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Bavuujav Delgerbulag

Advisor: Seongjoon Kim, Ph.D.

Department of Industrial Engineering

The Graduate School of Chosun University

In recent, the reliability of mobile devices from external physical shock is a major concern
for both manufacturer and customer. Since drop shock is the most frequent cause of failure
of mobile devices, the evaluation and management of the drop shock reliability is a very
important issue in the manufacturing phase. Contrary to the conventional control chart, the
low percentile is the main characteristic of interest to the drop shock reliability. Therefore,
in this study, we propose a robust percentile control chart method using the bootstrap method
considering model-misspecification when candidate distributions are Weibull, Log-normal,
Generalized Exponential, and Inverse-Gaussian. The numerical study is performed to
investigate the properties of the proposed method and compare to the existing methods. The
proposed method is illustrated using mobile display module data and the breaking strength

of carbon fiber data set.
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[3E 2] The in-control ARLO, bias and SD for the proposed method and the random data driven

method (n=10, m=20)

Proposed method Random data driven method
True Nominal
model ! o ARLO ARLO  bias sd ARLO  bias sd
0.01 100 121.60 21.60 4.44 122.04 22.04 4.22
0.01 0.005 200 265.18 65.18 9.79 265.23 65.23 9.21
0.0027 370.37 446.11 75.74 14.63 463.34 92.97 14.72
WB
0.01 100 117.99 17.99 4.01 125.17 25.17 4.22
0.1 0.005 200 262.08 62.08 8.60 27553 75.53 10.10
0.0027 370.37 446.07 75.70 14.56 462.99 92.62 14.27
0.01 100 117.81 17.81 5.04 124.15 24.15 4.80
0.01 0.005 200 241.58 41.58 9.15 231.48 31.48 9.31
0.0027 370.37 436.52 66.15 15.06 376.35 5.98 12.82
a 0.01 100 110.65 10.65 3.97 114.42 14.42 5.44
0.1 0.005 200 249.56 49.56 9.70 214.77 14.77 8.61
0.0027 370.37 415.41 45.04 14.75 377.11 6.74 14.39
0.01 100 165.73 65.73 6.39 217.51 117.51 7.90
0.01 0.005 200 392.53 192.53 14.61 487.50 287.5 16.41
0.0027 370.37 576.23 205.86 17.85 730.14 359.77 21.15
o 0.01 100 195.57 95.57 7.96 270.87 170.87 9.99
0.1 0.005 200 404.31 204.31 14.10 602.09 402.09 17.96
0.0027 370.37 632.97 262.60 19.51 911.31 540.94 24.40
0.01 100 135.01 35.01 5.14 126.88 26.88 5.26
0.01 0.005 200 288.03 88.03 10.99 266.97 66.97 10.45
0.0027 370.37 451.44 81.07 15.15 448.48 78.11 15.03
IG 0.01 100 130.29 30.29 5.87 117.79 17.79 4.81
0.1 0.005 200 260.52 60.52 9.81 23533 3533 9.16
0.0027 370.37 438.74 68.37 15.39 387.42 17.05 13.52
Total — g9.79 108.00
bias
16
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[3£ 3] The in-control ARLO , bias and SD for the weighted modeling method and the

parametric method (n=10, m=20)

) Weighted modeling Parametric method
n"fggzl P FAR N:%lj)al method
ARLO bias Sd ARLO bias Sd

0.01 100 25.71 74.29 0.67 120.84 20.84 4.20

0.01 0.005 200 35.88 164.12 1.04 248.47 48.47 8.15
0.0027 370.37 40.96 329.41 1.18 476.04 105.67 15.35

e 0.01 100 24.84 75.16 0.71 139.98 39.98 4.94

0.1 0.005 200 33.90 166.10 1.16 275.10 75.1 9.05
0.0027 370.37 4391 326.46 1.34 450.84 80.47 14.57

0.01 100 142.00 42.00 5.30 134.19 34.19 4.87
0.01 0.005 200 260.38 60.38 9.05 278.86 78.86 10.21
0.0027 370.37 429.16 58.79 13.87 496.14 125.77 16.36

= 0.01 100 132.57 32.57 493 140.64 40.64 5.61
0.1 0.005 200 262.62 62.62 9.63 292.45 92.45 10.64
0.0027 370.37 421.40 51.03 15.07 497.95 127.58 16.57

0.01 100 217.02 117.02 8.46 139.46 39.46 4.87
0.01 0.005 200 446.10 246.10 14.15 275.55 75.55 10.08

0.0027 370.37 690.05 319.68 19.19 348.66 21.71 9.33

o 0.01 100 290.35 190.35 10.45 142.51 4251 4.99

0.1 0.005 200 556.42 356.42 17.12 253.01 53.01 7.39

0.0027 370.37 870.67 500.30 23.12 363.14 7.23 9.54

0.01 100 154.26 54.26 5.79 136.73 36.73 5.46

0.01 0.005 200 313.40 113.40 11.23 27231 7231 9.38
0.0027 370.37 504.79 134.42 15.69 516.06 145.69 17.19

¢ 0.01 100 139.59 39.59 4.89 140.14 40.14 5.09
0.1 0.005 200 280.74 80.74 9.99 302.23 102.23 11.26
0.0027 370.37 457.50 87.13 14.67 506.21 135.84 16.54

Total biag 15343 68.43
17
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[3E 4] The in-control ARLO and sd for the parametric method (n=10, m=20)

Assumed model

| WB LN GE 1IG
True Nominal
model p FAR ARLO
ARLO Sd ARLO Sd ARLO Sd ARLO Sd
WB 248.47 8.15 26.92 0.84 3535 1.16 23.60 0.65
LN 733.29 16.80 278.86 10.21 171.41 5.82 243.83 8.60
0.01 0.005 200
GE 546.96 11.19 500.32 16.50 275.55 10.08 497.82 16.21
1G 626.45 11.74 334.13 12.06 211.07 8.66 27231 9.38
WB 275.10 9.05 26.93 0.83 33.98 1.24 2321 0.72
LN 775.80 12.75 292.45 10.64 139.94 4.93 239.34 8.91
0.1 0.005 200
GE 799.94 12.63 658.48 19.56 253.01 7.39 639.08 18.92
IG 784.55 12.22 301.80 10.53 159.64 5.94 302.23 11.26
WB 476.04 15.35 33.25 1.04 54.05 1.93 29.00 0.84
LN 756.84 12.56 496.14 16.36 261.12 7.70 419.18 14.07
0.01 0.0027 370.37
GE 699.35 12.18 826.65 2245 348.66 9.33 807.12 21.99
IG 799.23 12.76 556.64 17.92 350.44 13.04 516.06 17.19
WB 450.84 14.57 35.18 1.12 47.90 1.69 29.24 0.88
LN 855.68 12.80 497.95 16.57 202.79 6.37 438.39 14.58
0.1 0.0027 370.37
GE 896.07 12.25 1021.22 25.49 363.14 9.54 987.73 24.98
IG 903.94 12.44 502.69 16.55 261.81 10.26 506.21 16.54
WB 120.84 4.20 19.95 0.59 25.68 0.84 17.29 0.46
LN 426.04 9.88 134.19 4.87 96.10 3.54 128.78 5.54
0.01 0.01 100
GE 379.37 9.44 239.00 9.20 139.46 4.87 237.45 8.77
IG 478.47 10.77 143.75 4.93 104.56 4.62 136.73 5.46
WB 139.98 4.94 19.72 0.55 23.95 0.76 18.31 0.49
LN 660.80 12.27 140.64 5.61 72.68 2.60 132.74 4.89
0.1 0.01 100
GE 666.53 12.39 33845 11.82 142.51 4.99 294.98 10.29
IG 638.06 11.81 145.76 5.47 84.65 3.02 140.14 5.09
18
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[3E 5] The true model is Weibull , out-of-control ARLI and sd for the weighted modeling

method and the random data driven method

Weighted modeling Random data driven
method method
A Parameters ARL Sd ARL Sd
In-control p=4.699 2=120.58 43.91 1.34 462.99 14.27
S apm HE R (-1% HE) B=4.699 A=119.37 40.39 1.17 417.68 13.51
.~ ;ji N AT H S (5% \.ﬂE) B=4.699 A=114.55 28.12 0.79 244.04 8.66
(s W) AT H S (-10% #%) p=4.699 2=108.52 16.83 0.48 129.84 4.87
HER4 (s 8;1&) p=4.65 2=120.58 39.80 1.14 410.57 13.01
P e HERS (1% HE p=4.65 A\=119.37 36.93 1.11 377.96 12.26
(-1% %) ML (5% HE) p=4.65 A\=114.55 26.17 0.76 236.49 9.49
HERS (-10% W) B=4.65 1=108.52 15.03 0.42 112.08 4.00
HAERE (AT S p=4.46 A=120.58 29.50 0.87 264.93 9.09
PR AT T4 (1% %) p=4.46 A=119.37 29.20 0.88 232.40 8.04
(-5% H5) HERS (5% HE p=4.46 A=114.55 19.41 0.58 138.20 454
AT (-10% W) p=4.46 A=108.52 12.21 0.32 71.82 278
AL RF (HE QD) p=4.229 A=120.58 20.26 0.54 137.33 5.09
PA RS T H S (1% HE) B=4.229 A=119.37 19.31 0.54 115.32 3.78
(-10% H-F) T T (5% HE) B=4.229 A=114.55 13.70 0.36 75.29 2.46
2 2 H S ((10% %) p=4.229 2=108.52 9.25 0.27 4445 1.58

[3£ 6] The true model is Weibull, out-of-control ARL1 and sd for the proposed method and

the parametric method

Proposed method

Parametric method

e Parameters ARL Sd ARL Sd
In-control p=4.699 2=120.58 446.07 14.56 450.84 14.57
. ARG (1% HE p=4.699 A=119.37 422.98 14.41 410.68 12.77
(ﬁ;’ %j é;_) H R (5% HF) p=4.699 A=114.55 251.22 8.78 271.65 9.37
= - HE RS (-10% HE) p=4.699 1=108.52 132.19 4.79 133.76 5.08
AERSF AT D) p=4.65 1=120.58 385.07 12.88 394.42 12.74
FARE HAEE S (1% H%) p=4.65 A=119.37 348.88 11.75 371.24 12.78
(1% W %5) MRS (5% HE) p=4.65 A=114.55 227.67 8.15 226.43 8.27
HET S (-10% HF) p=4.65 1=108.52 111.85 4.06 119.44 4.92
HERF (AT D) p=4.46 =120.58 256.58 9.17 249.76 8.76
PR MR (1% HWF) p=4.46 =119.37 228.09 8.15 226.03 7.60
(-5% W5) HERF (5% W%) p=4.46 =114.55 133.53 4.69 144,31 573
MR (-10% HF) p=4.46 1=108.52 69.84 2.50 78.36 3.08
HAERSE (HE QD) p=4.229 1=120.58 126.56 4.42 134.22 4.98
Pahn s ARG (1% HE) p=4.229 A=119.37 113.38 3.87 127.24 4.89
(-10% %) RS (5% HE) p=4.229 A=114.55 74.93 2.39 83.40 2.92
2R (-10% HE) p=4.229 1=108.52 43.43 1.46 42.50 1.36
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[3E 7] The true model is Lognormal, out-of-control ARL1 and sd for the weighted modeling

method and the random data driven method

Random data driven ‘Weighted modeling
method method
AHE Parameters ARL Sd ARL Sd
Oneconwol WA6799 __ o-0229 37701 ___ 1439 ______ 21401507 _____
mean s/dev (+1% W) pn=4.6799 6=0.231 346.77 13.15 38232 13.49
MF 98 s/dev (+5% @%} u=4.6799 0=0.2404 195.49 8.02 229.14 8.10
s/dev (+10% ¥5) n=4.6799 0=0.2519 101.95 438 124.65 4.46
s/dev (H& 91+) n=4.633 6=0.229 109.41 4.90 134.07 5.60
mean s/dev (+1% H&) pn=4.633 06=0.231 94.32 3.66 121.10 4.73
(-1%W F) s/dev (+5% WF) pn=4.633 6=0.2404 61.62 2.95 71.63 2.62
s/dev (+10% W) pu=4.633 06=0.2519 34.65 1.25 43.23 1.48
s/dev (W5 ) u=4.446 6=0.229 3.31 0.160 4.40 0.107
mean s/dev (+1% W5 n=4.446 6=0.231 3.09 0.073 429 0.098
(-5%W %) s/dev (+5% W5) pn=4.446 6=0.2404 271 0.064 3.56 0.071
s/dev (+10% W) u=4.446 06=0.2519 2.35 0.047 3.12 0.066
sidev (W S p=4.212 6=0.229 1.035 0.0045 1.30 0.014
mean s/dev (+1% W) n=4.212 0=0.231 1.031 0.0041 1.29 0.013
(-10%%-5) s/dev (+5% W& n=4.212 06=0.2404 1.030 0.0043 1.27 0.012
s/dev (+10% ¥ 5) p=4.212 6=0.2519 1.024 0.0035 1.25 0.012

[3E 8] The true model is Lognormal, out-of-control ARLI and sd for the proposed method

and the parametric method

Proposed method Parametric method
S Parameters ARL Sd ARL Sd
________________ In-control _______________ _w=46799 __ _0=0229 41541 1475 49795 __ 1657 ___
mean s/dev (+1% %) u=4.6799 0=0.231 366.85 13.64 419.53 14.79
(BE 212 s/dev (+5% W5) u=4.6799 0=0.2404 214.67 8.84 252.85 9.14
s/dev (+10% HF) p=4.6799 0=0.2519 104.43 3.57 136.45 5.24
s/dev (H& o) u=4.633 0=0.229 123.55 5.19 142.23 5.95
mean s/dev (+1% W) u=4.633 0=0.231 107.81 3.82 142.04 6.06
(-1% ¥5) s/dev (+5% %) u=4.633 0=0.2404 64.39 2.34 75.68 2.81
s/dev (+10% ¥ %) u=4.633 0=0.2519 38.72 1.40 47.66 1.61
sidev (5 S) u=4.446 0=0.229 3.39 0.086 3.59 0.091
mean s/dev (+1% 5 p=4.446 0=0.231 332 0.076 3.51 0.078
(-5% W E) s/dev (+5% W) u=4.446 0=0.2404 291 0.064 3.04 0.069
s/dev (+10% WHE) u=4.446 0=0.2519 2.36 0.045 2.55 0.051
sidev (W% 818) p=4.212 0=0.229 1.038 0.0047 1.045 0.0052
mean sidev (+1% W5%) p=4.212 0=0.231 1.032 0.0042 1.041 0.0046
(-10% HE)  s/dev (+5% HE p=4.212 0=0.2404 1.032 0.0043 1.038 0.0046
s/dev (+10% Hi5) p=4.212 0=0.2519 1.029 0.0040 1.035 0.0045
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[3£ 9] The true model is Generalized exponential, out-of-control ARL1 and sd for the

weighted modeling method and the random data driven method

Random data ‘Weighted modeling
driven method method
AFE) Parameters ARL Sd ARL Sd
In-control a=81.08 1=0.0447 911.31 24.40 870.67 23.12
alpha lambda (+1% @% =81.08 2=0.0451 818.95 22.37 677.51 19.51
(A% 92 lambda (+5% W) a=81.08 2=0.0469 311.44 11.96 280.64 10.26
lambda (+10% %A %") a=81.08 2=0.049 92.82 4.29 88.36 4.21
lambda (%15 $1+3) a=80.27 2=0.0447 910.98 23.92 777.49 21.32
alpha lambda (+1% W& a=80.27 1=0.0451 735.68 21.54 672.87 19.58
(-1% WE) lambda (+5% W) =80.27 2=0.0469 288.00 11.79 257.48 9.44
lambda (+10% W 5) a=80.27 2=0.049 88.26 4.20 87.89 3.26
lambda (M & $1+5) a=77.02 1=0.0447 635.52 19.58 587.39 18.10
alpha lambda (+1% ¥ a=77.02 2=0.0451 547.88 17.60 499.01 16.80
(-5% W-5) lambda (+5% & a=77.02 2=0.0469 197.28 8.25 183.89 7.06
lambda (+10% W 5) a=77.02 2=0.049 57.16 2.20 54.33 1.90
lambda (|5 1) a=72.97 1=0.0447 439.58 15.02 414.59 14.49
alpha lambda (+1% &) a=72.97 2=0.0451 350.46 12.53 319.66 12.11
(-10% W-5) lambda (+5% W) a=72.97 2=0.0469 117.00 4.70 102.18 3.38
lambda (+10% ¥l %) 0=72.97 1=0.049 38.07 1.63 36.01 1.25

[3E 10] The true model is Generalized exponential, out-of-control ARL1 and sd for the

proposed method and the parametric method

Proposed method

Parametric method

el Parameters ARL Sd ARL Sd
In-control 0=81.08 A=0.0447 632.97 19.51 363.14 9.54
alpha lambda (+1%H %) 0=81.08 A=0.0451 547.30 18.34 305.68 8.63
(A= 912 lambda (+5% ¥ %) a=81.08 A=0.0469 193.82 8.74 128.74 4.90
lambda (+10% W % a=81.08 A=0.049 58.35 2.52 4531 224
lambda (15 1) 0=80.27 A=0.0447 627.38 18.78 346.49 9.08
alpha lambda (+1% ¥ & 0=80.27 A=0.0451 553.56 18.32 286.05 8.40
(-1% %) lambda (+5% W %) 0=80.27 A=0.0469 164.35 6.98 123.59 4.54
lambda (+10% %) 0=80.27 A=0.049 52.11 2.11 37.55 1.51
lambda (%5 $1+) 0=77.02 A=0.0447 444.65 15.03 255.28 7.65
alpha lambda (+1% ¥ F) 0=77.02 A=0.0451 372.23 13.76 209.88 6.62
(-5% WH5) lambda (+5% W %) 0=77.02 A=0.0469 118.77 4.76 82.59 3.37
lambda (+10% %) 0=77.02 A=0.049 35.46 1.36 27.83 1.04
lambda (5 1) 0=72.97 A=0.0447 277.51 10.83 173.91 6.08
alpha lambda (+1% ¥ &) 0=72.97 A=0.0451 222.19 8.77 147.43 5.56
(-10% ¥F)  lambda (+5% ¥ %) 0=72.97 A=0.0469 69.06 2.61 48.20 1.83
lambda (+10% ¥ %5) 0=72.97 A=0.049 24.48 0.94 19.79 0.80
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[3E£ 11] The true model is Inverse-Gaussian, out-of-control ARL1 and sd for the proposed

method and the parametric method

Proposed method Parametric method
AFE) Parameters ARL Sd ARL Sd
In-control p=110.55 1=2035.72 438.74 15.39 506.21 16.54
mean Shape (-1% ®5 p=110.55 v=2015.36 434.46 14.97 460.47 15.59
(BE 918) Shape (5% W) p=110.55 v=1933.93 293.85 10.55 324.85 11.70
Shape (-10% %) p=110.55 v=1832.15 221.25 8.93 250.64 10.08
Shape (W% 9l p=109.55 v=2035.72 370.57 12.74 412.49 14.44
mean Shape (-1% W-E) u=109.55 v=2015.36 365.76 12.79 392.37 13.61
(-1% %) Shape (-5% ¥ p=109.55 v=1933.93 269.56 11.02 273.66 10.36
Shape (-10% %) p=109.55 v=1832.15 166.27 6.45 198.75 7.78
Shape (W& 81+) p=105.02 v=2035.72 164.31 6.55 196.15 8.06
mean Shape (-1% %) p=105.02 v=2015.36 150.46 5.58 171.74 6.93
(-5% ¥%5) Shape (-5% H%) p=105.02 v=1933.93 109.64 4.74 131.15 5.30
Shape (-10% H§) p=105.02 v=1832.15 83.48 3.36 84.74 3.62
Shape (H& $1&) u=99.49 v=2035.72 56.86 2.18 63.50 2.72
mean Shape (-1% %15) 1=99.49 v=2015.36 55.45 2.99 57.68 2.11
(-10% H-5) Shape (-5% W%) §=99.49 v=1933.93 40.56 1.42 47.60 1.77
Shape (-10% %) u=99.49 v=1832.15 30.99 1.27 34.00 1.46

[3£ 12] The true model is Inverse-Gaussian, out-of-control ARL1 and sd for the weighted

modeling method and the random data driven method

Random data driven Weighted modeling

method method
AHE) Parameters ARL Sd ARL Sd
In-control p=110.55 v=2035.72 387.42 13.52 457.50 14.67
mean Shape (-1% ¥) p=110.55 v=2015.36 363.70 13.19 436.75 14.62
(A% 918) Shape (-5% ¥5) p=110.55 v=1933.93 282.58 11.19 326.24 12.33
Shape (-10% W) u=110.55 v=1832.15 179.67 8.17 239.00 9.21
Shape (W& 915) u=109.55 v=2035.72 337.72 13.00 408.67 14.16
mean Shape (-1% W &) p=109.55 v=2015.36 332.20 12.96 370.79 13.39
(-1% ¥%) Shape (-5% W %) u=109.55 v=1933.93 233.36 9.45 281.15 9.91
Shape (-10% %) p=109.55 v=1832.15 152.25 6.29 197.82 7.51
Shape (WM& $+) u=105.02 1=2035.72 151.81 7.08 199.17 8.45
mean Shape (-1% ¥5) u=105.02 v=2015.36 135.07 5.67 175.10 6.70
(-5% ®¥8) Shape (-5% %) p=105.02 v=1933.93 108.83 4.83 139.88 5.79
Shape (-10% ¥%) u=105.02 v=1832.15 68.42 3.56 94.88 3.60
Shape (M & $1) §=99.49 v=2035.72 49.34 2.48 70.32 2.53
mean Shape (-1% H5) 1=99.49 v=2015.36 48.18 1.79 66.35 2.53
(-10% W) Shape (-5% H-5) u=99.49 v=1933.93 38.80 1.86 53.83 221
Shape (-10% ¥1%5) u=99.49 v=1832.15 25.83 0.83 37.96 1.42
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Given hg and Ah,
set a drop height h = hy

v

For i-th test item,

perform a drop impact at h

2 tH(Kim, Kwon et al. 2020). %1714 h, -

1044, x5t 5 A vl o] El o] o,

Increase the drop height
by Ah (i.e. h = h + Ah)

Right-censored
data: (h,y,, @)

Interval-censored

data: (x; — Ah, x;)
[19H 5] 938t AA 9
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Left-censored
data: (0, x;)
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&4 5-(Carbon fiber) 7= H]©] E] A}#|

(Padgett and Spurrier 1990)5-©] X.11.3} 37, (Nichols and Padgett 2006)2! (Chiang, Lio et al.
2018)%G-°] F7F= A3+ €A A -F (carbon fiber) H 0 E] A|EE #|QF WY & 2] £8}+=1
ARE-sEGITE [ 13]00 4 B vke) o] B 9] 37 HlolE Al E= F 7HA]
3} E (in-control % out of control)l| A 74 . AW A 1071 8] F& 5 (A717Fn=52]
m=10 FE )W 2 7P S ¢ gl om, wiA e 107 8] FE TS delol Y H R

Mkilsg

rSL'

[3£ 13] The breaking strength of carbon fiber data set

Subgroup Observations
1 3.70 2.74 2.73 2.50 3.60
2 3.11 3.27 2.87 1.47 3.11
3 4.42 2.41 3.19 322 1.69
4 3.28 3.09 1.84 3.15 4.90
5 3.75 2.43 2.95 2.97 3.39
6 2.96 2.53 2.67 2.93 322
7 3.39 2.81 4.20 3.33 2.55
8 3.31 3.31 2.85 2.56 3.56
9 3.15 2.35 2.55 2.59 2.38
10 2.81 2.77 2.17 2.83 1.92
11 1.41 3.68 2.97 1.36 0.98
12 2.76 491 3.68 1.84 1.59
13 3.19 1.57 0.81 5.56 1.73
14 1.59 2.00 1.22 1.12 1.71
15 2.17 1.17 5.08 2.48 1.18
16 3.51 2.17 1.69 1.25 4.38
17 1.84 0.39 3.68 2.48 0.85
18 1.61 2.79 4.70 2.03 1.80
19 1.57 1.08 2.03 1.61 2.12
20 1.89 2.88 2.82 2.05 3.65
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