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Abstract 
The productivity of machine tools is significantly improved by using 
microcomputer based CAD/CAM systems for NC program generation. Currently, 
many commercial CAD/CAM packages that provide automatic NC programming 
have been developed and applied to various cutting processes. Many cutting 
processes machined by CNC machine tools. In this paper, we attempt to find an 
efficient solution approach to determine the best sequence of operations for a set of 
operations that located in asymmetrical locations and different levels. In order to 
find the best sequence of operations that achieves the shortest cutting tool travel 
path (CTTP), genetic algorithm is introduced. After the sequence is optimized, the 
G-codes that use to code for the travel time is created. CTTP can be formulated as a 
special case of the traveling salesman problem (TSP). The incorporation of genetic 
algorithm and TSP can be included in the commercial CAD/CAM packages to 
optimize the CTTP during automatic generation of NC programs.  

Key words: NC Program, Tool Path, Operations Sequence, Genetic Algorithm, 
TSP. 

 

1. Introduction 

The productivity of machine tools can be significantly improved by using 
microcomputer based CAD/CAM systems for NC program generation. Currently, a number 
of commercial CAD/CAM packages that provide automatic NC programming have been 
developed and applied to various cutting processes. To cut any process using CNC machine 
tools, a tool path for the cutting tool should be determined. The total production time to cut 
any part using CNC machine tools consists of travel time (the time to move the CNC 
machine spindle between operations), switch time (the time to change the cutting tool for 
next operation), and the cutting time (the time that the cutting tool moves with cutting speed 
in air or in material). A survey of the literature shows that much research has been done on 
minimizing the cutting time(1), (2); however, there is a lack of literature that studies the travel 
time between the operations. In order to minimize the travel time, the cutting tool travel 
path (CTTP) between operations should be minimized. CTTP can be classified into two 
types, one is continuous travel path. In this type the start point and the end point of each 
operation are the same(3), and it mainly appears in hole-cutting operations such as drilling, 
reaming, and tapping. The other is the discontinuous travel path, where the start and end 
points of the operation are different. This type includes most other operations such as 
grooving, pocketing, etc. Kolahan et al.(4) used a tabu-search approach to minimize the total 
processing cost for hole-making operations. They considered tool travel time, tool switching 
time and the cutting time and used the tabu-search algorithm to find the solution. They 
studied the holes that have the same surfaces level, which means the cutting tool, travels in 
xy plane to move from one hole to another. We have previously proposed optimization 
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method for hole-cutting operations sequence in CNC machine tools using genetic algorithm 
(GA) (3) . In this previous study, the operations contained a similar holes located in different 
levels. In contrast, our study solves CTTP for a different operation processes that can be 
done by using single cutting tool.  

CTTP can be formulated as a special case of the traveling salesman problem (TSP) but 
is more complicated since the operations start and end points are different also are located 
in different planes and the cutting tool uses a save path to travel between such points. In this 
paper, we attempt to find an efficient solution approach to determine the best sequence of 
operations for the different process that achieves the shortest CTTP. In order to do this, GA 
is used to find the shortest CTTP. The G-codes needed for this operation are then created. 
Before going through the optimization of CTTP and the G-code generation, the basic 
concepts of the NC program configuration are explained in the following section. 

2. CNC Program Configuration 

For any operation using CNC machine tools, NC program is needed. There are two NC 
program types. One type can be coded by a programmer which is suitable for simple cutting 
process. The other type is generated by one of the commercial CAD/CAM packages that provide 
automatic NC programming, and this type is suitable for complex shape that cannot be 
programmed easily. NC program is a series of coded instructions required to produce a part. It 
controls the movement of the machine tool and the on/off control of auxiliary functions such as 
spindle rotation and coolant. The coded instructions are composed of letters, numbers and 
symbols and are arranged in a format of functional blocks. Each block consists of one or more 
NC words. An NC word is a collection of characters that begins with an address followed by 
numbers. A character is one byte (8 bits) of information representing a number, letter, or symbol. 
The sequence and arrangement of NC words in part programs must follow a certain pattern that 
is called the tape format or program. For any program, various functions and their related 
commanding methods are required. There are two main functions: (1) first function is a 
preparatory function which is designated in a program by the word address G, and (2) 
Miscellaneous functions which use the address letter M(5), An example of whole program can be 
shown in Fig. 1(6), the most important part of the program is a machining program parts which 
contain the G-codes needed to complete specific operation process.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

O______; Program name. 
N______; Sequence number. 
G90 G17 G40 G80 G49; Initial conditions. 
T01; 
M06; 
N_____; 
T_____; 
G90 G54 G00 X___ Y___; Coordinate system  
G43Z___H___M03; Tool length correction. 
Z___ M08; 
 
G01 Z___F___; 
X___Y___F___;  .   .  .  .  . 
G00 Z___M09; 
G91 G28 Z0 M08; Return to origin 
G90 X___Y___; 
M06; 
M30; End of program. 
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Fig.1  Example of NC program 

Registration of main spindle tool 

Machining program 
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3. Problem Description and Formulation  

With the hand programing and the CAD/CAM packages that provide automatic NC 
programming, NC program does not use optimal techniques to find CTTP. The traditional 
processes to produce any products using CNC machines are: draw a product → find the tool path 
→ create the NC program. Using this pattern the shortest CTTP couldn’t be considered. It may 
take long machining time to complete the operations. In order to overcome this kind of 
disadvantage, we introduce GA. GA can efficiently find the sequence of operations that achieves 
the shortest CTTP. The cutting tool should travel through the safe CTTP to avoid damaging the 
workpiece and the cutting tool. In order to achieve the safe CTTP, the cutting tool must pass 
through an imaginary point when it moves between two operations in different planes. 

The CTTP can be formulated as a special case of the traveling salesman problem (TSP). 
Cities in our problem are represented by operations and the salesman is represented by cutting 
tool. Similar to the TSP, CTTP consists of a number of nodes, with the distances between them 
given. The goal is to find the minimum length tour that visits each node exactly once. There are 
three main differences between CTTP and the conventional TSP. The first difference is that the 
arrival and departure points are assumed to be the same point in conventional TSP where the two 
points are different in CTTP, as shown in Fig. 2. The second difference is that the salesman in 
the TSP is returning to the starting city, where the tool in CTTP completes its tour when it 
reaches the last operation. The third difference is that the travel between the nodes in CTTP has 
some constraints to avoid any touch between the cutting tool and the workpiece. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. Review of the TSP and its Variants 

4.1 Traveling Salesman Problem (TSP) 
TSP is one of the most widely studied combinatorial optimization problems(7), (8), (9). The most 

common practical interpretation of the TSP is that of a salesman seeking the shortest tour 
through N cities, visiting each city exactly once and returning back to the starting city. The 
problem statement is deceptively simple, but it still remains as one of the most challenging 
problems in operational research. To solve such problems of any size is by enumerating each 
possible tour and searching for the tour with the shortest path. Each possible tour is a 
permutation of 1, 2, 3,  . . ., N. where N is the number of cities, so the number of tours is n!. 
When n is large, it becomes impossible to find the path of every tour in polynomial time.  

The TSP can be described mathematically as follows. Consider a complete digraph G = (V,P) 
where V is the vertex set that represents the cities, V = {1,…,N} , A is the arc 
set, ( ){ }Vj,i,j,i  A ∈=  and Dij  is the distance between cities i and j. The TSP then can be 
solved by minimizing the total trip given by Eq. (1) below. 

 Fig. 2  Conventional TSP path and CTTP 
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                 Minimize  

( )
ij

Aj,i
ijD λ∑

∈
 subjected to:                     (1) 

{ }1,0ij ∈λ  

                          1
Vi

ij =∑
∈
λ   Vj∈                          (2-A) 

                          1
Vj

ij =∑
∈
λ    Vi∈                          (2-B) 

 
Constraints 2-A and 2-B ensure that each city is visited exactly once. The TSP is an 

NP-complete problem (10), heuristic algorithms that have relatively short running times and often 
give solutions that differ only slightly from the optimal solution. Several methods, usually based 
on search heuristics, have been applied for the traveling salesman problem, such as Greedy 
Algorithms(11), The Nearest Neighbor algorithm(12), A minimum spanning tree(11), (12), simulated 
annealing(13), tabu search(14), neural networks(15). One of the methods for solving the TSP is 
genetic algorithms (GA)(16). GA is global optimization techniques using various optimization 
problems, such as the TSP(17). 

4.2 Distances Between CTTP Nodes 
To find the CTTP, the importance is how to find the distance between two pair of 

operations in the CTTP. Calculating the distance between two nodes depends on the plane where 
the two nodes belong to. Also depend on the start and end points of the operation. The distance D 
between a pair of operations through the CTTP can be calculated as follows: 
CASE 1: If the two nodes belong to the same plane, 
Then D can be calculated using Eq. (3). 

                   2
ji

2
ji

2
ji )z-(z)y-(y)x-(x D ++=                  (3) 

CASE 2: If the two nodes belong to different planes, as shown in Fig. 3, Then D can be 
calculated as follows. 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 

 
 
Refer to Fig. 3 and consider the points ( )iiii z,y,xP  and ( )jjjj z,y,xP  which are located in 
plane A and plane B respectively. To move the tool path safely between the points iP and jP , the 
tool path should pass imaginary point (point cP in Fig. 3). Thus, the distance D between points 

iP and jP can be calculated using the Eq. (4). 

Plane A 

Plane B 

Plane AB 
( )iiii z,y,xP  

( )jjjj z,y,xP

( )cccc z,y,xP

Fig. 3  Nodes in different planes 
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2

cj
2

cj
2

cj

2
ci

2
ci

2
ci

)z-(z)y-(y)x-(x       

)z-(z)y-(y)x-(x D

+++

++=
               (4) 

The location of the imaginary point cP  can be determined using the following steps. 
Step 1:  Read the location of the work reference point. 
Step 2:  Read 3 points in plane AB, such as 

( )1111 z,y,xP , ( )2222 z,y,xP  and ( )3333 z,y,xP  

Step 3:  Find the equation of plane AB. 
The plane passing through three points 1P , 2P  and 3P can be determined by carrying out the 
following rule. 
A.Use points 1P , 2P  and 3P  to find vectors 21PP and 31PP by using Eq.s (5) and (6) 
respectivly. 

            12121221 zz,yy,x-xPP −−=                         (5) 

           13131331 zz,yy,x-xPP −−=                          (6) 

B. Find a normal vector n  to the plane AB. 
The normal vector to the plane is the cross product of vectors 21PP and 31PP . The normal 
vector n  can be determined by using Eq. (7).  

           

( ) ( )
( ) ( )

( ) ( )
( ) ( )

( ) ( )
( ) ( )kyyx-x

yyx-x
                        

j
zzx-x
zzx-x

i
zzyy
zzyy

PPPPn

1313

1212

1313

1212

1313

1212
3121

−
−

+

−
−

−
−−
−−

=×=

               (7) 

where     

                     bcad
dc
ba

−=  

C. Use 1P and n  to find the equation of the plane AB as follows. 
              ( ) ( ) ( ) 0zzCyyBx-xA 111 =−+−+                   (8) 

where 
( )( ) ( )( )13121312 yyzzzzyyA −−−−−= , 
( )( ) ( )( )13121312 x-xzzzzx-xB −−−=  and  
( )( ) ( )( )13121312 x-xyyyyx-xC −−−= . 

Step 4: Find the equation of line ji PP that passes through the points iP and jP . The line 
passing through the two points iP and jP can be determined by carrying out the following rule. 
A. Find a vector parallel to the line by using the vector between the two points as given in Eq. 
(9). 

                ( ) ( ) ( )kzzjyyixxPP ijijijji −+−+−=               (9) 

B. Use the components of ji PP  and iP  to express the parametric equation of the line by 
using Eq. (10). 

           ( )txxxx iji −+= ;  

           ( )tyyyy iji −+= ;                            (10) 

            ( )tzzzz iji −+=  

C. Solve t in each of x, y and z in Eq. (10) to find the symmetric as given in Eq. (11). 

           
ij

i

ij

i

i

i

zz
zz

yy
yy

xxj
xx

−
−

=
−
−

=
−
−

                       (11) 

Step 5: Find the intersection point ( )intintintint z,y,xP  between the plane AB and the line 

ji PP by carrying out the following rule. 
A. Substitute the intersection point ( )intintintint z,y,xP into the equation of the plane AB [Eq. (8)] 
as given in Eq. (12). 
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              ( ) ( ) ( ) 0zzCyyBx-xA 1int1int1int =−+−+                 (12) 

B. Substitute the intersection point ( )intintintint z,y,xP into the equation of the line ji PP  [Eq. 
(10)] as given in Eq. (13). 

         ( ) intijiint txxxx −+= ;  

         ( ) intijiint tyyyy −+= ;                        (13) 

         ( ) intijiint tzzzz −+=  

C. Combine Eq.s (12) and (13) to find intt . 
D. Substitute intt  into Eq. (13) to find intx , inty and intz . 
Step 6: Find the x, y and z coordinates of point cP  as follows. 

      intc xx = , 
    intc yy =  and                                    (14) 
       ic zz =  

5 Genetic Algorithm 

GA has been successfully applied to optimization problems in diverse fields. GA differ 
from other search techniques which depend on natural genetic evaluation process, start with an 
initial set of solutions selected randomly called population and follow the biological evolution 
process to improve upon them. The solution set in the population, called as chromosome or 
individual, represents a solution to the optimization problem. Each individual contains a number 
of genes. The individuals in the initial population are evaluated to measure its fitness. Based on 
the individuals’ fitness, some individuals are selected from the current population as parents. GA 
operations like crossover and mutation are then applied to the parents to generate new 
individuals, called offspring’s. These offspring’s are then evaluated. A new population can be 
generated by selecting some of the parents and offspring’s. The iteration, called a generation will 
continue until the fitness reaches its maximum value. The best overall solution becomes the 
candidate solution to the problem. Similar cutting operations (holes) are considered in the GA 
operations. The operations for our GA are described in §§ 5.1 ~ 5.4. 

5.1 Encoding 
The CTTP, same as the TSP, is a sequential problem so we need to make some changes to 

the traditional genetic algorithm to solve this type of problem. To encode CTTP we use a path 
representation where the hole centers are listed in the order in which they are visited.  

For example, assuming there are 4 holes A, B, C, D, if a cutting tool starts from the center 
of hole B, through hole centers C, D, A, the individual will be B C D A. For N holes, we 
initialize the population by randomly placing 1 to N into N length individual and guaranteeing 
that each hole center appears exactly once. Then the individual for N holes can be coded as 
shown in Eq. (15). 
                         ]G  G   G [G  individual Ni21= ,            (15) 

                 N,2,1 i G ]G  G   G [G G iNi21i ∩ =∀=  

5.2 Crossover 
The traditional crossover operation is not suitable for this type of representation because 

each gene should appear exactly once in each individual. There are several crossover operators 
for TSPs. We use Greedy Crossover which was invented by Grefenstette (18). Greedy crossover 
selects the first hole center of one parent, compares the hole centers leaving that hole in both 
parents, and chooses the closer one to extend the tour. If one hole has already appeared in the 
tour, we choose the other city. If both holes have already appeared, we randomly select a 
non-selected hole. For example, consider the two parents as shown in Fig. 4.  If the first 
individual is chosen as the template, child 1 can be generated using the following steps: 
Step 1: Select hole 5 (the first hole in the iduvidual) as the first city of child 1.  
Step 2: Find the edges after gene 5 in both parents: (5, 2) and (5, 6) and compare the distance of 
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these two edges. The hole located in the shorter distance will be chosen as the second gene, 
assuming the distance between hole 5 and hole 2 is shorter, we select hole 2 as the next gene of 
child 1.  
Step 3: Find the edges after hole 2: (2, 4) and (2, 3). If the distance between hole 2 and hole 3 is 
shorter, we select hole 3 as the next gene.  
Step 4: Find the edges after hole 3: (3, 1) and (3, 4). If the distance between hole 3 and hole 1 is 
shorter, we select hole 1 as the next gene.  
Step 5: Find the edges after city 1: (1, 6) and (1, 2), since hole 2 appears in child 2, we select 
hole 6 as the next gene. 
Step 6: Find the edges after city 6: (6, 5) and (6, 1), but hole 5 and hole 1 both appear in child 1. 
We select a non-selected hole, which is hole 4, and thus produce a legal child. We can use the 
same procedure to generate child 2 as shown in Fig. 4. After crossover, both offspring encode 
legal tours.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.3 Mutation 
For the same reason that we do not use the traditional crossover operator, we can not use 

the traditional mutation operator. Instead of using the traditional mutation operator, we randomly 
select two genes in one individual and swap their values. Thus, we still have legal tours after 
swap mutation as shown in Fig. 5. 

 
 
 
 
 
 

5.4 Fitness Evaluations 
Following the TSP procedure the evaluation function for the N holes is the sum of 

distances between every pair of hole centers in the tour. The distance between each pair of the 
tour can be calculated as described in § 4.2. 

6. Generation the G-Code for the CTTP 

The G-Code to operate a set of holes located in different levels can be coded using the 
following algorithm. 
Step 1: Read the coordinate of each node of the optimized CTTP. 

2 4 3 1 65 3 4 5 6 1 2
Individual 1 Individual 2 

- - - - -5

2 - - - -5

2 3 - - -5

2 3 1 - -5

2 3 1 6 -5

2 3 1 6 25

- - - - - 2

3 - - - - 2

3 1 - - - 2

3 1 6 - - 2

3 1 6 5 - 2

3 1 6 5 4 2

Before crossover 

After crossover 
Individual 1 Individual 2 

Step1

Step2 

Step3 

Step4 

Step5 

Step6 

Fig. 4  Greedy crossover procedure 

6 4 5 3 1 2 3 4 5 6 12

Swap location 
Fig. 5  Swap mutation
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Step 2: Code the traverse motion command G00 then the X, Y and Z coordinates of the first hole 
in the CTTP. 
Step 3: Read the first hole cutting cycle. 
Step 4: Check the current and next node planes. 
Step 5: If the current and next node related to the same plane, code the traverse motion 
command G00 then the X, Y and Z coordinates of the next hole in the CTTP. Otherwise (If the 
current and next node related to the different planes), find the imaginary point coordinates. 
Step 6: Code G00 then the X, Y and Z coordinates of the imaginary point, then, the X, Y and Z 
coordinates of the next hole in the CTTP.  
Step7: Repeat Steps 4-6 until the cutting tool reaches the last hole in the CTTP. 

7. Algorithms Performance  

The improvement of the solution was measured with respect to an initial random solution. 
For 84 population size problem, the algorithm resulting in 240% improved over an initial 
random solution. Fig. 6 shows the percentage improvements for problem with population size 
achieved by the algorithm. The improvement in solution is increased by increasing the number 
of holes. 

 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

8. Application Examples 

8.1 Example 1 
The TSP and GA have been incorporated to find the shortest CTTP to operate the holes in Fig. 7.   

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 7. CTTP improvements 
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Fig. 6  CTTP improvements 

Fig. 7  Application example 1 
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After a number of generations the shortest CTTP for Fig. 7 example is as shown in Fig. 8. The 
shortest tool path is 255.2432 mm, where the conventional method that adopted plane by plane 
cutting needs 370 mm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

8.2 Example 2   
The TSP and GA have been incorporated to find the shortest CTTP to operate the holes in 

Fig. 9. Figure 9 shows 243 holes located in 3 planes. 33 holes, 111 holes and 99 holes located in 
planes A, B and C respectively, this application is not practical one, it is only to show the 
effective of this technique for CTTP optimization.  
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 

 
First, we describe the shortest CTTP. As a result of GA, the operation sequence achieves 

the shortest CTTP is found. Figure 10 shows the CTTP for the final individual.   
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10  Shortest CTTP for 243 holes example 2 

Fig. 8  Shortest CTTP of application example 1  

Fig. 9  Application example 2 

All dimensions in mm 
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Figure 11 shows the best fitness curve with the generation. In this curve, the fitness 
decreases with the generations until it reaches its minimum value. The fitness is improved 
approximately 300% from the initial generation to the final generation. That means the 
incorporation of GA and TSP is useful for the CTTP optimization. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Second, we described the G-code generation for the optimized CTTP. Figure 12 shows 

some commands of the G-code.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

9. Conclusions 

This paper finds the efficient sequence of operations located in asymmetrical locations and 
different levels that achieves the shortest CTTP. The cutting tool travel path was formulated as a 
special case of the TSP with some constraints. The main constraint is forcing the cutting tool to 
visit an imaginary point to avoid any touch with the workpiece. The incorporation of GA and 
TSP introduced in this paper is used to find the sequence of operation. This incorporation of GA 
and TSP is not restricted to machining but can be applied to any similar problem such as spot 
welding sequence. The percentage improvements from the initial to the final generation depend 
on the problem size. As the number of holes increases, the improvement is increased. The 
incorporation of GA and TSP can be included in the commercial CAD/CAM packages to 
optimize the CTTP during automatic generation of CNC machine programs 
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