 0.00 153 157 3.5469 2 5 4.2812 9 24 17.1984
B35 4 4 4.3871 0.8032 0.00 153 159 6.8737 1 5 2.7591 4 24 11.7173
B36 13 13 13.0000 0.0000 0.00 162 191 55.9882 1 8 5.3864 4 42 27.3086
B37 10 10 10.3226 0.7478 0.00 154 163 7.1865 1 8 7.0555 5 35 30.6683
B38 8 8 8.0000 0.0000 0.00 152 158 3.9570 3 9 6.1737 12 38 25.0810
B39 5 5 5.0000 0.0000 0.00 154 159 4.1968 2 5 2.3047 8 22 10.0090
B40 5 5 5.1935 0.6011 0.00 154 162 8.1181 3 5 1.7506 12 22 7.9040
B41 8 8 8.3226 1.2487 0.00 156 172 11.4272 3 11 7.4741 14 55 38.2555
B42 8 8 8.0000 0.0000 0.00 155 163 9.3587 2 4 2.2855 8 21 10.4073
B43 8 8 8.0000 0.0000 0.00 155 215 74.3419 2 5 2.0483 9 29 16.7208
B44 5 5 5.8710 1.3842 0.00 155 208 74.1396 2 6 3.7788 12 35 20.5935
B45 5 5 6.3548 1.5176 0.00 152 174 54.0282 1 5 2.9910 12 26 14.9598
B46 8 8 8.0323 0.1796 0.00 159 266 116.1782 1 10 5.7489 5 65 52.7578
B47 5 5 5.0968 0.5388 0.00 166 197 82.7696 1 5 2.1287 7 25 11.5699
B48 5 5 5.2581 0.6816 0.00 164 241 91.5422 2 5 2.6392 8 40 34.3044
B49 5 5 5.1935 0.6011 0.00 169 281 103.5425 2 7 4.7853 10 49 38.4886
B50 5 5 5.3226 0.7478 0.00 157 196 37.8474 2 5 3.0547 9 29 15.1232
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Table 33: Continued.

ID OPT Optimum Execution time Cycle Time cycle
MBO AVG SD RPD% BET AVG ST BC AVG SD BTC AVG SD

B51 27 27 28.0645 0.8920 0.00 158 207 50.7988 3 20 9.7651 15 115 63.2991
B52 18 18 18.7742 1.0555 0.00 160 232 64.3241 4 20 9.6569 17 124 71.2839
B53 11 11 11.0000 0.0000 0.00 161 174 14.6625 6 11 4.6327 26 50 22.0361
B54 11 11 11.0000 0.0000 0.00 158 193 115.3675 4 8 2.3550 18 40 12.4287
B55 7 7 7.1290 0.7184 0.00 169 180 6.2545 4 12 5.4335 21 59 26.9609
B56 6 6 6.0000 0.0000 0.00 163 174 13.8653 4 9 2.4705 18 42 12.1870
B57 6 6 6.2258 0.6688 0.00 161 178 20.6817 5 11 6.1501 26 55 26.7029
B58 6 6 6.0323 0.1796 0.00 161 166 5.6791 2 9 5.4692 10 40 22.9230
B59 9 9 9.0968 0.3005 0.00 170 178 4.8449 4 12 5.8635 19 60 27.2347
B60 4 4 4.2581 0.9989 0.00 162 172 7.4626 3 11 6.1011 14 54 28.2474
B61 4 4 4.0645 0.2497 0.00 159 167 5.3539 4 11 5.2357 18 49 23.0532
B62 4 4 4.0968 0.3005 0.00 159 174 11.7428 2 11 5.9301 9 51 28.0555
B63 27 27 27.2258 0.4250 0.00 176 183 4.3125 5 18 10.3340 24 89 50.4055
B64 18 18 18.2581 0.6308 0.00 163 197 50.6838 4 16 9.1136 19 82 44.4143
B65 14 14 14.0000 0.0000 0.00 155 165 15.1038 6 16 8.3361 24 69 36.6212
B66 13 13 13.0000 0.0000 0.00 155 164 9.6089 4 9 3.0533 19 42 14.9758
B67 11 11 11.1290 0.3408 0.00 154 172 13.8726 3 13 8.6648 13 62 38.9473
B68 8 8 8.5484 1.4338 0.00 154 161 8.0448 2 13 6.7357 8 57 28.8067
B69 8 8 8.5806 0.7199 0.00 152 189 51.5676 5 11 4.3643 20 55 26.5377
B70 6 6 6.3871 0.6152 0.00 153 177 47.0718 6 13 5.1690 24 66 39.7750
B71 6 6 6.0000 0.0000 0.00 161 218 88.2505 7 12 4.1688 34 75 43.2647
B72 4 4 4.1935 0.4774 0.00 154 171 22.0755 4 13 7.8702 17 64 42.7791
B73 4 4 4.6774 0.5408 0.00 156 207 66.9800 4 15 7.8781 16 90 80.4632
B74 3 3 3.4839 0.6768 0.00 158 225 117.9903 4 13 8.8637 18 69 43.8618
B75 11 11 11.6774 0.8713 0.00 175 251 58.8080 5 17 7.5933 34 110 56.0249
B76 5 5 5.1290 0.4995 0.00 155 179 27.7539 4 13 7.2367 22 63 29.9982
B77 5 5 5.5484 0.9605 0.00 152 159 5.4345 5 12 7.0432 20 51 28.9970
B78 4 4 4.6452 1.1120 0.00 152 163 20.6672 3 11 6.2579 12 49 26.2351
B79 14 14 14.0000 0.0000 0.00 154 165 8.7211 3 9 3.3344 15 42 15.1123
B80 11 11 11.0000 0.0000 0.00 152 214 74.0166 6 10 3.1398 26 58 30.2040
B81 11 11 11.5484 1.0595 0.00 152 192 74.2480 5 16 9.2194 20 85 61.0593
B82 10 10 10.4839 0.7244 0.00 152 163 8.3600 5 11 5.7070 22 50 25.8347
B83 12 12 12.0000 0.0000 0.00 153 159 4.4325 4 13 7.7335 16 55 32.6401
B84 12 12 12.0645 0.3592 0.00 154 162 6.8866 4 11 5.2595 20 51 22.9838
B85 8 8 9.1290 1.4774 0.00 153 160 4.7076 4 13 7.8904 18 56 32.4863
B86 8 8 8.0645 0.2497 0.00 152 173 39.7751 6 11 3.4938 24 53 24.8335
B87 10 10 10.3871 0.8032 0.00 154 247 122.0646 6 18 8.3162 32 127 103.6875
B88 8 8 8.0000 0.0000 0.00 152 160 7.8272 4 9 3.9459 16 40 16.1653
B89 8 8 8.0000 0.0000 0.00 154 159 3.6638 6 10 3.9273 24 42 16.1224
B90 5 5 5.5806 1.2048 0.00 153 158 5.3959 4 10 3.8771 16 45 16.0706

AVG 8.0953 0.4219 0.00 156 177 25.8717 3 9 4.8993 13 46 25.9852
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sorting algorithm with an experimental study,” Journal of
Parallel and Distributed Computing, vol. 52, no. 1, pp. 1–23, 1998.

[42] H. Peters, O. Schulz-Hildebrandt, andN. Luttenberger, “A novel
sorting algorithm for many-core architectures based on adap-
tive bitonic sort,” in Proceedings of the IEEE 26th International
Parallel & Distributed Processing Symposium (IPDPS ’12), pp.
227–237, IEEE, 2012.

[43] I. S. Rajput, B. Kumar, and T. Singh, “Performance comparison
of sequential quick sort and parallel quick sort algorithms,”
International Journal of Computer Applications, vol. 57, no. 9, pp.
14–22, 2012.

[44] V. Prifti, R. Bala, I. Tafa, D. Saatciu, and J. Fejzaj, “The
time profit obtained by parallelization of quicksort algorithm
used for numerical sorting,” in Proceedings of the Science and
Information Conference (SAI ’15), pp. 897–901, London, UK, July
2015.

[45] P. Sanders and T. Hansch, “Efficient massively parallel quick-
sort,” in Solving Irregularly Structured Problems in Parallel, vol.
1253 of Lecture Notes in Computer Science, pp. 13–24, Springer,
Berlin, Germany, 1997.

[46] P. Tsigas and Y. Zhang, “A simple, fast parallel implementation
of quicksort and its performance evaluation on sun enterprise

10000,” in Proceedings of the 11th Euromicro Conference on
Parallel, Distributed andNetwork-Based Processing, pp. 372–381,
IEEE, Genova, Italy, Feburary 2003.

[47] E. Duman and I. Elikucuk, “Solving credit card fraud detection
problem by the new metaheuristics migrating birds optimiza-
tion,” in Advances in Computational Intelligence, vol. 7903 of
Lecture Notes in Computer Science, pp. 62–71, Springer, Berlin,
Germany, 2013.

[48] K. Gao, P. Suganthan, and T. Chua, “An enhanced migrating
birds optimization algorithm for no-wait ow shop scheduling
problem,” in Proceedings of the IEEE Symposium on Computa-
tional Intelligence in Scheduling (SCIS ’13), pp. 9–13, IEEE, 2013.

[49] L. W. Shen, H. Asmuni, and F. C. Weng, “A modified migrating
bird optimization for university course timetabling problem,”
Jurnal Teknologi, vol. 72, no. 1, 2014.

[50] P. B. S. Lissaman and C. A. Shollenberger, “Formation flight of
birds,” Science, vol. 168, no. 3934, pp. 1003–1005, 1970.

[51] J. P. Badgerow and F. R. Hainsworth, “Energy savings through
formation flight? A re-examination of the vee formation,”
Journal of Theoretical Biology, vol. 93, no. 1, pp. 41–52, 1981.

[52] I. L. Bajec and F.H.Heppner, “Organized flight in birds,”Animal
Behaviour, vol. 78, no. 4, pp. 777–789, 2009.

[53] D. Hummel and M. Beukenberg, “Aerodynamische interferen-
zeffekte beim formationsflug von Vögeln,” Journal of Ornithol-
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