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Abstract As an effective technique of on-line measurement, soft sensor has been studied by

many efforts. Being the premise of soft sensor, it is important to select secondary variables,

which can directly influence the efficiency of soft sensor. Grey relation analysis gives a novel

method to dig correlation between variables and is suitable to confirm the correlation degree

between little-sample data in uncertain systems. Through a detailed analysis of secondary

variables′ selection for soft sensor, a uniform incidence degree algorithm is presented based

on grey relation theory to efficiently select secondary variables. And a practical method

to eliminate redundant variables is also proposed. Meanwhile, a practical example is given

to verify the feasibility and effectiveness of the method. Simulation results show that the

method is efficient and helpful to enhance the accuracy of soft sensor.
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1 =!V�}VDD��e!VDD�"t6�i56ql�l}51Ih�e<�u�Glt��!,	7l�2:Dqhi72~}L�sDVD�℄�J
�VD�7}�i0l�.wD�℄,�mLF�℄ish�o*y}�	e!iD�"℄6��7��9wbR�-.��i�([;�.Æ�::+VDi7hT4Lg8B)�.}"_R=i�7}��k�{�:V����iVD7h2&�4C��xqhVD3�i��bm7h	v.�.}2F
�7hi�{�XF5OsDi2*oI7h�℄�:V�"Nqh��7�hiE��KO}�t'�i[;�:+D��Yb\h�7^�4tV:VC�2&℄R-6!	�7iVD�h℄3��J
�o��h℄3�JJT<,Æh℄e<�~�;oI�Æ(�4�2D�tzom��1M�:o.T4iL���U7h}� (Soft sensort
Soft analyser)$�N�k� ��fm\N\O�i���3'BMb7&zD�z�7tW�ki�d�x}.�bVD:+�3'Lm�	B>i>F[1∼4]

. U7h}�iu�[R}02��757VD�h (AM"��h�Q�^�Q�l) T�4��7hi_7VD�h (AM�d�h�Q<,�.�WoB�) }
i��I`iKt�2F4��"��FU�qh"��h��d�hi7htE���7�U7h}�b:+VD��(>FOqoE��GlOR��~y℄	{%Fl�[5]
.U7h}���M"��h�f��2PR�U7h���[℄��~yl�0��2���f"��h}2*4/�iuO℄ql72�_R/�q�f"��h�4\\h�2PRi%`��2/��℄~y ��vhU7hVD�9Zi�+q�D�iÆ(�

2 $�!k�hU7hVDi"��htA�U�h (Secondary variable) i�f�M�h�P�℄�7si�f�.ÆN��[w�7�h���P�a	�JJL�n3�)<oID�::�\�Mmqo_	���L�(�[w�7�h!	�bi�f�4[f�Pi�i�
82s��"H�/:�4zy��:i[i�?Fi�f�Lg��.��}:VwR�Zi��mf����d�hAt\ioI�h	v.��}2F�Z�Z
(PCA) �0�/|�C (PLS) l=��[6,7] !	�2oI��Z�0MORi�h��p`=iP��J
�bq�:+e<VD���D�z\~}nr`=�KOa�shGxEiwR|t�;T�KwR�Zhfi��d�h5L.wAti�hL}\hi�o.d	muOwR�Zi"��h�f�KO>|;�V	�4bq��O�>F�;o�KO%`ie<VD�Yb\h�7�h�`Si>F PCA t PLS ��r<R/P1v_"℄�'ig���#�\\j��"h��p�h[� ��<'V�"(hi�hyJJLn�*\�;T�`.i>F4℄igP�a��+q�Æ(��MqFi}��n�_5N�
e!	X��XFwR�Zt'#|tHw.��h1MY��h�boV�*�4>F�2D9}��\hiWu�2!	�Z[8]

, 2D5L^KoI�xi�h1MY��h�J!	��>F�bi"�V'VQ�&iY��hy��DÆ(i"��h�1Yi}��VD��?Fi PCA ℄ PLS "Yb#��FO\&�VD�"%`��"h\iFs�;o� PCA "b�D�
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i�2�h�℄M"i�;T�wi�Za��r�`!.��OqRV8ie	
 PLS "b�:�m�T4o�2�0qR��i�[�lL_G\�TE�'V PCA ℄ PLS �"(hi4�h3,5L�HiWR67�,5OR�℄��[5]
. uO4℄[;��R�_'#|t�>��q�nI`�Z�>FfmU7h"��hi�VD��

3 pL�\nYI`�Z}nYR�[9] iu��N�*TR=io���Z��QoI`��;�Æ�l[10] o��5L`��M℄�"h|iIs�;o�*�&�hi\|	LV/i(?�,Æ(t�i�.Q}�
<2wh�Zi�TTw��Zi�T.Æ�DS_�(4�b�Yb,Hw�|tinY`=!	�Zo�*5L,���iI\���nI`�Ziu��s}82�2Cm
o�D�N)�;�
inI`��nI`�Æ�m`=�kVD��;�
o��hi=L�*.}�h\|��xT �ioI��QTgnb�kVD��o��hA|YboI��i�F.wiI`�N&ygn}
iI`�82�p}
iI`�i\|��4wh)�g�p}
iI`D��
<�>FI`1vl�!		;�=LdiI|�Z��7�IOI`�i�"�a	�Qo�I`�[9] ��~I`�[11] �T �I`�[12] �C �I`�[13] l�*�3O�>FO:+D��%+�NR�qÆltW�J
��	R=iI`��Z"�KOYb#.�Fk[11∼15] 
Vb9HitW�hf>F�YQ/d>Fio�I`��*�4�o�-fi�p
iI`�1K"Hi�w�aKO*b�ZVD��>|mg�p}
4s6Qi\|���pz℄�hA|T4	L>|�(4b�u℄�.%`i�2!	�Zo�*i�TJJTq�,o �o�I`�[15] }$�N2KiN.�FO;��ZinI`"��4.wD�i>FOq��aKO*YbrI`�R�,�HiT4�b.�=Ldrd	�Z�Tkp�;T�*i>F�L�fml��TE�Rj [16] 2KisI`�"���hi;xoI�1KyH)��GV�:+q��/#Ybi�h'oI�5K_Ri�T�9�h�6i}�hLi.�I`�"Yb.3/#iT4�|*��`Si824�2�p��>ioqgs
�hhN�"4�hioI��
	L>|4�h�h~i::℄�h�oI�iAt�Rj [13,17] 5Ki�$J>|m�h~�I`�iAt�a*�	L5K�h~;%�I`�L�i1F�x��}`i�2T�hA|I`�!	v��	LI�iXF�h�h~�9bi�℄�4�bPR`u�h�2Tu�2ioI�orKh�\i+:�;o�82(g��iw7�*�F_�bi�2Vh.h��ML��:℄��YbiT4��RbhLiI`��iuO℄�2Km.��82�h}
i�k,|io:to�D�4z�h�h~i::�NE�Z�p}
i9boID�i�"� — .	I`��2"Qd
µij(k) =

1

1 +
∣

∣

|∆xi(k)|

∆̄i

−
|∆xj(k)|

∆̄j

∣

∣

(1)

∆xi(k) = xi(k + 1) − xi(k) (2)
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∆xj(k) = xj(k + 1) − xj(k) (3)

∆̄z =
1

m − 1

m
∑

k=2

|∆xz(k)|, z = i, j (4)2��xi, xj ^&'VJwhPRi,�7�h℄�7�h�k M�p�\�m M&���
µij Mg�hioI`��α M�"`��rij MI`��w7 ξk M \;%�iW ∆xi(k)∆xj(k) > 0 t ∆xi(k) = ∆xj(k) = 0, iA xi, xj b k sPA|o;�ξk = 1,I`�My	W ∆xi(k)∆xj(k) = 0 < ∆xi(k) 6= ∆xj(k), iA xi, xj bs k PA|VI�ξk = 0, �oI�VAj	W ∆xi(k)∆xj(k) < 0, iA xi, xj bs k PA|o��ξk = −1, I`�M'�

vij(k) =
1

1 +
∣

∣

|∆xi(k) − ∆xi(k − 1)|

∆̄i

−
|∆xj(k) − ∆xj(k − 1)|

∆̄j

∣

∣

(5)

rij =
∣

∣

1

m − 1

m−1
∑

k=1

ξkµij(k)
∣

∣

β
, β =

∣

∣

1

m − 2

m−1
∑

k=2

ξkvij(k)
∣

∣ (6)2��lx (6) ��� β ^&�2i�h~�I`�iAt;%�b�h
�h~i::`xj�o�21FJ2�g	vij (k) M�h~I``��`g�h�p xi, xj L m1 3A|o;s��\M {t1 · · · tm1}; m2 3A|VIs��\M {s1 · · · sm2}; m3 3A|o�s��\M {d1 · · ·dm3}; <
Pij =

1

m − 1

lm1
∑

k1=t1

ξk1µij(k1) (7)

Zij =
1

m − 1

sm2
∑

k2=s1

ξk2µij(k2) (8)

Nij =
1

m − 1

dm3
∑

k3=d1

ξk3µij(k3) (9)

m1 + m2 + m3 = m − 1 (10)

rij

∣

∣

1

m − 1

m−1
∑

k=1

ξkµij(k)
∣

∣

β
= |Pij + Nij |

β (11)

Pij , Zij , Nij �(^&yI`��rI`��'I`��b Pij > |Nij | o�g�h4yoIM��|*�i�hA|o��oID�K Pij z
rij g;�i\|Nbh	b rij = Zij = 0 o�g�hVI	b Pij < |Nij | o�g�h4'oIM��|*�i�hA|o��oID�K |Nij | z rij g;�i\|Nbh�>�6i}�bE�TY7��'I`*}�h}
oIi&h�:V�[�bi���'I`i�h�4oe&w�.	I`�, �+nI`�Ziu��Æ�

1) Q���| rij ∈ [0, 1], <bg�hEoIo rij = 1. z���
2) &�A��| rij = rji ⇔ x = {xi, xj}, gJ�
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3. ����|bVh.PR��p�2i\|��,��|b xz(k) < xz(k+1) o�L xz(k)

∆̄z

<
xz(k + 1)

∆̄z

. 
<�*5L.��iIs
1) Vq�K���HmrI`�iWR67�
2) 4�2�hh<�h^7mR=iJ�h�<�h℄B
h[17] l�2Vh.hPR�J�h{Xmm�oI�hioI��;o�[Ng3�p�k,|o;�'J�h�J�\i�k,|��m�J�|i�k,|o�j\m�d	m�2i/wkp	<�h�4.wD�℄m℄J�hiFs�a,�V8�℄�z�2i/wiGx�;o�b�2<�Mro�*rKh�M�Mri=L	B
h�4�z�2�hA|,��a'B
h�a�g�h
I``�i�W�M [0.5, 1], Æ�H��L2*�i.���"~�p�
Kw7 (1)∼(5) �|�.	I`�"�4�Zi�:℄�T4�b"H�D�hI`i;o�l5L�Zi�"~�
3) 9 _q��;o>|m�2i�hA|℄�h~�I`�iAt�

4 �rs%b�I	+i�IVD���I"�}>�w_	�i.w�(�0�$�*��IVDi<h�KF\�L#�(iAt���I"�!	IhD���\\*\>�wi:1�~�2/�IVD[$<,i<h��p%[�J
�KO�I1+At;�	�wR%`��O	�h:4_`=��7^VL�i	��>�w�I"�!	��bm�7�s�o.T4��R1n2Km�2F.	I`�iU7h}�>FO>�w�I"�ibm�7�)4T�#.	I`��iL���KO>�w�O0��℄�|inY`=[18]
, Ke#|t�|�>�w�I"�T.�E0�hQ5Ih�'I�h�t�5I\�l�Yb.woI��82U7h�s�KO\0��wE0�h}bm�7i��4:V�Z*�T�I"�i9boI�i:X��fKI`�:E0�h��I"�!	qoE��;T��_e#�℄�2F.	I`���I"�zT2Yb.wI`�i-w�7�h!	�Z��TQ& 1.' 1 F14�V�K$�kKb�

Table 1 Incidence degree between external parameters and grinding concentrationU�J#�jJa� U�J#�jJa�6Ji 0.312 �S?� 0.761�Z�i 0.133 (J�i 0.029du 0.681 9x#� 0.4266J℄� 0.212 �x ! 0.707�G�_ 0.832:VoI��Z�|�b�w�63�M 0.7 i72d�bKe#�℄HwiY��h��>�wE03���^�t�ÆR>~�>�w� ~T_E�I"�iI`��+(?�!./�82"��h�f[i�b�zT�d�h5L�:oI�i;o�l(>|f4"��hi�[��0MOR�h�h��i%`D��J
��O:4_�m�`=��hiOR}o�i�a�mfGEm�oIi�h�;T�OR�h0MiT4.�Bm�uE�%�℄Y7��%`D�i*_IhT4�|b�z�6iE�%�i72d/\��q0MOR�h�uOo.�s�1n5K.�qFiOR�h0M��/�Qd
1) �"4"��h
ioI��
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2) `w.3���oI�\O(�i�hw7Mo��h�*�-Biy_w7M

C, iR�hiy_w7M F , ` C �BL m � n 3,;io��h (2m > n).

3) � C �
�o��h�T�d�hI`�:i.3�R F (Q��h��%���i�".U), `BL t 3�h����*�T F �[Li�h-B F+, i F+ �i�hMHw3T��i�h�
4) �-_QiV C �iRi�h��(�D 0 f n− t 3�hT F+ �i�hB;CB,;i"��h-��(�[U7h���
5) ��4��i*_����fE�%��+(?��h3�/_i.3�`w3��i}Ye�w.0�oI�|i�h��45fÆ_℄�VDi�"hi1F�be#|t,+o��Di3���+\�[,f0MOR�hi�i�To�4�3�1�bux��R��KO[w"��h3��_�1n�(Li���P=L~!	m�"�|3�`Mr�2F RBF b'H�!	U7h���2F OLS "[19] !	H��e�'℄��hyIhh�b��h~3T��o�(���iE�%��4�+q�(?�2(�[i����Q& 2 (y�' 2 r$���%

Table 2 Experimental performance index�f�3 8��3 �fp�Y;.=� �fp�Y;0℄� 8�p�Y;.=� 8�p�Y;0℄�
50 . 14 . 0.21% 0.3% 0.64% 0.91%2�K7��2(hi�I"�E�CmQ� 1.

A 1 �K$�V9j�U (a: (�4QTdkr��
b: F��)

Fig. 1 Soft sensor result of grinding concentration (a: Processed real value; b: Estimation)

5 ��:VR��Z�.	I`�B!m4JI`�"(YbiT4��hK9 _q�i�Z�T�;o��pq##zm�>F.	I`��U7h"��h!	�f��4G "Hi2D�h
ioI��\\�p_"h�2/�� ���[iU7h��5L�/i%��Y7-<o�X:�Hb 0.7% 4d��4�+q�D�>Fi(?�TE��R�nI`�Z�>FOU7h�b.wD�℄�:m4JwR�Zl�YbiT4�MCHU7h}�i>F�L�j:2L��2�m.�L�	��
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