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Selection of optimal cutting conditions is important for improving productivity
and implementing efficient process control in metal machining. In this study,
improvement of cutting conditions in machining using end-mills is studied by
using deep-layered neural networks, which comprise an input layer, output layer,
and two hidden layers. System networks are designed with inputs as cutting
conditions, and they output the cutting force. A pseudo-inverse network is
designed that has the adjustable cutting condition as output and cutting force and
other cutting conditions as input. The combination of the system network and
pseudo-inverse network enables selection or improvement of cutting conditions
that results in the expected cutting force.
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Table 1 Samples of average cutting forces Table 2 Simulation error of forces (NH=30, NJ=30)

Spindle r::;iouls 131221?11 (?:;31 Feed rate Force Case No. of untaught data Rl\/i le::r(z:res(%)
REM o) | nm) |y | (O] D A g 391
600 8 2 20 7.083¢2 | 504.1 B 3 3.04
600 8 4 20 7.083e-2 | 890.2 C 3 413
600 8 8 20 7.083¢2 | 1562 D 3 498
900 8 2 20 47222 | 4155 E ] 572
900 8 4 20 472e2 | 692.8 F 12 6.01
900 8 6 20 4.722¢-2 990.8 G 12 573
900 8 2 20 6.667¢-2 416.2 H 12 4.69
900 8 6 20 6.667e-2 1002. 1 12 7.66
900 8 8 12 472e2 | 7825 J 12 417
600 8 4 12. 0.100 707.3 Total average 5.08

600 8 8 12. 0.100 1352.

480 10 2 12. 6.979%-2 263.0 Table 3 Simulation error of forces (NH=35, NJ=35)

s |0 | x| | asses | e | Moot ana | N E 09
480 10 8 20. 6.97%-2 1850. A 8 334
480 10 4 20. 8.854¢-2 1415. B 8 5.20
600 8 6 20. 7.083e-2 1212. C 8 6.93
600 10 2 12. 5.583e-2 303.4 D 8 3.36
E 8 3.74
om, g5alA] g2 HlolElol gk ©Ake] RMS (Root Mean F 12 6.47
Square) #& TIIATE YEE, F 9 &YF 9 E¥F0E 9] G 12 573
o7 4% A28l YIEYIS) Al 295 FE FNH)SH A2 & H 12 09
5% el S)7H 3070 Foll A ShraA e wlolefol : = =
O& 23K Table 29 2k AAS Wy S Toul average a0

I

0.2, 93] 67 o] SREAFE 0.12, ALRO|E 3¢ 7187 S5
A= 0.12, A3]9] FA4ZFS 1Hsk= Al1AF ZRIEE 0.6,

U
29

Table 4 Simulation error of forces (NH=40, NJ=40)

3l9] FAFE Telshs ARt ZHEE 022 A9t Seet RMS error (%)
2 ok Hlo]E] ’] = g7l9} 12709) 2 1K) <ol tisied vlas) Case No. of untaught data in Forces
R, 278 273 ERe) S5 Al 27] HlolHE Y A4l 9 A 8 6.08
s Fsle g 7] g A9AGE 7 wehd el Az B 8 3.78
7) t2A =30 A vlolele] 4= 7470013, w3k HlolelE c 8 485
ALIE YeiA) HolES skl ol &kt D 8 362
Table 3-& NHxNJ7} 35x35%0 7%, Table 4= NHxNJ7} E i 643
40x40%] 74, Table 5+ NHxNJ7} 45x45%] 73, Table 6 Z z Zﬁ
NH*NJ7} 50x50%Q1 7-9-2] w]s}gs vloJEjo] w2 RMS 245 q o 585
eIty 7)) Aqiilel wlwald 23k 520 292 4al 9 : 12 5.72
RS 236 A3 2 AT ASoln A5Z Hhl J 12 7.80
o HA AAYRY 2YF A F = (?:}@1 2R} ‘lk’) + (%ﬂjﬂ% Total average 5.68

5
2 o a2t Fesitta At =8 NHxNJ7} 4OX40°J 459 7t 670]1 A3 zrgel A5 Tafok she Al
AF A7s| =] 749 ok & ARl 1,8407191 ¥ & = 36700 E3ste] ARt 9] Abol= At
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Table 5 Simulation error of forces (NH=45, NJ=45)

Case No. of untaught data RN{: ;::cres( "
A 3 3.50
B 3 6.19
C 3 5.22
b 3 5.26
E 3 3.95
F 12 5.16
G 12 8.29
- 12 7.50
| 12 6.40
I 12 7.52

Total average 3.90

Table 6 Simulation error of forces (NH=50, NJ=50)

Case No. of untaught data RN{: lii)r:cres(%)

A 8 421

B 8 3.82

C 8 4.60

D 8 431

E 8 4.36

F 12 6.00

G 12 4.94

H 12 8.93

I 12 7.46

J 12 4.61

Total average 5.33
Fig. 1 8l5tlolE 9] 47} 6671011 W]gks B0l 57} 8
WL 7ol 295 e ol e RMS 241 HERIT 7}
ZE5E A 2953 AR 295 w7 75 Uehla, AlEse

RMS 22K%)Z YePAT) Table 2~69 AAE vie} o] Z7te]
Skg Aol LAt A Eo QleE £ F L, AAHoR
5% W2le] 2= Yehflom NHXNJ7Z} 50x5081 7971 713
Zke- 9212 YERITE Fig. 2= m|8ks tlolele] 7} 127021
S0l Y2 7] S W2 RMS 2312 VERIT). Fig, 13
ToFo = Zh7be| S5y Aol A LA} ARLE ] 9SS &
5

N o

A AR

= &
AL, A Z 6% Welol exkE Uehl2lom NHXNI7}
30x30% 7397} 7P 2 24 JehiSith Fig. 1 9 Fig. 22
FE 23PE 6% WAZ T A nlgie] e A&
ATk ES 729 =817 welo M A 2 W

AATE Aofste] datEe st oS HlEAY

Azie] 27 2o 2 FHI vk HaASH A ofal]

=1
2
e

=
v}k

o]
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BMS error (%)

0.00
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No. of hidden layer neurons

Fig. 1 RMS emror of system networks (No. of untaught data=8)

10.00
+ No. of untaught data= 12 |

- e

g

RMS error (%)

35 40 45 50

No. of hidden layer neurons
Fig. 2 RMS error of system networks (No. of untaught data=12)
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ERIEE
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HES DS Al 29T 71 (NH)9F A2
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NHxNJ7} 35%x35¢] 7% Table 9= NHxNJ7} 40x4021 7%,

Table 7 Simulation error of forces (NH=30, NJ=30)

Case No. of untaught data RN{E Ii:r(::res( "
A 3 7.36
B 3 0.54
C 3 0.07
b 3 1.49
e 3 2.10
= 12 0.07
G 12 0.48
q 12 1.74
| 12 1.16
] 12 1.44

Total average 1.65

Table 8 Simulation error of forces (NH=35, NJ=35)

Case No. of untaught data RN{: li:)r:cres(%)
A 8 327
B 8 1.52
C 8 1.33
D 8 432
E 8 1.14
F 12 1.05
G 12 1.52
H 12 0.72
I 12 0.25
J 12 1.20

Total average 1.63

Table 102 NHxNJ7} 45x45%1 73, Table 112 NHxNJ7}
50x509] 745-9] PJ3ls Hlelelel HE RMS 2418 Lehiick, %
B 4 848 4 % SR 26 AN 4

Fig. 3& 1ol H]OIEH 7} 870 7ol 29 % ‘Tﬁigl ?
o 2 o YES A RMS A& uramu} NeEe A &
U3t AR 29F 7ol 5 UERL, AI2%E RMS J}(%)
E JeRAT) Table 7~1191 AAE vle} 7ro] Zk2te] 345 Avfo]
A QAL AREE] 9SS B 4 QLA HAH SR 3% W9 o
22 YERNL O™ NHXNI7ZF 45%4591 757} 713 28 0312
2220 e

Fig. 4= 1|3l HlolBle] 47} 12709) A9l 24

o

swele)

Table 9 Simulation error of forces (NH=40, NJ=40)

Case No. of untaught data RN{ISI ;I;:Cres(%)
A 8 3.05
B 8 0.47
C 8 0.93
D 8 0.33
E 8 2.57
F 12 0.24
G 12 0.15
H 12 2.50
I 12 0.18
J 12 0.66

Total average 1.11

Table 10 Simulation error of forces (NH=45, NJ=45)

Case No. of untaught data RN{: ;I(;rrocres(%)
A 8 0.95
B 8 2.14
C 8 1.38
5 8 0.64
E 8 0.63
- 12 1.79
G 12 0.43
q 12 0.20
| 12 2.04
I 12 0.72

Total average 1.09
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Table 11 Simulation error of forces (NH=50, NJ=50)

Case No. of untaught data RMS le:z:;es(%) in
A 8 3.55
B 8 1.35
¢ 8 0.99
D 8 261
E 8 127
F 12 3.28
G 12 0.65
H 12 247
! 12 0.98
! 12 3.00

Total average 202

10.00

+ No. of untaught data=8
=
5
=
=
o
2 s
“ +
o
v ¢ .
= .
*
* @
* A4
$ . |
0.00 : |
30 35 40 45 50

No. of hidden layer neurons

Fig. 3 RMS error of pseudo-inverse networks (No. of untaught
data=8)

10,00

+ No. of untaught data=12

w
=
=

EMS error (%)

4 1
*

1+ 2o
L ee

+ *
0.00 : ’ 3
30 35 40 45 50

No. of hidden layer neurons

Fig. 4 RMS error of pseudo-inverse networks (No. of untaught
data=12)
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Load-weight file is B50y.wgt

Load- Psedo-InverseWeight file is R111.wgt

Test output file is T105.tst

Total number of optimizing events *ncount* is 8

*EEE () bk

6.000000e+002 8.000000e+000 2.000000e+000 2.000000e+001
7.083300e-002

Expected output force is  6.900000e+002
Simulated output force is 5.032498e+002
Adjusted Radial Depth of Cut is 2.861688e+000
Adjusted output force is 6.925041e+002
Error between Fexpl and Fexp3 is 3.629128e-001

REkk ] kwkk

9.000000e+002 8.000000e+000 4.000000e+000 2.000000e+001
4.722200e-002

Expected output force is 8.930000e+002
Simulated output force is 6.924142¢+002
Adjusted Radial Depth of Cut is  5.363289¢+000
Adjusted output force is 8.904001e+002
Error between Fexpl and Fexp3 is 2.911417e-001

eskeoskeok D EkEkEk

6.000000e+002 8.000000e+000 4.000000e+000 1.200000e+001
7.083300e-002

Expected output force is  6.090000e+002
Simulated output force is 4.384121e+002
Adjusted Radial Depth of Cut is  4.449386e+000
Adjusted output force is 6.116449¢+002
Error between Fexpl and Fexp3 is 4.343034e-001

skeskeskok 3 wEkE

4.800000e+002 1.000000e+001 4.000000e+000 1.200000e+001
6.979200e-002

Expected output force is 8.380000e+002
Simulated output force is 6.677230e+002
Adjusted Radial Depth of Cut is  5.748302e+000
Adjusted output force is 8.346808e+002
Error between Fexpl and Fexp3 is 3.960801e-001

seskoskok 4 FkEE

6.000000e+002 1.000000e+001 8.000000e+000 2.000000e+001
5.583300e-002

Expected output force is 2.174600e+003
Simulated output force is 1.874717¢+003
Adjusted Radial Depth of Cut is  9.066180e+000
Adjusted output force is 2.157201e+003
Error between Fexpl and Fexp3 is 8.001007e-001

Fig. 5 Output of the cutting force adjusting program

408

sk § HEkEkk

6.000000e+002 8.000000e+000 8.000000e+000 2.000000e+001
7.083300e-002

1.200000e+003
Simulated output force is 1.562324e+003
Adjusted Radial Depth of Cut is  5.928516e+000
Adjusted output force is 1.199377e+003
Error between Fexpl and Fexp3 is 5.191211e-002

Expected output force is

sokksk 6 FEEE

6.000000e+002 1.000000e+001 8.000000e+000 2.000000e+001
5.583300e-002

Expected output force is 1.500000e+003
Simulated output force is 1.874717e+003
Adjusted Radial Depth of Cut is  6.374558e+000
Adjusted output force is 1.506179e+003
Error between Fexpl and Fexp3 is 4.119342e-001

sk 7] kEAEk

9.000000e+002 8.000000e+000 1.000000e+001 1.200000e+001
6.666700e-002

1.000000e+003
Simulated output force is 1.181948e+003
Adjusted Radial Depth of Cut is  7.985979¢+000
Adjusted output force is 1.001194e+003
Error between Fexpl and Fexp3 is 1.194009e-001

Expected output force is

Fig. 5 Output of the cutting force adjusting program (Continued)

Table 12 Comparison of cutting forces

Case Expected Simulated Adjusted
no. force force force

1 690. 503. 693.

2 893. 692. 890.

3 609. 438. 612.

4 838. 668. 835.

5 2175. 1875. 2157.

6 1200. 1562. 1199.

7 1500. 1875. 1506.

8 1000. 1182. 1001.
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