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Critical to quality characteristics identification for imbalanced
production data based on NSGA-II
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Abstract To select critical to quality characteristics (CTQs) for imbalanced production data, a feature

selection algorithm based on NSGA-II is proposed. Firstly, to solve the problem of data imbalance, type II

error is introduced to measure the importance of quality characteristics subset in addition to classification

error and feature subset size. Secondly, NSGA-II, a multi-objective evolutionary algorithm, is applied to

minimize the three metrics above, and a non-dominated solution set is acquired. Finally, the ideal point

method is adopted to obtain the best compromise solution (CTQ set) from the non-dominated solution

set. Experimental results illustrate that the proposed algorithm can obtain high classification accuracy,

and in the meantime, effectively reduce type II error and CTQ set size, which shows the efficiency of the

proposed algorithm.

Keywords imbalanced data; feature selection; critical to quality characteristics (CTQs); NSGA-II; the

ideal point method; type II error
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�%��(� (feature selection) )* [2−4]. ��(�#��+�#� (�

	,$) ���� (
	�
	) (�&%, �-'&�(.���, ��)#*+'$	����
 CTQ.

�,, %&����	�	�('- , ��(�
�(./: Filter 0+) Wrapper 0+. Filter 0
+!"#120+$)������/	- (**(34(�%	
) (+�����#-+�5�	, ,
(��	��, )���0,&120+��%'1��� [5]. ,-� Filter 0+�� FCBF(ReliefF

 [5,6]. Filter 0+�(2�0+�-.3)//4. Wrapper 0+�����,6(+-*./120+,
120+�.#	'�('����	�	��/	 [7]. ,-� Wrapper 0+�� SFS(SBS 
 [8]. 5
�& Filter 0+, Wrapper 0+-.3)//�, 5)#0+�,+	0��.#1/.

��(�
�����%60-(�)*,10-�,�,�������.#1/�2,7����
��7 (83��Æ)[9]. ��, 9:72���(���%�8.. %&9:72, ��(�
�(./3
9	0+ (4 SFS(SBS [8]));40+ (45�6(� (PSO)(<:0+ (GA) [10−14]). => [12]!"# PSO
0+,6��(�-, #-'��Æ-.��Æ�;*.?"/5Æ, 6,7&��Æ).#1/�/8?
"/5Æ,6(�. => [13]#7%��8-��*. GA �?"/5Æ, 6,7&.#1/����/8
?"/5Æ,"#& SVM.#8���(�)*. �9*+��6,/8?"/5Æ,#60-(�)*0
	/<0-)*, �:#(�0+,6(�. 5�, !;<5�=12��>?@, !6,/8?"/5Æ-
9@A9:�0-�B�. ;360-(��=4, 60-,�0+ (4 MOGA(NSGA-II(MOPSO[15−17])
�*.��(�=1, )#0+'$�-�6%0-,6(�, 	�>C/�53,/8?"/5Æ�@2.

���.#1/�2�����7,660-(�,'$!?@�A.#1/��-	�������
��7. , �&B$;Æ&, <?@��.#1/��'AD�����	�	 [2]. E4, Æ&��	
10%6 (<)#+�, 90%C (6)#+�,4=120+#8	+�DF9/C#+�,1.#1/E@ 90%,
5�F II #ABG (6#+�A.G) / 100%, C!�7>?@��'<�.#1//- %FG��
����	. !�>����, �
8HG�,/�, 8H�
Æ	6&B8H�
, ���D
�%
��

	�	Æ&���%B$;Æ&,8��
�	
	�	��)*�,��%B$;Æ&��(�
)*. �&B$;Æ&, F II #ABG
�/	�����<#+��.#	', ��"I*.F II #AB
G�/����	�	�/	- [18].

//?@B$;�
Æ&�� CTQ ��)*, �=�&7& Wrapper HA���(�0+ —— 7&
NSGA-II �B$;Æ&��(�0+. EF, 3,(�0-/,7�.#ABG(F II#ABG�2���
��7, �"#60-,�0+ NSGA-II[19] (�6%0-, ?@�%B8�?�. B3, *.�G2+, �
B8�?��(�&,CJ)?, D CTQ �. ,E, #�=0+"#& 3 9B$;�Æ&� CTQ ��,
H:/0+�	�	.

2 ;2 CTQ 3<45

�
 CTQ ��)*
�9=/: I D /�
Æ&�, Q = {q1, q2, · · · , qN} /�
�
	�	 (��)
�; C ∈ {1,−1} �#-+, �K�
�
	,$, 1� “1” ) “−1” .��K “�8H”(“8H”. Æ&�
�3 M %+� Xi = (xi1, xi2, · · · , xiN , yi) (i = 1, 2, · · · ,M), 1� xi1, xi2, · · · , xiN /)+�:
	�	
q1, q2, · · · , qN �ÆL>; yi �+�
	,$ (#-+) C �ÆL>. CTQ ���0��� Q �I(&��
�

	,$ C �
	�	���/�
 CTQ �.

CTQ ��	�	
�#.#1/ (FABG)(F II #ABG�2 CTQ ��7J%- %/	. .#
1/M?/ CTQ ���

	,$�'L'K. CTQ ��7M?/ CTQ �83
	�	Æ�6<. CTQ
�@7, AD��0+'$0	��L.�(&�
	�	. !�>�
����, �
�Æ&��,�
B$;�, .#1/06NJ@C#+� (8H�
) ���. F II #ABG/	/�6#+� (�8H�

) �A.�/. ��, *.F II #ABG (- 3.1 G) %;	 CTQ ��6#+��'L'KM.Æ. /
9, "#��(�0+(�
	�	���.#1/(F II #ABG�2���7, 
��AN
	�	�
��&�
 CTQ.

//H: CTQ ���	�	, K�8.LO� CTQ ���Æ&�/LM�, ��! CTQ ��$
)#Æ&�(./NO�)LM�. NO�#%O.��(�0+,6 CTQ ���?@ CTQ �. ��
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8? CTQ �)NO�'$6,120+, #)120+
��LM�Æ&�
	,$,6'L?@.#H
=. ��LM�.#H=
�H:8( CTQ ��	�	.

7&�9.P, �G�&�
 CTQ ��HA, 4Q 1 8R. ��HA. 5 P: 1) #Æ&�(./NO
��LM�. 2) O.NO�@��(�0+,6 CTQ ��, ?@ CTQ �. 3) "# CTQ ��NO�6,
120+. 4) 'LLM��
�
	,$, ?@.#H=. 5) (+ CTQ ���=.

CTQ

CTQ

CTQ

6 1 B7 CTQ 8C9:

3 ;<=>?@AB

�G6,B$;Æ&��(�0+. %&F 2 G.P, 0+K9:�����(�J%0-: 1) ,7
������.#ABG; 2),7������F II #ABG; 3),7������7. D&!+I.#A
BG�F II #ABG-K*.120+, ��8�0+�7& Wrapper HA�. 9:0+(#�%JQ(
���60-,�0+ NSGA-II[19]. D& NSGA-II RK�B8�?��,�36%? (����), ���
=*.�G2+ [20], �B8�?��(�,CJ)?�/,(����. /9, �=0+.PLS��, E
F"# NSGA-II(�0-5Æ?@B8�?�,B3"#�G2+�B8���(�,CJ)?,Q�4Q
2 8R.

NSGA-II

6 2 CDEFGHIE
3.1 JFKL

�=��(�0+(�J%0-5Æ, .��: .#ABG(F II #ABG�2�����7. .#A
BG/	120+�8	+�A.��/, F II #ABG/	120+�6#+�A.��/, �����
7KR����83��Æ. J%0-5Æ�I0*+MR4@.

K 1 8R/NSOG, TP KR120+#6#+�.#/6#�Æ	, FP KR120+#C#+�
.#/6#�Æ	, FN KR120+#6#+�.#/C#�Æ	. TN KR120+#C#+�.#/

C#�Æ	. H.#ABG)F II #ABGI0PT.�4T (1)(T (2) 8R.
I 1 MNOP

J"�#
K (1) T (−1)

LU�# K (1) TP FP

T (−1) FN TN

Error =
FN + FP

TP + FN + FP + TN
(1)

TypeII =
FN

TP + FN
(2)

�=:#NO�S8 k MQVH:������.#ABG)F II #ABG,6+I,)*+�Wrap-
per 0+�,#+I*+ [7]. PN4@: 1) #NO�./ k M. 2) (TF r (r = 1, 2, · · · , k) M�/S8L
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M�, 1U k − 1 M�/S8NO�, ?@F r M�.#ABG�F II #ABG. 3) $R k M�H=, ?@
����.#ABG�F II #ABG�+I. OO=> [7], �=(T k = 5. FJ%0-5Æ�����7,

���I0�����83��%Æ?@.
3.2 NSGA-II QR

NSGA-II 0+D Deb �&, �60-,�0+ NSGA [21] �W,. 5�& NSGA, NSGA-II �-.3
)/07, ,���'$XU7���1P%V, �K<0/0+�6V6+	72AQ�HOÆ. ��,
�=(T NSGA-II �/��(��9:0+.
3.2.1 QRRS

�=��(�)*��%60-(�)*, 9=4T (3). 1� F (s) = {f1(s), f2(s), f3(s)} /0-5Æ,
f1 /.#ABG, f2 /F II#ABG, f3 /�����7; s�K?,D����; φ�K
6?�. NSGA-II
��(�60- F (s) ,SRK�%B8�?� ψ, ψ ��7�%?�K�%����.

min F (s) = {f1(s), f2(s), f3(s)}
s.t. s ∈ φ

(3)

K 2 8R/7& NSGA-II ���(�PN. K� “VWB8�WX” (fast non-dominated sorting) �
�%B8�
SWX*+, Y#6V��?%& Pareto 8���,6.S, :?�YT��B8�
S, 5
�
S�?!5��B8�)ZX9; “+T**.�” (crowding distance assignment) %&7%?�5�
)ZX5Y?�**I0?@)?�+T**, +T**V�/?!)ZX9�+T�/; “+T�;0�”
(crowded comparison operator) �;P%?�(Z, B8�
S4�?(&B8�
S��?, [P%?!
5�)ZX9, H+T**07�?0(; [-=> [19]. 0+Z\*+�2<:0� (��(�*+, QV
*+, 	U*+) - 3.2.2 G� 3.2.3 G.

I 2 'T NSGA-II VCDEF
\]: ]^U (V N W"W)

\ : "X_XU ψ

1. ` t = 0.

2. ^Y[�\ab_ P0, ]V Np W_ (c`X).

3. dZ P0 �eWW_ s !^f� F (s) = {f1(s), f2(s), f3(s)}.
4. gÆha"X_ib��[� P0 �eW s !"X_$\ rk(s).

5. gÆY]^j�_��[� P0 �eW s !Y]^j cd(s).

Repeat

6. ZÆc_�[� Pt `a[b Ot.

7. ` Rt = Pt ∪Ot.

8. gÆha"X_ib��[� Rt �eW s !"X_$\ rk(s).

9. gÆY]^j�_��[� Rt �eW s !Y]^j cd(s).

10. gÆY]cd�[c Rt �!X_`\kib`a Rt
′.

11. ` Rt
′ �� Np W_daab_ Pt+1.

12. ` t = t+ 1.

Until ]^eb
13. `]b Pt �"X_$\ rk(s) = 1 !W_daa"X_XU ψ.

14. Return ψ

3.2.2 _UVR
Z\*+(#e,�Z\. I? s �Z\/ C, H C = (c1, c2, · · · , cN) /�% 1 ×N �f	. 1� N

/.��Æ, 7%`g ci ∈ {0, 1} (i = 1, 2, · · · , N) �KF i %���f�(�, [/ “1” HKR�(�, /
“0” KRL�(�. 7%Z\�"�%?, hc��%����.
3.2.3 WaQX

(�*+. e,�d-l(�/�=8#(�*+. 7g�h�6V Pt �(�P%%V, �;P%%
V (:#+T�;0�), 0(be.��6V Ot �.

QV0�. �=(#<2QV*+. %V C1 = (c11, c12, · · · , c1N )(C2 = (c21, c22, · · · , c2N ) �QViG
pc ,6QVj���P%i%V C1 = (c11, c12, · · · , c1e−1, c2e, · · · , c2N)(C2 = (c21, c22, · · · , c2e−1, c1e, · · · ,
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c1N ), 1� e ∈ {2, 3, · · · , N} /;4���QVj.

	U0�. �=(#<2	U*+. I%V C = (c1, c2, · · · , cN ), H%V�7�j ci (i = 1, 2, · · · , N)
�	UiG pm ,6	Uj�, [Aj/ “0”, H	U/ “1”, Aj/ “1”, H	U/ “0”.
3.3 YZ[R

�G2+ [20] �60-@7��,#*+, �=#�G2+*.��(��FeLS, �B8�?��
(�,CJ)?�/,SH=. �G2+.P%PNk�: EF, 3960-(���G2. B3, c@��
G2**,7�?�/,CJ)?. �@/fVPN.

1) g��1�. �=60-(�83,J%0-5Æ.�/ f1 .#ABG, f2 F II #ABG, f3 ��
���7. f1 ) f2 �T>kl/ [0, 1],  f3 �kl�96, ��!"#�G2+$)K� ψ �?�J
%0-5Æ>,6g��1�. �=l# z ?.+,6g��1�, 4T (4) 8R. 1� f i KRF i %0-

5Æ�$R>, σ(fi) KRF i 0-5Æ>�- m.

fi
z(s) =

fi(s) − f i
σ(fi)

, i = 1, 2, 3; s ∈ ψ (4)

2) 39�G2. D&J%0-5ÆD�m7�, h39�G2 F z∗ 4T (5) 8R, 1� fz∗i /0-5Æ

fi
z �,7>, 9=4T (6).

F z∗ = {fz∗1 , fz∗2 , fz∗3 } (5)

fz∗i = min
s∈ψ

(fiz(s)), i = 1, 2, 3 (6)

3) 9=**. minn**j<dÆ, �=l#)**/	? s @�G2 F z∗ �** d(s), 4T (7) 8
R.

d(s) =
[ 3∑
i=1

(fzi (s) − fz∗i )2
]1/2

, s ∈ ψ (7)

4) (�,CJ)?. !9=/**$E, c
�� ψ �(�*�G2,k�?, �/,CJ)? s∗, 4
T (8) 8R.

s∗ = argmin
s∈ψ

(d(s)) (8)

/9, �=0+��P%PN,6��(�. EF, �� NSGA-II (�B8�?� ψ. 1g, ���G
2+� ψ �(�&,CJ)? s∗, D,(����.

4 A\]^

//H:0+	�	, (T 3 %B$;�
�Æ&, �#0+ CTQ ��H=�1U 4 %��(�(
+,6�;.
4.1 _`ab

�HÆ&. �=(T 3 %B$;�
���Æ&,6�H.P, .��: e�
�Æ& PAPER(l
o�
�Æ& LATEX �2pq�
�Æ& ADPN [3]. J%Æ&��7�344K 3 8R.

I 3 cdefg
$�U no$ mpr/qmpr ��"%$
PAPER 384 351/33 54

LATEX 262 184/78 117

ADPN 71 51/20 100

�;0+. �=(T 4 %��(�0+�/�;0+, .��: NSGAII-B(SFS(SBS �2 PSO. //
H:�=0+*.Fe#ABG�	�	, �H*.�;0+ NSGAII-B, )0+<,7�.#ABG��
����7, 1�R��=0+5�. SFS ) SBS �P%JQ���(�0+, SFS ���Gn�����
oe	���, E@��(��0�, SBS �AN���8��G-'.���,6��(� [8]. PSO��
#JQ;4(�0+, �=(�7& PSO ���(�0+�/�;0+ [11], AQSf�Æ/ 500, 5�Æ
/ 100.
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�Hpo. �=l# 10 M.rQVH:*+ [22] �0+,6H:. ANÆ&EF�./ 10 M, 7gT
9 M�/NO�,6 CTQ ��, Tsq 1 M/LM�H:8�� CTQ ��	�	, ,ST 10 gH=�$
R�/QVH:H=. %&F 2 G.P, B$;Æ& CTQ �	�	
���.#1/(F II #ABG)
CTQ ��7/	. ��, (#�J%g-�QVH:H=(+ CTQ ����=. �-, //�;:0+�
-.3)/, �Hpt/:0+�h6-.. �=(Tugsrs.#8 [23] �/120+, )0+jq(�
�, �rt"#&��(�=1. SFS(SBS(PSO 0+�ugsrs.#8:# Weka[24] vo��, �=0
+�2 NSGAII-B ! Matlab @��. �=0+� NSGAII-B :#5�OÆAQ; D& PAPER Æ&��3
/<
	�	Æ, 1wxVZ\u//v, ��AQ6V�7/ 100; LATEX � ADPN wxVZ\u//

u, 6V�7AQ/ 200; QViG pc AQ/ 0.9, 	UiG pm AQ/ 1/N (N /.��Æ)[19]; Sf�Æ
AQ/ 500 �. +��7�(�: => [25] �@, I+�	7&Æ&t/ (��Æ) -s&�7+�)*. �
=0+wN�-, %V�7%��� 0.5 �iG�(�. �i%6V%�, 	�x (ym) %V���Æ7&

& N/2. z{I+��7/ N/2 -, 6V��x%V�j@7+�)*, D+�	�&
&��Æ. ��,
//X:0+	', :0+wN�E�x�9�%V>C7+�)*y�=6k+��7�& N/2.
4.2 hijkl

K 4 8R/:��(�0+8?.#1/, K�#tV-&/:6K�,u�0+. 
��@�=0+
! LATEXÆ&�� ADPNÆ&�?@,��.#1/.! PAPERÆ&�, SBS.#1/,�, NSGAII-B
��=0+K�2m& SBS. �=0+!:Æ&��$R.#1/E@ 84.98%, NSGAII-B K�1g, E@
83.64%, SBS(PSO ) SFS K�Bk, .�� 80.45%(80.32%(79.33%. /8%�, �=0+8? CTQ �'
$?@�A�.#1/.

K 5 8R/:��(�0+8?F II #ABG, :6K�,u�0+#tV-&. 
��@�=0+
! LATEX Æ&�� ADPN Æ&�?@/,4�F II #ABG, .�/ 24.11%(10.00%. ! PAPER Æ&
�, SBS ?@/,4�F II #ABG, �=0+2�& SBS, 1g/ PSO (NSGAII-B ) SFS. %&$RH
=, �=0+�F II #ABG,4, PSO 0+g$, ,E/ SBS(NSGAII-B ) SFS. /8%�, 5�&1U
0+, �=0+Clv4/F II #ABG. AD��!��(�LS*.F II #ABG�/(�0-, 0+
'$	�1�Æ&�$;	.

K 6 8R/:0+8? CTQ ��7, :6K�,u�0+#tV-&. 
��@�=0+! PAPER
) ADPN Æ&�?@,7 CTQ �, NSGAII-B ! LATEX Æ&�?@,7 CTQ �. %&$RH=, �=
0+8? CTQ ��7/ 3.5, NSGAII-B / 3.3, SFS ) PSO .�/ 5.8 ) 14.6, SBS K�,m, / 47.9. �
=0+) NSGAII-B �vt'Ku&1� 3 %�;0+, AD60-,�0+ NSGA-II !��(�-	
0u�vt'K; ��#�����7<0�/�%(�0-, ��t/'$Clv4.

K 7 8R/:0+h6-., :6h6-.,v�0+#tV-&. 
��@ SFS !:Æ&��h
6-.m7&1U0+, 1g/ SBS. �=0+� NSGAII-B !:Æ&�h6-.Bk. PSO ! LATEX
� ADPN 9�h6-.2�&�=0+, ! PAPER Æ&�h6-.24��=0+. .V%�, �=0
+(NSGAII-B(PSO � SBS �h6-.1&��Æ	S,  SFS h6-.m7&1U0+.

I 4 mGHnopq (%) rn
$�U o��� NSGAII-B PSO SFS SBS

PAPER 87.23 88.02 83.08 82.06 89.30

LATEX 83.25 81.47 80.57 78.62 76.35

ADPN 84.46 81.42 77.32 77.32 75.71

�w 84.98 83.64 80.32 79.33 80.45

I 5 mGHo II opst (%) rn
$�U o��� NSGAII-B PSO SFS SBS

PAPER 21.67 34.17 26.67 41.67 19.17

LATEX 24.11 30.54 28.39 50.18 38.75

ADPN 10.00 30.00 25.00 25.00 35.00

�w 18.59 31.57 26.69 38.95 30.97
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I 6 mGHuq CTQ ervrn
$�U o��� NSGAII-B PSO SFS SBS

PAPER 2.6 4.2 5.6 4.1 21.6

LATEX 5.6 3.3 27.9 8.0 96.3

ADPN 2.2 2.5 10.3 5.3 25.8

�w 3.5 3.3 14.6 5.8 47.9

I 7 mGHwxyz (s) rn
$�U o��� NSGAII-B PSO SFS SBS

PAPER 39851 36392 14490 516 16161

LATEX 131444 103579 202064 4590 61622

ADPN 17366 17068 26413 500 15134

�w 62887 52346 80989 1869 30972

/8�9H=, 
��@�=0+'$!:Æ&�9x?;/��.#1/, �-'$	�v4F II#
ABG, �'	�,6��vt?@/7 CTQ �. �-.3)/%�, �=0+�& SFS 0+, �1U�
;0+Bk. .V%A, �=0+'$s��$;�
�Æ&, 	��L.�(&�
	�	, ���

CTQ.

5 {|

//?@B$;�
�Æ& CTQ ��)*, �=�&7& NSGA-II �B$;Æ&��(�0+. E
F, s�:���(�0+1�B$;Æ&��t, �=*.F II #ABG�/B$;Æ&�����	
�/	, ,S3,(�0-/,7�.#ABG(,7�F II #ABG�2,7������7. )1�'
$X:8(�����<#+��.#'K. B3, �=l#60-,�0+ NSGA-II (��9J%/	
- , ?@�%B8�?�. ,E, //?@B8�?��3�6?�)*, �=*.�G2+, �8?B8
�?��(�,CJ)?, �/,S�����. 0E.PLS, 8�0+�"#& 3 9B$;�
�Æ
&� CTQ ��. �HH=KD, �=0+!X:/�.#1/��-, 	�v4/F II #ABG) CTQ
��7; AD0+'$	�s�Æ&B$;	, �L.�(&�
	�	, ,6 CTQ ��. v40+�-.
3)/, s�7+��Æ&�& CTQ ��0+, �yEKu���.
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