
1 35 ò 1 6 Ï g Ä z Æ � Vol. 35, No. 6

2009 
 6 � ACTA AUTOMATICA SINICA June, 2009

LPMVP�{9Ù3�æuÿ¥�A^Ü`1 1 y�� 1Á � �éêâ&E�AÆJ�Úü�¯K, JÑ�«ÛÜ�±����ÝK (Locality preserving maximum variance

projections, LPMVP) #�{. T�{nÜ�Ä
Ì�©Û (Principal component analysis, PCA) ÚÛÜ�±ÝK (Locality

preserving projections, LPP) �{�`:ÚØv, JÑ
#�`z8I, �ÝK���$��mØ=Ú�©Cþ�mk�q�ÛÜC�(�, 
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2 Ú SPE ÚOþéL§?1iÿ, ïá
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LPMVP Algorithm and Its Application to Fault Detection

ZHANG Mu-Guang1 SONG Zhi-Huan1

Abstract In order to handle the feature extraction and dimensionality reduction problem, a new method named

as locality preserving maximum variance projections (LPMVP) is developed. This algorithm can be considered as a

linear approach with a new optimizing target, which takes the excellence and limitation of principal component analysis

(PCA) and locality preserving projections (LPP) into account. Comparing to original variable space, this low-dimension

projection space enjoys similar locality neighborhood structure and global one. As a result, more feature information can

be extracted. Moreover, a new fault detection method is also proposed. The LPMVP algorithm is used to divide the

original variable space into two parts: feature space and residual space. Then, T
2 and SPE statistics can be built to

monitor the process. Case studies of a numerical example and Tennessee-Eastman (TE) process illustrate the efficiency

of the LPMVP algorithm on information extraction. Besides, the new method also shows its fault detection ability.

Key words Principal component analysis (PCA), locality preserving projections (LPP), manifold learning, fault de-

tectionduy�ó�L§�E,z!�.z, ±9©Ùª��XÚ (Distributed control system, DCS)�2��^, ��ö�<
  �¡é¤Zþz��E,êâ, Ïd, I��^k��AÆJ�Úü���{9�A�L§i��{, ±�Ïö�
��/
)L§�$1G�. DÚ�Ì�©Û (Prin-

cipal component analysis, PCA) ü��{3ó�L§¥®²k
�~2��A^[1−3] , �´ PCA�{����Ä
êâ��Û(�, éÙ�AÆ&E�J�¿Ø¿©[4]. 6/ÆS (Manifold learn-

ing) C
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E, éuÛÜ(�k����±Uå. 6/ÆS�Ì��{k�Ý5N�{ (Isometric mapping,

ISOMAP)[5], ÛÜ�5i�{ (Locally linear em-

bedding, LLE)[6], .Ê.dAÆN�{ (Laplacian

eigenmap, LE)[7], ÛÜ�±ÝK{ (Locality pre-

serving projections, LPP)[4] �, ù
�{3<ò£O!��êi£O[4−7] ��¡Ñ®²k
¤õ�A^. Ù¥ÛÜ�±ÝK{�Ǒ�«#�ü��{, äk�5!ÛÜ6/�±�`:, Ï
~�^up�êâ�AÆJ�[8−9] . �´Ù��´ÄuÛÜAÆ�±�, éu�Û(�AÆ��±vk�Ñ²(��å. �©3 PCA Ú LPP �{�Ä:þ, JÑ�«¡�êâü�ÚAÆJ��ÛÜ�±����ÝK (Locality preserving maximum variance pro-

jections, LPMVP) #�{, ÙÄ�g�´r�©Cþ�mÝK���äk�qÛÜC�(��$��m, Ó��y$��m�����z, ±�3�N�(�AÆ. dunÜ
 PCA �±�Û(�Ú LPP�±ÛÜAÆ�A:, LPMVP �{�±l�©Cþ�mJ��õ&E, �ÝK���$��mäk



6Ï Ü`1�: LPMVP �{9Ù3�æuÿ¥�A^ 767���LyUå. Ó�, Äu LPMVP ���&EJ�Uå, �©òÙA^uL§i�+�, JÑ
�«ÄuT�{��æuÿ�{: Äk(½O��qÝ
 S �üÑ (k �C�{½ ε − ball {), Ǒëê
k ½ ε À�Ü·��, æ^ LPMVP �{r�©CþÝK�$��AÆ�m, ,�ÏLAÆ�mÚ�©Cþ�m�m�'X, O�Ñí��m, ��3AÆ�mÚí��mp, ©O�EÜ·�ÚOþéL§?1iÿ, ?
¢y�æuÿ.

1 LPMVP�{�ǑAÆJ�Úü��²;�{, PCA �Ä�g�´rêâÝK��������, ��­ïØ���. �´ PCA ==�Ä
�Û(�, �Ñ
ÛÜ6/AÆ, Ï
é�©Cþ�m�&E|^�Ø
¿©. ,��¡, LPP �{XúuÛÜ(���±[10], ´|^ÛÜ(�5£ã�N, Ù��¿vk�Ä�Û�(�AÆ. ÉPCAÚLPP�{�éu,·�r�±ÛÜ6/Ú���Û(��g�(Üå5,3ü��L§¥Ó��ÄÛÜÚ�ÛAÆ, JÑ
�« LPMVP#�{, 8�´¼��õ�&E, Jpï��J. b��©Cþ�mǑ X = [xxxi]
n
i=1 ∈ R

M ,

LPMVP �{�Ä�g�´Ïé��ÝKÝ
 A ∈

RM×d, ��$��m Y = [yyyi]
n
i=1 ∈ Rd (Ù¥ yyyi =

ATxxxi) Ú X = [xxxi]
n
i=1 ∈ R

M äk�q�ÛÜC�(�, Ó�¢y$��m�����z, ±�3�N�(�AÆ. � aaak ∈ R
M×1 ǑÝK�þ, yk

i =

aaaT
kxxxi, k = 0, 1, 2, · · · , d − 1, ÝKÝ
 A = [aaa0,aaa1,

aaa2, · · · ,aaad−1] �±ÏL�g�) d �ÝK�þ5�E. Ïd, LPMVP �{�`z8I�±ÏL±e
2 �8I�§5L«, �§ J(aaak)global ��å�±
�N(�AÆ:

J(aaak)global = max
aaak

n∑

i=1

(yk
i − µk

y)
2 (1)Ù¥, µk

y = (
∑n

i=1 yk
i )/n, 
ÛÜC�(���±�±ÏL±e�8I¼ê J(aaak)local 5¢y[7]:

J(aaak)local = min
aaak

∑

ij

(yk
i − yk

j )2Sij (2)Ù¥, Sij �X xxxi,xxxj �mål� �
O�, Ïd,��z8I¼ê J(aaak)local, Ò�±�y3�©Cþ�mp�C� xxxi,xxxj, Ù¤éA�$��mp� yk
i ,

yk
j �,´�C�.

1.1 �N(�AÆ�±b�L§CþǑ xxx1,xxx2, · · · ,xxxn, J(aaak)global �

8I´Ïé d �ÝK�þ aaa0,aaa1, · · · ,aaad−1, �¤ÝKÝ
 A, �� yyyi = ATxxxi ÷v����z���.´�, ù�´ PCA �{[11] �`z8I, Ïd, ª
(1) �±U�Ǒ
J(aaak)global = J(aaak)PCA = max

aaak

n∑

i=1

(yk
i − µk

y)
2

=

max
aaak

n∑

i=1

aaaT
k (xxxi−µµµx)(xxxi−µµµx)

Taaak =

max
aaak

aaaT
k Caaak (3)Ù¥, C = (

∑n

i=1 (xxxi −µµµx)(xxxi − µµµx)
T)/n, µµµx =

(
∑n

i=1 xxxi)/n. �±wÑ, PCA ÏéÑ�ÝK�m��/�3
�©Cþ�m���&E, ÏdǑ��
�Û(�AÆ. �´,��¡, PCA �{vk�Ä���:�m�C�'X, 3$��ÝK�mp, ��:�m�AÛ'X��Ï, l
k�U��L§&E�¿�.

1.2 ÛÜ6/AÆ�±b��©Cþ�mǑ X = [xxxi]
n
i=1 ∈ R

M ,

J(aaak)local �`z8I´Ïé d �ÝK�þ aaa0,aaa1,

· · · , aaad−1, �¤ÝKÝ
 A, ��$��m Y =

[yyyi]
n
i=1 ∈ R

d Ú X = [xxxi]
n
i=1 ∈ R

M k�q�ÛÜC�(�, Ù¥ yyyi = ATxxxi, d << M . ´�, ùÚÛÜ�±ÝK[4] �Ä�g�´���, ëìÛÜ�±ÝK��{, ù�`z8I�±?�Ú�Ǒ
J(aaak)local = min

aaak

∑

ij

(yk
i − yk

j )
2
Sij = J(aaak)LPP =

min
aaak

∑

ij

(yk
i − yk

j )(yk
i − yk

j )TSij =

min
aaak

2

n∑

i=1

yk
i Dii(y

k
i )T−

2
∑

ij

yk
i Sij(y

k
j )T =

min
aaak

Yk(D − S)Y T
k =

min
aaak

aaaT
k X(D − S)XTaaak (4)Ù¥, D ´ n × n ��éÆ
, éÆ��� Dii =∑

j Sij, S Ǒ�qÝ
, Ù¥�z���� Sij L«: xxxi � xxxj �m�C�'X, �±^ k (k ∈ R) �C�{ (ª (5)) ½ ε − ball (ε ∈ R) { (ª (6)) 5½Â.
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Si,j =

{
e−(‖xxxi−xxxj‖

2)/t, e xxxi Ú xxxjǑ kC�
0, ÄK

s.t. 1 ≤ i ≤ n, 1 ≤ j ≤ n

(5)

Si,j =

{
e−(‖xxxi−xxxj‖

2)/t, e (‖xxxi −xxxj‖
2
) < ε

0, ÄK
s.t. 1 ≤ i ≤ n, 1 ≤ j ≤ n

(6)Ù¥ t ∈ R Ǒëê, ^uN� Sij ���. �±wÑ, LPP �{ÝK���$��mp, ��:�m�AÛ'X��±�é�, �´ LPP Ïéf�m�=='5��:�m�ÛÜ'X, Ï
é�Û�AÆvk��Ny. 'u LPP ��[��{£ãë�©z [4, 10].

1.3 LPMVP�{£ã`z8I J(aaak)global Ú J(aaak)local �±?�Ú­�Ǒ
J(aaak)global = max

aaak

aaaT
k Caaak (7)

J(aaak)local = min
aaak

aaaT
k X(D − S)XTaaak (8)Ǒ
3J�AÆ�Q�Ä�Û(�, q�ÄÛÜAÆ, ­#�E LPMVP �{�`z8IXe

J(aaak)LPMVP =
max

aaak

aaaT
k Caaak

min
aaak

aaaT
k X(D − S)XTaaak

=

max
aaak

aaaT
k Caaak

aaaT
k X(D − S)XTaaak

(9)ª (9) �±ÏL.�KF�f{�), Äk�E.�KF�§Xe
JL(aaak)LPMVP = max

aaak

{aaaT
k Caaak −

λ(aaaT
k X(D − S)XTaaak − 1)} (10)é.�KF�§��

δJL(aaak)LPMVP

δaaak

= Caaak − λX(D − S)XTaaak = 0

(11)Ïd LPMVP �{=zǑ�)Xe2ÂAÆ�¯K
Caaak = λX(D − S)XTaaak (12)Ù¥, ��� d �AÆ� [λ0, λ1, λ2, · · · , λd−1] (λ0

> λ1 > λ2 > · · · > λd−1) ¤éA�AÆ�þ�¤
ÝKÝ
 A = [aaa0,aaa1, · · · ,aaad−1 ].

1.4 �{©Û
LPMVP �{�Ǒ�«#�ü��{, Ù`z8I��¡/�Ä
êâ8�(�AÆ, Jp
&EJ�Uå, ��ü����m�±��/LÆ�©êâ8. �'Ù�AÆJ��{, LPMVP �{äk±e�`û5�:

1) LPMVP �{�3
 LPP �{�A:, 3ü��L§¥, �±���m�C�'XØC, Ïd, Ú LPP �{��, LPMVP �{�±���©Cþ�m��ÆAÛ(�, Ny
ÛÜ6/&E.

2) LPMVP �{Ǒ�3
 PCA �{�A:,ÏLrêâÝK��������, ��
�Û(�AÆ.

3) LPMVP �{´���5�{, O�þ�,k|u¢�?13�iÿO�.

4) LPMVP �{²(/�Ñ
�©Cþ�mÚÝK�m�m�N�'X, �B·�é#��?1?n, �'��5�{X LLE[6] Ú LE[7], LPMVP�{Ø=·Üuï�, Ǒ·ÜA^uL§i�+�.Ù¥5� 1) Ú 2) `²
 LPMVP �{�±�k�!�¡/J�AÆ&E, Ïd·Ü3êâ©Û!�ª©a�+�¥A^. �' PCA Ú LPP,

LPMVP �{�±¼��÷¿�ü�(J. 5� 3)Ú 4) ©Û
ò LPMVP �{A^uL§i�+���15. �Ǒ�«Ú PCA aq��5ÝK�{,

LPMVP �{�±�B/�EÑÚOþ5¢y�æiÿ�8�; Ó�, Ù���&EJ�UåǑ�y
iÿ(J�k�5.

2 Äu LPMVP��æuÿ�{
2.1 T 2T 2T 2 Ú SPESPESPE ÚOþ�Eb��©Cþ�mǑ X = [xxxi]

n
i=1 ∈ R

M , ÏL
LPMVP �{, T�m�±�$��m Y = [yyyi]

n
i=1

∈ R
d ¤L«, Ù¥ yyyi = ATxxxi, d << M . �o�m

X, Y �3Xe'X[12]

X = BY + E (13)

Y = (BTB)−1BTX (14)

E = X − BY (15)Ïd, �©Cþ�m�±©)Ǒ
X = X̂ + X̃ = BY + E (16)Ù¥ AT = (BTB)−1BT. Y �±��Ǒ´AÆ�m, §Ú�©Cþ�mk�q�ÛÜÚ�Û(�AÆ, X̃ =Ǒí��m. Ǒ
�^ LPMVP �{?1L§i�, ë�DÚ� PCA L§i��{[1], ©O



6Ï Ü`1�: LPMVP �{9Ù3�æuÿ¥�A^ 769é Y , X̃ ïá T 2 ÚOþÚ SPE ÚOþ. Ù¥é Yïá Hotelling′s T 2 ÚOþXe
T 2 = yyyTS̃−1yyy ≤

d(n − 1)

n − d
Fd,(n−d),α

S̃ =
Y Y T

n − 1
(17)Ù¥ Fd,(n−d),α L« F ©Ù Fd,(n−d) �þý α © ê, Ó�, �éí� X̃, ïáÚOþ SPE Xe

SPE = eeeTeee ≤ SPEα (18)

SPEα L« SPE ÚOþ� 1 − α �&�[1], yyy Ú eee©OǑ Y Ú E �m¥��þ.

2.2 �æuÿ�{�^ LPMVP �{r�©Cþ�my©ǑAÆ�mÚí��m�, ÏLO� T 2 Ú SPE ÚOþ��±9�A�ÚO�&�, =�éL§?1�æuÿ. äN�{�±8BXe, Ù¥Ú½ 1∼ 3 ´l�ï�L§, Ú½ 4∼ 6 ´3�uÿL§:Ú½ 1. ¼��~ó¹e�êâ, ¿?18�z?n.Ú½ 2. (½O��qÝ
 S �üÑ (k �C�{½ ε − ball {), Ǒëê k ½ ε À�Ü·��,�^ LPMVP �{éêâ?1AÆJ�, ¼�ÝKÝ
.Ú½ 3. ©OO���æ�:� T 2 Ú SPE ÚOþ��, ¿ÏLª (17) Ú (18) O�Ñ���.Ú½ 4. ¼��
i�����, ¿?18�z?n.Ú½ 5. �^Ú½ 2 ¼��ÝKÝ
ri���ÝK�AÆ�m, ¿O�T��� T 2 Ú SPE ÚOþ��.Ú½ 6. *	ÚOþ´Ä�L�g�ÚO�.

3 �ý
3.1 ê��ý~f�©�^�2�A^� Swissroll[13−14] Ú 3d-

clusters êâ8u� LPMVP �{&EJ���J.ã 1 w«
©O�^ PCA!LPP Ú LPMVP n«�{3 Swissroll êâ8þ�ü�(J. �±wÑ, PCA Ú LPP �{é Swissroll �ü�(J¿Ø�, êâ:Ñy
'�²w�­U, ù�(JÚ©z [13] ´�ÎÜ�; 
 LPMVP �{�(J��/ò Swissroll 3 2 ��mþLy
Ñ5, Ù�� 3��m�AÛ(�ǑNy�'��. ã 2 (�e�)w«
©O�^ PCA!LPP Ú LPMVP n«�{

(a) Swissroll

(b) PCA

(c) LPP

(d) LPMVPã 1 n«�{3 Swissroll þ�ÝK(J
Fig. 1 Projection results of three methods on Swissroll
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(a) 3d-clusters

(b) PCA

(c) LPP

(d) LPMVPã 2 n«�{3 3d-clusters þ�ÝK(J
Fig. 2 Projection results of three methods on 3d-clusters

3 3d-clusters êâ8þ�ü�(J. �±uy,

PCA ò 3d-clusters ÝK� 2 ��, k 2 aêâ:Ñy
­U; LPP ��J' PCA k¤Uõ, �éu PCA ¥Ñy­U� 2 a��, «©�Ø´é²w; 
 LPMVP �{�(J��/ò 3 ��m�:3 2 ��mþ©m. dþãü�~f�±wÑ, �'
PCAÚ LPP, LPMVP�{dunÜ�Ä
ÛÜÚ�Û�AÆ, Ïd�±��/J�&E, 3 SwissrollÚ 3d-clusters êâ8þþ��
²w�U?�J.

3.2 TEL§�æuÿ
Tennessee-Eastman (TE) L§´d Downs Ú

Vogel �â Eastman zÆúi�ó²6§ïá���IOÿÁ²�, TE �.
uý¢�zóL§, �¹
 30 ��©�§Ú 148 ��ê�§, Ùêâäk��5!rÍÜ!�C�A:, ´;.�E,ó�L§[1]. TL§k 12 �ö�CþÚ 41 �ÿþCþ,¿�<ó�½
 21 «�æó¹[15] . �©À� 33 �Cþ�ǑL§iÿCþ. æ8�~ó¹e� 960 ����ǑÔö8, 500 ����ǑÿÁ8, æ8�æêâ�, k4XÚ$13�~G�, �æ31 160�æ�:\\, z��ææ8 960 ����ǑÿÁ8. ïá� PCA �.À��Ì�ê8Ǒ 9 �, �Ǒéì, ïá LPMVP �æuÿ�.�, À�$��m��ÝǑǑ 9, ¤���&�Ñ´ 95 %, ,	, 3
LPMVP �.¥, ·�æ� k �C�{5O��qÝ
 S. Ù¥ k = 4, ëê t = 1. Äk·�é�~ó¹êâ?1?n, iÿ(JXã 3 Úã 4 (�e�)¤«. DÚ� PCA �{Ú LPMVP �{Ñ��
����J, ���©�{vkã+éu�~ó¹�iÿ5U. Ǒ
u��^ LPMVP �{?1�æ

ã 3 PCA �{3�~ó¹e��ý(J
Fig. 3 Simulation of normal operating mode by PCA
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ã 4 LPMVP �{3�~ó¹e��ý(J
Fig. 4 Simulation of normal operating mode by LPMVP

ã 5 �~ó¹Ú�æó¹ 5 e�©lìYÑ�§Ý
Fig. 5 Separator cooling water outlet temperatures for

normal operating mode and fault five mode

ã 6 PCA �{3�æó¹ 5 e��ý(J
Fig. 6 Simulation of fault five mode by PCA

ã 7 LPMVP �{3�æó¹ 5 e��ý(J
Fig. 7 Simulation of fault five mode by LPMVPuÿ��J, ·�é;.�æ 5 (evìe%Y\�§Ý��Cz) ?1�ýïÄ. d TE �Ån�.Ú©z [1] �, T�æu)�, ¬ÚåevìÑ��í�©lì6��O\, l
��
í�©lìg�§Ý9Ùe%YÑ�§Ý�Cz. ��5¿�´, du��£´�±Ö�ù��æÚå�Cz, 3�ã�m�, ©lìYÑ�§Ý¬£��~�ó�: (Xã 5, ©lìYÑ�§Ý3 350 �æ�:±�®Ä�£��~��), ǑuÿT�æ�5
(J.ã 6 w«
 PCA �{��æuÿ(J, �±uy, PCA �{�uÿÇ'�$, �Ï´�©lìYÑ�§Ý£��~�ó�:� (� 350 �æ�:±�), PCA �.ïá�ÚOþ T 2 Ú SPE Ǒ£�
����e, �Ñ
XÚó��~�(Ø. �±�Ǒ, PCA �{ØU “±Y” /uÿÑ�æ. 
3¢S¥, éu�æuÿ� “±Y5” ��´��­��[12], ÏǑö�
  �Ó�i�éõ�Cþ½öó�L§, éu�«�æ�?nǑI��½�m��m, XJ�{uÿÑ�æ�±Y�m'�á, ö�
  5Ø9?n, ÚOþÒ®²¡E
�~, l
�ö�
�)�æ®²Ø�3��ú, Ïd  ¬��'�î­��J. ã 7 w«
Äu LPMVP�{��æuÿ(J, �±uy, AÆ�mþ� T 2ÚOþé�æäké��uÿUå. ÚDÚ PCA�{�', 3 350 �æ�:�, T 2 ÚOþ�,�����, ÎÜ “±Y5” ��æuÿ��. T(JǑL²
 LPMVP �{ÝK���AÆ�m�¹
�õ�k�&E. �iÿ����Û(�AÆ¡E�~�, PCA �{�ǑL§®²��æ�3, 


LPMVP �{Ø=iÿ
����Û(�&E, �iÿ
���ÛÜ(�&E, Ï
éL§�ó¹�Ñ
�(��ä.
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4 (Ø�©JÑ
�«^uêâü�ÚAÆJ��
LPMVP #�{, ØÓuDÚ� PCA Ú LPP �{, T�{�`z8InÜ�Ä
�ÛÚÛÜAÆ��±, ��ü���AÆ�m�¹�õ�&E,Ïdé�©Cþ�mk
���Ny. Ó�, �Ä� LPMVP �{AÆJ��Uå9Ù�5�`:,�©��
�«ÄuT�{��æuÿ�{. ÏL3 Swissroll, 3d-clusters êâ8±9 Tennessee-

Eastman (TE) �.þ��ýïÄ, L²
T�{�`�5±93L§�æuÿþ�k�5.
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