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Abstract

Batch processes are a significant class of processes in the process industry and
play an important role in the production of high quality speciality materials.
Examples include the production of semiconductors, chemicals, pharmaceuticals, and
biochemicals. With on-line sensors connected to most batch processes, massive
amounts of data are being collected routinely during the batch on easily measured
process variables such as temperatures, pressures, and flowrates.

In this paper, multivariate SPC charts for on-line monitoring of the progress of
new batches are developed which utilize the information in the on-line
measurements in real-time. We propose the formation of statistical model which
describes the normal operation of a batch at each time interval during the batch
operation. An on-line monitoring scheme based on the proposed method can handle
both cross-correlation among process variables at any one time and auto-correlation
over time. And the control limits for the monitoring charts are established from
sound statistical framework unlike previous researches which use the external
reference distribution.

The proposed charts perform real-time, on-line monitoring to ensure that the
batch is progressing in a manner that will lead to a high-quality product or to
detect and indicate faults that can be corrected prior to completion of the batch.
This approach is capable of tracking the progress of new batch runs, identifying
the time periods in which the fault occurred and detecting underlying cause.
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@) & NN THUFEL olh AFY FIAWFER Sgo] oft,

E A7e BHe g FHNS RS0 2FUeT FAHE A% wH B
4g eda BUHYY ¢ At GuF BYEE Adsts Ao A 2R e
Q RUHZE Al WA THY B4 mAstel WA AW AHAZ FAH 2
2 £YT & At AHE 283 PEe ALV

1.1 vlx FA As59 Fx

X A 22 TUHH S e FEAAH JdE 3A4S YEdE EA4F
2go] "Hasdlt}h o]RAE FZEF(reference distribution)zt 3tw, FA Y HZHo=z
8gE xS vlojewo]2E o]gde FHIY WA FA 28 TUHHgLS
AZEFX) A AAFA wixoA dojzl FAWFES Z AMEE HUFOEH
3RE ZYHHS = Aotk
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A Ase I8 19 2L 3Ad vidE ¥3F £ Jdvh 29 19 319 wdg X

(IxJxK)< WA (batch), &4 W¥ % (variable), AlZH(time)e] 3702 Zo=2 79 Hlx

29 Ko AAAA Z3E JAY FHAUFEY 2AXNE 5dstn Yot 349 )

d XUxXJxKE 302 Hudt (JxK) 38 7+ ux9 FAMSFE9 A

UBtAS 3 X (IxJxK)E FH02 dddt (Ix)) #38L 24 AHJ
€9 FAAE eI

=

A &

Time

I

Batches

Variables J
g 1. Wiz ¥4 A8 7x

12 7|1 44+ &

HEF SPCE FEWAZE EAAE G FARLEE FA BAske Wl

o FEY g #Els £2 Hoteling 7° BAZEES 7122 dx oy, T° %
AFS pAe HMEER o]FoXes &3 W x 9 F7 ¥E x 2 RH guisty
A el (generalized dlstance) o]t}

T = (x=x)7S' (x- %) (1)

o714 S & EE FTEA 3 ¥ (covariance matrix)o] T},

Hotelling 7° A% A4S Hdsides T2 P89 Jh18L Atz ook
s, W] F(p)7t B2 ASodEe FEA B89 AV (pxp)7F a3 Ao ©
3t Wi Eol 43 ABBAV & A $(ill-conditioned data)ol s ZEAF s o] o
Tk dH A G olet 2 UiHE TAY B MR F
F 2 ¥ = (latent variable) 52 A stx, 0|8 AAMFEo] LA
3 Zt(low-dimensional latent variable space) 2.2 % < (projection)3a}
WiHol AIEHATHL, 4], o8 e P FduH e AAAFLE A A
71l oa o2 MHAZ E/E F don, dEAHA o2 PCA (principal
component analysis)[13]9} PLS(partial least squares)[1]7} 2t} Geladi®t Kowalski[1]
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Fde ZFAYSFE File dadES AU PCAS dFE 9%
A BUEH HET AlElEE Kresta et all6l, MagGregor®t Kourti[8],
Kourti®} MacGregor[5]®] €77t 3lew, Ku et al.[7]% Russell et al.[11]& A7)Abz
HAZ de dE TRl PCAE H &3l 34 L TUHFsE WIS Ferarg o

Bz A9 Iy Fo FAHE BE FAWSFEL o3ty wjx TR @Y
T o¥% Fex+ Nomikos$t MacGregor[9, 1017} A&oz AFgAL. ojlse
Multiway PCA(MPCA)E o} &s8ted 1§ 13 22 324 wdg =dslsigdct. MPCA
© 34 WiEE 499 & WPges Hoslm o Aug AL AAEA 249 Fy=
THE ¥ PCAE 33l Weold MPCAE AA T3S HAF o] &Asts AL
Agete 2yl dyoeld, wixrt A FQ AN FrlHer E2AHE FAWMS
& o]&3 28 RUEAY BEHo2 A&l ofdch

2. WA A9 28U 2YHY
2 AFNE 334 MG X(IxJxK) & 29 29 gol MPCASH $Ug #ilo
2 A4S 848 X(UxJK)E 29 BUHAY Fx dolswolsn ARERTL A

RAM ZR2E A8 FAYUFEY] A5ER FAH 2L X, 2 &Y, F= doly
Hlol A X& a9 28 22 F2E zen.

fime

/
baches bt 4 /

batches X, X, o X, e Xk

a¥ 2.0 374 wiEe] dpEd
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A FA4e 22 EYEPEL F£48 WX Aite] $aHI Hol AH koA
G54 HEE HAsE Ao

Hy @ A AN S449 %Xé‘ﬁ—’?—‘é—-q BEA 7t FxEE 3 Y= HAFAHU

A g A X

olg| g THEAAE AAH koM AR FAHA x, & A&t £AHoE F83)
B Wi Y] AlF AFHANMTE ZF AIFEE YA FHNHE YEdE FXEX
2 AAsIdol d. wEtA 289 TUHIAL geiaE AdEE 2% KA A A
¥ FxEXE FYstoor gt

A AAE ke Je W@ 28U EYEHA ALY F dE ARE AR k7R

Aagolnz, Ad rolHel FRRTE A 1NARE AR £7AA F2 Holeu
o)z REYY X,, B Agstel FYsIor Ah B ATAME A kol F
ZEEE FYH] A3 AsHE F= HIOIEMIOVA Weol wet vheo 374
We AT RE PEcA AHE FEEEE £Ys7) A8 PCAS AgaH, Al
ot B2 HelHel A WA Aot ATk 4 BAAH AFAE FE Holn
wolze] WAL 19 3% 2ok

(D AE kY AET AFESIE WY
o] UL k AHY FX dHolHHlola FH X, TE AHRE AR kelAY FH
ZEILE FYse YHolth o]AL AlA koA FHES x,7F o)A FAWESL
Xp—1, Xp—9,"", x13’+ %%O]E}:ﬂ- 7]’78]—3}‘:1—’_ K7H9] PCA Eﬁé% -’F@B‘]—‘f_— 7)—1_O__i
A 4 glow, o] WS A PCAg 3.

Al PCAE MEZ oz tdsiH, 44 AldE Z2EXE FEE §+ e 2H
of Ak A, WA BHANE AA AHAM) BEA} o)W A B
NABBAE 2= AT YRBolng, FHANRA F23 DolA ol
=golgta 7HATE  Ae A$7F obddE Hix FAHY AHE HAXEXE FY

HAEE & g

) A 15E A kA9 REE BF AMESE
of P2 AR AHAMEEH A AH k7HA9 F=x dolgulols Y X, , &
g3l AFE koA FZRETE $£YUSE Wl olAL & AlA pE v 9
FaAdez AZsa K749 MPCA BE¥E& FHd:s oz A4 & o, o
WS Algd MPCAEF gt
AE MPCAE AlRzEe A71daaAE 2oty A4 ko I2EXE THI
52, ¥4 W mzstA jrgss Aol Ao AHE MPCAE AA koA ¥
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A AUE DA e A AR AR @ NAAX FAWSFEY 2E AHL
AU B A kel olRAssh B, 9A A% ARAARE A7 b
Atolofl A o] iFo] AR ZS ou|stw, o] TRANHE AEsA dEE + e 93
of oty ER 2ael BURD wAA Aty fa) Agscl s Aush dA
ZHAHe & Kol 0 F43 F/lE2 Kb 2 Agow A4 5 itk
1 J kJ KJ
X, Xk—lk Xy
Time 1 Time &k
(a) A13¥ PCA
Xk
Time 1 Time k
(b) Al MPCA
¢ Lag [ )
Xi Xk
Time 1 Time k

(c) Lagged PCA
a3 3.

(3) A1 (k—1,)5FE AA k7tx e ARE ALE3E WY
(k=1 AXFE &8 AR
X5 AHESIA AR koA HEEEE FHIIE

diolElWlo] 2o EIHE ofH AR

o] Wge AH
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R B AT Adsts HH O E lagged PCAZ Tt

Lagged PCAT AA k9 HFZEIE FIT o AF ko A3
L,7he oA ABE XF3NA PCAE F33tes Wiolth Lagged PCAE A
713 BBAE 1HFEZE A Pd PCARY 34 Wl o vz west
Atk =7 lag 7t AL @S ZE ASdE AHE MPCARY F3AZ
279 AA 285HE FHo] Yk

AlFd PCASt AAHE MPCAT lagged PCAY E3 A9=2 Azhed 4 9o
Lagged PCA® [, = 0 AS$d= Al-E PCA, [, = ¢k
MPCA% Fdatth Lag v x, 9 old AFY FAWRE x,1, x40, %, 9
A7) BBAE 2t Ao

> ¥
2
|

d

22 #AYJAA

r

A FA 2Rl BUEYE A wjx AP AFE2 lagged PCAE ©] &3}
o] FZELEE AR A2¢ wWASo] AP wt AF kol Y BEX
& olgste] T% BAZFH Q TAFE AN olHF FTAFE 47 T4 B
ob Q #Elkel WA ABAHNA A&Hoz BAUA wAs FHoz Y
H3 QEeAE egdos Ryt

(1) 74 #g 5o #IAXA
Al kA Ak

= A
K=
=34 2 (central limit theorem)oll 28] AFE X ZAEIY. AFEZTE w2 F4
E HFES ol &3ly AMdY FAF e ten e E¥E g2 Aoz ¢aA
ATH12]
I(I-A)
T\i Ak(Iz_l) FA;,,I—A,, (2)

A7 A= AE koA lagged PCAE 3 A3 &A@ FAHAEY Folu
wetAl Al koA T BeElxe #EdAAL g9 4 37 2

AP
UCL 1 = ~Fi=A,y Fau-a (3)

(2) Q B2y AIFAA
Q T = AEHE Q, BAHL J=2A4E59 o]x8(quadratic form)o. 2 3
=5 X7 ZAgstA 2349 B AR g
RATEEE s Aoz A4 + 9t Jackson®} Mudholkar[3]= thiA s A7E
& He BAFY 24 3 E FEIATH
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AR koM Q BEES] BeFAML g A 45 2ot

UCLq, = 611~ Gpho(1—ho)/ 8 + 2,(2 6, k) "2/ 6,]"" "
AN 6 = DA, 6, = DA, 6, = DB, hy = 1— 20,6308, 2, = hy
G BUT TEE FE BRATREN Q-oRAFIt 4 404 g, =123

ASSAE e, LHF 4, j=1,, L+ T2 ZHH At

o8

23 WX 349 el 2Ugy FA

2UE 3. Lagged
PCAE o] &3 X ¥4 289 TUEHY AxE AYstaA &3 2o},

(1) 283 g4
O FAe] #EZH Y W [ FAASF ABEE FHSA FAZ dlolEl w9
2 PF X E pAZH

@ A% A x o BEUA WY s & Asn, = dolguolx PE X

@ Z+ N k9 lag 1, & ZAIY

® ANHHZ lagged PCAE $383lo n

® 7 ANAEE loading pi, & LFE Ak,
o}

® Z AdEz 74 #ElEe Q IR FHIANE A3

(2) &3 ZUEH B
N2 FAE WAt AP @ AW k) BEUY x, 7 £PEW, A
o) Y& e x, 9 FFRA UE 5, 2 0|88 x, & HEHUY ¥EsE B

-

Ao

HE x, ., 5 AHESld &3 2 £MZ AF koNY T EASY Q, SAS
< Aso
tk,a = pk,aT xk—lk,kv a = 1’ 29 T Ak (5)
A
Ri = 24 tha Due ®)
er = Xjp4k — Xp (7
& F
Th = 23 (8)
a= k,a
Qr = ekT €, 9
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3. 48

B ddMe g 388 A5Eo 2dde: FHHE A5 A #4E
AAZez 289 RUHHEZ F e UHF #YEE AYTH. dEF #gsY
AAE A3 BdEHA e FAS dlee FAH 2¥Ee 4 AHEE FHde
Al 23 gRle AT olHE AHE 23t ¥ye Agstd Ve AT
A ZFPHA Wl dEIRD BUFALNE AGsA A + ' FHol Ut
3 E A7olAM AR lagged PCAE HFE0Y FBAART ofye} AHAA A
HoAE A 22T = Yo WA FAY 2 BUEHPA A Byl

[1] Geladi, P. and B. R. Kowalski, "Partial Least Squares Regression: A Tutorial,”
Analytica Chimica Acta, Vol. 185, pp. 1-17, 1986.

[2] Jackson, J. E., A User’s Guide to Principal Components, John Wiley & Sons,
Inc., New York, 1991.

[3] Jackson, J. E. and G. S. Mudholkar, “Control Procedures for Residuals
Associated With Principal Component Analysis,” Technometrics, Vol. 21, No. 3,
pp. 341-349, 1979.

[4] Kourti, T. and J. F. MacGregor, "Process Analysis, Monitoring and Diagnosis,
using Multivariate Projection Methods,” Chemometrics and Intelligent
Laboratory Systems, Vol. 28, pp. 3-21, 1995.

[6] Kourti, T. and J. F. MacGregor, "Multivariate SPC Methods for Process and
Product Monitoring,” Journal of Quality Technology, Vol. 28, pp. 409-428, 1996.

[6] Kresta, J., J. F. MacGregor, and T. E. Marlin, "Multivariate Statistical
Monitoring of Process Operating Performance,” Canadian Journal of Chemical
Engineering, Vol. 69, pp. 35-47, 1991.

[7] Ku, W., R. H. Storer, and C. Georgakis, "Disturbance Detection and Isolation by
Dynamic Principal Component Analysis,” Chemometrics and Intelligent
Laboratory Systems, Vol. 30, pp. 179-196, 1995.

[8] MacGregor, J. F. and T. Kourti, "Statistical Process Control of Multivariate
Processes,” Control Engineering Practice, Vol. 3, No. 3, pp. 403-414, 1995.

[9] Nomikos, P. and J. F. MacGregor, "Monitoring of Batch Process Using
Multiway Principal Component Analysis,” Journal of the American Institute of

- 3% -



e - ARE WA TR L9 RUHIAS AY g BIE

Chemical Engineers, Vol. 40, pp. 1361-1375, 1994.

[10] Nomikos, P. and J. F. MacGregor, "Multivariate SPC Charts for Monitoring
Batch Processes,” Technometrics, Vol. 37, No. 1, pp. 41-59, 1995.

[11] Russell, E. L., L. H. Chiang, and R. D. Braatz, "Fault Detection in Industrial
Processes using Canonical Variate Analysis and Dynamic Principal Component
Analysis,” Chemometrics and Intelligent Laboratory Systems, Vol. 51, pp.
81-93, 2000.

[12] Tracy, N. D., J. C. Young, and R. L. Mason, "Multivariate Control Charts for
Individual Observations,” Journal of Quality Technology, Vol. 24, pp. 88-95,
1992.

[13] Wold, S.,, K. Esbensen, and P. Geladi, "Principal Component Analysis,”
Chemometrics and Intelligent Laboratory Systems, Vol. 2, pp. 37-52, 1987.

- 396 -



