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Update Cycle Detection Method of Control Limits using Control
Chart Performance Evaluation Model

Jongwoo Kim + Cheong-Sool Park « Jun Seok Kim - Sung-Shick Kim - Jun-Geol Baek

School of Industrial Management Engineering, Korea University

Statistical process control (SPC) is an important technique for monitoring and managing the manufacturing
process. In spite of its easiness and effectiveness, some problematic sides of application exist such that the SPC
techniques are hardly reflect the changes of the process conditions. Especially, update of control limits at the
right time plays an important role in acquiring a reasonable performance of control charts. Therefore, we
propose the control chart performance evaluation index (CPEI) based on count data model to monitor and
manage the performance of control charts. The CPEI could indicate the degree of control chart performance and
be helpful to detect the proper update cycle of control limits in real time. Experiments using real manufacturing
data show that the proper update intervals are made by proposed method.
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o A7 A 9 FA e Al AEd A
#Ae)7|& SR 21 9 th(Kymal and Patiyasevi,
5 FA A WA SHE HolE & EA5te] Adul g &
A A4 9 BAHS #els ZUE T (Monitoring)3t= 34
A7)z # AFEo] JPH I Ut
o=

FAA |z E FAHAA LAt HolHE AR
#He)ste 5A4 34 e (Statistical Process Control, SPC) 714

of thEAo|t}. SPC 7ol = BAE AlF FASHA o B

o] A EEE TAH O E Ethe 7HY skl 755 &= Shew
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Moving Average) 5] 1tHMontgomery, 1997). ©] 2] 3 T} 4k
SPC 7| &2 Az ol A A 3= EQE’Hi]E EUEH
3t7] 914l %L%QEI AE9] 2 P4l TF&o] drh(Chiang
et al.,2001).
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A S AQT AF g BE7] e £4, 9 71
A9 F4E AAok st Tl 24 Aol =9 £3 7))
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T3 34 270 A E WSl Betn #ej A
WS T GRS A BT o) HE FHo| Hol
A A € o] &7 B (False Alarm) £ A7} 243 3 CHIm, 2010). o
A 34 BUE P AS % 43 EL QT ARaE F0
7] SRl A= #E 2 Aol 94 71 olsrt HAls W #
AN BA S S5 of gk

AEAQ YA A7 4 ol dol B 7ol
= ZX T T AYIAA S BAIsHE Aol vhHill, 1956;
Montgomery, 1997). Z1&fu} BEEA| 9} Zro] of g 717 &f A Fo]
EFH AdEE A2FA AT A S nhel A
2 28 o] Waty] whEol| o) WA A7EA HYFAN S
At AL #Y e HE 59 At £AE ‘%*ﬁ/\l%l T
At} olell Im(2010)- 72 7|fFo. = fe|3t AN & dA 5
BN EHE 712 Al ekt 716 #e A A7)
A4 # @A Y FA71E74] 71 & (Know-how)= 72
gtato] 34S Helsks 71 olth A7 A A
71 S AR A e F871eAe Aol Bast
I FAnt g o] 27| W&o 29 71 A,
T4 9 Ao] #57 OE A= A7k Atk(Im, 2010).
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R e ReRCe
B =RAAE BYT A5<S H7tskE 3 =2 CPEI(Control
chart Performance Evaluation Index)E A A 3224 -‘Jrﬂ_‘,:_ A
T A3t #dAD AN AdE ZUEPT 5 e
CPEM(Control chart Performance Evaluation Model)& A Qg
t}. CPEM 2 <Figure 1>3} 22 JE| 2 CPEIE AACZ B

YH s, 45715 XY CP(Critical Point)ol] =€ 7 $-9
BHIAN BN FHT
Control limits
Performance
Estimated CPEI
CPEI
Critical
Point

Update of Time

Control limit

Update of
Control limit

Figure 1. A basic example of the control limit update by CPEM

PHASE I : CPEM Construction

Historical data X
Step 1.

CPEI prediction
Modeling

Feature
Extraction

CPEI

Step 2.

CP Calculation
Critical

Point

(a) The procedure of CPEM construction

PHASE II : CPEI Monitoring

New data X Step 3.

" Applying the CPEL
prediction model

Feature
Extraction

\\ N
' .
\ fe—
Critica

Point

CPE|

Update Decision
CPEI < CP

(b) The procedure of CPEI monitoring
Figure 2. The procedure of CPEM
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B =Ro A A|9kstE CPEME <Figure 2>9F 22 A&
AP, CPEM 7% @A (PHASE 1)9} CPEI EUHE WA
(PHASE II)& vt} CPEM 3 ©A oA &= CPEI &£ 59
7 CPE AA ST} CPEI RUE Y BA o= CPEM &1
AdA AAH 282 v o7 CPEIE FA3a CPe H]
E B3 FYIAM BAAEE A

CPEM 7% YA A E <Figure 2>(a)} 2o] FH 9
HolHZ5H EAUFE FE2¢ S CPEIYZFRE S &
I, F AN A 7)1 cpE 2w

CPEI ZYHT ©A= <Figure 2>(b)oll 14-15]-‘/}
AAE = HoHERYH EANTE 59 ?
< 53 A4be CPEIE RYE Hslal cPote] vu s
2 3A A Ao BE At

B =804 A ¢kl 7S CPEM% o] &3] Al4t= CPEI

g 58 AN E #EYE A 45T & 3t &, CPEI
o} AE71EA Q0 CPae] HlL% 53l ™% AH o #e
A A& S 4 Qi meEka #7173 B A A
A7V A BT 4 Qe MY FREE AN F
w3 A WaE AATCE RUHY & 7] o
o #eE = %59 AstsE WA & Ao

B =29 AL g3 2 A 280 A= CPEM &AL,

CPEI 2 CP9 A9 183l CPEI 9] 228 & F235}7] 938) A
48 7 AR B4 tiel 7] o £33 A 374l A
= HEA A Z 7Yl A AHEshE 3714 FeEdA A 78417
W3} CPEM S 5¢ #e|dAM A7 M) A5 vnE 53
g mpA o2 A 4 e AEY 33 A7 U &S A
Az},
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2. A E A5 IFRE
2.1 CPEM Az}

£ ATl AkshE 712 CPEM T35 @A 9} CPEI &
UHHGAZ F45 0 9tk CPEM 7% QA& <Figure 3>
o] CPEI 9 &= 23} <Figure 4>9] CP Al4te] HAE o]
FojA v, CPEl EYH YA = <Figure 5>9 2o #3538
CPEM < o] &3l Al4t¥ CPEIE BYE 38t CPghTe] Hlw
& 5ol AN ALl T AA st B ot
<Figure 3>& CPEl 9| S 28 T3 HAH =M 2714 ©A &
TAES A, sl HERH o EANTE F
FAEARA Y WEE A 3] el Bel oA T st
HWWL%HH° TFA3Hgk & 572 (Run Rule)] FH LA 3
9} dlojE e BX W3E A5 Y% B FAFo]
AR 29 24, F4EA A (Over- dlsperswn Test)
< &l ARG S AAAT AR A7 &
A AR A o3 AAHT,

e
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OP_\L

<= 53 FYIARN AT &

2] 7] 4 45

Input = Traindata model

Step. 1 FOR i =1 to n DO
x[i] = Traindata_model[i]
feature[i] = feature extraction(x[i])
ENDFOR
STEP. 2 result = over-dispersion_test(feature)
IF result = significant THEN
Select Poisson regression
ELSE
Select Negative Binomial regression
ENDIF

Figure 3. Pseudo-code for CPEI prediction model

<Figure 4>+ CP A4 4ot} Cp A A 74 & th23} 7o)
TR AA, staoly e AYIAMN A FUAAEE

ol g3t EAMS S FEAT A, 28 XS 7
=% CPEM S o] &3 CPEIZ o Z3a, 7} 7 E o =5
CPEIS] H& AAtste] CPE AA 3T,

Input = Traindata CP

STEP. 1 FOR i =1 to n DO
x[i] = Traindata CP[i]
feature[i] = feature extraction(x[i])
ENDFOR
STEP. 2 FOR i =1 to n DO
CPEI[i] = CPEI prediction_model(feature[i])
ENDFOR
STEP. 3 CP = 1-mean(CPEI)

Figure 4. Pseudo-code for CP calculation

Input = Testdata

STEP 1. FOR i = | to n DO
x[i] = Testdata[i]
feature[i] = feature extraction(x[i])
ENDFOR
STEP 2. FOR i =1 to n DO
predict_value[i] =
CPEI prediction_model(feature[i])
ENDFOR
STEP 3. FOR i =1 to n DO
IF 1-predict value[i] < CP THEN
Updating the control limit
ENDIF
ENDFOR

Figure 5. Pseudo-code for control limit update
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<Figure 5> CPEl EUEH P HH 0 2H 3714 BA = 74
Aok AA, SN AFA B HolHEREH S
TETE 1"’4’ =4, EAMTE <Figure 3>l A 44 H CPEI
&3te] CPEIE 53 § ZUHH AT AA,

CPEI oql—’;‘—Eﬁé% £33 9/ =% CPEIE= <Figure 4>914 24 =
CPE 7|20 2 A AN B & At

2.2 CPEI B ¢

Fef AN FAo] He el Aol Bt #E
e ol A %ﬂ”ﬁh 425 Wele 27 ol 93 B8
THMontgomery, 2007) w3 Hle A FAL 4w )] thekdt
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ot wEbA 7HIAEE B4 7] 93 23 o] F 85 th(Jang,
2003; Lee ef al., 2002; Lord et al., 2005). =& 7HAt g 45
a}A o sty 9o WA o] Fasitt

2R de e iy ST E 7231 3914
o o8 AEE 7o E SRS AL ARE BTE &
ITMIAERYE S AR AT TMIARE E4 5] A8t 27
Ql By Folg 3]7 L (Poisson Regression)©| Tk, E3H 7}
A g EA O A3 AT g EE ol JARY S HFE
218 = 2 THGourieroux and Visser, 1997). 3-A| 5t @A A=
Folg 3 ARY 9 714 SAFEA (Equi-dispersion)S ”}—f—
StA| e 3ol BTH(Green, 2000). 53], Fols &
wAo] W HTh & FAhET) go] A, oju = 7HY

£ 2¥3lety] Slef Fobd 57 L o YntstE BFQl 5ol
& 3] 7 =& (Negative Binomial Regression)S AH-&-3F
1997; Hilbe, 2007).
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Table 1. Descriptions of the variables used in the CPEI

prediction model

Variables Descriptions

Accumulated number of two of three consecutive
Accumulated . . . . .
points outside two-sigma warning limits but
Run rule 2 . L.
still inside the control limits

Accumulated number of four of five consecutive
Accumulated . . . . .
points outside one-sigma warning limits but
Run rule 3 o .
still inside the control limits

Accumulated | Accumulated number of a run eight consecutive

Run rule 4 |statistic on one side of the centerline
Distribution . .
. Mean, Variance, Skewness, Kurtosis

Statistics

2 =3odA &8¢ 9 73 25 BT A&5HoE &
ZH 30 F4 EAX F 24 IvkeF 34 1} /\Pol o 271 #
29 FASAAY FA WIS, A 4 3L A5H 02 B
29 509 4 E4A F 1A 20k 24 T1uf Apol ol 47H #
29 24 5429 F4 94 34 A 78 4= 97 d&ad
BEE FY EHAL FAA FEAH FH YT 25 S
ofr g}
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THA 84he BE SAFO|T BX FAF2 ALY &
Foll @2 ExHstE wYsy] 98 &8t dug o=
AAEE7 Py Bao g Byt A E = vt o thofg
oo Bx F¥o] 7h5d FojE BExe W, B4, 9 E,
A, F Ul N9 2o o 249t b FHFEEE A
3l7] ojg & N A 3o EXE A A drgsty] 95
Foj& FEE AEFTH(Yoo et al., 2012)

= & ),

1 RAZGTE HEE EXo|nh uhehA Foi A
A&} 74 %}*8 7o} 22l 2EA dojuE =3
g o] o]&3}7] Agstth(Knorr and Ng, 1997). %M% §]-’HE
g A7) el s e 22 /Mol B as) A o
9 A7Hg Aojute A e Bo] A2 EY Aol E4), &
QAT W ARS) BATBOl FUst] Ak et Wk
e AA, Fobd RERL P B0 Lrhe T4

T« o
{éf&ﬁ. %0}* TE FEREAL A (2)9 21

—E—E
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=
*B“Ei 9w*éﬂétﬁ—?°ﬂ T
Aol o)af B ol Ht} EAFE 2] (4)9 o] TEH T

ElY}10, X]]= VarlY9, X,] = exp(6.X,),
exp(0.X;) =), )
olef Hu]-$=F%(Maximum Likelihood Estimation, MLE)

S F8¢ 219¢=3<(Log Likelihood Function)= 4] (5)9}

InZp, = Z[yz_ exp(GX’i) —lIn (yz')] )
o7|A, B WE 05 FAASH CPEl S EE S &
8 A28 B39 ol 4A 9| £8 B8l CPEIE FH T}
CPEI 84 & 4 (6)7 2ot
)/i 7
CPEI = , n,=),5, 1=0,1,2 (6)
n; j=0

21 6)1A n,& z‘ﬂwﬁﬁ}xlﬂ
skl 4 € CPEIE

ol AP L /MR E RPssr] A8 F
ol% 3 A RFP S Ittt wFolt}h Lol AR
g GELEdT= A (A Z

Iy, +971) G4y )

PY,=y,)=— (W) (1 +n,) T

Iy Iy, +1)
i=0,1,2 - (7

A7 5 FH4tx et g whoF =00 A F7H
o] 71ZtE| A ¥eTH FA o)A A e T =
AE Boln FolFRFY S AL E Fe7t glot stARt A
T o] 714 | Fod I ARY Ao Fold IARY
S AR&-3l| oF 3kth(Cameron and Trivedi, 1986). LA, 4%k0] 0
o|f FobF AR, 05Tt AW Fo|F FARF ] Hgtat
o Fold ARG oA B 4 (8)3% 2o B4 4 (9)
o 2t

E(Y;) =X ®)
Var(Yi)=)\i+fy)\f=)\i(l+’y)\i) 9)
wpeba] f4ke FRG oL A fol & 2ol Wit B4R
A7 BT} 714 i v g A BES o} AT, 5 =00l
2ol4 #7283} 2ol AT, oW 2ILEFFE 4 (10)3
Figey
InLy,= Z[% ln(exp(QX,)'y) (10)
—(yi+'y)ln(1+(exp(9X,) )
+1nF(y,-+77 )—ln( )—lnF( )

4 (5)9 28 2ol 3 BT TYoIA L g uE Bt ohy)
&= 243 of B,

i

( )J,].A}_]j_x J;g
M E
ghaf of gt} o % s kA A4
o HA2 o 24 A RE FoiF g Fo|g FEE VNS
&k &% H] 74 (Likelihood Ratio Test)S o] &3tk AA 74
2 (113 2o A4 EA % (Log Likelihood Ratio, Log LR)
2 (12)8} 2o},

Hy: Var(Y;) =\ (11)
H : Var( Y,)
Log LR= 2(111[%1 InZy;) (12)
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B =Foq 43 HolHE wEA 24 HolEHE 379
A H (Chamber) S 7H g Aol A 371 L3 =R H AT 28
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<Table 2>} 2t}
<Table 2>& % 28719 FAMSF vlolE & &8¢ AF Fo
16719 7 9-(PARAMETER 1-7, 12-13, 16-17, 19, 20, 24, 26,
28)F froFE 0.24~091004 FAF-7Hdo] e = o] B¢}
bl 2o 7S BEATa & 4 Ytk & Fobs 39
Ty A% Ay A9t ¥ Er%ﬂ} HhE U A 1279
73-+(PARAMETER 8-11, 14-15, 18, 21-23, 25)= #F7}4d 0]
o E 0.05 olstoll A 7175 of F 3} EAke] 2t #

Table 2. Results of over-dispersion test

Process parameter Log LR z-value p-value

PARAMETER 1 4.10x107° | —1.01x107 0.73
PARAMETER 2 —5.05x10" " | —1.11x 10" 0.84
PARAMETER 3 2.00x107% | —2.12x10" 0.34
PARAMETER 4 0.05 | —1.71x10° 0.25
PARAMETER 5 3.56x107° | —1,47x10° 0.75
PARAMETER 6 0.03 | —1.01x10% 0.23
PARAMETER 7 0.02 | —1.46x10° 0.24
PARAMETER 8 2.60 10.80 | 2.20x 10710
PARAMETER 9 90.80 37.96 | 2.20x10°'¢
PARAMETER 10 39.46 3777 | 220107
PARAMETER 11 42.79 39.57 | 2.20x10°1
PARAMETER 12 —1.03 | —2.99x 10" 0.82
PARAMETER 13 0.01 | —1.03x10° 0.32
PARAMETER 14 57.26 23.45 | 2.20x10°1
PARAMETER 15 103.44 58.48 | 2.20x 10716
PARAMETER 16 6.17x10°° 1.04 % 10° 0.72
PARAMETER 17 1.14x 10% 2.00 0.23
PARAMETER 18 6.57 X 10 16.40 | 2.20x10° 16
PARAMETER 19 7.47 % 10° 2.00 0.23
PARAMETER 20 1.14x 10% 2.00 0.23
PARAMETER 21 182.17 76.61 | 2.20x10°'¢
PARAMETER 22 8.22 96.30 | 2.20x 107!
PARAMETER 23 108.94 44.48 | 2.20x10° 1
PARAMETER 24 1.09x107" | —=3.76 x 10" 0.65
PARAMETER 25 3,751.51 9.05 | 2.20x 107
PARAMETER 26 2.00x10* | —4.70%x10° 0.89

FAEA A4 AN e} A48 DALY AR A
B3] 93 2AASE g5l BT AR
o AASE D ARG 2] W8 AR

83} % tH(Cameron and Windmeijer,
+ <Table 3>3 2o},

Table 3. Summary result of coefficient of determination test

Descriptive statistics

Variable _
Max Min Mean
Process parameter 0.94 0.90 0.92
BE ARATE 90% o) 4oz ny o ArHsEo] uhs
Mg 2 ddsta ook =, SAAFAA A L9
gl 7o 0.05 ofstell A sttt &, Adld 52



FEL FR3 87153 AL AT 4 T,
<Table 4>= 28709 AE F tJE A
PARAMETER 39| 3| A 2¥ ZAdo|t} S AAF AA 254 A

W | A 29 A B, | A 39 A B S
T 5 gt 4o FA DAY YA rE dSHAY LR
p- valueﬂ 0.01 o3t A Fesithe As & o doH B,
T s, s 2 B BAZFE 47 0.05~0.14H0] ol
A fFostte e & 5 U F, SENTE FE8 248
7bed S AT 4 Aok B, AWt g3 Ha v
e 9EY S Yetle 2R8ATE 2% =2A EARTE A
S I HF SO AW E W AYst Y es 9n|
gt
Table 4. Results of CPEM by poisson regression
Variable Estimated value Std.error p-value
intercept —11.74 4.24x 1072 2.00x 10716
Run Rule 2 —1.23x10°° —1.26 0.02
Run Rule 3 —3.93x10°° —2.49 0.01
Run Rule 4 1.64x1079 —2.36 0.02
Mean 1.66 <10 469.89 2.00< 1010
Variance 7.00x10°! 556.65 2.00< 1010
Skewness —4.07x107" —924.18 2.00< 10710
Kurtosis —1.05x 107" —1,131.74 2.00x 10716

Poisson Regression

Observation : 6687, R squared : 0.92

Table 5. Results of CPEM by negative binomial regression

Variable Estimated value Std.error p-value
intercept —57.07 8.53x 102 2.00x 10716
Run Rule 2 —1.75x 107" 5.53x 10" * 2.00< 1071
Run Rule 3 —1.88x10°° 2.53x10°° 1.14x 101
Run Rule 4 3.16x10°° 2.65x10°° 2.00x 10716
Mean 4.50x 10! 6.83x 101 2.00x 1016
Variance 9.66 1.50 <1072 2.00x 1010
Skewness —1.67 3.09x10°° 2.00x 10716
Kurtosis —2.65x 10" 9.42x 10" * 2.00x 10716

Negative Binomial Regression
Observation : 6687, R squared : 0.91
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Figure 6. Comparisons of CPEI monitoring
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