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Figure 2.1 Structure of the MSPC procedure using a decision tree
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Table 2.1 Coding scheme for the standadized data

standadized data coding value
Y;:,; < —7.375 -30
=737 <Y; ; < —7.125 -29
—-0.375 < Y; ; < —0.125 -1
—0.125 < Y;,; < 0.125
0.125 < Y; ; < 0.375 1
7.125 <Y; ; < 7.375 29

Y; ; > 7.375 30
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Table 2.25 23 oA AF3 vie} o] A= F7|7 AZATE A Fgd ol AR,
o] EN o it BHA] 5 o] WolRE= AL ¢ 4 Uk AlF fi% 2 A2F o7 (A 58)E A<

sto] o] A= A7]E w = 1022 1At

Table 2.2 ARL values with different window sizes (w)

w in-control out-of-control
4 35 2.95
6 78 3.69
10 300 5.15
16 366 6.49
28 783 9.52
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R AL AT S gom, A GAFRA o] S Agstel T4 HEIE BUY

Table 2.3 Shift types of the bivariate process control procedure
shift Yi1 N U U U N N D D D
status Yi 2 N U N D U D U N D

type code TO T1 T2 T3 T4 T5 T6 T7 T8
* N: no shift, U: upward shift, D: downward shift

o714 o3 SE] HlolE el 7 WS e dElel ol EES] BEE ol FoA St el dEiet
olTEE T WEAHS s oF Ak 1 o= FEWSE o5 A=y e o835t
H538E7) Wzl Agolls #e ol o= AR o] % ol el = W= FEjS] B tlolHE A
ke 2ol ° Bgst] 2ot oE 5o AWstd, 2700 FAMe] WE 27171 (-3, -3)< 73
9] B HlolHE A= 2719 % Ao WE 2717} (-3, -3)< B Adsh= Aol oz}, o
59 2719 b= HEIQ] B9 BASAL oj= AR o]FHH (-3, -3)% A7 AEsiA A8t
A At

HBIAIE Y] G2 AT 98l A= 2719 1/4, 1/2, 3/4 ARS 13T o] =FA €

= A7 1082 AAF7) wiel, g5 dlolH e 2tz 39, 53A], 8HAFE 7} o] /e ol A dl
olHE A% Aolnt. Fg¥ ol 7 F-%uitt 10000 RHEsto] ALK FF g Table 2.4 AA|
skt olml ABAlsE p = 0.5 7Pt ok AdAs ftel deid e 232 AT FAF
S FFE Hol7] wiZell p=0.5<1 Aol thgk 23k AlA skt

Table 2.4014 W3tAH o] 3/4Q -9 BeldefolAe] Fgddole 242 ofF 22 g2 27 wl&
of, & £7HEe A W7t Y7 W7 wlEel o] g2 At bty MBAIR o] 1/43} 1/28 W]aws)
He o] el 'A sHolAE 1/29 A7t £ o SA H2)EE oM e B dolodlA 2 Aol
7 W) wiEell, S5 HlolEodlA deldEiet o YEE FEste WEAIAEL 1/42 ARgSke Aol vt
g st At

Table 2.4 ARL values with difference shift points of the learning data set

shift size shift point
k1 2 1/4 1/2 3/4
0 0 300 105 24
-3 4.34 4.23 2.29
-2 4.64 4.47 2.49
-3 0 4.89 4.78 2.51
2 4.07 4.40 2.40
3 3.99 4.31 2.36
-3 4.82 4.42 2.42
-2 5.61 4.84 2.77
-2 0 6.46 5.39 2.89
2 4.59 4.44 2.42
3 4.48 4.34 2.31
-3 5.19 4.49 2.37
-2 6.43 5.18 2.87
0 2 6.70 4.97 3.00
3 5.39 4.32 2.49
-3 4.59 3.93 2.17
-2 5.03 4.24 2.40
2 0 6.40 5.39 2.92
2 5.94 4.54 2.83
3 5.40 4.12 2.57
-3 4.43 3.76 2.12
-2 4.69 3.96 2.30
3 0 5.28 4.60 2.56
2 5.13 4.31 2.53
3 5.00 3.94 2.51

average 5.15 4.47 2.52
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Table 2.5 Learning data set when p = 2, w = 10, and p = 0.5

shift size 1 data
no. class
k1 ko Yiin Yipe 41 Y21  Yapo o2 e Yi0,1  Yio,2 d10
1 0 0 TO 7 6 1.905 3 0 0.782 ce -4 -6 1.452
2 0 0 TO -1 -1 0.383 -8 -4 1.986 ce 1 5 1.314
2000 0 0 TO -2 -2 0.650 -3 -1 0.647 ce -3 -2 0.800
2001 0 -2 T5 3 4 1.048 -3 0 0.740 cee -2 -7 1.782
2002 0 -2 T5 3 -2 1.108 2 -2 1.001 cee -2 -14 3.676
3001 -3 -2 T8 2 0 0.460 -3 5 1.920 ce -15 -9 3.742
3002 -3 -2 T8 5 7 1.770 -3 4 1.680 ce -9 -5 2.360
4400 3 3 T1 4 2 1.091 -3 -1 0.718 cee 18 5 4.546
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Table 2.59] &5 dlolelel el JAZAAVE 7S A8 A$ 97 ko FH'J 25 A= A
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AR, gl 108709 73, vHE 164 5370e] 2], b5 204 55709] 473, ﬂl HHE 3]
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+ &% FAdo] uehdla, Ad do gz 27" #X <= #HEekan] (Laplace ratio) 24 25



646 Kwang Young Jung - Jacheon Lee

2] Ae=E vehdroh. sk dlolge tisl & 288709 7 #He A8 F¢ AL

(440079 o553 HlolH & 707t E7H)E dEtEth olfA AEFE0l =4 vehd AL &5
olHE AT W, F7o WEFo| ol A2 AP (ki k27F 1 EE

e Aeg dddr

oA 3. ohuiEr ZA A o

oA 2014 AE ER/
10)ollA Z+ Al utet 2709
dAE AR 30719 94
HE e 4 gl o
TAS F85te] Jyok
A T8z E7H A% o
Z AAE 2014 AR 119 &
AL A% THEste] A o4k f

_12i
ofo

J@Elo] A-g3 o, WA 107 A1F (AR 104 AF
}0% gt vl AR E ALtela, 253 WA 2@ 79
ol AT 3719 w = 10 AF7AE TR A
1a‘r e 4 Qloh FAE A s dhA 2004 AAAH
d TOE 2FE A% thx AIHCRE goirtar, Tl
ojtt. ¥ TOR £79 A% A A=LE o] 5AIA,
Jote] 57 AS o] AL "ot ol 22
3= Aot

Table 2.6 Classification rules derived from the decision tree when p = 2, w = 10, and p = 0.5
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1 .
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2 .
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Table 3.1 Performance of the MSPC procedure when p = —0.9

k1 ko ARL class correct CR incorrect CR
0 0 228.47 TO - -
-3 3.48 T8 88.40% T3 (7.8%), T6 (3.1%)
-2 3.50 T8 82.40% T6 (7.3%), T3 (7.1%)
-3 0 3.48 T7 20.00% T6 (49.7%), T2 (16.5%)
2 4.16 T6 87.70% T7 (5.7%), T4 (3.7%)
3 4.21 T6 91.40% T4 (4.8%), T7 (2.7%)
-3 3.54 T8 82.10% T3 (10.4%), T6 (4.3%)
-2 3.59 T8 58.50% T3 (11.7%), T5 (9.7%)
-2 0 3.73 T7 15.50% T6 (50.2%), T2 (18.5%)
2 5.63 T6 97.70% T4 (1.1%), T3 (0.9%)
3 4.11 T6 84.10% T4 (9.3%), T7 (4.6%)
-3 3.75 T5 37.90% T3 (43.7%), T6 (4.9%)
-2 3.87 T5 26.50% T3 (48.7%), T2 (11.1%)
0 2 4.24 T4 50.10% T6 (27.5%), T2 (17.4%)
3 4.04 T4 53.90% T6 (34.6%), T2 (6.7%)
-3 4.04 T3 89.40% T2 (5.1%), T5 (3.9%)
-2 5.61 T3 98.30% T2 (1.2%), T5 (0.2%)
2 0 4.13 T2 73.00% T3 (18.7%), T4 (6.3%)
2 3.97 T1 48.00% T2 (28.0%), T4 (13.0%)
3 3.65 T1 71.90% T8 (8.5%), T2 (7.6%)
-3 4.14 T3 92.40% T2 (6.3%), T5 (0.8%)
-2 4.17 T3 84.40% T2 (13.2%), T6 (0.9%)
3 0 3.80 T2 79.40% T3 (13.7%), T4 (4.1%)
2 3.67 T1 72.80% T2 (12.3%), T8 (6.4%)
3 3.62 T1 71.00% T8 (10.1%), T6 (6.3%)
average 4.01 - 69.03% -

* CR: classification rate
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Table 3.2 Performance of the MSPC procedure when p = 0.9

k1 ko ARL class correct CR incorrect CR
0 0 355.22 TO - -
-3 5.01 T8 99.50% T7 (0.3%), T1 (0.1%)
-2 5.01 T8 91.40% T7 (8.1%), T1 (0.3%)
-3 0 4.97 T7 85.50% T8 (11.3%), T4 (1.4%)
2 4.33 T6 44.90% T7 (38.6%), T1 (8.0%)
3 4.12 T6 45.60% T7 (33.3%), T1 (13.2%)
-3 5.03 T8 96.80% T5 (1.5%), T2 (1.0%)
-2 6.15 T8 99.60% T7 (0.2%), T1 (0.1%)
-2 0 5.09 T7 77.10% T8 (16.3%), T4 (5.0%)
2 4.58 T6 30.80% T7 (39.3%), T4 (17.8%)
3 4.31 T6 42.90% T7 (34.6%), T1 (11.1%)
-3 4.96 T5 74.10% T8 (16.6%), T2 (7.2%)
-2 5.22 T5 75.40% T8 (15.7%), T2 (8.1%)
0 2 4.97 T4 65.40% T1 (24.8%), T7 (8.8%)
3 4.76 T4 61.80% T1 (30.9%), T7 (3.8%)
-3 4.42 T3 47.80% T5 (22.7%), T6 (16.9%)
-2 4.64 T3 30.00% T5 (34.1%), T2 (15.5%)
2 0 5.07 T2 42.80% T5 (28.9%), T1 (27.6%)
2 5.48 T1 99.20% T8 (0.5%), T2 (0.2%)
3 4.50 T1 97.90% T4 (1.1%), T8 (0.6%)
-3 4.05 T3 42.90% T6 (28.2%), T1 (19.0%)
-2 4.20 T3 34.20% T6 (28.4%), T1 (15.3%)
3 0 4.77 T2 32.20% T1 (36.2%), T5 (29.6%)
2 4.31 T1 98.70% T2 (1.1%), T5 (0.1%)
3 4.15 T1 99.60% T8 (0.2%), T2 (0.1%)
average 4.75 - 67.34% -

* CR: classification rate

Table 3.3 Performance of the MSPC procedure when p = —0.5

k1 ko ARL class correct CR incorrect CR
0 0 155.52 TO - -
-3 3.92 T8 77.50% T5 (9.7%), T7 (8.9%)
-2 4.17 T8 71.80% T7 (14.0%), T5 (9.7%)
-3 0 5.02 T7 65.00% T6 (18.6%), T8 (8.0%)
2 4.46 T6 81.00% T4 (8.7%), T7 (8.2%)
3 4.25 T6 81.80% T4 (11.3%), T7 (5.0%)
-3 4.14 T8 65.30% T5 (18.7%), T7 (13.4%)
-2 4.42 T8 51.50% T7 (23.8%), T5 (20.8%)
-2 0 5.92 T7 72.20% T6 (19.3%), T5 (3.8%)
2 5.20 T6 74.80% T4 (17.2%), T7 (7.0%)
3 4.58 T6 62.40% T4 (31.7%), T7 (3.6%)
-3 4.98 T5 80.00% T8 (9.2%), T3 (5.2%)
-2 6.17 T5 83.80% T3 (5.7%), T7 (3.8%)
0 2 6.00 T4 89.30% T6 (5.4%), T2 (2.5%)
3 5.03 T4 91.80% T6 (2.9%), T1 (2.5%)
-3 4.90 T3 47.20% T5 (30.1%), T2 (20.1%)
-2 5.26 T3 52.90% T2 (28.8%), T5 (16.8%)
2 0 5.97 T2 88.40% T3 (5.8%), T4 (2.1%)
2 4.91 T1 31.10% T4 (43.1%), T2 (22.9%)
3 4.69 T1 40.50% T4 (45.4%), T2 (11.9%)
-3 4.31 T3 43.20% T2 (32.7%), T5 (20.6%)
-2 4.68 T3 42.00% T2 (43.8%), T5 (12.0%)
3 0 4.77 T2 87.00% T3 (3.4%), T1 (3.1%)
2 4.56 T1 41.70% T2 (29.3%), T4 (27.0%)
3 4.27 T1 48.70% T4 (25.9%), T2 (23.0%)
average 4.86 - 65.45% -

* CR: classification rate
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Table 3.4 Performance of the MSPC procedure when p = 0.5

k1 ko ARL class correct CR incorrect CR
0 0 300.12 TO - -
-3 4.34 T8 47.50% T5 (25.8%), T7 (24.2%)
-2 4.64 T8 41.90% T7 (40.1%), T5 (14.4%)
-3 0 4.89 T7 80.40% T6 (10.2%), T8 (4.2%)
2 4.07 T6 53.80% T7 (37.2%), T4 (6.6%)
3 3.99 T6 61.50% T7 (30.7%), T4 (6.2%)
-3 4.82 T8 53.80% T5 (32.5%), T7 (9.7%)
-2 5.61 T8 64.90% T7 (17.2%), T5 (16.2%)
-2 0 6.46 T7 86.00% T6 (5.2%), T8 (4.8%)
2 4.59 T6 51.00% T4 (24.3%), T7 (23.1%)
3 4.48 T6 63.40% T4 (19.0%), T7 (16.9%)
-3 5.19 T5 84.30% T8 (5.6%), T3 (3.6%)
-2 6.43 T5 86.60% T8 (5.2%), T3 (3.0%)
0 2 6.70 T4 88.70% T1 (5.2%), T6 (3.9%)
3 5.39 T4 86.60% T6 (6.7%), T1 (4.4%)
-3 4.59 T3 44.40% T5 (33.6%), T2 (15.4%)
-2 5.03 T3 38.50% T2 (34.5%), T5 (21.3%)
2 0 6.40 T2 90.60% T1 (3.5%), T3 (2.1%)
2 5.94 T1 61.30% T2 (19.0%), T4 (18.5%)
3 5.40 T1 54.60% T4 (29.8%), T2 (14.9%)
-3 4.43 T3 48.30% T5 (26.5%), T2 (20.6%)
-2 4.69 T3 42.00% T2 (35.0%), T5 (16.8%)
3 0 5.28 T2 87.60% T1 (3.9%), T4 (3.5%)
2 5.13 T1 46.70% T2 (36.8%), T4 (15.1%)
3 5.00 T1 50.50% T2 (25.7%), T4 (22.5%)
average 5.15 - 63.12% -

* CR: classification rate

Table 3.5 Performance of the MSPC procedure when p = —0.1

k1 ko ARL class correct CR incorrect CR
0 0 142.01 TO - -
-3 3.94 T8 41.50% T7 (39.1%), T5 (15.4%)
-2 4.12 T8 39.20% T7 (48.7%), T5 (8.0%)
-3 0 4.25 T7 86.80% T6 (6.6%), T8 (4.3%)
2 4.42 T6 59.50% T7 (35.0%), T4 (3.2%)
3 4.27 T6 71.50% T7 (21.7%), T4 (4.4%)
-3 4.19 T8 42.50% T5 (26.9%), T7 (26.7%)
-2 4.57 T8 45.00% T7 (33.8%), T5 (17.7%)
-2 0 5.83 T7 82.60% T6 (9.6%), T8 (4.9%)
2 5.13 T6 67.80% T7 (21.5%), T4 (8.7%)
3 4.83 T6 73.90% T7 (13.1%), T4 (11.3%)
-3 4.59 T5 87.70% T3 (4.9%), T8 (3.9%)
-2 5.78 T5 90.40% T8 (3.9%), T3 (2.9%)
0 2 6.49 T4 86.70% T6 (5.8%), T1 (5.2%)
3 5.76 T4 80.90% T1 (8.9%), T6 (8.5%)
-3 4.31 T3 36.40% T5 (57.9%), T2 (4.2%)
-2 4.92 T3 48.50% T5 (41.4%), T2 (7.9%)
2 0 6.60 T2 85.30% T3 (7.4%), T1 (2.9%)
2 5.46 T1 67.10% T2 (19.2%), T4 (11.8%)
3 5.12 T1 74.70% T2 (12.6%), T4 (10.0%)
-3 4.09 T3 41.30% T5 (47.7%), T2 (8.0%)
-2 4.52 T3 56.00% T5 (28.2%), T2 (13.3%)
3 0 5.59 T2 81.10% T3 (9.9%), T1 (4.4%)
2 4.99 T1 66.30% T2 (27.6%), T4 (3.8%)
3 4.85 T1 75.00% T2 (19.3%), T4 (4.0%)
average 4.94 - 66.15% -

* CR: classification rate
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Table 3.6 Performance of the MSPC procedure when p = 0.1

k1 ko ARL class correct CR incorrect CR
0 0 109.46 TO - -
-3 4.37 T8 77.80% T5 (14.8%), T7 (4.4%)
-2 4.81 T8 76.20% T7 (12.4%), T5 (9.9%)
-3 0 5.53 T7 79.80% T6 (8.8%), T8 (7.3%)
2 4.42 T6 79.30% T7 (13.2%), T4 (5.5%)
3 4.14 T6 87.70% T7 (5.7%), T4 (4.9%)
-3 4.62 T8 59.70% T5 (34.7%), T7 (4.6%)
-2 5.19 T8 64.00% T5 (20.5%), T7 (14.6%)
-2 0 6.20 T7 84.90% T8 (6.1%), T6 (4.7%)
2 4.86 T6 76.20% T4 (11.4%), T7 (9.7%)
3 4.41 T6 76.90% T4 (16.9%), T7 (4.3%)
-3 4.67 T5 89.90% T3 (3.9%), T8 (3.9%)
-2 6.16 T5 86.90% T3 (4.4%), T8 (4.4%)
0 2 6.55 T4 84.00% T6 (7.4%), T1 (5.0%)
3 5.69 T4 82.70% T6 (9.2%), T1 (4.5%)
-3 4.20 T3 52.30% T5 (34.0%), T2 (12.1%)
-2 4.79 T3 49.70% T2 (24.3%), T5 (24.3%)
2 0 5.91 T2 82.70% T1 (6.1%), T3 (5.3%)
2 4.77 T1 62.40% T2 (18.1%), T4 (16.4%)
3 4.60 T1 68.20% T4 (18.1%), T2 (10.4%)
-3 4.17 T3 62.50% T5 (19.7%), T2 (14.7%)
-2 4.55 T3 59.00% T2 (25.6%), T5 (12.9%)
3 0 4.96 T2 81.50% T1 (8.3%), T3 (5.1%)
2 4.26 T1 66.50% T2 (20.0%), T4 (9.7%)
3 4.14 T1 77.10% T4 (14.4%), T2 (6.1%)
average 4.92 - 73.66% -

* CR: classification rate
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Abstract

In today’s manufacturing environment, the process data can be easily measured and
transferred to a computer for analysis in a real-time mode. As a result, it is possible
to monitor several correlated quality variables simultaneously. Various multivariate
statistical process control (MSPC) procedures have been presented to detect an out-of-
control event. Although the classical MSPC procedures give the out-of-control signal,
it is difficult to determine which variable has caused the signal. In order to solve
this problem, data mining and machine learning techniques can be considered. In this
paper, we applied the technique of decision tree learning to the MSPC, and we did
simulation for MSPC procedures to monitor the bivariate normal process means. The
results of simulation show that the overall performance of the MSPC procedure using
decision tree learning technique is similar for several values of correlation coefficient,
and the accurate classification rates for out-of-control are different depending on the
values of correlation coefficient and the shift magnitude. The introduced procedure has
the advantage that it provides the information about assignable causes, which can be

required by practitioners.

Keywords: Computer integrated manufacturing, data mining, decision tree learning,

multivariate process control.
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