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Abstract 

This paper suggests the automated programming of CNC-machine tools with the help of artificial 

intelligence. Based on a CAD-model of the product, the system, without any help from an expert, 

automatically prepares a CNC program, so that the machining is safe, accurate and time-efficient. The 

developed CAD/CAM system uses NSGA-II multi-objective optimisation and swarm intelligence. The 

system consists of a prediction and evaluation module. In a prediction module artificial intelligence 

suggests solutions that include information about tool path, selected tools and suggested cutting 

parameters. The evaluation module estimates the suggested solutions by considering the geometrical, 

technological and time criteria, and the criterion of efficiency of machining. A simulation model was 

developed for searching optimal solutions. In this paper, the developed system is experimentally tested 

using a test case of manufacturing. The test results confirmed that with the help of this method of 

artificial intelligence, machine tools can be automatically programmed. 
(Received in May 2015, accepted in October 2015. This paper was with the authors 2 months for 1 revision.) 
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1. INTRODUCTION 

The properties of modern manufacturing systems are high automation, flexibility and 

autonomy. In spite of many efforts the preparation of the machining process remains a bottle-

neck during automated manufacturing processes. An experienced expert is still always needed 

for the programming of CNC machine tools to contribute his/her know-how and experience to 

improve the machining quality. 

      Today, two methods are used for preparing CNC machining programs, i.e., the seldom 

used manual preparation of CNC machining program and the use of CAM program packages 

[1]. Programming of machine tools is a complex process consisting of several problems that 

are mutually dependent and related. Research into the automatic programming of machine 

tools has been very topical in the past but researchers focused mainly on solving individual 

problems within a set of problems which only together represent the complex multi-criterion 

problem of automatic programming of CNC machine tools. Significant research has been 

executed into automatic tool selection in manufacturing [2-6]. Furthermore, researchers were 

busy trying to find the optimum tool paths [7-14]. The relevant cutting parameters must be 

selected in order to prepare a CNC program, allowing optimum machining according to given 

machining requirements. To that end, in the past research dealing with the optimisation of 

cutting parameters [15, 16] with respect to machining duration [17], machining costs [18], 

maximum extent of removed material [19], tool resistance to wear [20-23] and machined 

surface roughness [24-28] has been carried out. 

      This article proposes a new and effective model for the automatic programming of CNC 

machine tools. An important novelty of the proposed method is that the solving of complex 

problems is treated as a whole, i.e. it is not limited to one criterion only by idealising the other 

dependent criteria. This method of multi-criterion optimisation based on the evolutionary 

approach could be introduced into the process of automatic programming of machine tools. 

With the use of a computer-aided design environment and API interface our own simulation 
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model has been developed. Artificial intelligence could be independently managed using the 

developed simulation model and the using of it for evaluating proposed machining solutions. 

The effectiveness of functioning regarding the proposed system was tested by a test work 

piece. 

      The article is composed as follows: Section 2 presents the proposed model of an 

intelligent CAD/CAM system and detailed descriptions of individual components of the 

prediction and evaluation module. The results from testing of the system by a selected test 

example of machining and discussion are presented in Section 3. The article ends with a short 

conclusion. 

2. METHODOLOGY AND SYSTEM COMPONENTS 

The proposed model of an intelligent CAD/CAM system would be generally useful for the 

programming of various CNC machine tools. Implementation of algorithms for testing the 

proposed model was limited to milling, which represented a 3D machining problem. The 

proposed CAD/CAM model consists of two modules, i. e. prediction and evaluation modules 

(see Fig. 1). On starting-up the user loads into the system a CAD model of the product 

prepared in one of the commercial packages for computer-aided design in order to 

manufacture the product on the machine tool. In the course of evolving the system develops 

the solutions and in the last step the best solution in the post-processing module is 

transformed into a form suiting the machine tool controls. Such a recorded form is called G 

code and the entire machining program is called the CNC machining program [29, 30]. 
 

 

Figure 1: Model of an intelligent CAD/CAM system. 
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2.1  Prediction module 

In the prediction module the optimum CNC machining program is searched for by means of 

the evolutionary NSGA-II algorithm. The NSGA-II algorithm is a frequently used method of 

multi-objective optimisation and is described in detail in [31]. Machining on the machine tool 

is performed with n cuts so that a certain volume of material is removed from the workpiece 

by each cut; the result is the desired product. The solution in the space of variables, thus, 

consists of n cuts, each cut being carried out from starting point Z to end point K and 

travelling through the intermediate point V (see Fig. 2). The proposed tool path between the 

point Z and K may be linear (see Fig. 2 a) or the tool travels on a circular arc with any radius 

(see Fig. 2 b). 
 

 
a) Linear tool path 

 
b) Circular tool path 

Figure 2: Presentation of tool path. 

      Moreover, for execution of each cut the system proposes a tool with which the cut will be 

performed. Any number of tools that are available for machining and which the production 

model could use for preparing a CNC program can be added into the tool base. 

Table I: Presentation of CUT i, which is one of the n cuts in the population. 

CUT i 

Description Mark 

Starting point of cut i 

Xi,z 

    P
o

in
t Z

 

Yi,z 

Zi,z 

Intermediate point of cut i 

Xi,v 

P
o

in
t V

 

Yi,v 

Zi,v 

End point of cut i 

Xi,k 

P
o

in
t K

 

Yi,k 

Zi,k 

Tool for cut i Oi 

Spindle speed of cut i  ns,i 

Feed rate for cut i fi 

 

      For each tool the coded value, with which the tool is represented in the candidate solution, 

is determined. The system also determines the feed rate ƒ and the spindle speed ns for each 
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cut. The values of the feed rate and spindle speed which may be proposed by the prediction 

module are limited by the tool maker’s recommendations. When we focus on automatic 

programming of the milling machine, each cut in the candidate solution is represented by 

twelve variables or searching parameters as diagrammatically shown in Table I. 

2.2  Evaluation module 

Any solution prepared by the prediction module is evaluated in the evaluation module. Based 

on that evaluation, the prediction module develops a new generation of solutions. That 

process is repeated until the optimum or near optimum CNC machining program has been 

proposed. The evaluation module evaluates each solution on the basis of four criteria and the 

fitness function is written as follows: 

𝑓(𝒙) = (𝑓g(𝐱), 𝑓t(𝐱), 𝑓ti(𝐱),  𝑓a(𝐱)) (1) 

where: 

fg(x): geometry criterion, 

ft(x): technological criterion, 

fti(x): time criterion, 

fa(x): machining efficiency criterion. 
 

Geometric Evaluation 

Geometric evaluation means the evaluation of the proposed solution with respect to the 

physical limitations during the execution of machining. If the system should propose a safe 

CNC machining program, potential collisions between tool, workpiece and machine tool must 

be verified for each proposed cut. If the solution contains one or more collisions, punishment 

of such subject is effected by allotting a bad total mark ƒ(x) to that subject irrespective of the 

fact of what the mark for that subject according to other criteria is. Such a subject is promptly 

isolated by evolution. 
 

Technological Evaluation 

In addition to cut trajectories the prediction module also proposes the spindle speed ns the 

feed rate ƒ for each cut and the tool for execution of that cut. Furthermore, the information 

about the depth of cut ad is extracted by means of the developed machining simulation. All 

those data are inputs into the developed module for the technological evaluation, where, by 

the use of the swarm intelligence method, the surface roughness machined with the proposed 

cut i is predicted. With the use of the particle swarm optimisation algorithm the optimum 

values of coefficients kl up to polynomial k10 represented in Eq. (2) are searched for. 

Ra=k1+k2·f+k3·ns+k4·a+k5·f·ns+k6·f·a+k7·ns·a+k8·f 2+k9·ns2+k10·a2 (2) 

      Each particle in the swarm is evaluated with the following evaluation function [25]: 

∆=
∑ ∆𝑖

𝑛
𝑖=1

𝑛
  

(3) 

where n is the number of experimental measurements in the training base and ∆𝑖 is the error 

of an individual sample as a percentage, which is written as follows: 

∆𝑖=
|𝐸𝑖 − 𝑃𝑖|

𝐸𝑖
 × 100% 

(4) 

      In Eq. (4) Ei represents the measured surface roughness and Pi the predicted roughness. 
 

Time Evaluation 

The CNC machining program must be so composed that such tools from the tool database and 

such cut trajectories will be used that the machining time will be as short as possible to that 

end, the fitness function of the time evaluation of the subject is developed as follows. 
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𝑓𝑡𝑖 = ∑
𝑙𝑑,𝑖

𝑓𝑖
+ ∑

𝑙𝑗,𝑖

𝑣𝑗

𝑛−1

𝑖=1

+
𝑙𝑧

𝑣𝑗
+

𝑙𝑘

𝑣𝑗
+ 𝑚 ∙ 𝑡𝑚

𝑛

𝑖=1

 (5) 

fti   [min] ‒  time evaluation 

ld,i   [mm] ‒  length of tool path in execution of cut i  

lj,i   [mm] ‒  length of tool path for non-cutting move from cut i to cut i+1 

fi    [mm/min] ‒  feed rate for cut i 

vj   [mm/min] ‒  speed of rapid (non-cutting) move 

tm   [min] ‒  time of tool change 

lz    [mm] ‒  length of tool path from machine tool home position to cut 1 

lk    [mm] ‒  length of tool path from cut n to machine tool home position 

n  ‒  number of cuts in solution 

m  ‒  number of tool changes 

      In Eq. (5) the time necessary to execute all working and idle motions and the time used for 

tool change are considered. 
 

Accuracy Evaluation 

The system must propose such a CNC machining program that only the material necessary to 

obtain the desired product from the work piece will be removed from the workpiece. In 

connection with machining efficiency two types of irregularities may occur when machining 

on the machine tool, i. e. the tool may remove too much or too little material from the 

workpiece. Accordingly, the following function of machining efficiency evaluation was 

developed: 
𝑓𝑜 = 𝑤1 ∙ 𝑉𝑢 + 𝑤2 ∙ 𝑉𝑤 (6) 

      In Eq. (6) Vu means the volume of material which could have been removed during 

machining but was not removed by the proposed solution (non-machined volume). 

 

Figure 3: Example of CAD model of product comparison with machining simulation result. 
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      The volume of material which the proposed solution removes from the workpiece, though 

it ought not to remove it (wrongly machined volume) is designated Vw in Eq. (6). Weights w1 

and w2 help to determine to what extent the individual volume should be considered in the 

evaluation of machining efficiency. It should always apply that the sum of values of weights 

w1 and w2 is equal to 1. The volume too little or too much removed is so determined that the 

system compares the CAD model of the product that is to be manufactured, to the result of the 

machining simulation. An example of machining efficiency evaluation is diagrammatically 

shown in Fig. 3. 

3. RESULTS AND DISCUSSION 

Functioning of the proposed CAD/CAM model was tested by implementing the system in the 

.NET environment in program language C# and with the use of applying programming 

interface (API) and computer-aided design environment SolidWorks. Here below, the test 

results from the functioning of the developed system with selected a test example of 

machining will be presented. Moreover, the results of functioning of the developed module 

for technological evaluation of cuts proposed by the prediction model will also be presented. 

3.1  Technological evaluation 

Training and testing of the technological evaluation module were performed on the basis of 

experimental measurements carried out by Lou [32] within the framework of research. The 

experiment was executed with the use of a vertical CNC milling machine, namely for 

workpiece from aluminium 6061. The cube-shaped workpiece with side L = 25.4 mm and the 

tool of D = 19.05 mm diameter were used. Measurements of surface roughness Ra were 

performed for cuts with different feeding and rotating speeds and different cut depths. In total 

156 measurements were performed. 120 samples (77 %), representing our training base, were 

used for training of the system. For testing, 36 measurements (23 %), representing the test 

base, were used. In the course of the experiment, the following control parameters of the PSO 

algorithm were selected for best convergence: 

 Number of particles in swarm: 35 

 Number of iterations: 7500 

 Particle size: 10 

 Acceleration coefficient c1: 1.2 

 Acceleration coefficient c2: 2.4 

      Through evolution, the developed system searched for optimum or near optimum values 

of the polynomial model’s coefficients marked k1 to k10 in Eq. (2). The best solution, proposed 

for the algorithm for calculating the surface roughness, was as follows: 

𝑅𝑎 = 112,05 − 0,11 ∙  𝑛𝑠 + 1,54 ∙ 𝑓 − 1,65 ∙ 𝑎𝑑 − 3,78 ∙ 10−4 ∙ 𝑛𝑠 ∙ 𝑓 + 6,4 ∙ 10−4 ∙ 𝑛𝑠 ∙ 𝑎𝑑 − ⋯ 

… − 1,7 ∙ 10−3 ∙ 𝑓 ∙ 𝑎𝑑  + 2,52 ∙ 10−5 ∙  𝑛𝑠
2 − 6,95 ∙ 10−4  ∙  𝑓2 + 7,8 ∙  10−3  ∙ 𝑎𝑑

2  
(7) 

      With the use of Eq. (7) the surface roughness reached when executing the cut with the 

proposed machining parameters: f – feed rate, ns – spindle speed and ad – cut depth, can be 

predicted. The average error of the predicted values with respect to performed roughness 

measurements amounted to Δtr = 9.07 % for the samples from the training base. For the 

samples from the training base (120 samples) Fig. 4 graphically shows the deviation of 

predicted values from the measured roughness of the machined surface. 

      The system was tested using the test base. In that case, the average error of predicted 

values with respect to known experimental measurements of roughness was equal to  

Δts = 10.09 %. For the samples from the test base (36 measurements) Fig. 5 graphically shows 

the percentage deviation of predicted surface roughness from the measured roughness. 
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Figure 4: Prediction error for samples from the learning database. 

 

Figure 5: Prediction error for samples from the testing database. 

3.2  Test case of machining 

The proposed model was tested with different test examples of machining. Here below, 

functioning of the system when searching for the solution for machining the test product on a 

three-axis milling machine is presented. The system searched for the solution optimal with 

respect to time fti and machining efficiency fa. When searching for the solution, in addition to 

those two criteria, it also considered the geometric criterion fg guaranteeing safety of the 

proposed machining. In the selected test example the criterion of machining technology was 

not considered, therefore, artificial intelligence did not affect prediction of the optimum 

spindle speed and feed rate. For all cuts, constant spindle speed ns = 650 min
-1

 and feed rate 

speed ƒ = 120 mm/min were selected. Fig. 6 shows the CAD model of the test product 

supposed to be made by the three-axis milling machine. It must be pointed out that the 

developed intelligent CAD/CAM system had previously not seen such a product; moreover, 

searching for the solution took place completely automatically without any input of 

manufacturing know-how or additional assistance of the expert. 

      The database of available tools consisted of four different milling cutters is shown in Fig. 

7. Out of all milling cutters the system used only those better for making the test product from 

Fig. 6. 
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Figure 6: CAD model of test product. 

 

T1 – face mill Ø63 

 

T2 – end mill Ø8 

 

T3 – end mill Ø20 

 

T4 – ball nose cutter Ø6 

Figure 7: Available tools for manufacture of test product. 

      When using the NSGA-II algorithm, the system does not propose only one optimum 

solution, but a set of solutions in which each solution is best according to certain criteria. Out 

of all the proposed solutions the user may select randomly the solution that is best suited for 

the manufacture of that product. When solving the test example, the population consisted of 

80 subjects. The evaluation and prediction module was limited to linear cuts to reach fastest 

possible convergence. In the first generation, the proposed solutions were random in nature, 

whereas in the course of evolution their quality improved. Fig. 8 shows some bad machining 

solutions from the initial generations of evolution. 

     

Slika 8: Examples of proposed manufacturing for test case in initial generations. 

      After 115 generations, the search solution was stopped. The result was a set of optimum 

solutions (Pareto optimal front) graphically shown in Fig. 9. In that graph, the abscissa axis 

represents the time necessary for the manufacture of the test product on the three-axis milling 
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machine and the ordinate axis represents the evaluation of machining efficiency with the 

proposed CNC program. The machining efficiency fa was determined by the use of Eq. (6) in 

which the weight w1 = 0.3 and the weight w2 = 0.7. 
 

 

Figure 9: Graphical representation of optimum solutions (Pareto optimal front). 
 

      It must be emphasised that all solutions from Fig. 9 were also safe, i.e., without collisions. 

It is unreasonable to determine what solution is of higher quality, whether the one with less or 

the one with more collisions, as the only good and practically usable solution is completely 

without collisions. Therefore the geometric criterion was considered to be a limitation, 

implying that in each generation the solutions with one or more collisions were isolated. 

Potential collisions were established by means of the developed system for simulation of the 

proposed machining. 

      Fig. 9 shows that the fastest proposed machining takes a little more than 2 minutes but in 

such machining all the necessary material is not removed from the workpiece and that some 

wrong material is removed. Fig. 9 also shows that the solutions are uniformly distributed on 

the Pareto optimal front, namely to the solution where machining takes as much as 3 minutes. 

Within that time, with constantly adjusted feed rate and spindle speed, a quite correct test 

product can be made on the machine tool, implying that there will not be too little or too 

much removed material when machining (machining efficiency fa is equal to 0). The process 

of the solution so proposed is diagrammatically shown in Fig. 10. 

      It can be seen that the system automatically proposed a solution in which all the necessary 

material is removed from the workpiece, so that subsequent machining is unnecessary. On the 

other hand, too much material is not removed from the workpiece in the proposed solution; 

consequently, machining is quite correct. Because of simplicity of the test example it can be 

claimed that the proposed tool path is optimal or at least near optimal. The tool travels so that 

the cut i + 1 starts always as close as possible to the cut i end. Therefore, the idle tool path 

between individual cuts is as short as possible or does not exist at all. Furthermore, the cuts 

for which the system proposed the use of identical tools are successively performed. In that 

way, the number of tool changes during machining is reduced resulting in shorter time of 

machining, as each tool change takes a certain time. The intelligence of the system is also 

obvious regarding the selections of tools for executing individual cuts, as throughout 
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evolution, the system has learnt to reduce the machining path and, as a result, the time of 

machining, if a tool of greater diameter is used. 
 

 

Figure 10: Schematic representation of machining using the proposed CNC program. 

4. CONCLUSION 

This article presents a new approach to automatic programming of the CNC machine by the 

use of artificial intelligence. The proposed CAD/CAM model is suitable for solving 3D as 

well as 2D machining problems [33]; testing the functioning of the system was limited to 

automatic programming of a 3-axis CNC milling machine. The developed model approaches 

the solving of the complex problem of programming a machine tool as a whole by using the 

evolutionary multi-criterion optimisation algorithm NSGA-II. For evaluation of solutions 

proposed by the NSGA-II algorithm the use of API interface and computer-aided design 

environment helped us to develop our own machining simulator. As already stated in the 

article the results of testing of the developed system with the selected test example confirmed 

that functioning of the system is efficient and that the system is capable automatically, 

without the expert’s assistance to prepare a correct and efficient CNC machining program for 

a relatively simple prismatic product. The results of research represent a contribution in the 

sphere of intelligent machine tools and systems. 
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      As an extension to this study, we suggest research directions for the future work. Any 

solution proposed by the prediction module must be evaluated with the developed machining 

simulator posing a bottle-neck with respect to time exactness of the system’s operation. It 

would be reasonable to improve the evolution process of the proposed solution in order to 

reduce the time exactness of the algorithm; so the system would also become suitable for 

solving complex products with free surfaces. In the future, it would also be reasonable to test 

the system’s operation with other multi-criterion optimisation methods, such as the multi-

objective particle swarm optimiser [34]. 
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