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Harmony search algorithms have recently gained a lot of attention from the optimization research community. In this paper,
an improved harmony search algorithm is introduced to solve engineering optimization problems. To demonstrate the
effectiveness and robustness of the proposed approach, it is applied to an engineering design and manufacturing
optimization problem taken from the literature. The results obtained by the new hybrid harmony search approach for the
case studies are compared with a hybrid genetic algorithm, scatter search algorithm, genetic algorithm, and feasible
direction method and handbook recommendation. The results of case studies show that the proposed optimization approach
is highly competitive and that can be considered a viable alternative to solve design and manufacturing optimization
problems.

Significance: This paper presents a novel hybrid algorithm based on harmony search algorithm and Taguchi method.
The new approach is applied to the case studies for turning and milling and design optimization
problems.
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1. INTRODUCTION

For many decades, optimization of design and manufacturing parameters is major issue faced every day in industry. In
order to design and manufacture higher-quality products and to be the winners in the competitive market, current
optimization techniques must be improved. Different optimization techniques have been developed for solving various
optimization problems in engineering area (Shin and Joo, 1992, Kilic et al., 1993, Cakir and Gurarda, 1998, Cakir and
Gurarda, 2000, Yildiz et al., 2003, Yildiz et al., 2007, Yildiz, 2008). Recent advancements in optimization area introduced
new opportunities to achieve better solutions for design and manufacturing optimization problems. Therefore, there is a
need to introduce new methods to overcome drawbacks and to improve the existing optimization techniques to design and
manufacture the products economically.

Since the stochastic search techniques such as genetic algorithm, simulated annealing, particle swarm optimization
algorithm, ant colony algorithm and immune algorithm are more effective than the gradient techniques in finding the global
minimum, they have been preferred in many applications of science (Saka, 1998, Liu et al., 2000, Nanthavanij and
Kullpattaranirun, 2001, Dereli et al., 2001, De Castro and Timmis, 2003, Vijayakumar et al., 2003, Saka, 2003, Sonmez,
2007, Yildiz and Saitou, 2008).

One of the recent techniques is the harmony search algorithm develeoped by Geem et al. (2001). This approach is
based on the musical performance process that takes place when a musician searches for a better state of harmony. (Lee and
Geem 2004, Saka 2008, Fesanghary et al., 2008).

Fast convergence speed and robustness in finding the global minimum are not easily achieved at the same time. Fast
convergence requires a minimum number of calculations, increasing the probability of missing important points; on the
other hand, the evaluation of more points for finding the global minimum decreases the convergence speed. This leads to
the question: ‘how to obtain both fast convergence speed and global search capability at the same time.” There have been a
number of attempts to answer this question, while hybrid algorithms have shown outstanding reliability and efficiency in
application to the engineering optimization problems (Cho and Ahn, 2003, Wang et al., 2005, Ponnambalam et al., 2005,
Sun et al., 2005, Yildiz and Ozturk, 2006, Yildiz et al., 2007, Yildiz, 20093, Yildiz, 2009b, Yildiz ,2009c).

Therefore, the researchers are paying great attention on hybrid approaches to answer this question. Despite the fact that
some improvements relating optimal design and optimization of cutting parameters in machining operations have been
achieved, due to the complexity of machine and design parameters with conflicting objective and constraints, optimization
of the machining economic problems and design optimization problems still present a matter of investigation. Therefore, in
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recent years, there has been an ever-increasing interest in the new hybrid optimization techniques for optimal design and
manufacturing.

The aim of this research is to develop a new optimization approach for solving complex optimization problems in
design and manufacturing area. In this research, a hybrid optimization approach is presented by hybridizing the harmony
search algorithm with Taguchi method. The hybrid approach is evaluated with welded-beam design optimization problem
taken from literature and compared with other optimization methods in the literature. Finally, the developed hybrid
approach is applied to case studies for milling and turning. The results of the case studies show that the proposed algorithm
converges rapidly to the global optimum solution and provides reliable and accurate solutions for even the most
complicated of optimization problems.

2. HARMONY SEARCH ALGORITHM

The harmony search (HS) algorithm which is a metaheuristic optimization algorithm has been recently developed by Geem
et al. (2001). The HS algorithm is simple in concept, few in parameters, and easy in implementation. It has been
successfully applied to various benchmark and real-world problems (Lee and Geem, 2004, Mahdavi et al., 2007,
Fesanghary et al., 2008). The steps in the procedure of harmony search are as follows:

Step 1: Initialize the problem and algorithm parameters.

Step 2: Initialize the harmony memory.

Step 3: Improvise a new harmony.

Step 4: Update the harmony memory.

Step 5: Check the stopping criterion.

For further details about these steps and harmony search (HS) algorithm can be found from Geem et al. (2001).

3. THE PROPOSED NEW HYBRID OPTIMIZATION APPROACH

In this paper, a novel hybrid approach (Hybrid Taguchi Harmony search algorithm-HTHSA) is developed for solving
optimization problems in engineering area. The proposed approach hybridizes the harmony search algorithm with Taguchi
method.

According to proposed hybrid approach based on harmony search algorithm and taguchi method process, solutions to
engineering optimization problems with continuous design variables can be obtained by: (a) the intervals of design
parameters are refined using Taguchi method to achieve better initialization in the harmony search algorithm, (b) an initial
harmony memory is randomly generated for possible solutions within the refined range of design variables obtained by
Taguchi method, (c) improvising a new harmony, (d) evaluating the objective function subject to the constraint functions,
and (e) updating the initialized HM.

The HTHSA involves two stages of optimization: (a) refinement of design space of solutions using Taguchi’s method
(b) harmony search process using refined population size. Although the proposed approach is conducted in two stages, only
the last stage is outlined in this paper. The first stage is with respect to previous research and more details about these
stages can be found in the references of Yildiz and Ozturk (2006) and Yildiz et al. (2007). The pseudo codes of the
proposed algorithm (HTHSA) are given as follows.

BEGIN
Step 1: Define Problem
Step 2: Taguchi Method
Begin
set the input parameters
select suitable orthogonal array
select suitable S/N ratio type
While (not termination condition for experiments)do
compute S/N ratios
compute objective function values
conduct matrix of experiments
end,
While (not termination condition for parameters)do
compute contributions
generate analysis of variance (ANOVA table)
end,
End,
Define new intervals for parameters
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Step 2: Harmony search algorithm
Initialize the problem and algorithm parameters
Initialize the harmony memory
Improvise a new harmony
Update the harmony memory
Check the stopping criterion

end,

END.

4. ENGINEERING OPTIMIZATION EXAMPLES

In this section, the results of applications and discussions regarding the proposed approach are given through examples.
Several case studies taken from design and manufacturing optimization literature will be used to demonstrate the function
and capability of the proposed method. These examples have been previously solved using a variety of other techniques,
which is useful to determine the quality of the solutions produced by the proposed approach.

4.1 Welded- Beam Design Problem

A welded beam design optimization problem, which is often used for the evaluation of optimization methods, is used to
illustrate the implementation procedure of the proposed approach for solving optimization problems. The beam has a length
of 14 in. and P=6,000 Ib force is applied at the end of the beam (Deb, 1991, Coello, 2000). The welded beam is designed
for minimum cost subject to constraints on shear stress, bending stress in the beam, buckling load on the bar, end deflection
of the beam, and side constraints. The design variables are thickness of the weld h(x;), length of the weld I(x;), width of the
beam t(x3), and thickness of the beam b(x4). The mathematical model of the welded beam optimization problem is defined
as

Minimize

f,(x) =1.10471x,°x, + 0.04811x,x,(14.0 + x, ) @)
Subject to:

91(X) =Ty —7(X) 2 0; @
92(X) = Oy —0(X) 20 ®)
g,(x)=x,-% =0 (@)
9, (x) =5-1.10471x,°x, —0.04811x,x,(14.0 + x,) > 0 (5)
g:(x)=x,-0.125>0 (6)
96(X) = O —6(X) 20 @
9,(x)=P.(x)-P20 ®)

0,1<x;<5, 0,1<x,<10, 0.1<x3<10, 0,1<X,<5

The important stress conditions which were used in mathematical model are described as follows
Weld Stress- 7(X)

The weld stress (7(X)), has two components. They are 7' andz"’.7'is the primary stress whereas 7'’ is secondary

torsional stress. M is the moment which is created by Force (F). J is polar inertia moment. 7(X), z"and 7"’ are calculated
from the following equations.

P
= : C))
T
L _MR (10)
J
M =P(L+X2j, (11)
2
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2
Ro %, [Xﬁxsj , (12)
4 2
X2 (X 4% )
J=2 ﬁxlxz v e i1 (13)
12 2
The weld stress is given as following:
7(x) = \/(T')z +27'7" ZXT; +(z") (14)
Bar Bending Stress - o(x)
The bar bending stress(oy) is calculated from the following equation.
6PL
O-( )= 2 1 (15)
X4 X5
Bar Buckling Load - P,(x)
The bar buckling load is found from the following equation:
2,6
4.013€,| 3% o[
P(x)=— 136 3 X |E (16)
L 2L V4G
Bar Deflection - &(x)
The Bar Deflection formula is shown in the follow equation:
3
s(x)= 2L, (17)
Ex;x,
Table 1.  Optimal results for welded beam design (N/A not available)
Optimal Design Variables
Methods Cost
h | t b
Coello (2000a) N/A N/A N/A N/A 1.8245
Coello(2000b) 0..2088 3.4205 8..9975 0..2100 1.7483
Deb(1991) N/A N/A N/A N/A 2.38
Deb(2000) 0.2489 6.1730 8.1789 0.2533 2.4328
Lee and Geem (2004) 0.2442 6.2231 8.2915 0.2443 2.3807
Mahdavi et al. (2007) 0.20573 3.47049 9.03662 0.20573 1.7248
Fesanghary et al. (2008) 0.20572 3.47060 9.03682 0.20572 1.7248
The proposed approach 0.20573 3.47042 9.03649 0.205735 1.7248

The material properties and constant values like shearing modulus, young's modulus, etc. used above are given as

follow: G=12x10°, E= = 30x10° psi, L= 14 in P= 6000 Ib, Trma= 13,600 psi, Gmas=30,000 psi, Smax =0.25 in.

Deb (1991, 2000) and Coello (2000a, 2000b) solved this problem using GA-based methods. Lee and Geem, Mahdavi
et al. and Fesanghary et al. solved this problem using HS-based methods. The comparison of results are given in Table 1.
Note that the approaches proposed by Lee and Geem (2004), Mahdavi et al. (2007) and Fesanghary et al. (2008) required
110,000, 200,000 and 90,000, respectively, evaluations of the fitness function to produce the result shown in Table 1. On
the other hand, the proposed hybrid approach requires only 30,000 function evaluations to find the best known solution of
1.7248. The use of the proposed hybrid approach improves the convergence rate by computing the best value.

4.2 The Case Study for Turning

The mathematical formulation for turning problem used in this research was defined by Chen and Tsai (1996) and Chen
(2004). The case study for the turning operation is optimized by the HTHSA. The constant values and parameters for case

studies are given in Table 2.
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Table 2. Data for the example of turning

D=50 mm L=300 mm d;=6.0 mm
VrU =500 m/min VrL=50 m/min fU=0.9 mm/rev
frL = 0.1 mm/rev dru=3.0 mm d,L.=1.0 mm
VsU =500 m/min VsL=50 m/min ;U= 0.9 mm/rev
fsL = 0.1 mm/rev dsU= 3.0 mm dsL.=1.0 mm

ko= 0.5 $/min ki =2.5 $/edge h,= 7x10*
h,=0.3 t.=0.75 min/piece te= 1.5 min/edge
p=5 g=1.75 r=0.75

C, = 6x10" Tu =45 min T.=25min

k=108 p=0.75 v=0.95
n=10.85 Fu =200 kg f PU= 5kwW
A=2 v=-1 Sc=140
kq =132 =04 $=0.2
5=0.105 Qu=1000 °C R,= 1.2 mm
R,= 10p ki=1.0 k,=2.5
ks=1.0
Table 3. Comparison of the best results for turning problem (HTHSA: hybrid taguchi harmony search

algorithm; HRGA: hybrid robust genetic algorithm; SS: scatter search; SA/PS: simulated annealing and
Hooke-Jeeves pattern search; FEGA:float encoding genetic algorithm)

Methods cost ($) (dy = 6mm)
HTHSA 2.0478
HRGA (Yildiz and Ozturk 2006) 2.0481
SS (Chen 2004) 2.0667
FEGA (Chen and Chen 2003) 2.2988
SA/PS (Chen and Tsai 1996) 2.2795

The total depth of cutting is set with di=6. The comparison of the results obtained by the HTHSA, against other
techniques, is given in Table 3. It can be seen that better results for the best solutions are achieved for the turning
optimization problem compared to HRGA (hybrid robust genetic algorithm), SS (scatter search), FEGA (float encoding
GA) and SA/PS (simulated annealing and Hooke—Jeeves pattern search) as shown in Table 3. The results of this research
indicate that HTHSA can offer a helpful potential as an alternative approach for applications to the optimization of design
and manufacturing problems.

4.3 The Case Study for Milling

In this case study for milling operation, it is aimed that a part shown in Figure 1 is to be produced using CNC milling
machine. At the same time, it is desired that optimum machining parameters be found with the maximum profit rate.
Specifications of the machine, material and constant values and furthermore detailed information related to mathematical
model can be found in Tolouei-Rad and Bidhendi (1997).

Table 4. Speed and feed rate limits

Operation No. Operation type Speed limits Feed rate limits
1 Face milling 60-120 m/min 0.05-0.4 mm/tooth
2 Corner milling 40-70 m/min 0.05-0.5 mm/tooth
3 Pocket milling 40-70 m/min 0.05-0.5 mm/tooth
4 Slot milling 1 30-50 m/min 0.05-0.5 mm/tooth
5 Slot milling 2 30-50 m/min 0.05-0.5 mm/tooth
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Table 5. Required machining operation
Operation No. Operation type Tool a (mm) K(mm) Ra (pm) Fc (per)

1 Face milling 1 10 450 2 1.56449.4
2 Corner milling 2 5 0 6 17117.74
3 Pocket milling 2 10 450 5 17117.74
4 Slot milling 1 3 10 32 - 14264.78
5 Slot milling 2 3 5 84 1 14264.78
Table 6. Tools data

Tool No Tool Type Quality  d(mm) z  Price($) la ca
1 face mill Carbide 50 6 49.50 45 5
2 end mill HSS 10 4 7.55 0 5
3 end mill HSS 12 4 7.55 0 5

Figure 1. An example part

The speed and feed rate limits used for the case study are given in Table 4. The part shown in Figure 1 includes four
machining features which are step, pocket and two slots. To manufacture the part, it is required five milling operation, listed
in Table 5, which are face milling, corner milling, pocket milling, slot milling 1, and slot milling 2, respectively. The tools
used for each operation and the data for tools are listed in Table 6. The goal is to find the optimum cutting conditions of
each feature in order to machine the part with maximum profit rate. The HTHSA is applied to the case study.

The results obtained by the HTHSA are listed in Table 7 and compared with GA, the feasible direction method and
handbook recommendations. By using the HTHSA, the total profit rate is increased with 293.09 %, 12.08 % and 5.32 %
over handbook recommendations, feasible direction method and genetic algorithm, respectively.

Table 7. Comparison of the best results for milling operation

Method C, - Unit cost T, - Unit time P,- Profit Rate

Handbook $18.36 9.40 min 0.71 /min
Method of feasible direction $11.35 5.48 min 2.49 /min
Genetic algorithms $11.11 5.22 min 2.65 /min
Proposed approach $10.904 5.050 min 2.791 /min
Improvement over handbook $7.456 4.35 min 2.081 /min
Improvement over method of feasible $0.446 0.43 min 0.301 /min
direction

Improvement over genetic algorithms $0.206 0.17 min 0.141 /min
Improvement (handbook) % 40.61 % 46.27 % 293.09
Improvement (method of feasible direction) % 3.92 % 7.84 % 12.08
Improvement (genetic algorithms) % 1.85 % 3.25 % 5.32
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5. RESULTS AND DISCUSSIONS

In this research, a novel hybrid optimization approach based on harmony search algorithm and Taguchi method is
developed. The hybrid approach is applied to the welded beam design problem, the optimization of machining parameters
for minimization of unit production cost in turning and maximization of profit rate in milling. Table 1, 3 and Table 7 show
that HTHSA provides the best result over all of the other methods. The unit production cost for turning is reduced and the
profit rate for milling are increased using the proposed hybrid approach. The highly promising outcome of this research
suggests that the proposed hybrid approach is an effective alternative for solving engineering optimization problems. The
new optimization approach can also be extended to other real-world optimization problems in manufacturing and design
area.
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