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Abstract. Among the most important and difficult tasks in CAPP
(computer-aided process planning) is optimizing the machining operation
sequence, which calls for a lot of iterations and a significant amount of
computational time. Decreasing the frequency of tool changes and machine
setup iterations is the primary goal of improving the machine operation
sequence. To solve the CAPP problem and determine the shortest
manufacturing time, this study suggests a hybrid approach called the
integrated genetic and simulated annealing (IGSA) algorithm. The best
sequence with the shortest manufacturing time, discovered in the first
algorithm (genetic), has been proposed to be the starting sequence of the
second method (simulated annealing), which searches for neighbouring
ideal sequences. The feasible solutions for a given issue are the best
sequences that can be found using this integration technique. The
performance of the suggested IGSA algorithm was tested, including various
benchmark problems with simple precedence constraints. The comparisons
of benchmark and case study results with other existing algorithms in the
literature show a drastic improvement in the computational time and optimal
solutions.

1 Introduction

Numerous research techniques have been employed in recent decades to use CAPP to tackle
optimization challenges. A comprehensive survey was made to identify where computer
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application is possible and where human operators have marked average [1]. For a single
machine, the setup cost between two operations was studied. Latin multiplication method
was used and the cost was reduced by introducing alternate plans [2]. During the planning
process, the computer is used to sequence the machining operation to reduce cost. The STEP-
NC data was used for roughing and finishing operations [3]. Using CAPP, an alternate
optimum solution for sequencing operations was made with a tree-structured approach [4].

In the machining sequencing problems, different optimization techniques and algorithms are
used to reduce operation time for optimum requirements. A discrete swarm optimization
(DPSO) method is used to minimize setup time on the multi-head surface mounting machine
(SMM) [5]. The MATLAB program was used for optimizing the sequencing problem,
compared with other optimization techniques and algorithms, and proved faster and better
results [6]. In a CAPP study, the ant colony algorithm technique was used to find operation
sequence optimization in a couple of case studies. The alternate sequences that were found
were same time and with low cost [7]. The scheduling and sequencing of large-scale job shop
operations is a difficult task. In a study, the alternate route for the bill of materials (BOM)
was made based on variable neighborhood search (VNS). The approach was then compared
with the GA and concluded the method is suitable for large and single BOM [8]. For the
minimum operating cost, the honey bees mating optimization (HBMO) algorithm was
implemented in a process planning problem. It was performed in three experiments and the
results demonstrated that the dominant and better results than additional algorithms [9]. A
large-size constraint-based sequencing problem was optimized using a tabu search-based
approach. Case studies were made and results were contrasted with genetic as well as
annealing algorithms. The tabu search-based approach showed better performance and
quality results [10]. A MDTS (multi-dimensional tabu search) algorithm was used for
optimizing sequencing and machining problems. The results were compared with SA
(simulated annealing), GA (genetic algorithm), and TS (tabu search) and showed quality and
efficiency [11]. Using a modified clustering algorithm, three case studies were made for
optimizing sequence problems. The optimized result showed that the operation time was
significantly reduced and more optimum solutions were obtained [12]. The genetic algorithm
(GA) is frequently employed, and it was found that computation time for optimizing
sequencing was low and alternate optimum solutions can made fast and effective [13]. The
GA is used for the rapid and optimum feasible solution in the CAPP applications. In addition,
artificial intelligence (AI) was introduced and showed increasing performance [14]. The
TSPPC (traveling salesman problem with precedence constraints) is much more difficult to
attain and also many possible and optimum solutions. The GA was applied on TSPPC and it
was found a superior performance than the traditional one [15]. An experimental study was
conducted in a job shop and the GA was applied for sequencing operations of 23 operations.
On a challenging problem, it was discovered that the GA algorithm operated effectively and
consistently. The activity-based scheduling optimization problems are reviewed and found
that GAs were used frequently for effective solutions. The optimization problems that are
bound-constrained and unconstrained can be resolved using the SA approach. In hydrogen
production, a permeability model is optimized using the SA algorithm. SA was utilized in a
case study to optimize routing and sequencing, and the outcomes were contrasted with those
of a GA. It was found that the SA is effective compared to the other approaches. Two
prismatic parts were studied for optimum sequence solution with SA algorithm, GA, and tabu
search algorithm. The ACO (ant colony optimization) algorithm was found to be more
effective than the other three algorithms. Similarly, for controlling the reactive power system,
three prismatic parts were studied for optimum sequencing using the PSO (particle swarm
optimization) algorithm. The altered PSO algorithm generated an efficient optimal solution
for less time compared to the GA as well as simulated algorithm. A simple SA algorithm was
applied to three case studies and found that the SA produced an efficient and optimum
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solution in less time. Recently an adaptive SA algorithm was proposed on an experimental
job shop sequence and found that the developed algorithm is more effective. An approach
that blends two or more different algorithms to solve a single problem is called a hybrid
algorithm. The branch and fathering (B&F) algorithm demonstrated a significantly better
solution in a shorter amount of time. For the best process plan and minimum makespan, a
hybrid dynamic DNA (HD-DNA) algorithm technique has been created, which has improved
the manufacturing system's efficiency. A hybrid CSG (cuckoo search-genetic) algorithm was
used for sequencing operations of hole-making. The solved computational test results showed
an improvement than other algorithms. A sequence optimization problem was proposed with
a PSO algorithm. The numerical experiments and comparison results showed good quality
and efficiency. The machining processes in a case study have been sequenced utilizing a GA
and SA algorithm. The results showed the satisfactory results of the hybrid approach. The
most well-known solution to the mTSP (Multiple Traveling Salesman Problem), which is to
reduce the longest tour’s length, has recently been improved by a hybrid GA. Numerous
studies have been conducted in the field of operations sequence optimization. There is still
room for improvement in this suggested approach, even after employing a number of
unconventional meta-heuristic strategies. These enhancements can be achieved by combining
genetic and SA algorithms to uncover alternative sequences, minimize machine costs, reduce
computing time, and make constraint implementation simple.

2 Implementation of IGSA Algorithm

Depending on Darwin's "survival of the fittest," the GA may be utilized to a broad range of
real-world issues. It is a metaheuristic method for looking for answers in a global random
space, but it can also waste more computing time and trap in local minima. High fitness
solutions can endure in the global environment. The SA algorithm is combined with GA to
get around this limitation. By haphazardly reversing the 2 sets of variables, the SA method
can find the closest optimal sequence by starting with the best sequences found by the GA.
This kind of searching aids in the solutions' escape from local minima. This integration will
decrease the algorithm's total computing time. The details of the proposed algorithm are
presented below, and the flowchart is illustrated in Figure 1. The effect of various parameters
of both algorithms is studied and included in this work considers one of the case studies that
has 3 operations along with precedence constraints. The major parameters involved in the
GA are reproduction probability, crossover probability, mutation probability, population size,
no of generations, types of crossovers and mutation operators, fitness functions, and the
combination of various mentioned parameters, which are very important in solution
convergence and execution time. All benchmark case studies and application issues were
resolved using these parameters. According to the computational tests, GA looks for the
solution at random in the search space, but it occasionally finds local minimum solutions. It
also requires more computing time and could not be appropriate on its own for optimization
problems involving more than ten processes. By avoiding local minimum solutions, a hybrid
with a SA algorithm will assist in locating the best or nearly ideal solutions. Achieving
globally optimal results requires the confluence of GA and SA.

The suggested IGSA algorithm was built in 800 lines of code using Turbo C++ and executed
on a 1.7 GHz Core 2 Duo CPU including 4 GB of RAM. The suggested technique has been
computationally verified on eight case studies and three benchmark problems to confirm its
performance and practicality. Together with the optimal genetic and SA algorithm parameters
derived from earlier computational investigations, the component PCM is sent as input to the
algorithm.
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Fig. 1. Flow chart of proposed GISA algorithm

3 Case studies for performance testing

For testing the proposed algorithm performance, three application-oriented components were
considered from the literature. The test results and performance were compared with the
literature algorithms like GA, ant colony algorithm, SA, PSO algorithm, and cluster
algorithm. The parameters considered for comparisons are optimal production time, number
of alternative sequences, and computational time.

3.1 Case study 1

For demonstration of the performance of the suggested algorithm having 13 operations. The
details of the 13 operations and the corresponding machining process are represented in Table

1 below.

Table 1. Machining operations details of case study 1 for 13 operations
Descript |y 12 | 3| 4| 5| 6 7 $ | 9 10| 11| 12 13
Operatio Groove| Hole [Hole | Hole | Hole Hole
e |Cyl1|Cyl2|Cyl2|Cyl 3 |Cyl 3 |Face I | Thread [ Sl ” " "
ls\/el?uclinne Rough Finish  [Rough Finish Pre finish Rough
Machine Lathe Drill
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Fig. 2. Case study 1 - Rotational component with 13 operations

The precedence cost matrix (PCM) was constructed based on the above table as input by
considering all precedence constraints which are provided in below Table 2.

Table 2. Precedence cost matrix of case study 1 for 13 operations

1 2 3 4 5 6 7 8 9 10 11 12 13
1 - 100 150 100 150 150 150 150 150 650 650 550 550
2 100 - 50 0 50 50 50 50 50 650 650 650 650
3 150 50 - 50 0 50 50 50 50 650 650 650 650
4 100 0 50 - 50 50 50 50 50 650 650 650 650
5 150 50 0 50 - 50 50 50 50 650 650 650 650
6 150 50 50 50 50 - 50 50 50 650 650 650 650
7 150 50 50 50 50 50 - 50 50 650 650 650 650
8 150 50 50 50 50 50 50 - 50 650 650 650 650
9 150 50 50 50 50 50 50 50 - 650 650 650 650
10 650 650 650 650 650 650 650 650 650 - 50 100 150
11 650 650 650 650 650 650 650 650 650 50 - 150 150
12 550 650 650 650 650 650 650 650 650 100 150 - 50
13 550 650 650 650 650 650 650 650 650 150 150 50 -

The results were compared with previous literature algorithms. The proposed method
converges at a shorter computation time. The optimal solutions were obtained at 27" iteration
within 3 sec. The obtained few alternative sequences are,

(2,6,3,5,8,9,7,4,1,12,13,10,11),  (2.,4,6,3,5,9,8,7,1,12,13,10,11),  (2,4,6,3,5,8,9,7,1,12,13,10,11),
(2,4,6,5,3,9,8,7,1,12,13,10,11),  (2.,4,5,3,8,7,6,9,1,12,13,10,11),  (2,4,5,5,3,8,7,9,1,12,13,10,11).

3.2 Case study 2

To demonstrate the efficiency of the suggested algorithm having six operations component
flange coupling has referred from Irani. S.A. et al. [2]. The operation 1 - LH Face, operation
2 - RH Face, operation 3 — step 1, operation 4 — step 2, operation 5 - through hole, operation
6 - PCD hole. Figure 5 shows the details of operations. Table 6 shows the precedence cost
matrix of case study 2.
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Fig. 3. Case study 2 - Rotational component with 6 operations

Table 3. Precedence cost matrix of case study 2 for 6 operations

1(F1) 2(F2) 3(F3) 4(F4) 5(F5) 6(F6)
1(F1) 999 1 0 1 11 100
F2(2) 1 999 1 0 11 100
F3(3) 1 1 999 0 11 100
FA(4) 1 0 999 999 11 100
F5(5) 11 999 11 11 999 100
F6(6) 999 999 999 999 999 999

The optimal sequence was (1,3,4,2,5,6) and the optimum cost was 122. Table 5
compares the suggested algorithm including additional algorithms. This method is 100%

faster than the previous method.

3.3 Case study 3

Another case study was taken from the literature Reddy. S.V.B. et al. [13], having ten
operations along with technical specifications as shown in Figure 4. The precedence cost
matrix for 6 operations of case study 3 is shown in Table 4.

\

[

M |

y

Fig. 4. Case study 3 - Rotational component with 6 operations
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Table 4. Case study 3 - Precedence cost matrix for 6 operations

1 2 3 4 5 6(2)
1 X X X 1 1 1
2 1 X X X 1 1
3 X X X X 1 1
4 X X 1 X 1 1
5 1 X 1 1 X 1
6(2°) 1 X 1 1 1 X

The best results obtained in the Latin multiplication method and proposed IGSA is given
below. The few optimal sequences obtained are, with optimum cost is 5.
(2,6,1,45,3), (2,1,4635), (2,1,43,6,5), (2,1,6435), (251.643), (2,6,1435), (2514,6.3),
(2,5,6,14.3), (2,1,6354), (2,543.61), (2,1,6453), (25436,1), (2,1.4653), (2,6,35,1.4),
(2,1435,6), (25.6,1.43), (2,1,453,6), (2,143506), (251643), (2,6,14553).

4 Results and discussion

The proposed IGSA algorithm applies to complicated practical applications with many
machining operations and more precedence constraints. The obtained sequence satisfies all
pre-constraints. The optimal cost obtained in case study 1 is 1200 units which is than BFA
algorithm Lee, D.H. et al. [25]. But the computational time is drastically reduced to below 3
sec which is an 80% reduction as compared to the GA alone. There are many alternative
sequences obtained in which solutions are similar in the literature few of the sequences are
(2-6-3-5-8-9-7-4-1-12-13-10-11), (2-4-6-3-5-9-8-7-1-12-13-10-11), (2-4-6-3-5-8-9-7-1-12-
13-10-11), (2-4-6-5-3-9-8-7-1-12-13-10-11). The result which is shown in case study 2, with
six operations is 122 units in 7.51 sec. The optimal sequence was obtained (1-3-4-2-5-6). The
proposed IGSA algorithm is the same as 122 units in 3 sec with two sequences (5-1-3-4-2-6)
and (1-3-4-2-5-6). The computational time is reduced by 60% as compared to Irani, S.A. et
al. [2]. In case study 3, Prabhu, P. et al. [4], from 720 combinations (6!) the optimum
sequence is reduced to 20 for the optimum cost of 5. 40% of the time is reduced compared to
the literature. A few of the optimum sequences obtained are (2-6-1-4-5-3), (2-1-4-6-3-5), (2-
5-1-6-4-3), (2-1-6-4-5-3). In all the case studies the suggested IGSA algorithm performs
much better than additional algorithms consequently computational time and alternate
sequences which is shown in Table 5. In a few case studies, optimal solutions are improved
as compared to previous algorithms. The execution time is drastically reduced and many
alternative sequences were obtained. All the above tests were carried out in 10 to 20 trials to
verify the optimal solutions to the standard literature problem. Among various algorithms
(GA, ACA, S-GENSAT, SA) in the literature, the suggested GISA algorithm can able to
solve all the case studies with shorter computational time, and also many alternate sequences
were obtained in this method. The superior characteristic of this algorithm are neglect of all
the individual infeasible solutions in each iteration. Due to this high computational efficiency
and easy implementation of precedence constraints, this proposed GISA algorithm is superior
to another algorithm. Compared to other algorithms, this suggested IGSA performs better. In
addition to finding a large number of viable alternative answers in the global search space,
this combination converges relatively quickly. It is an extremely straightforward and
effective technique that can easily apply any type of precedence restrictions to solve globally
optimal solutions. After giving the inputs such as the cost matrix along with precedence
constraints, the solutions were automatically computed in the Turbo C++ algorithm.
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The consolidated summary results are given in Table 5 below.

Table 5. Consolidated results summary of all case studies.

Author Method Optimu‘m Co.nvergence 1\.10. of alternate
cost (unit) time (sec) |optimal sequences
Case study 1
Lee, D.H. et al. [25] BFA 1250 29.95 many
Proposed IGSA 1200 3 many
Case study 2
Irani, S.A. et al. [2] HP 122 7.51 1
Proposed IGSA 122 <3 1
Case study 3
Prabhu, P. et al. [4] LMM 5 5 14
proposed IGSA 5 <2 20

5 Conclusions

This approach would not produce any impractical sequences at any point throughout iteration
because it thoroughly verifies the precedence requirements right from the start. This
algorithm will be able to meet the solution's stopping criterion with the aid of the acceptance
probability. This study shows the importance of a meta-heuristic method in the milling and
turning center's machining operations optimization. Numerous case studies from the standard
literature demonstrate the effectiveness of the suggested CAPP methodology. The
comparison demonstrates that the best results are frequently found in the literature with a
more practical sequence and less computing time. One of the key efforts in this field is
parameter optimization, which may determine the ideal range of parameters for resolving any
type of issue. Integrating precedence constraints (fixed and dynamic) into process design is
another crucial topic. This allows for the generation of workable solutions at every level
without going against the precedence constraints. With a chance of acceptance through the
selection of high-fitness solutions in both algorithms, the hybrid genetic and SA algorithm's
unique features may shorten computing time. Because GA suffers, hybridization is essential
to achieving globally optimal results. The IGSA algorithm will work better with more pre-
constraints that increase complexity, leading to a notable improvement in both computational
time and outcomes.
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