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Traditional statistical process control (SPC) applied to discrete part industry in the form of control charts can
look for and eliminate assignable causes by process monitoring. On the other hand, engineering process control
(EPC) applied to the process industry in the form of feedback control can maintain the process output on the

target by continual adjustment of input variable.

This study presents controlling and monitoring rules adopted by variable sampling interval (VSI) to change
sampling intervals in a predetermined fashion on the predicted process levels under integrated EPC and SPC
systems. Twelve rules classified by EPC schemes(MMSE, constrained P, bounded or deadband adjustment
policy) and type of sampling interval combined with EWMA chart of SPC are proposed under IMA (1,1)
disturbance model and zero-order (responsive) dynamic system. Properties of twelve control rules under three
patterns of process change (sudden shift, drift and random shift) are evaluated and discussed through simulation
and control rules for integrated VSI EPC and SPC systems are recommended.

Keywords: SPC, EPC, Variable Sampling Interval, IMA (1,1) Model, Responsive Dynamic System

1. A &
HAFHOZ ot A2 3G FA Y Hol A&so dHE F
A& 4 #2|(SPC : Statistical Process Control)= 34 S F
74 e & oiEsta Qe 38 o et d sk A] e
59 B e FA ) st dAste] o] €lo]
EA e 459 o)ty 2 S, Shewhart, CUSUM,
EWMA( xponentially Weighted Moving Average)#8|= 5
&3l= 7]ESPCTIHES 38 9 WstE A &
daAl7)E Blo]

1 Jﬂ#ﬂﬂai4ﬁ+ﬂ4 557
oo]ﬂ_ ) 2= oh;]_ 1:1:3]. SPC7] 3|

= "] [ Rl =
o] 7o AdAgle] AT MEFAS A&t 1 AE
2] ZFA(FSI : Fixed Sampling Interval)*3-2) 2} 54 Abe) 7} ¥ al

A Fo ASHHAS AA 77k 4l ol A7
= AR 4o HuH MEYNAS @A 7T EMA 3
A 54 ol SHE dpetsted 1 21Q1S wWE AR A
Aste 7hi WEF 7HA(VSI : Variable Sampling Interval) -]
TOE T2 4 SUtHReynolds et al., 1988). 2|1} o] 23t
SPC7IM2 54 28 FASHA Y SAHAAE T3t &
2 WS I Fo 2 Y S AAS = A0R T FHE A
&0 ZxPA FAAMTE 710l PlESHBox and

Luceno, 1997a).

HhH o) A7), Az}, 7)A|, 348l st Hoko] Ao] g st A &
& 5812 34 B2)(EPC : Engineering Process Control) 7]
Q F=wiAols 34 oY HEe 2H S Fote] 34 o
3 A

sioigte 24 SEHS v g g S 1ol

o] L 20MIIE FolthsaL A TH(E

200613 2€ <4 2006\ 49 FAHE H4m 2006 52 AA 4.

w3A) Aglel lste] AU
t AL NS T, 604714 HAA) AL ShelE 840 Sobulsta <15

38ty Fax : 051-200-7697, E-mail : skseo@dau.ac.kr



b HEYR

FAANLOZH 34 o] HRE HlojdS IAshe Ao
7otk & afr7]ze] 7)¥heto] PID(PropoonnaI-IntegraI-
Derivative) Al ©17] & 3 E3l 24 =
g4 FHEgl FAs= Aol —E—cholﬂ} % 4 AH(Del
Castillo, 2002). EPC7]3 9] 34 24 Ao}7|HL& dA 21K 9
A =83} 9| H(disturbance)S 7|WHOE 3ol TR /\]FH ,]
=g 9ge 7otet 2L ANt xEHo7 B =
& SRk FASE = Aotk

_, mlo
£
oo
ol
K
o
Lo,
BN
o>*‘
m

ol w2} SPCoFEPC7IM e 48 M9 B FadE Eo]7]
98 F 7o AHL A e WAy s e
A Fel2 AT AZE 71HE t3 A7 S

7184 =] 11 Q) th(Lee and Kim, 2005).

olo] #3t 7|E ATE A E W, SPCSEPCTH o 2ol
B3 Jx ATEA Montgomery et al.(1994)& SPC} EPC
;-4 Aol g3t 12 5] = 7He] AHE AY 9=

A 28-S A3 STk €A Vander Wiel et al.(1992)2 34
2bA| o9} CUSUMAB EE o]&3ta] ZE(polymerization)
£ 5943 959 HAS s Algorithmic SPC(APC

B)E A etsl 9o, 3t Janakiram and Keats(1998)<
TR G BUHY Y A% RUHY 3SR &
g of & AN

—

kel
Aol SPCOLEPCE TAll| A&3t= Wi

sung and Shi(1999)= ARMA(L,1) |&2d sloll A ¥4
3l(shift, drift, cyclical shift)7} 2AY3l= 73-$-o EPCY] 3=
5= RE(Relative Efficiency)$} AE(Absolute Efficiency)E,
SPCY = ZE & ARL(Average Run Length)S- ©]-8-3}o
T 71 A 28S 37189 0., Tsung and Tsui(2003)
= SPC/EPC A 2RO &4 Hel W3l Fe) 9FARL
o] BAE AL B EHY A7 FH T2 tiste] A

Tk ofel &3 HIAAY AFEFH V| Ro|EL
SPCSLEPCO| 7]& 475 T#3taL o]of Tt & A+
o] = A9t Lee and Kim(2005)9] =FF}EPCY] o] ES A
A o2 A28 Del Castillo(2002) ) AA S #2357 vl

}
3
Bl
T

FE—EE%O{NHUEHEME

@tk

B =TS A& o] RF Az ol T3 Aol By
shgol whet 1 -84d0) STE) 2 JE EPCISPC AFA|~H
of ¥ A2, SPCYIW L2 vl A 22 34w st ek
A29 ded SHM 5ake g A o7t A& Hiet

T RUEE SHAA a3 olgtal ¢H 7 EWMARE =S
Aesla, EPC7IH o2 & FAMS HAE sl MMSE
(Minimum Mean Square Error)#l| o,
A A YT A RS A BN e
Al ¥ PI(Constrained Proportional- IntegraI)XﬂOJ, +

4
23T E AN e SRS /R EA2A 7

&30 Aok CRol F 71l 3 S A

Z A7 1A AZg 1AM 7hH A2 tHow 3
# A8 EPCISPC AT ~HE Akshn o]29] Al 54
& ZAFSFALA} Fhk

Z EPC/SPC A A 2Hl 2] 7l

211
2. EPCE] Alo)71d

21 29

2 =Y 3ASY RY2 A ()E 3 SHRLY RS
21 (2)ol14 s=0% 28-S &5} ti(Box and Luceno 1997a).

6= Y, tz (1)
e, 3R=Y
z, 34 9
3R THRE Y &Y
Y,=d,+8Y,_;+g(1-0)X,_,,0<d<1 (2)
d, : 37 ¥s}
g: 885
X, Alo] &
5 EARY Y HA
2 (1)oM 378 Z2(e, )& 38 HHEA7H0] Bl &
FXZHE Y AAR & F loH, T4 YURYFoEE A
AGRY FollA 1 8 *éol USHIMALYEF S A5t
% THBox and Luceno, 1997h).
1—6
2= 1fBar, (3)
0 OB HT RS0 <1)
a, WA - N0,02))
B E;i?d?ﬂ_/}_}(]—(Bef_ € 1)

2 )ellA Aol F2H X, )& ARt oM 3 e W]
2 T gulsta, 4 2Y o] #A(6)0] 09! B5-el=
Tk~ .3 (zero-order or responsive)©] =, 00] ofd 7 -9-of
= YAt 54 2ol Atk

2.2 MMSEA]| ¢}

A5 AR ke Alo] 71E 02 o] & A&-5td %
P(a )2 oo7F A B =EoA AgEE IMALL S FE

d A5 Ik AR o|H 0 7F HEFTAEWMA o5
Fel 2 R =2.329 14017}, 13} FF 2 o] PIA| o]
MMSEA] 17} ® ti(Box and Luceno, 1997a).

MMSEA|ol= BA1Z S HZ o] A9, YnhkA]
o 73 A A (robustness), B3 Ao & e, v A A H 24 W

9 S 7L Sl

290

ot FhI

= o 12

N
—\—‘—'

2.3 PIAIY

LHH Q1 o] 2F g PIDAI O S A 3kshH 4 (4)9F 2ol LhEk

g glon, A (@4)ollA A4zte] Aol BelE = 7ol PA



212

o}, 17]0}, Ao 2

RS ek

gX,= kpe,-l—k:JZef ;T kpVe,
Jj=0

:kpet+k[ e, +kp(1—DB)e,

B
&, kp Bl AV ASE &, HE A A
kp V2 Ao AlF

SEEREREEEEERE RS EEEE SR
9 PIAlotE 47104 A FPIDAC Y S48 A2 1

?1‘11011*1 A 91 PIDSF MMSEA] oo HlaH EE} o3t
A FAE 9lon AR salo] ¢ &ol3t ALz g
2] o]&-5] 11 gl Wi o] ti(Box and Luceno, 1997b)
O[3 PI Ao 71 & 2] (5)sh o] vhekd 5= Stk
- 1
X =k, + "&Z]lei =keth—gze ()
]38 pIAlol o] F2E AHEH T4 24 S et A2 F
AR Atg 7 B e stE g A sE o] A ghe 378 o sl
M Ve 8 S Fote] &0l Soldhe & Al

2.4 A PIA| o

AL

o
N

% g xo Jy o

.|_,

S A2 3= MMSEA ool A & TEE ¢
3 Ao Frh BAfo] AlEt e A= o]u] & <
(Box and Luceno, 1995), th A7-AHE0] 9
=R t”ﬂoﬂ A ko] EAst= 4o
Al 23 ste wAE st gt ]
AE a2 } 7R e R &
JE s &ttt Alotxzio] 2 ¢ %—E
=) Z:/\}\]ﬂ X‘ﬂi /\13;].61-/\ )}O
1;}_%_4 E'_Z%tﬂ-/‘e 4/\5}0}‘— —'zé Z
Ao H A A 2 A A 8k o ok

Py A2
o M
:

i)

d

O & oy M g FE

_“d
rot OH

mloﬁ_ﬁ;rﬂ
© toox

LU DV )
N 2 oX
QL
OHE
o >
_ELJEf

r
r-{n

bo o Lot
4 o N
i 3
WL 1 o lerM:o o 1o mfyw
it b
o,

T\;__}y Xy :&7&71‘ ﬂﬂla]}\ol—'/}:

A ¥ PI Ao} 7]
H'i MMSE PIA]|
A)ak HhH o

7hEkat gl o, O]E* Xﬂ"k Plxﬂoi—%
=8 B Var(e,) )0l 2¥zF
o] 24 E( var(gz,) )& &

Mg Sol WARE B 3ol B Wl

% o}ﬂﬂl

e ol
T

o EQ,—E‘

bu

BN
oxl

i 0 ol @ pE
LIOoﬁPEMIO

2.5 FAXR7Y

Sung-Jae Lee -

Sun-Keun Seo

Hg-o
M= o3t 2o 7
AZo|t}, webr] A X
£33l o] a3t WIS t‘% 8}% WS AR5 A
18-SHA sttt F, g= 23
| 27 S7ktdeEt= 274l tHfsl H] &7
ZHo] oA Y= WS AYst=
£ 8= 4= 9JthBox, 1991; Ruhhal et
tA -3 vpA R 2 A () ol A 011%%
E}"ﬂr 2ol AR R F A4 ¥
735tk

o #AE % 94

i

o

o o fr © O ot on
> o
o

) JlN i &
_E

2}
t

o

Of

‘étﬂ_érﬂl =L (7)

A7 =4 H

puid

959
) <l o) A ey

FTHEEY A SFL2EWMACZA) FejQl 4

e =N, +oe,
e i t— 1A -0l A 24 Fol] T3¢ A1 ) oS3k
e, AR S 2 HAA )

8)
&,

3. EPC/SPC Z3A|2H)
31 vsIBEE

SPCS] A&7 MelE Bl
o, o314 ol Al Ay
AZFFEAQ AR =TS wol FEH=H 1
Shewart, EWMA, CUSUM, Cuscore 2] & 50] glth

B =FdME SPCIH O E EWMARY RS tg3} 28
olfrZ AEst Atk T B to| AA ol FHEHE T A
7} AA 7] wf ol 22 3 st -ttt 4Rl e
o7 B §483 Ao g =) w3 gdubdg o2 EWMA
W =9t CUSUMB R =9 S8 == ARSI TR S A Sl
d|(Montgomery, 2004), A7} ¥4 HE s}l IMA(L, 1)@3
2E Y - MMSE Aol IXﬂOPJr Y o FAFS
st Stk e 34 A7d A8 HEE,
o] 4$-EWMAY ZX] Z o] & t‘a {H}OH A -&3td a7A ol e}
3 47 EWMARZEE €5tk gt Montgomery and
Mastrangelo, 1991).

Reynolds et al.(1988)2 th & % A7bA 9] A

tlo

=
==

il
ol
N
N

Zol AA| FE¥ HEo] TA T oEste] 2P H=VsIH
2 =g AT &, FEE R AP FRYTAAG
g ALe]) ZAjold T RE FE7HA9 1S 2,
a8A Gow(F st #elgH) BA dAste 3 A E
2719 B4 s oIt o] e AAHA T ol
U E AAst o] & WY AEF A S AR E T



Development of Integrated Variable Sampling Interval Engineering Process Control & Statistical Process Control System

#3 4 9t} 53] Reynolds et al.(1988)2 VSI
g 5 A2 Agahe Aol

o] ol5& AAE] YA E A MEYDE L /1S &
A A7 wojof 3, whde] 71 MEYTAL 713 & 2
Al 27 slojof dtth= A& B gl
BEdF7 A EWMARE] =9 BeldHAl= £3VA/(2— )
)

CR=t ?_]. )
-0 02 FAEY A0 2 A HVSI EWMATE =] #
g + ) -0 &, £06713VN(2-)) - o
£ AusAR 479 4 9ltiLucas and Saccucci, 1990). o

VS| A3 8HA Al 067132 Fo71 F 714 7P A&
A shol| A 1 MEYH A1 7o) 7hE M EHTEF o]

7
4

e N N

3.2 A3

AQHE EPC/SPC AT A28l FH 2 S FHEPCA o]
7O E MMSEA|S, Ak PIACIs} BAZH 7S 2
shedom TS A% SPCT MO R The AlH o 23]
(¢',.1)° thal EWMATR =2 24315tk o] F 717
E5 A3 Al B A S A8 Ao 7ol whekazg e
SE(Growp 1,2, 902 TR T3} o] 12744 Aokt
EERELEE:

3.2.1 Group 1: MMSEAIo}(rule 1 ~ rule 4)
rule 1: MMSEA|o]¥F A-&-5 7 5
rule 2 : MMSE A ]9l FSI EWMA T & A%}
rule 3: MMSEA ]9l VSI(A) EWMA T &= A g
rule 4 : MMSEA] ]l VSI(B) EWMA 2] & 2%
VSI(A) : 0.25(78 1L gt A o ] gHAAoof] &8 739
o] & 7H4(m ) L15(F 3 A 2
[e]

7] 4 rule 1> EPCHF 2183 7 -%-E 2 (9)¢] MMSEA| o]
(4714 2 (@) 9] 1710 FE7t €)E A s A

IMA(LL) o) 4
IMA(L1) 23 0] H=2 4] (10)3} 2o] T Z${FSI: Ao ; VSI
X0, ANV EBAT LAFEERN, 0, & A B}

m,” m

rule 32}4o] TIZFEWMA H2I=e] A2JAIE £33, /2—A,)

213

Q
i
H+
e
o
\]
[
w
>
3
~
9
|
>
3
Q
3
i

© 7hsdt 3 Z2A ARt Aol $9)H A8A8E
71t gko] FSISF Zold 4 TS F 7HAE Z-HVSI(A)%}
VSI(B)) & T3} A F THReynolds et al., 1988).

St rule 134 2 rule 37k 491 2] 7hH A& 7HA & A9
ot 7] a1 B G AR AET A& A&k A folt

3.2.2 Group 2 : A<k PIA|o](rule 5~ rule 8)

rule 5 : A <F PIA| o gF A 8-k A -

rule 6 : A1 <F PIA|ofel] FSIEWMA | = 2%

rule 7: A2k PIA| ool VSI(A) EWMA T = A

rule 8 : A2k PIA| o] o] VSI(B) EWMA 2] & A%

oJ7|1A Z+ 739 EWMABE R ASgs Fedale
Group 19] th-3-713 % Tt A E Aok PIA7HE &
A Aol el = 2 (11)2 ©]-&-3H9EH Box and Luceno(1995)<]
Aol A Sgealtla 2HE 1 Qs P= —0.25 2 A4-5 94Tk

9Ty = g(_th)(ti]) = G{et+P(e,*e,71)}
o, G=—k, P=kk,

(12)

3.2.3 Group 3: SHAIZA 7] H(rule 9 ~rule 12)
rule 9: A AT A3 A9

rule 10 : SAZA A FSIEWMAT ] = A
rule 11 : A ZA 9 VSI(A) EWMAZE = 2%
rule 12: 3HAIZA o VSI(B) EWMA R &= AF

o714 EWMA #Ex9 #e] % AugAY Arg
Group 1 ¥ 119} thg& 72 % GX|stARE ZE 474 ruleo]
A A3t FFEHY S Fho] B A<} #e
SHA ol 48 790t 3G 24 & A3

3.3 VSIEPC/SPC A& A 2H

B =RdXe 34 37k 1802 SPCe 23HE EPCTH
S LR3I o] FoA] 3 180 FEHoZ ¥ VS|
EPC/SPC A28 o] i =& vFehl ™ <Figure 1> 2Tk

<Figure 1>9] & AJ25lo] Ag A Aol t)gt 7| & A2E )
A0 T 7|%eH M FHOTHE ZAAY FAHEHES
J53le] 24 o] Qs HF 2HFS AN & o] 2 Hhy
? ol U3 & oSS A vsige| 2] 7]

488 45+ 32 S FYSHA Fevk wef 284 &
3 733/ gt de) s 22 7 sk et wel stk wel 4



214 o] Az -
e Arole the B8 A m, 08 A4t 37
278 Ttk Tk AN dSgke] vlE] A A
g 233 AL S Belshe) vigeks Aeole TS
FUSTLPCTHA S 483 A FLaA) ol EAE 2ol
M AAT F 5 2 B 2 S ASHOR FHse
He Austa
TAZYO IMA(LL) R A VSIZHE S =A st
7] ete] & =odlA e g9 ASE A 42 A5
Z, FSIQ A$ MEYTAS 42, VSIS =4 45
my=1.75, 1.5, m, =0.5, 0254 W] MEHTAHS 717} 7,
6,2, 1= A}tk
Monitor process;
unadijusted output( &)
Adjusted output(ei)
Sampling
interval( M)
Forecast for adjusted
output( &,,)
Sampling
interval( M)
@mUWL YES
NO
@mua YES
NO
Stop process Remove assignable cause

Figure 1. Procedure of VSI EPC/SPC integrated system.
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Table 1. Comparison of recommended control rules (A= 0.4)
_ rule sudden shift drift random shift
shif criteria rule3 | rule7 | rulel0 | rulell | rule3 | rule7 | rulel0 | rulell | rule3 | rule7 | rulel0 | rulell
MSEe,) 0.957 1 0972 | 098 | 1106 | 0.946 | 00960 | 0985 | 1101 | 0984 | 0995 | 1.406 | 1.627
(0.082)" | (0.086) | (0.131) | (0.157) | (0.080) | (0.084) | (0.131) | (0.154) | (0.099) | (0.094) | (0.337) | (0.409)
Var(z,) 0.12785 | 0.08299 | 0.15692 | 0.16689 | 0.12603 | 0.08164 | 0.15724 | 0.16729 | 0.13471 | 0.08610 | 0.15463 | 0.16122
15 "~ 1(0.01351) |(0.00970) |(0.01508) |(0.01707) | (0.01314) | (0.00952) |(0.01498) | (0.01696) | (0.01801) | (0.01164) |(0.03189) |(0.02841)
AAT 2.840 2.815 8.909 | 10.371 | 2.855 2.816 8.905 | 10.329 | 2.907 2.841 | 12.424 | 14.085
(0.372) | (0.401) | (0.744) | (1.364) | (0.358) | (0.390) | (0.746) | (1.234) | (0.297) | (0.366) | (6.906) | (32.357)
ARL | 88.402 | 61.647 |946.092 | 952.042 | 111.933 | 80.685 | 946.700 | 951.451 | 37.670 | 30.635 |502.285 | 527.139
ME(e,) 0.979 0.998 1.020 1.153 0.959 0.975 1.027 1.156 0.993 1.003 1.428 1.666
"] (0.081) | (0.089) | (0.139) | (0.172) | (0.082) | (0.085) | (0.177) | (0.168) | (0.087) | (0.093) | (0.568) | (0.665)
Var(z,) 0.13214 | 0.08567 | 0.15926 | 0.16830 | 0.12796 | 0.08296 | 0.16106 | 0.16988 | 0.13583 | 0.08704 | 0.14979 | 0.16037
25 "~ 1(0.01403) |(0.01032) |(0.01545) |(0.01704) |(0.01347)(0.00967) |(0.01586) |(0.01775) |(0.01666) | (0.01097) |(0.03244) |(0.03127)
AAT 2.860 2.844 8.902 | 10.273 | 2.846 2.816 9.008 | 10.411 | 2.860 2.888 | 14.729 | 15.595
(0.356) | (0.371) | (0.916) | (1.380) | (0.364) | (0.393) | (6.088) | (7.682) | (0.364) | (0.322) |(13.476) | (13.002)
ARL 25.683 | 16.069 | 838.028 | 856.279 | 60.660 | 46.002 | 899.076 | 930.913 | 15.921 | 14.417 | 121599 | 141.953
MsEe,) 1.023 1.043 1.064 1211 0.977 0.994 1.160 1321 1.049 1.067 1.194 1.376
(0.087) | (0.092) | (0.155) | (0.197) | (0.085) | (0.091) | (0.356) | (0.476) | (0.120) | (0.117) | (0.397) | (0.472)
Var(z,) 0.14089 | 0.09047 | 0.15840 | 0.16819 | 0.13052 | 0.08486 | 0.16673 | 0.17296 | 0.14586 | 0.09326 | 0.15545 | 0.16745
40 (0.01593) |(0.01093) |(0.01633) |(0.01743) |(0.01421) |(0.01027) | (0.02130) | (0.02347) | (0.02422) | (0.01414) |(0.02039) | (0.02338)
AAT 2.881 2.847 8.969 | 10413 | 2.830 2.826 | 10.860 | 12.727 | 2.882 2.858 | 10.159 | 12.356
(0.342) | (0.366) | (0.896) | (1.360) | (0.386) | (0.387) |(23.371) | (23.680) | (0.332) | (0.361) | (5.901) | (9.579)
ARL | 3952 | 3904 |345.432 |409.021 | 26572 | 24.027 |579.460 | 712.751 | 8.718 | 8.359 | 33.832 | 40.337

(Remark) 1. standard deviation
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