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Abstract

Optimization of hole-making operations plays a crucial role in which tool travel and tool switch scheduling are
the two major issues. Industrial products such as moulds, dies, engine block etc. consists of large number of
holes having different diameters, depths and surface finish. This requiers large number of machining
operations like drilling, reaming or tapping to achieve the final size of individual hole. This gives rise to large
number of possible sequences to achieve final size of the hole. Optimal sequence of operations which
reduces the overall processing cost of these hole-making operations are essential. Hence it is hecessary to
use non-traditional optimization techniques which are strong enough to handle these complex problems as
well which gives optimal results. This paper reviews about the various non-traditional optimization techniques
which are already implemented to solve optimization of hole-making operation problems.
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1. INTRODUCTION

In machining process of many industrial parts such as dies
and moulds, operations like drilling, reaming or tapping
account for a large segment of process. Generally, a part,
for e.g. a plastic injection mould may have many holes of
different diameters, surface finish, and maybe different
depths.

If the diameter of hole is relatively large, a pilot hole may
have to be drilled first using a tool of smaller diameter and
then enlarge it to its final size with a larger tool, followed by
reaming or tapping whenever essential. For hole Hs, as
shown in fig. 1, there could be four different combinations
of toals: (A,B,C), (A,C), (B,C), and (C) The selection of tool
combinations for each hole directly affects the optimum
cutting speeds, required number of tools switches, and
tool travel distance [1].

Figure 1. Image showing various tool combinations required to
drill a hole on workpiece.
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2. LITERATURE REVIEW

Tool switch and tool travel from one position to another
takes a large amount of machining time in machining
processes. Usually 70% of the overall time in machining
processes is spent on movements of tools and part [2]. To
reduce the tool travel, the spindle is not moved until a hole
is completely drilled by using several tools of different
diameters, thereby increasing tool switching cost. On the
other hand, to reduce tool switching cost, the tool may be
used to drill all possible holes which in turn increases the
tool travel cost. Luong and Spedding [3] addressed the
process planning and cost estimation of hole-making
operations by developing a generic knowledge based
procedure.

Castelino et al. [4] reports an algorithm for minimizing
airtime for milling by optimally connecting various tool path
segments. In their work, problem was formulated as a
generalized travelling salesmen problem and was solved
using a heuristic method. Kolahan and Liang [1]
introduced a tabu search (TS) approach to reduce the
overall processing cost of hole-making operations. Overall
processing cost consists of tooling & machining costs,
non-productive tool travel cost and tool switch cost. A case
study of injection mould is considered which involving total
56 machining operations. Fred Glover proposed tabu
search in a paper that dates back to the mid-1980s, the
optimum in tabu search is approached iteratively [5]. Alam
et al. [6] presented a practical application of computer-
aided process planning (CAPP) system, to reduce the
overall processing time of injection moulds. Genetic
algorithm (GA) was used for optimizing the selection of
machine tools, cutting tools, and cutting conditions for
different processes. Qudeiri and Yamamoto [7] used
genetic algorithm to find the optimal sequence of
operations which gives the shortest cutting tool travel path
(CTTP). Tool travel time and tool switch time is crucial in
finding the shorting cutting tool path.

Shi et al. [8] presented a novel particle swarm optimization
(PSO) based algorithm for solving the travelling salesman
problem (TSP). They compared their proposed algorithm
with existing algorithms and found that PSO can be used
for solving large size problems. Guo et al. [9] developed a
problem on integration of process planning, scheduling of
manufacturing field using particle swarm optimization
algorithm. Shao et al. [10] used a modified genetic
algorithm based approach to integrate the process
planning and scheduling of manufacturing systems in
order to achieve an improved performance. Ghaiebi &
Solimanpur [11] applied proposed ant colony optimization
(ACO) algorithm for optimizing the sequence of hole-
making operations of industrial part. Also, six bench mark
problems of hole-making operations were considered.
Results of ACO were compared with dynamic
programming and particle swarm optimization. Injection
mould application considered for proposed ACO algorithm
and its results of tool travel and tool switch time were
compared with Dynamic programming and PSO, it is
observed from the results that ACO results are better than
other two. Ant colony optimization (ACQO) algorithm is a
metaheuristic developed by Marco Dorigo, which was
motivated by colonies of real ants, which deposit a
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chemical substance on the ground called pheromone [12-
15]. Hsieh et al. [16] used immune based evolutionary
approach (lA) to find the optimal sequence of hole-making
operations. Six bench mark problems of hole-making
operations were considered and compared with dynamic
programming, PSO and ACO. A case study of injection
mould is attempted for finding minimum tool travel and tool
switch time. It is observed that IA results are better than
dynamic programming, PSO and ACO. Bersini and Varela
[17] are considered to be first to apply immune algorithms
to problem solving in the early 1990s.

Tamijidy et al. [18] presented an evolutionary algorithm to
reduce the tool travel and tool switching time during hole-
making operations based on geographic distribution of
biological organism i.e. biogeography based optimization
(BBO) algorithm.Guo et al. [19] presented a case study of
five-axis prismatic parts for sequencing the operations
using particle swarm optimization approach. Kiani et al.
[20] put forward the ant colony algorithm to get the best
order of operations that achieve concise cutting trajectory
in computer numerical control machine. Nassehi et al. [21]
used evolutionary algorithms for generation and
optimization of tool path. Jiang et al. [22] compared the
performance of ant colony optimization and genetic
algorithm for replugging tour planning of seedling
transplanter. Srivatsava et al. [23] presented firefly
algorithm (FA) for achieving optimal test sequence
generation. Marinakis Y and Marinaki M [24] used bumble
bees mating optimization (BBMO) algorithm for the open
vehicle routing problem. Narooei et al. [25] used ACO
algorithm for optimizing the tool path of case study
involving multiple holes. Oscar et al. [26] presented a
methodology to optimize the manufacturing time using
ACO. Liu et al. [27] used ACO algorithm for process
planning optimization of hole-making operations. Lim et al.
[28] used a hybrid cuckoo search-genetic algorithm (CS-
GA) for hole-making sequence optimization. Lim et al. [29]
used Cuckoo Search (CS) algorithm for optimization of
sequence in PCB Holes driling process. Liu et al. [30]
used ACO algorithm for process planning optimization.
Ismail et al. [31] used firefly algorithm for path optimization
in PCB holes drilling process.

Liyun et al. [32] presented process planning optimization
by using an improved genetic simulated annealing
algorithm. Nicholas C. Metropolis [33] developed
simulated annealing which a stochastic search algorithm
based on the concept called “annealing”.

It is understood from the literature discussed here that
most of the researchers have worked in the area of
minimization of non-productive tool travel time and tool
switching time. Kolahan and Liang [1] has considered
three elements of total processing costs, tooling &
machining cost, non-productive tool travel cost and tool
switching cost.It is also found in the literature related to
this area that the non-traditional optimization methods
such as tabu search, genetic algorithm, particle swarm
optimization, ant colony algorithm, immune algorithm,
cuckoo search, firefly algorithm, bumble bees mating
optimization  algorithm and biogeography based
optimization (BBO) algorithm etc. has been used to solve
the problem of optimization of hole-making operations.
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Tabu search that uses only one solution can easily neglect
some promising areas of the search space also they may
not find optimal solution or exact solution. Most widely
used advanced optimization technique is the genetic
algorithm. Genetic algorithm gives near optimal solution
for complex problems [34]. Also GA requires more
parameters [35]. In ACO algorithm, convergence is slow
due to pheromone evaporation and CPU time requirement
is more [35]. Immune based evolutionary approach
requires more parameters.

PSO algorithm was usually found to perform better than
other algorithms in terms of success rate and solution
quality ([35]. Problem solving success of the cuckoo
search and differential evolution algorithms are relatively
better than the PSO [36]. Basic cuckoo search algorithm
may easily fall into local optimum solution [37].

Firefly algorithm (FA) has limitations like it gets trapped
into several local optima. Also FA does not memorize or
remember any history of better situation for each firefly
[38]. Honey bees mating optimization algorithm may miss
the optimum and provide a near optimum solution in a
limited runtime period [39]. Biogeography-based
optimization (BBO) is poor in exploiting the solutions. Also
there is no provision for selecting the best members from
each generation [40]. From the literature, it is also found
that recently developed optimization algorithm known as
particle swarm optimization could be attempted due to its
simplicity, easy implementation and high convergence rate
[41].Hence next section discusses about the particle
swarm optimization algorithm.

3. PARTICLE SWARM OPTIMIZATION (PSO)
ALGORITHM

Particle swarm optimization is an evolutionary computation
technique developed by Kennedy and Eberhart(1995)
[37]. The particle swarm thought was originated as a
simulation of a simplified social system. This technique
starts with initialization of population of random solutions
called “particles”.

This algorithm consists of two “best” values. First one is
the “prest’ best fitness values of individual particles
achieved so far. Second is the “gpes” Which one is the best
values among all the particles. Velocity and position of
individual particles are obtained and updated using the
following Egs. (1)- (2) [37].

Each particle updates its velocity and position through the
problem space by comparing its current position and
velocity with the optimal solution. In PSO, velocity of
particles is changed at every generation towards the “ppes”
and “gbest"-

Vg =WXV, +C X1 X (Peg = %) +C, X0, X (Goeg = %) (1)
Xi+1 = Xi +Vi+1 (2)
Where,

V.1 = New velocity of each particle,

W = Inertia weight

V. =Previous velocity of particle,
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r, &r, =random numbers between O to 1

C,&C, =acceleration constants or Cognitive and social
constants

X = Previous position of particle

Eq.(1)-(2) carried out until the convergence criteria is not
satisfied.

Next section discuss about selected application examples
of injection mould attempted using noo-tradtional
optimization algorithms in order to minimize the total
processing cost of hole-making operations.

4. APPLICATION EXAMPLE ATTEMPTED USING
NON- TRADITIONAL OPTIMIZATION
ALGORITHMS

Following section discusses about the various non-
traditional optimization techniques used for optimization of
hole-making of operations of industrial parts.

Kolahan and Liang [1] used tabu-search algorithm to
determine the optimal sequence of operations and
corresponding cutting speeds of the upper holder of plastic
injection mould as shown in Figure 2. Overall processing
cost consists of tooling & machining costs, non-productive
tool travel cost and tool switch cost.Injection mould case
study considered which involving total 56 machining
operations.This mould consists of a total 32 holes namely
GP1, GP2, GP3, GP4, GE1-GE4, PR1-PR4, C1-C4, C1"-
C4", P1-P4, EB1-EB6, ES1-ES2. Hole-making operations
such drilling, enlargement and reaming or tapping are
used for mould as shown in figure 2. Figure 2 also shows
data related to the distances between the holes, type of
operations required, and the depth of each hole. Obtained
results of tabu-search for sequence has a total processing
cost of $60.2 from which $45.2 is the tool cost and
machining cost, $10.1 tool switch cost, and $4.9 tool travel

cost.
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Figure 2. Upper holder of the plastic injection mould [1].
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Ghaiebi and Solimanpur [11] used ant colony
optimization technique for optimization of hole-making
operations of industrial component. This paper deals
with the optimization of hole-making operations in
conditions where a hole may need several tools to get
completed. The objective of interest in the considered
problem is to minimize the summation of tool travel time
and tool switch time.

The paper includes an illustrative example which shows
the application of the proposed algorithm to optimizing
the sequence of hole-making operations in a typical
industrial part shown in figure 3. It consists of total 12
holes involving drilling, enlargement and reaming
operations. Details of diameters and distance between
holes are given figure 3.Numbering of hole in
application examples is shown in figure 4. The
computational experiments conducted in their research
indicate that the proposed method is both effective and
efficient. Next section summarizes the various non-
traditional optimization algorithms which were already
used for optimization of hole-making operations.

5. NON-TRADITIONAL OPTIMIZATION METHOD
USED BY VARIOUS AUTHORS FOR
OPTIMIZATION OF HOLE-MAKING
OPERATIONS
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Figure 3. Top view of example part [11].
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Figure 4. Hole numbering of example part [11].

Table 1. Summary of non-traditional optimization which used for optimization of hole-making operations

Method

—>
uthor

TS GA-

SA

GA PSO

ACO

BBO

1A

FA

BBMO

CSs

CSs-
GA

Kolahan &
Liang

Yes

Qudeiri and
Hidehiko

Guo et al.

Shao et al.

Ghaiebi &
Solimanpur

Hsieh et al.

Tamjidy
et al.

Guo et al.

Kiani et al.

Srivatsava
et al.

Marinakis
&Marinaki

Narooei et al.

Oscar et al.

Lim et al.

Lim et al.

Liu et al.

Ismail et al.

Liyun et al.
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6. CONCLUSION

Optimization of hole-making operations involves large
number of hole-making operations sequences due to
the location of hole and tool sequence constraint. To
achieve this, proper determination operations
sequence and associated cutting speeds which reduce
the overall processing cost of hole-making operations
are essential. Hence it is necessary to use non-
traditional optimization techniques which are enough
strong to handle these complex problems as well which
gives optimal results. This paper reviews the various
non-traditional optimization techniques such as tabu-
search, simulated annealing, genetic algorithm, ant
colony optimization algorithm, particle swarm
optimization algorithm, immune algorithm, BBO
algorithm, CS and hybrid CS etc..which are already
implemented to solve optimization of hole-making
operations problems. Advantages and limitations of
these algorithms are discussed in the literature review.
Results of optimizaton of hole-making operations,
attempted by various researchers shows the potential
of non-traditional optimization to handle large scale
industrial problems of optimization of hole-making
operations.

7.REFERENCES

[1] Kolahan, F., & Liang, M. (2000), “Optimization of hole-
making operations: a tabu-search
approach”, International Journal of Machine Tools and
Manufacture, Vol.40 No.12, pp.1735-1753.

[2] Merchant, R.L. (1985), “World trends and prospects in
manufacturing technology”, International Journal for
Vehicle Design, Volume 6, pp.121-138.

[3] Luong, L.H.S., & Spedding, T. (1995), “An integrated
system for process planning and cost estimation in hole-
making”, International Journal of Manufacturing
Technology, Volume 10, pp.411-415.

[4] Castelino, K., D'Souza, R., & Wright, P.K. (2002), “Tool
path optimization for minimizing airtime during
machining”, Journal of manufacturing systems, Vol.22,
No.3, pp.173-180.

[5] Glover, F. (1993), “A user’'s guide to tabu search. Annals
of Operations Research”, Vol.41 pp. 3-28.

[6] Alam, M. R., Lee, K. S., Rahman, M., & Zhang, Y. F.
(2003), “Process planning optimization for the
manufacture of injection moulds using a genetic
algorithm”, International journal of computer integrated
manufacturing, Vol.16, No.3, pp. 181-191.

[7] Abu Qudeiri, J., Yamamoto, H., & Ramli, R. (2007),
“Optimization of operation sequence in CNC machine tools
using genetic algorithm”, Journal of Advanced Mechanical
Design, Systems, and Manufacturing, Vol.1 No.2,  pp. 272-
282.

[8]  Shi, X.H., Liang, Y.C., Lee, H.P., Lu, C., Wang. Q.X. (2007),
“Particle swarm optimization-based algorithms for TSP and
generalized TSP”, Information Processing Letters, Vol.103,
pp.169-176.

[9] Guo, Y.W., Li, W.D., Mileham, A.R., Owen, G.W. (2009),
“Applications of particle swarm optimisation in integrated
process planning and scheduling”, Robotics and Computer-
Integrated Manufacturing, Vol.25, pp.280-288.

[10] Shao, X., Li, X., Gao, L., Zhang, C. (2009), “Integration of
process planning and scheduling—A modified genetic
algorithm-based approach”, Computers & Operations
Research, Vol.36, pp. 2082 — 2096.

[11] Ghaiebi, H., & Solimanpur, M. (2007), “An ant algorithm for
optimization of hole-making operations”, Computers &
Industrial Engineering, Vol.52 No.2, pp. 308-319.

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

13

Colorni, A., Dorigo,M., Maniezzo,V. (1992), “Distributed
optimization by ant colonies” In F. J. Varela and P. Bourgine,
editors, Proceedings of theFirst European Conference on
Artificial Life, pages pp.134-142. MIT Press, Cambridge,
MA,

Dorigo, M., Caro,G. D. (1999), “The Ant Colony Optimization
Meta-Heuristic” .In D. Corne, M. Dorigo, and F. Glover,
editors, New Ideas in Optimization. McGraw-Hill,

Dorigo, M., Maniezzo, V., Colorni,A. (1996), “The Ant
System: Optimization by a colony of cooperating agents”,
IEEE Transactions on Systems, Man, and Cybernetics — Part
B, Vol.26 No.1 pp.29-41.

Dorigo, M., St'utzle, T.(2004), “Ant Colony Optimization”, The
MIT Press,.ISBN 0-262-04219-3.

Hsieh, Y. C., Lee, Y. C.,, & You, P. S. (2011), “Using an
effective immune based evolutionary approach for the
optimal operation sequence of hole-making with multiple
tools”, Journal of Computational Information Systems, Vol.7,
No.2, pp.411-418.

Bersini, H., Varela, F. J.(1991), A Variant of Evolution
Strategies for Vector Optimization.In H.-P. Schwefel and R.
M"anner, editors, Parallel Problem Solving from Nature. 1st
Workshop, PPSN |, pp. 343-354, Dortmund, Germany,.
Springer-Verlag. Lecture Notes in Computer Science No.
496.

Tamijidy, M., Paslar, S., Baharudin, B. H. T., Hong, T. S., &
Ariffin, M. K. A. (2014), “Biogeography based optimization
(BBO) algorithm to minimise non-productive time during
hole-making process”, International Journal of Production
Research, pp.1-15.

Guo et al., “Operation sequencing optimization for five-axis
prismatic parts using a particle swarm optimization
approach”, Proc. IMechE Part B, J. Eng. Manufacture
Vol.223, No.5 pp. 485-497.

Kiani K., Sharifi M., Shakeri M. (2014), “Optimization of
cutting trajectory to improve manufacturing time in computer
numerical control machine using ant colony algorithm”, Proc.
IMechE Part B J. Eng. Manufacture Vol. 228 No.7, pp. 811-
816.

Nassehi, A., Essink, W., Barclay, J. (2015), “Evolutionary
algorithms for generation and optimization of tool paths”,
CIRP Annals - Manufacturing Technology XXX XXX—XXX.
Jiang, Z., Zhou, M., Tong, J., Jiang, H., Yang, Y., Wanga, A.,
You, Z. (2015) “Comparing an ant colony algorithm with a
genetic algorithm for replugging tour planning of seedling
transplanter”, Computers and Electronics in Agriculture, Vol.
113, pp. 225-233.

Srivatsava, P. R. et al. (2013) “Optimal test sequence
generation using firefly algorithm”, Swarm and Evolutionary
Computation, Vol.8, pp.44-53.

Marinakis, Y., Marinaki, A. (2014), “Bumble Bees Mating
Optimization algorithm for the Open Vehicle Routing
Problem”, Swarm and Evolutionary Computation, pp.1580—
94,

Narooei, K. M., Ramli, R., Rahman, M.Z., Iberahim,F., and
Qudeiri, J. A. (2014), “Tool Routing Path Optimization for
Multi-Hole Drilling Based on Ant Colony Optimization”, World
Applied Sciences Journal, Vol.32 No.9, pp.1894-1898,.
Montiel-Ross Oscar., Rodriguez, N., Sepllveda, R, and
Melin, P. (2012), “Methodology to Optimize Manufacturing
Time for a CNC Using a High Performance Implementation
of ACO”, International Journal of Advanced Robotic
Systems, Int J Adv Robotic Sy, Vol. 9, No.121.

Liu, X., Hong, Y., Ni, Z., Qi, J., Qiu X. (2013), “Process
planning optimization of hole-making operations using ant
colony algorithm”, The International Journal of Advanced
Manufacturing Technology, Vol. 69, No.1-4, pp.753-769 .
Lim, W. C. E., Kanagaraj,G., Ponnambalam, S. G.(2014), A
hybrid cuckoo search-genetic algorithm for hole-making
sequence optimization,Journal of Intelligent Manufacturing
Lim W. C. E., Kanagaraj,G., Ponnambalam,S. G.(2012),
“Cuckoo Search Algorithm for Optimization of Sequence in
PCB Holes Drilling Process”, Emerging Trends in Science,
Engineering and Technology ,Lecture Notes in Mechanical
Engineering, pp. 207-216.

Liu, X. J., Yi, H., Ni, Z. (2013), “Application of ant colony
optimization algorithm in process planning optimization”,
Journal of Intelligent Manufacturing ,Vol. 24, No. 1, pp 1-13.

JIEM



14

(31]

(32]

(33]

[34]

(35]

(36]

Ismail, M.M..et al. (2012), “Firefly algorithm for path
optimization in PCB holes drilling process”, Green and
Ubiquitous Technology (GUT), International Conference ,
Jakarta ,|IEEE , pp.110 - 113 ..

Liyun,X.u.,et al.(2014), “Optimization of process planning for
cylinder block based on feature machining elements”,
Systems, Man and Cybernetics (SMC), IEEE International
Conference, Conference Location : San Diego,CA .
Metropolis, N., Rosenbluth, A., Rosenbluth, M., Teller, A.,
Teller, E. (1953), “Equation of State Calculations by Fast
Computing Machines”, Journal of Chemical Physics, Vol.21
No.6, pp. 1087-1092.

Rao, R.V. (2011), Modeling and optimization of Modern
Machining processes. Springer series in advanced
manufacturing.

Elbeltagi, E., Hegazy, T., & Grierson, D. (2005), “Comparison
among five evolutionary-based optimization
algorithms”, Advanced engineering informatics, Vol. 19 No.1,
PP.43-53.

Civicioglu P, Besdok E. A conceptual comparison of the
Cuckoo-search, particle swarm optimization, differential
evolution and artificial bee colony algorithms. Artif Intell
Rev.2013; 39(4):315-346.

[37]

(38]

[39]

[40]

[41]

[42]

Dalavi et al.

Huang L, Ding S, Yu S, Wang J, Lu K. Chaos-enhanced
Cuckoo search optimization algorithms for global
optimization. Applied Mathematical Modelling.
(2016):40:3860-3875.

Pal S and Rai C. Comparative Study of Firefly Algorithm and
Particle Swarm  Optimization for Noisy Non-Linear
Optimization Problems. 1.J. |Intelligent Systems and
Applications. 2012; 10: 50-57.

Niknam T, Mojarrad HD, Meymand HZ, Firouzi BB. A new
honey bee mating optimization algorithm for non-smooth
economic dispatch. Energy. 2011;36:2.896-908.

Ammu PK, Sivakumar K C, Rejimoan R. Biogeography-
Based Optimization - A Survey. International Journal of
Electronics and Computer Science
Engineering.2012;2(1):154-160.

Coello, C.A., Lamont, G.B.,Van Veldhuizen, D.A. (2007)
“Evolutionary  Algorithms  for  Solving  Multi-Objective
Problems”, Springer, Second Edition, pp. 584-593.

Kennedy, J., Eberhart, R. C. (1995),“Particle Swarm
Optimization”, In Proceedings of the 1995 IEEE International
Conference on Neural Networks, pp. 1942-1948,

Piscataway, New Jersey,. IEEE Service Centre.

Osvrt na optimizaciju operacija perforacije injekcionih
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Apstrakt

Optimizacija operacija perforiranja ima kljuénu ulogu pri odredivanju i planiranju angazovanja
pokretnih alata i alata prekidac¢a u prvom planu. Industrijske aplikacije kao Sto su kalupi, alati, blok
motori, itd., sastoje se od velikog broja perforiranih otvora koje karakteriSu razli¢iti precnici, dubine i
povrsine. Ovo rezultira pojavom deformacija kod velikog broja masinskih operacija kao $to je buSenje
tokom procesa postizanja kona¢nog broja individualnih otvora. Takode, dolazi do nastajanja velikog
broja mogucih sekvenci za postizanje finalnih veli¢ina pojedinih otvora. Ono Sto je od sustinskog
Zznacaja jeste c¢injenica da optimalan redosled operacija i brzina rezanja uti¢e na smanjenje ukupnih
troSkove obrade. U ovom radu razmatraju se razlicite tehnike ne-tradicionalne optimizacije koji su do
sada implementirani u reSavanju problema optimizacije operacija perforiranja.

Kljuéne reé€i: Operacije perforiranja, nekonvencionalne tehnike optimizacije algoritma
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