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Determining the best cutting mode 
is a common problem for machining 
processes as well as for CBN (Cubic 
Boron Nitride) grinding on Computer 
Numerical Control (CNC) machines. 
It is even more important when it is ne- 
cessary to choose a solution that meets 
many goals, which are in conflict. This 
paper presents the results of a multi-crite-
ria decision-making (MCDM) study on  
CBN grinding of cylindrical-shaped parts 
on CNC milling machines. Three MCDM 
methods, including TOPSIS (Technique 
for Order of Preference by Similarity 
to Ideal Solution), MAIRCA (Multi-
Attributive Ideal-Real Comparative Ana- 
lysis), and EAMR (Evaluation by an 
Area-based Method of Ranking) were 
applied in this work. Besides, MEREC 
(Method based on the Removal Effects 
of Criteria) and Entropy methods were 
used to determine the weights of the cri-
teria. In addition, the Taguchi method 
with L18 orthogonal array (6^1+3^3) 
design was used for the design of an 
experiment, which has four input fac-
tors including the depth of dressing cut, 
the spindle speed, the feed rate, and the 
wheel diameter. Two criteria, includ-
ing the surface roughness (SR) and the 
material removal speed (MRS) were 
selected as the response outputs. The 
reason for choosing these two criteria 
is because SR and MRS are two very 
important output factors of a mechani-
cal machining process as well as of the 
CBN grinding process on a CNC milling 
machine. In particular, these two criteria 
are always in conflict with each other. 
Small SR requirements will require small 
values of the feed speed and the depth 
of cut. This will lead to the reduction 
of MRS. From the results of this study, 
the use of different methods for MCDM 
was evaluated. In addition, rankings of 
alternatives have been given according 
to MCDM methods. Furthermore, the 
best alternative to guarantee both the 
minimum SR and the maximum MRS has 
been found
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1. Introduction

Multi-criteria decision making (MCDM) problem is 
used to find the best alternative among many different alter-

natives. It is widely applied in medicine [1, 2], business [3, 4], 
rescue operations [5], weather forecasting [6, 7], etc. Re-
cently, this problem has been used for mechanical machin- 
ing processes. 
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Machining processes often require simultaneous fulfill-
ment of several criteria, such as maximum material removal 
rate (MRR), minimum surface roughness (SR), or maximum 
tool life. These criteria often conflict with each other as in-
creasing MRR will require increasing the depth of cut and 
increasing the feed rate and it will increase SR and decrease 
the tool life. Therefore, applying the MCDM problem to 
determine the best solution of the machining process is both 
relevant and important.

2. Literature review and problem statement

The MCDM problem has been applied to mechanical 
machining processes. The selection of material for the tool 
holder for the hard milling process has been reported in [8]. 
The purpose of this research is to ensure high stiffness and to 
be able to dissipate the energy generated during interrupted 
cutting. In this work, the EXPROM2, TOPSIS and VIKOR 
methods were applied to solve the MCDM problems. The 
results of this study confirmed that MCDM methods can be 
used for the solution of real-time material selection problems. 
An advantage of this study is that Spearman’s rank correla-
tion coefficient was used to evaluate the similarity between 
MCDM methods. In addition, this coefficient has been used 
to compare the results of other studies. For the turning 
process, the MCDM problem was solved in [9]. Especially, 
in this study, eight methods including SAW, WASPAS, TOP-
SIS, VIKOR, MOORA, COPRAS, PIV, and PSI were used. 
Besides, the TOPSIS and PIV methods have been applied for 
the selection of the best alternative in the hard turning pro-
cess [10]. In this study, the SR, the tool wear, and the round-
ness error were selected for the criteria of the problem. A plus 
point of this study is that it has solved the MCDM problem 
using three different weighting methods: Equal, ROC, and 
Entropy. In [11], the TOPSIS and COPRAS methods have 
been chosen for the MCDM problem in drilling magne-
sium AZ91. Also, the burr and the SR have been chosen as 
the responses of the study. To find the best alternative in the 
external grinding process of 65G steel, two criteria including 
SR and MRR have been selected for MCDM [12]. The Prin-
cipal Component Analysis (PCA) method has been used to 
solve the MCDM problem for getting the maximum MRR 
and the minimum electrode wear rate simultaneously in 
electrical discharge machining (EDM) of A2 tool steel [13]. 
From the results of the study, optimum input factors of the 
EDM process were proposed. The studies from [9] to [13] 
all deal with mechanical machining processes and employ 
various MCDM methods. However, they have the same 
limitation of not using scientific tools (e.g. Spearman’s rank 
correlation coefficient) to compare the ratings of different 
methods other than to determine the best alternative. This is 
also a general limitation of previous research on MCDM for 
mechanical machining processes. This research will also deal 
with the MCDM of a mechanical machining process (CBN 
grinding), but it will overcome this common disadvantage. 

Grinding is an abrasive machining method that uses 
a grinding wheel as a cutting tool. It is widely used in fin-
ishing and semi-finishing grinding as it can produce high 
precision and small surface roughness. CBN (Cubic Boron 
Nitride) grinding allows improving material removal rate, 
grinding quality as well as wheel life. Therefore, it is often 
used for grinding hard alloy cutting tools, camshafts, etc. 
because these parts require high precision grinding and long 

wheel life. Recently, CBN grinding has been applied to pro-
cess cylindrical-shaped parts on CNC milling machines [14]. 
As previously stated, many studies on MCDM for machining 
processes have been conducted to date. However, no research 
has been conducted on MCDM for the CBN grinding process 
on CNC milling machines. This research will help to solve 
this problem. 

3. The aim and objectives of the study

The aim of this study is to use different MCDM and 
weight calculation methods to find the best cutting regime 
when CBN grinding of cylindrical-shaped parts on CNC 
milling machines to get the minimum surface roughness and 
maximum material removal rate simultaneously. 

To achieve this aim, the following objectives are ac
complished:

– to assess and calculate the weight of criteria by using 
the Entropy and MEREC methods;

– to solve the MCDM problem to find the best alterna-
tive in CBN grinding on CNC machines using the TOPSIS, 
MAIRCA and EAMR methods;

– to find the best experimental setup for CBN grinding 
on CNC milling machines to get minimum SR and maximum 
MRS simultaneously.

4. Materials and methods

A key tool used in this study is MCDM methods. As 
previously stated, they are used to find the best solution 
among numerous alternatives. In this study, three MCDM 
methods including TOPSIS, MAIRCA, and ERM were used. 
Besides, two methods of weighting the criteria, Entropy and 
MEREC, are also used. In addition, another tool used in this 
study to design an experiment for CBN grinding on CNC 
milling machines is the Taguchi method.

4. 1. Methods for multi-criteria decision making
4. 1. 1. Technique for order of preference by similarity 

to ideal solution method
The sequence of the TOPSIS method is described in [15] 

and it has also been reported in [16]. Specifically, as follows:
Step 1. Constructing the initial matrix by:
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In which n is the criterion number; m is the alternative 
number.

Step 2. Determining the normalized values kij by:

k
x

x
ij

ij

i

m

ij

=

=∑
.

1

2
	 (2)

Step 3. Finding the weighted normalized decision matrix by:

l w kij j ij= × . 	 (3)

Step 4. Determining the best alternative A+ and the 
worst alternative A– by the following equations:
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A l l l lj n
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A l l l lj n
− − − − −= … …{ }, , , , , .1 2 	 (5)

In which, l j
+  and l j

−  are the best and worst values of the j 
criterion (j = 1, 2, ..., n).

Step 5. Determining Di
+  and Di

−  by:
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Step 6. Calculating ratios Ri by:

R
D

D Di
i

i i

=
+

−

− + ,  i = 1, 2, …, m.	 (8)

Step 7. Maximizing R to rank the order of alternatives.

4. 1. 2. Multi-Attributive Ideal-Real Comparative Ana
lysis method

The steps to do the MAIRCA method have been reported 
in [17], and it has also been presented in [16]. In particular, 
as described:

Step 1. Generating the initial matrix as in the TOPSIS 
method.

Step 2. Calculate the preferences of each alternative PAj
. 

To do that, it is assumed that the criteria are the same in prio
rity and there will be:

P
mAj

= ,
1

 j = 1, 2, …, n,	 (9)

Step 3. Determining tpij by:

t P wp A jij j
= ⋅ ,  i = 1, 2, …, m; j = 1, 2,….	 (10)

Wherein wj is the weight of criterion j.
Step 4. Calculating trij by:
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Step 5. Determining gij by:

g t tij p rij ij
= − .	 (13)

Step 6. Calculating criterion function values (Qi) by: 
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i

m
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	 (14)

The values of Qi are used to rank alternatives by their 
ordering.

4. 1. 3. Evaluation by an Area-based Method of Rank-
ing method

The steps for using the EAMR method are described in [18], 
and it is also discussed in [16]. In particular, as described: 

Step 1. Creating the decision matrix by:
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Where d is an indicator of the decision-maker; 1 £ d £ k 
with k is the decision-maker number.

Step 2. Calculating the mean value of each alternative 
with each criterion by the following equation:

x
k

x x xij ij ij ij
k= + +…+( ).

1 1 2 	 (16)

Step 3. Finding the criterion weights.
Step 4. Determine the weighted average for each criterion:

w
k

w w wj j j j
k= + +…+( ).

1 1 2 	 (17)

Step 5. Calculating nij by:

n
x

eij
ij

j

= . 	 (18)

In which ej is calculated by:

e max xj i m ij= ( )∈ …{ }1, , . 	 (19)

Step 6. Finding the normalized weight by:

v n wij ij j= ⋅ .	 (20)

Step 7. Determining the normalized score of the criteria:
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+ + + += + +…+ ,1 2   

if criterion j is as bigger as better,	 (21)

G v v vi i i im
− − − −+= + +…+ ,1 2   

if criterion j is as smaller as better.	 (22)

Step 8. Calculating the values of the ranking (RV) from 
Gi

+  and Gi
− .

Step 9. Calculating the evaluation score of the alterna-
tives by:
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Determine the best alternative – the one with the largest Si. 

4. 2. Methods for determination of the weights of criteria
This section describes how to apply the Entropy and 

MEREC methods to calculate the weights of the criteria. 

4. 2. 1. Entropy method
To calculate the weight of the criteria by the Entropy 

method, follow these steps [19]:
Step 1. Determining the normalized values of indicators 

by the following equation:

p
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Step 2. Calculating the Entropy value for each criterion:
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Step 3. Calculating the weight of each criterion by:
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(26) is used to determine the criterion weight by the En-
tropy method when solving the MCDM problem.

4. 2. 2. MEREC method
The determination of the criteria weights by the MEREC 

method is performed in the following order [20]: 
Step 1. Forming the initial matrix as in the TOPSIS method.
Step 2. Calculating the normalized values by:

h
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= ,  if criterion j is as bigger as better,	 (27)
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Step 3. Finding the alternative performance Si by:
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Step 4. Calculating the performance of the ith alternative 
′Sij  by the following equation:
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Step 5. Determining the removal effect of the j th crite
rion  Ej by:

E S Sj
i

ij i= ′ −∑ . 	 (31)

Step 6. Calculating the criterion weight by:

w
E

Ej
j

k k

=
∑

. 	 (32)

(32) is used to determine the criterion weight by the 
MEREC method when solving the MCDM problem.

4. 3. Experimental design and setup
To solve the MCDM problem, an experiment was con-

ducted. The experiment was designed using the Taguchi 
method with the design L18 (6^1+3^3). The input factors 
and their levels of the experiment are shown in Table 1. In 
addition, the setup of the experiment is described in Fig. 1 
with the Specification shown in Table 2. After accompanying 
experiments, the SR (in this case Ra (μm)) was measured 
and the MRS (g/h) was calculated. Table 3 shows the expe
rimental plan and the responses (Ra and MRS).

The output results (Ra and MRS) of each option (Table 3) 
will be used to determine the alternative ratings using three 
different MCDM methods including TOPSIS, MAIRCA, 
and EAMR with two weighting methods (Entropy and 
MEREC). These calculation results will be presented.

Table 1
Input factors

Input 
factors

Code Unit
Level

1 2 3 4 5 6

Depth  
of cut

aed mm 0.005 0.01 0.015 0.02 0.025 0.03

Spindle 
speed

Rpm rpm 4,000 4,500 5,000 – – –

Feed rate Fe mm/min 2,000 2,500 3,000 – – –

Wheel 
diameter

d mm 100 125 150 – – –

  
 

 
 

 

Fe 

Rpm 

а

b

c

Fig. 1. Experimental setup: a – dressing setup; 	
b – grinding schema; c – grinding setup

Table 2
Specification of the experimental setup

Parameters Specification

Machine CNC milling machine M-V50C (Japan)

Dresser equipment V-TDM-2 Vertex (Taiwan)

Workpiece material SKD11 tool steel

CBN grinding wheel B91 KSSRY A V240 (Norton)

Surface roughness 
tester

Mitutoyo SURFTEST SV-3100  
(Japan)

Coolant material Caltex Aquatex 3180 
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Table 3
Experimental plan and output results

No.
Input parameters Output results

aed Rpm Fe d Ra (μm) MRS (g/h)
1 0.005 4,000 2,000 100 0.5640 2.1933
2 0.005 4,500 2,500 125 0.5140 21.4465
3 0.005 5,000 3,000 150 0.2660 0.9161
4 0.01 4,000 2,000 125 0.3950 3.6771
5 0.01 4,500 2,500 150 0.3613 1.2421
6 0.01 5,000 3,000 100 0.3993 5.7262
7 0.015 4,000 2,500 100 0.3997 5.9976
8 0.015 4,500 3,000 125 0.2820 3.2727
9 0.015 5,000 2,000 150 0.2037 3.3251

10 0.02 4,000 3,000 150 0.7403 3.7553
11 0.02 4,500 2,000 100 0.5997 4.7941
12 0.02 5,000 2,500 125 0.3277 20.9084
13 0.025 4,000 2,500 150 0.6490 3.4458
14 0.025 4,500 3,000 100 0.7457 7.8089
15 0.025 5,000 2,000 125 0.2737 5.0633
16 0.03 4,000 3,000 125 0.8177 4.0054
17 0.03 4,500 2,000 150 0.4487 3.6447
18 0.03 5,000 2,500 100 0.6483 6.5775

5. Results of the study of multi-criteria decision making 
in cubic boron nitride grinding

5. 1. Results of the calculation of the weight of criteria 
using the Entropy and MEREC methods

The determination of the criterion weights using the En-
tropy method is performed according to the following steps. 
Determine the normalized values of pij by formula (24); 
Calculate the Entropy value for each indicator mej using 
equation (25). Finally, find the weight of the criterion wj ac-
cording to formula (26). It was reported that the weights of 
Ra and MRS are 0.558 and 0.442, respectively.

Using the MEREC method to calculate the weights for 
the criteria is done by the following steps: Calculate the 
normalized values using (27), (28); Determine Si and ′Sij   
according to (29), (30). Next, determine the criterion re
moval efficiency using (31). Finally, calculate the criterion 
weight wj according to (32). The results show that the 
weights of Ra and MRS are 0.7268 and 0.2732, respectively. 

5. 2. Results of solving the MCDM problem to find the 
best alternative in CBN grinding on CNC machines using 
the TOPSIS, MAIRCA and EAMR methods

5. 2. 1. Results of MCDM when using the TOPSIS 
method

The MCDM problem is solved by the TOPSIS method 
in the following order: The normalized values of kij are calcu-
lated according to formula (2). The lij normalized weighted 
values are determined using formula (3). Table 4 describes 
the converted and normalized matrix values in the TOPSIS 
method using the Entropy and MEREC methods for calcu-
lating the weights of criteria. Besides, the A+ and A– values 
of Ra and MRS are found according to formulas (4), (5). 
Also, the values Di

+ and Di
– are found according to (6), (7). 

Finally, the ratio Ri is calculated by formula (8). Several 
calculated results and ranking of alternatives when using the 
TOPSIS method are presented in Table 5 using the Entropy 
and MEREC methods for calculating the weights of criteria.

Table 4
Converted and normalized matrix values 	

in the TOPSIS method

Trial 
name

Entropy method MEREC method
kij lij kij lij

Ra MRS Ra MRS Ra MRS Ra MRS
1 0.2780 0.0644 0.1551 0.0285 0.2780 0.0644 0.2021 0.0176
2 0.2534 0.6297 0.1414 0.2783 0.2534 0.6297 0.1841 0.1720
3 0.1311 0.0269 0.0732 0.0119 0.1311 0.0269 0.0953 0.0073
4 0.1947 0.1080 0.1086 0.0477 0.1947 0.1080 0.1415 0.0295
5 0.1781 0.0365 0.0994 0.0161 0.1781 0.0365 0.1294 0.0100
6 0.1968 0.1681 0.1098 0.0743 0.1968 0.1681 0.1431 0.0459
7 0.1970 0.1761 0.1099 0.0778 0.1970 0.1761 0.1432 0.0481
8 0.1390 0.0961 0.0776 0.0425 0.1390 0.0961 0.1010 0.0263
9 0.1004 0.0976 0.0560 0.0432 0.1004 0.0976 0.0730 0.0267

10 0.3649 0.1103 0.2036 0.0487 0.3649 0.1103 0.2652 0.0301
11 0.2956 0.1408 0.1649 0.0622 0.2956 0.1408 0.2148 0.0385
12 0.1615 0.6139 0.0901 0.2714 0.1615 0.6139 0.1174 0.1677
13 0.3199 0.1012 0.1785 0.0447 0.3199 0.1012 0.2325 0.0276
14 0.3676 0.2293 0.2051 0.1013 0.3676 0.2293 0.2671 0.0626
15 0.1349 0.1487 0.0753 0.0657 0.1349 0.1487 0.0980 0.0406
16 0.4031 0.1176 0.2249 0.0520 0.4031 0.1176 0.2929 0.0321
17 0.2212 0.1070 0.1234 0.0473 0.2212 0.1070 0.1607 0.0292
18 0.3196 0.1931 0.1783 0.0854 0.3196 0.1931 0.2323 0.0528

Table 5

Several parameters and ranking by the TOPSIS method

Trial 
name

Entropy method MEREC method
Di

+ Di
– Ri Rank Di

+ Di
– Ri Rank

1 0.2688 0.0717 0.2106 15 0.1851 0.1971 0.5157 12
2 0.0854 0.2792 0.7659 2 0.1725 0.1672 0.4922 2
3 0.2670 0.1517 0.3624 8 0.2296 0.0916 0.2851 6
4 0.2365 0.1216 0.3396 9 0.1832 0.1961 0.5171 9
5 0.2658 0.1256 0.3209 10 0.1130 0.2077 0.6477 10
6 0.2110 0.1309 0.3829 7 0.2582 0.0271 0.0948 8
7 0.2076 0.1325 0.3896 5 0.1656 0.2006 0.5478 7
8 0.2368 0.1505 0.3885 6 0.1025 0.1936 0.6540 5
9 0.2352 0.1717 0.4221 4 0.1272 0.1527 0.5456 3

10 0.2730 0.0425 0.1349 17 0.0660 0.2311 0.7779 17
11 0.2420 0.0783 0.2444 14 0.1857 0.1057 0.3626 13
12 0.0348 0.2924 0.8936 1 0.1792 0.1400 0.4386 1
13 0.2638 0.0568 0.1773 16 0.0416 0.2498 0.8573 15
14 0.2314 0.0916 0.2836 12 0.1625 0.1329 0.4498 16
15 0.2135 0.1590 0.4269 3 0.1750 0.1675 0.4891 4
16 0.2824 0.0401 0.1243 18 0.1453 0.2135 0.5951 18
17 0.2407 0.1075 0.3087 11 0.0658 0.2343 0.7807 11
18 0.2285 0.0870 0.2758 13 0.1388 0.1737 0.5559 14

From the results in Table 5, with the TOPSIS method, 
using both the Entropy and MEREC methods for weight 
calculation gives the best option 12.

5. 2. 2. Results of MCDM when using the MAIRCA 
method

Using the MAIRCA method for MCDM is done as fol-
lows: Create the initial matrix according to (1). Determine 
the priority of criterion PAj

 using (9). Next, calculate the 
value of parameter t pij

 using (10), noting that the weight of 
the criterion is calculated. Then, calculate the values of trij

  
by (11), (12). Table 6 shows t pij

 and trij
 values in the MAIRCA 

method using the Entropy and MEREC methods for finding 
the weights of criteria. After that, determine gij by (13). The  
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final Qi values are then found by (14). Several calculated 
results and alternative ranking when using the MAIRCA me
thod are presented in Table 7 using the Entropy and MEREC 
methods for calculating the weights of criteria.

Table 6
Values of tpij and trij in the MAIRCA method

Trial 
name

Entropy method MEREC method
tpij trij tpij trij

Ra MRS Ra MRS Ra MRS Ra MRS
1 0.0310 0.0246 0.0153 0.0246 0.0404 0.0152 0.0167 0.0009
2 0.0310 0.0246 0.0279 0.0000 0.0404 0.0152 0.0200 0.0152
3 0.0310 0.0246 0.0213 0.0033 0.0404 0.0152 0.0363 0.0000
4 0.0310 0.0246 0.0230 0.0004 0.0404 0.0152 0.0278 0.0020
5 0.0310 0.0246 0.0211 0.0058 0.0404 0.0152 0.0300 0.0002
6 0.0310 0.0246 0.0211 0.0061 0.0404 0.0152 0.0275 0.0036
7 0.0310 0.0246 0.0270 0.0028 0.0404 0.0152 0.0275 0.0038
8 0.0310 0.0246 0.0310 0.0029 0.0404 0.0152 0.0352 0.0017
9 0.0310 0.0246 0.0039 0.0034 0.0404 0.0152 0.0404 0.0018

10 0.0310 0.0246 0.0110 0.0046 0.0404 0.0152 0.0051 0.0021
11 0.0310 0.0246 0.0247 0.0239 0.0404 0.0152 0.0143 0.0029
12 0.0310 0.0246 0.0085 0.0030 0.0404 0.0152 0.0322 0.0148
13 0.0310 0.0246 0.0036 0.0082 0.0404 0.0152 0.0111 0.0019
14 0.0310 0.0246 0.0275 0.0050 0.0404 0.0152 0.0047 0.0051
15 0.0310 0.0246 0.0000 0.0037 0.0404 0.0152 0.0358 0.0031
16 0.0310 0.0246 0.0186 0.0033 0.0404 0.0152 0.0000 0.0023
17 0.0310 0.0246 0.0085 0.0068 0.0404 0.0152 0.0243 0.0020
18 0.0310 0.0246 0.0224 0.0178 0.0404 0.0152 0.0111 0.0042

Table 7
Values of gi, Qi and ranking of alternatives 	

by the MAIRCA method

Trial 
name

Entropy method MEREC method
gi

Qi Rank
gi

Qi Rank
Ra MRS Ra MRS

1 0.0182 0.0230 0.0412 14 0.0237 0.0142 0.0379 12
2 0.0157 0.0000 0.0157 2 0.0204 0.0000 0.0204 6
3 0.0031 0.0246 0.0277 6 0.0041 0.0152 0.0193 5
4 0.0097 0.0213 0.0309 9 0.0126 0.0131 0.0257 10
5 0.0080 0.0242 0.0321 10 0.0104 0.0149 0.0253 9
6 0.0099 0.0188 0.0287 8 0.0129 0.0116 0.0245 8
7 0.0099 0.0185 0.0284 7 0.0129 0.0114 0.0243 7
8 0.0040 0.0217 0.0257 5 0.0052 0.0134 0.0186 4
9 0.0000 0.0217 0.0217 3 0.0000 0.0134 0.0134 2

10 0.0271 0.0212 0.0483 17 0.0353 0.0131 0.0484 17
11 0.0200 0.0199 0.0399 12 0.0260 0.0123 0.0384 13
12 0.0063 0.0006 0.0069 1 0.0082 0.0004 0.0086 1
13 0.0225 0.0215 0.0440 16 0.0293 0.0133 0.0426 15
14 0.0274 0.0163 0.0437 15 0.0356 0.0101 0.0457 16
15 0.0035 0.0196 0.0231 4 0.0046 0.0121 0.0167 3
16 0.0310 0.0209 0.0519 18 0.0404 0.0129 0.0533 18
17 0.0124 0.0213 0.0337 11 0.0161 0.0132 0.0293 11
18 0.0224 0.0178 0.0402 13 0.0292 0.0110 0.0402 14

According to the results in Table 7, with the MAIRCA 
method, using both the Entropy and MEREC methods for 
weight calculation yields the best option 12.

5. 2. 3. Results of MCDM when using the EAMR method
The application of the EAMR method for MCDM is 

carried out according to the following steps: Set up the de-
cision matrix according to formula (15) with the note that 
k = 1 because there is only one result set. Determine the mean 

of the alternatives for each criterion according to (16) with 
the note that since k = 1, x xij ij= . Next, determine the weights 
for the criteria. Then calculate the average weighted values 
using formula (17) with the note that since k = 1, w wj j= . Cal-
culate nij according to formula (18) with ej defined by (19).  
Then determine vij according to formula (20). Table 8 displays 
the nij and vij values in the EAMR method when using the En-
tropy and MEREC methods to determine the weights of cri-
teria. Formulas (21), (22) are used to calculate the respective 
values of Gi. Finally, calculate the Si value according to (23). 
Several calculated results and alternative rankings when using 
the EAMR method are presented in Table 9 when using the 
Entropy and MEREC methods to calculate criteria weights. 

Table 8
Values of nij and vij in the EAMR method

Trial 
name

Entropy method MEREC method
nij vij nij vij

Ra MRS Ra MRS Ra MRS Ra MRS
1 0.6898 0.1023 0.3849 0.0452 0.6898 0.1023 0.5013 0.0279
2 0.6286 1.0000 0.3508 0.4420 0.6286 1.0000 0.4569 0.2732
3 0.3253 0.0438 0.1815 0.0194 0.3253 0.0438 0.2364 0.0120
4 0.4831 0.1759 0.2696 0.0777 0.4831 0.1759 0.3511 0.0481
5 0.4419 0.0594 0.2466 0.0263 0.4419 0.0594 0.3212 0.0162
6 0.4884 0.2739 0.2725 0.1211 0.4884 0.2739 0.3549 0.0748
7 0.4888 0.2869 0.2727 0.1268 0.4888 0.2869 0.3552 0.0784
8 0.3449 0.1565 0.1924 0.0692 0.3449 0.1565 0.2507 0.0428
9 0.2491 0.1590 0.1390 0.0703 0.2491 0.1590 0.1810 0.0434

10 0.9054 0.1796 0.5052 0.0794 0.9054 0.1796 0.6580 0.0491
11 0.7334 0.2293 0.4092 0.1013 0.7334 0.2293 0.5330 0.0626
12 0.4007 1.0000 0.2236 0.4420 0.4007 1.0000 0.2912 0.2732
13 0.7937 0.4413 0.4429 0.1950 0.7937 0.4413 0.5769 0.1206
14 0.9119 1.0000 0.5088 0.4420 0.9119 1.0000 0.6628 0.2732
15 0.3347 0.7698 0.1868 0.3403 0.3347 0.7698 0.2432 0.2103
16 1.0000 0.6090 0.5580 0.2692 1.0000 0.6090 0.7268 0.1664
17 0.5487 0.5541 0.3062 0.2449 0.5487 0.5541 0.3988 0.1514
18 0.7929 1.0000 0.4424 0.4420 0.7929 1.0000 0.5763 0.2732

Table 9
Values of Gi, Si and ranking of alternatives 	

by the EAMR method

Trial 
name

Entropy method MEREC method
Gi

Si Rank
Gi

Si Rank
Ra MRS Ra MRS

1 0.385 0.045 0.117 16 0.5013 0.0279 0.0557 16
2 0.351 0.442 1.260 3 0.4569 0.2732 0.5980 2
3 0.182 0.019 0.107 17 0.2364 0.0120 0.0506 17
4 0.270 0.078 0.288 13 0.3511 0.0481 0.1369 11
5 0.247 0.026 0.106 18 0.3212 0.0162 0.0505 18
6 0.273 0.121 0.444 10 0.3549 0.0748 0.2108 6
7 0.273 0.127 0.465 9 0.3552 0.0784 0.2206 5
8 0.192 0.069 0.360 12 0.2507 0.0428 0.1706 9
9 0.139 0.070 0.506 7 0.1810 0.0434 0.2400 4

10 0.505 0.079 0.157 15 0.6580 0.0491 0.0746 15
11 0.409 0.101 0.248 14 0.5330 0.0626 0.1175 12
12 0.224 0.442 1.977 1 0.2912 0.2732 0.9381 1
13 0.443 0.195 0.440 11 0.5769 0.1206 0.2090 13
14 0.509 0.442 0.869 5 0.6628 0.2732 0.4122 7
15 0.187 0.340 1.822 2 0.2432 0.2103 0.8646 3
16 0.558 0.269 0.482 8 0.7268 0.1664 0.2289 14
17 0.306 0.245 0.800 6 0.3988 0.1514 0.3796 10
18 0.442 0.442 0.999 4 0.5763 0.2732 0.4741 8
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According to the results in Table 9, using both the En-
tropy and MEREC methods for weight calculation with the 
EAMR method produced the best option 12.

5. 3. Results of finding the best experimental setup for 
CBN grinding on CNC milling machines to get minimum 
SR and maximum MRS simultaneously

The results of ranking of alternatives when applying three 
MCDM methods including TOPSIS, MAIRCA and EAMR 
with the weight calculation by the Entropy and MEREC 
methods are described in Table 10. From the Table 10, it was 
noted that the best alternative was 12.

Table 10
Ranking or alternatives when using the TOPSIS, 	

MAIRCA, and EAMR methods

Trial 
name

TOPSIS MAIRCA EAMR
Entropy MEREC Entropy MEREC Entropy MEREC

1 15 12 14 12 16 16
2 2 2 2 6 3 2
3 8 6 6 5 17 17
4 9 9 9 10 13 11
5 10 10 10 9 18 18
6 7 8 8 8 10 6
7 5 7 7 7 9 5
8 6 5 5 4 12 9
9 4 3 3 2 7 4

10 17 17 17 17 15 15
11 14 13 12 13 14 12
12 1 1 1 1 1 1
13 16 15 16 15 11 13
14 12 16 15 16 5 7
15 3 4 4 3 2 3
16 18 18 18 18 8 14
17 11 11 11 11 6 10
18 13 14 13 14 4 8

Fig. 2 shows another way to evaluate the application 
of the above methods to solve the MCDM problem. From 
Fig. 2, it is easy to see that the same best solution can  
be identified (option 12) when using three MCDM methods 
including TOPSIS (Fig. 2, a), MAIRCA (Fig. 2, b) and  
EAMR (Fig. 2, c). That result does not depend on the 
calculation of the weights of criteria by the Entropy or  
MEREC methods.

From the above results, the best experimental setup 
for CBN grinding on a CNC milling machine to achieve 
the minimum SR and maximum MRS simultaneously are: 
aed = 0.02 (mm); Rpm = 5,000 (rpm); Fe = 2,500 (mm/min.); 
d = 125 (mm).

6. Discussion of multi-criteria decision making results

From these results, the following observations can be given:
– the use of TOPSIS, MAIRCA, and EAMR methods 

along with the weight calculation by MEREC and Entropy 
to solve the MCDM problem when CBN grinding on CNC 
milling machines will give different ranking results;

– all three MCDM methods mentioned above have 
identified the same best solution, option 12. That result does 
not depend on the weighting of the indicators according  
to the Entropy or MEREC method. That allows us to say 
that determining the best alternative does not depend on the 
MCDM method and the weighting method used (at least 
with the methods used in this study);

– to compare the degree of association between ranks ob-
tained using various MCDM methods, the Spearman’s rank 
correlation coefficient (R) was used. This coefficient can be 
determined as follows [12]:
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Fig. 2. Comparison graph of three MCDM methods: a – TOPSIS; b – MAIRCA; c – EAMR
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Where n is the number of alternatives; D is the difference 
between ranks.

Table 11 displays the Spearman’s rank correlation coeffi-
cient for rankings obtained using various methods.

Table 11
Spearman’s rank correlation coefficient

Spearman’s rank correlation coefficient

TOPSIS and 
MAIRCA

TOPSIS and 
EAMR

TOPSIS and 
MAIRCA

TOPSIS and 
EAMR

0.9987 0.9786 0.9985 0.9703

Table 11 shows that the highest correlation coefficient is 
0.9987 for TOPSIS and MAIRCA, while the lowest is 0.9703 
for TOPSIS and EAMR. The correlations obtained between 
these methods are generally very good, compared to 0.96 
in [8] and 0.83 in [21].

The input process parameters of the best alternative 
when CBN grinding on a CNC milling machine to achieve 
the minimum SR and maximum MRS simultaneously are: 
aed = 0.02 (mm); Rpm = 5,000 (rpm); Fe = 2,500 (mm/min.); 
d = 125 (mm). The depth of cut and feed rate take the aver-
age value in their range of input parameters, while Rpm is the 
maximum value in the input parameter (Table 1). This is due 
to the fact that for getting small roughness, aed and Fe must be 
small, while Rpm must be large. Besides, for maximum MRS, 
Rpm must be the largest.

The TOPSIS, MAIRCA and EAMR methods are ap-
plicable to MCDM when CBN grinding on CNC milling 
machines. In addition, the calculation of the weights of the 
criteria can be performed using either the Entropy method 
or the MEREC method.

The limitation of this study is that the results of the prob-
lem have not been compared with other types of grinding or 
with CBN grinding on other machines such as external cy-
lindrical grinding machines, surface grinding machines, etc.  

That is also a recommendation for further research to be 
carried out.

7. Conclusions

1. The weights of Ra and MRS are 0.558 and 0.442, re-
spectively when using the Entropy method and 0.7268 and 
0.2732 using the MEREC method.

2. The results of using three MCDM methods includ-
ing TOPSIS, MAIRCA, and EAMR in CBN grinding on 
CNC milling machines are presented. The ranking results 
of the three methods have been shown in tables and fi
gures for evaluation. TOPSIS and MAIRCA methods have 
been reported to be quite suitable for MCDM problems 
when CBN grinding on CNC machines. Specifically, these 
two methods have 11/18 options ranked the same (op-
tions 1, 6, 7, 10, 11, 12, 13, 14, 16, 17, and 18) when the weight 
calculation using the MEREC method and 8/18 options  
rank the same (Options 4, 5, 10, 11, 12, 13, 16, 17, and 18) 
when using the Entropy method. Meanwhile, the EAMR 
method has only the best solution (option 12) similar to 
other methods. In addition, the selection of the best alterna-
tive does not depend on the MCDM method as well as the 
criterion weight calculation method (at least for the methods 
used in this study). The best alternative, option 12, has been 
identified by all three MCDM methods mentioned above.

3. The best experimental setup for CBN grinding on 
CNC milling machines to get minimum SR and maximum 
MRS simultaneously is: aed = 0.02 (mm), Rpm = 5,000 (rpm),  
Fe = 2,500 (mm/min.), and d = 100 (mm).
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