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a b s t r a c t 

CNC machine tool is universal machinery in industry, and each product has the different quality require- 

ments during machining process. Therefore, the performance of machine tool is very important for ma- 

chining capabilities. The milling accuracy and surface quality are usually regarded as the indicators of 

product quality, and these indicators are affected by CAD/CAM, machining parameters of CNC controller, 

servo loop, and feed drive system, etc. In this paper, we propose a data driven method to predict ma- 

chining quality of product by ANFIS model, which the inputs are CNC machining parameters and the out- 

puts are two performance indexes (milling accuracy and surface quality). The corresponding fuzzy rules 

can be extracted from the ANFIS for user to understand the relationship between CNC parameters and 

performance indexes. Finally, simulation and experimental results illustrate that the two indexes can be 

predicted effectively for different machining parameters. Therefore, this predicted system can help user 

to achieve the required product quality and machining productivity. 

© 2017 Published by Elsevier Ltd. 
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. Introduction 

In our life, many implements were manufactured by CNC ma-

hine tools, and Machinery is a foundation of industry, which can

e regarded as the development level of country. The automo-

ile, aerospace materials, mold, screw and precision components

re based on mechanical manufacturing. The machining products

ave strict quality threshold for military product, aerospace ma-

erials and semiconductor, etc. With requirements of high product

uality and machining productivity, high-speed and high precision

s main trend for CNC machine tool in the future. Therefore, it is

n important topic that how to improve the machining capabilities

f machine tool and more intelligent [1–12] . 

In general, each product has different machining requirement;

he milling accuracy and surface quality are usually regarded as

erformance index of product quality during machining process.

owever, the machining flow, shown in Fig. 1 , includes design of

AD/CAM, machining parameters of CNC controller, servo control,

eed drive system and mechanical property [13–22] . The machining

erformance indexes will be affected by these operations. Fig. 2

hows the dynamic model of feed drive system. Fig. 3 shows the
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ontrol architecture for servo loop and feed system. From these

wo figures, we can find that the feed drive system of machine

ools includes the PID controller, motor torque, rotary inertia, stiff-

ess of lead screw, table mass, etc. It is obvious that the adjust-

ent of PID controller in servo loop and the design of mechanical

ody will affect the motion for each axis. For example, the inap-

ropriate PID parameters will cause the resonance of machinery or

ervo lag. The asymmetric body design and the unsuitable compo-

ents will cause the geometric errors for axial movement. 

For machining processes, users should ask the experts (or ac-

ording experiences) to choose the better CNC machining param-

ters for different requirements of product. However, these expe-

iences have not been concluded for expert rules. Therefore, in

his paper, our objective is to know the effects of CNC machining

arameters on machining accuracy and surface quality, which in-

ludes jerk, acceleration and feedrate, etc. Therefore, the predicted

ystem is developed by data driven approach. Data-driven methods

rom machine learning and data mining have traditionally been

sed for analyzing static data sets that are not updated very fre-

uently. This means that we mainly use data to directly to do pre-

ictions or by generalizing to a model from the data. 

In this study, we propose an intelligent predicted system for

illing accuracy and surface quality of machining operation by

sing data driven approach [23–25] , and the predicted system is

ased on adaptive neuro-fuzzy inference systems (ANFIS) [26–33] .

he experimental data are collected for calculating contouring er-

or and tracking error corresponds to milling accuracy and surface
g accuracy and surface quality for CNC machine tools using data 
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Fig. 1. Illustration of machining flow. 

Fig. 2. Freebody diagram of feed drive system. 
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quality, and the ANFIS model is established by these data set. The

inputs and outputs of ANFIS model are CNC machining parameters

and two performance indexes, respectively. Finally, the results il-

lustrate that milling accuracy and surface quality can be predicted

effectively for different machining parameters. 

This rest of this paper is introduced as follows. Section 2 in-

troduces the CNC machining parameters, milling accuracy,
Fig. 3. The control architecture for

Please cite this article as: H.-W. Chiu, C.-H. Lee, Prediction of machinin

driven approach, Advances in Engineering Software (2017), http://dx.do
urface quality, and major specification of the used machine

ool. Section 3 introduces adaptive neuro-fuzzy inference sys-

ems. The proposed method for prediction of milling accuracy

nd surface quality using data driven approach is introduced in

ection 4 . In addition, the predicted results of and fuzzy rules are

lso introduced here. Finally, the conclusion is given. 

. CNC machining parameters and machining performance 

ndexes 

.1. CNC machining parameters 

The machining is a very complicated process, the quality of

roduct depends on the design of mold, controllers, servo loop,

eed drive system, mechanical structure [13–21] , etc. The CNC con-

roller plays the role of the brain for machining tools, which are

igh value-added products, and the machining parameters of CNC

ontroller are the one of key factor for machining capabilities. In

his study, we choose the milling accuracy and surface quality as

he main performance indexes of product. Over several parame-

ers are provided by CNC machining tool and each controller of

anufacturer has different definition for machining parameters.
 servo loop and feed system. 

g accuracy and surface quality for CNC machine tools using data 
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Table 1 

The definition of CNC controller parameters. 

Parameters Definition 

J max [m/s 3 ] maximum permissible jerk 

A max [m/s 2 ] maximum permissible acceleration 

F max [mm/min] maximum permissible feedrate 

J c,max [m/s 3 ] maximum permissible jerk at corners or tangential transitions 

A r,max [m/s 2 ] maximum radial acceleration on circles and curved paths 

Fig. 4. Planning profile of jerk, acceleration, velocity, and position. 
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Fig. 5. The illustration of corner error and geometric error. 
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herefore, we find firstly the main parameters for the effect of per-

ormance indexes via analysis of experimental data, the machining

arameters include jerk, acceleration, feedrate, jerk of corner and

entripetal acceleration. The type of CNC controller is with type of

NC640 by HEIDENHAIN [22] . The definitions of the selected ma-

hining parameters are introduced in Table 1 . 

As shown in Fig. 1 , the tool paths are generated by interpolator

rocess and CNC machining parameters would affect the planning

f trajectory and velocity [33–36] . These result different quality of

achining product. Thus the selection of machining parameters is

 very important factor for two-performance index. In general, CNC

ontrollers use jerk control to generate tool path. In other words,

he order of planning is jerk, acceleration/deceleration, velocity and

osition as shown in Fig. 4 . In this study, there are five key param-

ters, which affect the milling accuracy and surface quality, where

 max : maximum jerk, A max : maximum acceleration, F max : maximum

eedrate, J c,max : maximum jerk of corner and A r,max : maximum cen-

ripetal acceleration. The parameters J max , A max , and F max control

he profile planning of jerk, acceleration and velocity. The param-

ter J c,max control the velocity of tool path at corner, for exam-

le, a fast velocity through corner of trajectory when giving a high

alue. The parameter A r,max control the velocity of circle and curved

aths, velocity, and be known according to formula of centripetal

cceleration ( V = 

√ 

A × R ), where V is the tangential velocity of cir-

le, A is the centripetal acceleration and R is the radius of circle. 

.2. Milling accuracy and surface quality 

Every product all has different requirements during machining

rocess, some workpieces need smooth surface, the other need

igh precision. Therefore, this paper proposes an approach to es-

ablish an intelligent predicted system based on CNC machining
Please cite this article as: H.-W. Chiu, C.-H. Lee, Prediction of machinin

driven approach, Advances in Engineering Software (2017), http://dx.do
arameters. Herein, the main predicted objectives are the milling

ccuracy and surface quality. 

.2.1. Milling accuracy 

The estimation method for milling accuracy is contouring error,

hich includes the corner error and geometric error as shown in

ig. 5 . The corner error is the smallest distance between the real

ool path (by linear scale) and the vertex of ideal corner path. The

eometric error is the distance between the ideal path and real

ool path. This means that the greater value of contouring error

orresponds to the worse milling accuracy. 

The milling accuracy is affected by our selected CNC machining

arameters; we here discuss the influence of five machining pa-

ameters for milling accuracy. In this study, we design the rhom-

us path, one of five parameters was changed and the others were

xed during machining process. The experimental data were col-

ected by linear scale for calculating the contouring error. The ef-

ect trend of each machining parameter for milling accuracy is ob-

ained after analyzing these data. The experimental flow is shown

n Fig. 6 . In general, the control system of the machine tool adopts

losed loop; the position detector is installed on the machine ta-

le and the actual position error is fed back to the control system.

he resonance of mechanical body, stick slip and axial motion will

ause the machining error that these dynamic characteristics are

ll included in the position control loop. Therefore, we use linear

cale to collect the data because it can help us obtain the informa-

ion for motion characteristics of machine tool. Table 2 shows the

ariations of each machining parameter ( J max , A max , F max , J c,max and

 r,max ) and the corresponding contouring error. Fig. 7 shows the

rend of contouring error for variations of each machining parame-

er. In Fig. 7 , it can be seen that the contouring error increases with

ncreasing the values of the parameters ( J max , A max , F max , J c,max and

 r,max ), herein, we can know that the milling accuracy decreases

ith increasing five machining parameters. 

.2.2. Surface quality 

The estimation method for surface quality is tracking error [37] ,

nd the calculation method is that subtract command from real

osition. This error was generated by deformation of mechanical

tructure and servo delay. The greater tracking error value, the

orse surface quality. Table 2 also shows the variations of each

achining parameter and the values of tracking error. Fig. 8 shows

he trend of tracking error for variations of each machining param-

ter. In Fig. 8 , it can be seen that the tracking error increases with

ncreasing the values of the parameters ( J max , A max , F max , J c,max and

 r,max ), herein, we can know that the surface quality decreases with

ncreasing five machining parameters. 

.3. Specifications of CNC machine tool 

In this study, the five-axis machine tool (Microcut-MCU-5X)

as used to collect experimental data. Fig. 9 and Table 3 show

he real machinery and major specifications, respectively. The type

f controller is TNC640, which is published by HEIDENHAIN [23] .
g accuracy and surface quality for CNC machine tools using data 
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Fig. 6. The flowchart for the collection of experimental data. 
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By using HEIDENHAIN TNSCOPE software to connect the CNC con-

troller, we can collect the corresponding position, velocity, acceler-

ation, and jerk of each axis, etc. 

3. ANFIS-based prediction system 

In this study, we propose an intelligent predicted system for

milling accuracy and surface quality of machining operation by us-

ing data driven approach, and the predicted system is established

by the adaptive neuro-fuzzy inference system (ANFIS). The ex-

perimental data are collected for calculating contouring error and

tracking error corresponds to milling accuracy and surface quality,

and the ANFIS model is established by the data set. 

3.1. Adaptive neuro-fuzzy inference systems 

The ANFIS was proposed by Jang [26] and the major structure is

fuzzy inference systems, which uses descriptive statements (fuzzy

if-then rules) to simulate human knowledge and inference logic. In

other words, the experience and knowledge of expert can become

fuzzy rules by fuzzy systems. ANFIS contains fuzzy inference sys-

tems and neural network (supervised learning network), herein, it

has the better abilities for solving non-linear and unknown ques-

tions. The systems also have the abilities of self-learning and self-

organization that the antecedent parameters and consequent pa-

rameters can be adjusted. The adjusting flow of parameters is

shown in Fig. 10 . The antecedent and consequent parameters are

adjusted by recursive least square and gradient descent method,

respectively. The main objective is to establish the projection rela-

tionship of input and output for ANFIS, herein, it was usually uti-

lized in predicted model [27,28,30,31] . The network structure for

our ANFIS model is shown in Fig. 11 . 

Layer 1. The neuron nodes perform the fuzzy membership grade

of the inputs in this layer. The membership functions usually select

Gaussian function, and the output is given by 

O ji 
(1) = μ j ( x i ) = exp 

[ 

−
(
x i − m ji 

)2 

σ ji 
2 

] 

, i = 1 , 2 . . . , 5 , j = 1 , 2 (1)

where x i are the inputs which include J max , A max , F max , J c,max and

A r,max , m ji and σ ji are the membership function parameters of

Gaussian (antecedent parameters), O ji 
(1) are the outputs of Layer

1. 

Layer 2. This layer is to calculate the firing strength of the cor-

responding neuron node and the t -norm product operation is

adopted, the output is given by 

O p 
(2) = w p = 

5 ∏ 

i =1 

μ ji ( x i ) , p = 1 , 2 , . . . , 32 (2)
Please cite this article as: H.-W. Chiu, C.-H. Lee, Prediction of machinin

driven approach, Advances in Engineering Software (2017), http://dx.do
ayer 3. This layer performs the normalization operation of each

ring strength, it can be represented as 

 p 
(3) = w p = 

w p ∑ 32 
p=1 w p 

(3)

ayer 4. The outputs of this layer are the product of normalization

esults and Sugeno model, which are represented as 

 p 
(4) = w p f p = w p 

( 

5 ∑ 

i =0 

r pi x i + r p0 

) 

, x 0 = 1 (4)

here r pi and r p 0 are the consequent parameters. 

ayer 5. In the last layer, the result is the sum of Layer 4 outputs,

t is given by 

 

(5) = 

32 ∑ 

p=1 

w p f p = 

∑ 32 
p=1 w p f p ∑ 32 

p=1 w p 

. (5)

.2. Prediction results for milling accuracy and surface quality 

In this study, the prediction system of machining performance

ndex is established by using the ANFISs and collected data.

ig. 12 shows the flowchart of establishing prediction system. The

nputs are the parameters J max , A max , F max , J c,max , and A r,max , the

utputs are the milling accuracy and surface quality, respectively.

ig. 13 shows the structure of prediction system. First, the training

ata of ANFIS are obtained by real CNC machining tool (Microcut-

CU-5X). The experimental machining trajectory is rhombus, the

ositions of X-axis and Y-axis were collected by linear scale for

ifferent CNC machining parameters. These data were analyzed to

btain contouring error (milling accuracy) and tracking error (sur-

ace quality) which are the performance indexes. Fig. 6 shows the

owchart for the collection of the experimental data and Table 4

hows the range of machining parameters. Finally, the ANFIS model

as trained by these sampling data. There are five input variables

nd each one has two fuzzy term sets in this network, herein,

hirty-two fuzzy rules are created after training. The corresponding

uzzy sets are High ( H ) and Low ( L ). And the fuzzy rules help us to

nderstand the relationships and effects between CNC machining

arameters and milling accuracy and surface quality. The thirty-

wo fuzzy rules for ANFIS-milling accuracy and ANFIS-surface qual-

ty are show in Appendix A . 

The 113 experimental data are collected, and these data are

tilized to establish the prediction system. 90% of them are as

he training data and the others as testing data. Fig. 14 shows

he RMSE trajectories of training results. Fig. 15 shows the actual

nd predicted comparisons of testing data for two performance

ndexes. Table 5 shows the prediction results of testing data for

illing accuracy and surface quality. The shape of membership

unction for ANFIS model before and after training are shown in

igs. 16 and 17 . By these results, we can see that the final RMSE

s 0.0 0 0681 for milling accuracy predictions and the final RMSE is
g accuracy and surface quality for CNC machine tools using data 
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Table 2 

Effect trend of machining parameter ( J max , A max , F max , J c,max and A r,max ). 

(a) Results for J max . 

Parameters Data1 Data2 Data3 Data4 Data5 Data6 

J max [m/s ̂ 3] 5 10 15 20 25 30 

A max [m/s ̂ 2] 10 10 10 10 10 10 

F max [mm/min] 60 0 0 60 0 0 60 0 0 60 0 0 60 0 0 60 0 0 

J c,max [m/s ̂ 3] 80 80 80 80 80 80 

A r,max [m/s ̂ 2] 10 10 10 10 10 10 

Contouring error [mm] 0 .029588 0 .030409 0 .030276 0 .032018 0 .032395 0 .034428 

Tracking error [mm] 2 .565669 2 .56748 2 .567467 2 .568306 2 .56875 2 .569609 

(b) Results for A max . 

Parameters Data1 Data2 Data3 Data4 Data5 Data6 

J max [m/s ̂ 3] 80 80 80 80 80 80 

A max [m/s ̂ 2] 0 .01 0 .05 0 .1 0 .3 0 .5 0 .7 

F max [mm/min] 60 0 0 60 0 0 60 0 0 60 0 0 60 0 0 60 0 0 

J c,max [m/s ̂ 3] 80 80 80 80 80 80 

A r,max [m/s ̂ 2] 10 10 10 10 10 10 

Contouring error [mm] 0 .0 0 0561 0 .00178 0 .003292 0 .009782 0 .01642 0 .023115 

Tracking error [mm] 0 .435429 0 .974597 1 .380339 2 .302305 2 .56606 2 .567175 

(c) Results for F max . 

Parameters Data1 Data2 Data3 Data4 Data5 Data6 

J max [m/s ̂ 3] 80 80 80 80 80 80 

A max [m/s ̂ 2] 10 10 10 10 10 10 

F max [mm/min] 10 0 0 20 0 0 30 0 0 40 0 0 50 0 0 60 0 0 

J c,max [m/s ̂ 3] 80 80 80 80 80 80 

A r,max [m/s ̂ 2] 10 10 10 10 10 10 

Contouring error [mm] 0 .027868 0 .026969 0 .030303 0 .037484 0 .04 4 414 0 .04857 

Tracking error [mm] 0 .4 4 483 0 .872783 1 .293773 1 .720461 2 .14704 2 .57554 

(d) Results for J c,max . 

Parameters Data1 Data2 Data3 Data4 Data5 Data6 

J max [m/s ̂ 3] 80 80 80 80 80 80 

A max [m/s ̂ 2] 10 10 10 10 10 10 

F max [mm/min] 60 0 0 60 0 0 60 0 0 60 0 0 60 0 0 60 0 0 

J c,max [m/s ̂ 3] 5 10 20 30 40 50 

A r,max [m/s ̂ 2] 10 10 10 10 10 10 

Contouring error [mm] 0 .023418 0 .026806 0 .030143 0 .032387 0 .036837 0 .038728 

Tracking error [mm] 2 .573657 2 .573608 2 .573695 2 .574113 2 .574355 2 .574518 

(e) Results for A r,max . 

parameters Data1 Data2 Data3 Data4 Data5 Data6 

J max [m/s ̂ 3] 80 80 80 80 80 80 

A max [m/s ̂ 2] 10 10 10 10 10 10 

F max [mm/min] 60 0 0 60 0 0 60 0 0 60 0 0 60 0 0 60 0 0 

J c,max [m/s ̂ 3] 80 80 80 80 80 80 

A r,max [m/s ̂ 2] 0 .1 0 .3 0 .5 0 .7 1 2 

Contouring error [mm] 0 .026569 0 .032241 0 .037136 0 .042139 0 .048458 0 .048538 

Tracking error [mm] 2 .573217 2 .573565 2 .574195 2 .574754 2 .575304 2 .575346 

Table 3 

Major specifications of machine tool (Microcut-MCU-5X). 

X/Y/Z Axis Travel [mm] 60 0/60 0/50 0 

Tilting Axis A [degree] + 120/ −120 

Rotary C [degree] 360 

Rapid Traverse X/Y/Z [mm/min] 360 0 0/360 0 0/360 0 0 

Max. Speed A/C [rpm] 16 .6/90 

Spindle Speed Range [rpm] 120 0 0 (std)/150 0 0 (opt) 

Type of Position Control Full-closed control 

Table 4 

CNC machining parameters range. 

Parameters Maximum Minimum 

J max [m/s ̂ 3] 25 4 

A max [m/s ̂ 2] 1 .2 0 .4 

F max [mm/min] 100 60 0 0 

J c,max [m/s ̂ 3] 65 2 

A r,max [m/s ̂ 2] 1 0 .005 

0  

r  

T  

9  

T  

a  

p

4

 

p  

a  

q  

p  

t  

f  
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.001046 for surface quality predictions in training data. The cor-

esponding RMSE of testing data are 0.0 0 0911 and 0.0 02062. In

able 5 , we can obviously see that the predicted error is less than

% and 5% for milling accuracy and surface quality, respectively.

his system is verified that it has the excellent prediction ability

ccording to these results. Therefore, it can accurately predict the

erformance indexes for different CNC machining parameters. 

. Conclusions 

During the machining process, the main objectives are to im-

rove the product quality and productivity, herein, we proposes

n intelligent prediction system of milling accuracy and surface

uality for CNC machining parameters based on ANFIS. The ex-

erimental data were collected by machining tool to calculate

he contouring error (milling accuracy) and tracking error (sur-

ace quality). The ANFIS model is established by these data. The
g accuracy and surface quality for CNC machine tools using data 
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Fig. 7. The trend of contouring error for variations of each machining parameter. 
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fuzzy rules also help us to understand the effects and relation-

ships between CNC machining parameters and two performance

indexes. According to the simulation results, we can obviously find

that the prediction errors are small, thus, the system that can ef-

fectively predict performance indexes was verified. As above de-

scribed, the prediction system can provide the accurate evalua-

tions of milling accuracy and surface quality for the different CNC

machining parameters. Therefore, the users can judge the feasibil-

ity of the CNC machining parameters for the products. In addi-

tion, the cutting depth and spindle speed also affect the machin-

ing performance indexes, but our ANFIS model needs hundreds of

data to train. Compared with our selected CNC machining param-

eters, if our model joins these two factors, it will waste massive

costs and time on machining process. Therefore, we will consider

these two parameters in the future after we optimize our ANFIS

model. 
Please cite this article as: H.-W. Chiu, C.-H. Lee, Prediction of machinin
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ppendix A 

1. Fuzzy rules of ANFIS-milling accuracy 

R 

1 : IF A max is L and J max is L and F max is L and A r,max is L and

 c,max is L THEN Milling Accuracy is [283.3, 2.792, 7.319, 2.815, 2.937,

.812]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −9 . 

R 

2 : IF A max is L and J max is L and F max is L and A r,max is L and

 c,max is H THEN Milling Accuracy is [53.3, 0.5249, 1.377, 0.5293e,

.5289e, 0.5287]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −7 . 

R 

3 : IF A max is L and J max is L and F max is L and A r,max is H and

 c,max is L THEN Milling Accuracy is [139.6, 1.378, 3.609, 1.382, 1.45,

.388]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −8 . 

R 

4 : IF A max is L and J max is L and F max is L and A r,max is H

nd J c,max is H THEN Milling Accuracy is [262.6, 2.591, 6.788, 2.598,

.611, 2.61]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −7 . 
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Fig. 8. The trend of tracking errors for variations of each machining parameter. 
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R 

5 : IF A max is L and J max is L and F max is H and A r,max is L and

 c,max is L THEN Milling Accuracy is [239.7, 2.475, 2.487, 2.495, 2.597,

.492]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −7 . 

R 

6 : IF A max is L and J max is L and F max is H and A r,max is L and

 c,max is H THEN Milling Accuracy is [451.1, 4.654, 4.676, 4.69, 4.687,

.685]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −6 . 

R 

7 : IF A max is L and J max is L and F max is H and A r,max is H and

 c,max is L THEN Milling Accuracy is [118.1, 1.222, 1.228, 1.225, 1.282,

.23]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −6 . 

R 

8 : IF A max is L and J max is L and F max is H and A r,max is H

nd J c,max is H THEN Milling Accuracy is [222.3, 2.297, 2.308, 2.303,

.314, 2.313]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

9 : IF A max is L and J max is H and F max is L and A r,max is L and

 c,max is L THEN Milling Accuracy is [553.9, 5.451, 14.27, 5.466, 5.703,

.459]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −8 . 
Please cite this article as: H.-W. Chiu, C.-H. Lee, Prediction of machinin
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10 : IF A max is L and J max is H and F max is L and A r,max is L

nd J c,max is H THEN Milling Accuracy is [104.2, 1.025, 2.685, 1.028,

.027, 1.026]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −6 . 

R 

11 : IF A max is L and J max is H and F max is L and A r,max is H and

 c,max is L THEN Milling Accuracy is [272.9, 2.691, 7.038, 2.683, 2.815,

.695]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −7 . 

R 

12 : IF A max is L and J max is H and F max is L and A r,max is H

nd J c,max is H THEN Milling Accuracy is [513.5, 5.059, 13.24, 5.044,

.0 69, 5.0 6 6]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −6 . 

R 

13 : IF A max is L and J max is H and F max is H and A r,max is L

nd J c,max is L THEN Milling Accuracy is [8.917, 0.8853, 8.906, 11.93,

2.01, 11.56].[1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

14 : IF A max is L and J max is H and F max is H and A r,max is L and

 c,max is H THEN Milling Accuracy is [882.1, 9.085, 9.081, 9.109, 9.103,

.098]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 
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Table 5 

The prediction results of testing data. 

Prediction results of milling accuracy 

Testing data no. Actual (mm) Prediction (mm) Predicted errors (mm) Error (%) 

1 0 .027910825 0 .027309854 0 .0 0 060 0971 2 .15 

2 0 .004767216 0 .004385669 0 .0 0 0381547 8 .00 

3 0 .024879595 0 .025135376 0 .0 0 0255781 1 .03 

4 0 .027133843 0 .027058269 7.55736E-05 0 .28 

5 0 .024170055 0 .024256161 8.61061E-05 0 .36 

6 0 .027427133 0 .027394048 3.30854E-05 0 .12 

7 0 .017149782 0 .017617908 0 .0 0 0468126 2 .73 

8 0 .02969802 0 .027750182 0 .001947838 6 .56 

9 0 .028590645 0 .028112751 0 .0 0 0477894 1 .67 

10 0 .028885361 0 .02716372 0 .001721641 5 .96 

11 0 .005740485 0 .006196271 0 .0 0 0455786 7 .94 

Average 0 .0 0 0591304 3 .35 

Prediction results of surface quality 

Testing data no. Actual (mm) Prediction (mm) Predicted errors (mm) Error (%) 

1 2 .384487453 2 .385280064 0 .0 0 0792611 0 .033 

2 2 .299349198 2 .300453535 0 .001104337 0 .048 

3 2 .553224031 2 .55335 0 .0 0 0125969 0 .005 

4 2 .553856802 2 .554550253 0 .0 0 0693451 0 .027 

5 2 .555647801 2 .555132702 0 .0 0 0515099 0 .02 

6 0 .046337985 0 .04 84 95695 0 .00215771 4 .656 

7 2 .554590541 2 .554828572 0 .0 0 0238031 0 .009 

8 2 .554349652 2 .554316435 3.32174E-05 0 .001 

9 1 .19861822 1 .196706643 0 .001911577 0 .159 

10 2 .554944529 2 .554890435 5.40939E-05 0 .002 

11 2 .553285298 2 .553165329 0 .0 0 0119969 0 .005 

Average 0 .0 0 0704188 0 .452 

Fig. 9. Five-axis machine tool (Microcut-MCU-5X). 
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15 : IF A max is L and J max is H and F max is H and A r,max is H and

J c,max is L THEN Milling Accuracy is [231, 2.385, 2.384, 2.379, 2.49,

2.389]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

16 : IF A max is L and J max is H and F max is H and A r,max is H

and J c,max is H THEN Milling Accuracy is [43.46, 0. 4485, 0. 4483, 0.

4472, 0. 4493, 0. 4491]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

17 : IF A max is H and J max is L and F max is L and A r,max is L and

J c,max is L THEN Milling Accuracy is [ −4.139, −4.669, 157.3, −3.839,

0.501, −3.96]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −6 . 

R 

18 : IF A max is H and J max is L and F max is L and A r,max is L

and J c,max is H THEN Milling Accuracy is [ −7.945, −8.941, 0. 295.8,

−7.381, −7.511, −7.608]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

19 : IF A max is H and J max is L and F max is L and A r,max is H and

J c,max is L THEN Milling Accuracy is [ −1.95, −2.211, 0. 77.59, −2.078,

0.3366, −1.862]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 
Please cite this article as: H.-W. Chiu, C.-H. Lee, Prediction of machinin
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20 : IF A max is H and J max is L and F max is L and A r,max is H and

 c,max is H THEN Milling Accuracy is [ −3.746, −4.237, 145.9, −3.988,

3.533, −3.58]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

21 : IF A max is H and J max is L and F max is H and A r,max is L and

 c,max is L THEN Milling Accuracy is [5.41, 0.9291, 5.246, 7.944, 44.66,

.924]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

22 : IF A max is H and J max is L and F max is H and A r,max is L

nd J c,max is H THEN Milling Accuracy is [8.917, 0.8853, 8.906, 11.93,

2.01, 11.56].[1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

23 : IF A max is H and J max is L and F max is H and A r,max is H and

 c,max is L THEN Milling Accuracy is [3.425, 1.217, 3.344, 2.337, 22.77,

.171]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

24 : IF A max is H and J max is L and F max is H and A r,max is H

nd J c,max is H THEN Milling Accuracy is [5.789, 1.634, 5.637, 3.743,

.595, 7.193]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

25 : IF A max is H and J max is H and F max is L and A r,max is L and

 c,max is L THEN Milling Accuracy is [ −9.518, −9.464, 306.1, −8.932,

0.4439, −9.167]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

26 : IF A max is H and J max is H and F max is L and A r,max is L and

 c,max is H THEN Milling Accuracy is [ −1.821, −1.811, 57.57, −1.711,

1.737, −1.756]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

27 : IF A max is H and J max is H and F max is L and A r,max is H and

 c,max is L THEN Milling Accuracy is [ −4.514, −4.488, 151, −4.766,

0.04332, −4.342]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

28 : IF A max is H and J max is H and F max is L and A r,max is H and

 c,max is H THEN Milling Accuracy is [ −8.645, −8.596, 284, −9.118,

8.228, −8.321]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

29 : IF A max is H and J max is H and F max is H and A r,max is L and

 c,max is L THEN Milling Accuracy is [ −1.465, −1.015, −1.786, 3.491,

5.3, 1.497]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

30 : IF A max is H and J max is H and F max is H and A r,max is L and

 c,max is H THEN Milling Accuracy is [ −5.38, −4.535, −5.405, 1.056,

.215, 0.2566].[1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

31 : IF A max is H and J max is H and F max is H and A r,max is H and

 c,max is L THEN Milling Accuracy is [7.62, 9.839, 6.04, −13.64, 385.9,

2.21]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 
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Fig. 10. The adjusting flow of antecedent parameters and consequent parameters. 

Fig. 11. The network structure for our ANFIS model. 
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Fig. 12. The flowchart of our prediction system. 
R 

32 : IF A max is H and J max is H and F max is H and A r,max is H and

 c,max is H THEN Milling Accuracy is [1.532, 5.708, −1.441, −38.47,

6.85, 28.99]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

2. Fuzzy rules of ANFIS-surface quality 

R 

1 : IF A max is L and J max is L and F max is L and A r,max is L and

 c,max is L THEN Surface Quality is [4.0 01, 14.09, 4.0 01, 4.0 01, 4.0 01,

.001]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −9 . 

R 

2 : IF A max is L and J max is L and F max is L and A r,max is L and

 c,max is H THEN Surface Quality is [6.334, 22.31, 6.334, 6.334, 6.334,

.334]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −7 . 

R 

3 : IF A max is L and J max is L and F max is L and A r,max is H and

 c,max is L THEN Surface Quality is [4.844, 17.06, 4.844, 4.844, 4.844,

.844]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −7 . 

R 

4 : IF A max is L and J max is L and F max is L and A r,max is H and

 c,max is H THEN Surface Quality is [7.668e, 27.01, 7.668, 7.668, 7.668,

.668]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

5 : IF A max is L and J max is L and F max is H and A r,max is L and

 c,max is L THEN Surface Quality is [7.15, 25.18e, 7.15, 7.15, 7.15, 7.15].

1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −8 . 

R 

6 : IF A max is L and J max is L and F max is H and A r,max is L and

 c,max is H THEN Surface Quality is [1.13, 3.986, 1.132, 1.132, 1.132,

.132]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

7 : IF A max is L and J max is L and F max is H and A r,max is H and

 c,max is L THEN Surface Quality is [8.656, 30.49, 8.656, 8.656, 8.656,

.656]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −6 . 
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Fig. 13. The structure of prediction system. 

Fig. 14. The RMSE trajectories of training results. 

Fig. 15. The actual and predicted comparisons of testing data for two performance indexes. 
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Fig. 16. The shape of membership function for ANFIS-milling accuracy before and after training. 

Fig. 17. The shape of membership function for ANFIS-surface quality before and after training. 
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8 : IF A max is L and J max is L and F max is H and A r,max is H and

 c,max is H THEN Surface Quality is [1.37, 4.826, 1.37, 1.37, 1.37, 1.37].

1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

9 : IF A max is L and J max is H and F max is L and A r,max is L and

 c,max is L THEN Surface Quality is [1.306, 2.874, 3.271, 2.313, 2.14,

.874]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −6 . 

R 

10 : IF A max is L and J max is H and F max is L and A r,max is L and

 c,max is H THEN Surface Quality is [9.103, 33.92, 40.21, 25.04, 33.92,

3.92]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

11 : IF A max is L and J max is H and F max is L and A r,max is H and

 c,max is L THEN Surface Quality is [9.071, 28.05, 32.86, 28.05, 19.17,

8.05]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 
Please cite this article as: H.-W. Chiu, C.-H. Lee, Prediction of machinin
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12 : IF A max is L and J max is H and F max is L and A r,max is H and

 c,max is H THEN Surface Quality is [3.485, 303.9, 380.1, 303.9, 303.9,

03.9]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

13 : IF A max is L and J max is H and F max is H and A r,max is L and

 c,max is L THEN Surface Quality is [2.333, 5.135, 5.174, 4.133, 3.824,

.135]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

14 : IF A max is L and J max is H and F max is H and A r,max is L

nd J c,max is H THEN Surface Quality is [1.626, 6.06, 6.123, 0.004.474,

.0 6, 6.0 6]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

15 : IF A max is L and J max is H and F max is H and A r,max is H and

 c,max is L THEN Surface Quality is [1.62, 5.012, 5.06, 5.012, 3.425,

.012]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 
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16 : IF A max is L and J max is H and F max is H and A r,max is H and

J c,max is H THEN Surface Quality is [0.06154, 5.43, 5.506, 5.43, 5.43,

5.43]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −1 . 

R 

17 : IF A max is H and J max is L and F max is L and A r,max is L and

J c,max is L THEN Surface Quality is [1.367, 4.814, 1.367, 1.367, 1.367

1.367]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −6 . 

R 

18 : IF A max is H and J max is L and F max is L and A r,max is L and

J c,max is H THEN Surface Quality is [2.163, 7.619, 2.163, 2.163, 2.163,

2.163]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

19 : IF A max is H and J max is L and F max is L and A r,max is H and

J c,max is L THEN Surface Quality is [1.654, 5.828, 1.654, 1.654, 1.654,

1.654]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

20 : IF A max is H and J max is L and F max is L and A r,max is H and

J c,max is H THEN Surface Quality is [2.619, 9.225, 2.619, 2.619, 2.619,

2.619]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −2 . 

R 

21 : IF A max is H and J max is L and F max is H and A r,max is L and

J c,max is L THEN Surface Quality is [2.442, 8.601, 2.442, 2.442, 2.442,

2.442]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −5 . 

R 

22 : IF A max is H and J max is L and F max is H and A r,max is L and

J c,max is H THEN Surface Quality is [3.865, 13.61, 3.865, 3.865, 3.865,

3.865]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

23 : IF A max is H and J max is L and F max is H and A r,max is H and

J c,max is L THEN Surface Quality is [2.956, 10.41, 2.956, 2.956, 2.956,

2.956]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

24 : IF A max is H and J max is L and F max is H and A r,max is H and

J c,max is H THEN Surface Quality is [4.679, 16.48, 4.679, 4.679, 4.679,

4.679]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −1 . 

R 

25 : IF A max is H and J max is H and F max is L and A r,max is L and

J c,max is L THEN Surface Quality is [4.399, 4.399, 5.757, 2.484, 1.894,

4.399]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −4 . 

R 

26 : IF A max is H and J max is H and F max is L and A r,max is L

and J c,max is H THEN Surface Quality is [3.011, 3.012, 5.161, −0.01941,

3.012, 3.011]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −2 . 

R 

27 : IF A max is H and J max is H and F max is L and A r,max is H

and J c,max is L THEN Surface Quality is [3.023, 3.023, 4.667, 3.023,

−0.01035, 3.023]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −2 . 

R 

28 : IF A max is H and J max is H and F max is L and A r,max is H and

J c,max is H THEN Surface Quality is [0.8181, 0.9906, 260.3, 0.9724,

1.063, 0.7979]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

29 : IF A max is H and J max is H and F max is H and A r,max is L and

J c,max is L THEN Surface Quality is [7.859, 7.859, 7.995, 4.438, 3.382,

7.859]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −3 . 

R 

30 : IF A max is H and J max is H and F max is H and A r,max is L and

J c,max is H THEN Surface Quality is [5.379, 5.379, 5.594, −0.03673,

5.379, 5.379]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −1 . 

R 

31 : IF A max is H and J max is H and F max is H and A r,max is H

and J c,max is L THEN Surface Quality is [0.54, 5.401, 5.565, 5.401,

−0.02006, 5.4]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −1 . 

R 

32 : IF A max is H and J max is H and F max is H and A r,max is H and

J c,max is H THEN Surface Quality is [ −1.015, −0.7065, 259.3, −0.739,

−0.5765, −1.051]. [1 A max , J max , F max , A r,max , J c,max ] 
T × 10 −2 . 
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