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Optimal Sampling Method of Censored Data for Optimizing Preventive Maintenance
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Abstract As there is no failure data for the entire lifecycle of a product, when analyzing reliability measures based on
early failure data only, there may be a significant error between the estimated mean life and the real one, because it can be
underestimated, or on the other hand, it can be overestimated when analyzing reliability measures based on a large amount
of censored data with the failure data. To resolve the issue, this study proposes an optimal sampling estimation procedure
that selects the proportion of censored data to estimate the optimal distribution with the idea that the estimated distribution
could be approximated as closely as the real life distribution. This would work if we sampled the optimal proportion on the
censored data, because failure data has real intrinsic distribution in any situation. We validate the proposed procedure using
an actual example. If the proposed method is applied to the maintenance policy of TWC (Train to Wayside Communication)
system, then we can establish the optimal maintenance policy. Thus, we expect that it will be effective for improvement of
reliability and cost savings.

Keywords : Preventive Maintenance, Censored Data, Optimal Sampling, TWC
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Table 1 Number of failures and censored data by use interval for
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Total 4004 42510

AQrst HA MZe S '
Aoleln -8 F9l g BRFA L o @
g2 =
“ =

ARG AL ‘OW Ao

HEATO] A1 H7]€ *PHME} AXFS A% 4
AAE NS R = oF 42,00007 N7k EIU%, 54—2 12
W o=k g O AleE AA o 10%) 4,004 3L
o] A FEe AlFS o 5 gl tiiled X" F
Zro] WAl ek A7 o] AL %Lﬂoﬂ et A5E T
AT AR i 1 e FEAEG g dist A
B Table 13} #t}.
Table 1°l 1 AETS g e R o] A 7 A
ol 2.2 glo)E By BIAT U w4 o=
‘?jﬂr FFEREmRolo] WS AME-EFe] 4 (6)9] 2-F
O] FEULEFF(F ()0l tiet B4E 45
31201 31, B 2.45540] A} A (7)& o] 8351
(MTTF)% ehd 5.52d0] ®oh

f &gl

K

¥

‘10 HU:
ﬁ jz}i “‘

o (2 )y b o
o,
ﬁr*&

oon

pis

B

fiy= ﬁ(ﬂ) o ©)

7|14, = HE E(Scale parameter), f= A B¢
(Shape parameter)S 2] v] gtu},

MTTF= j;’r Abdt (7)
o2 3HH, Table 19 73 A5 T4 A8 AAE

o w 7P Aget w3 RaRAAY Bx8 v A}
29 R TS WO 2 (8)S] RIRAAE R



3

oy

oz

JH| F[=

S i

I3t SEHE =2l AT B Wot

FRATss| =27 H16H M35(2013H 62) 199

kil

rok

o] AEUESF(F ()l et B545 F48Hd p= 2.9054 Table 2 MSE per sampling proportion for the terminal unit
°]i, o= 0.4471°] Hrh A (NS o]&3te] Hitrd Sampling ratio (%) MSE

(MTTF)& F-sh9 26.02'd¢] # o} 10 12.86113
7 20 5.153203
f(’)‘— 30 1.861881
o1+’ (8) 40 0.194678
_In@®)—u 50 0.021384
a 60 0.121406
AVIM, p= HE BT, o B EFE v drh 70 0.334125
Azs} T2 2421e] SEULTFE 3 )9 TFEoR 1 20 0581083
Bl 9 Fig. 29 Zor, #4E Fdxlg 24 A8 AZE % 0835514
9lo1Q1 Weibull++ v8& AHE-3l3ith A2t A5 1% 3 100 077847

2 o] 83tol RASIG] uhEe] AFVEFIL A%
AR, FA) A9 14 8 FEA 2

TE . . . .
Table 3 Estimated failure ratio with 50% samplin
falo] BAEG7] wlie] % 9xsA| BT}, A5 o e
A

W] 9] A FHETL o] A9 SBuTaE Alo]d] Number of Estimaj[ed failure Empirif:al failure
=847 = Ao}, use years ratio (%) ratio (%)
1 0.53 0.44
2 2.14 1.93
FSrTS—— 3 412 391
4 6.17 6.03
o 5 8.08 8.06
e 6 9.70 9.78
7 10.90 11.08
c 8 11.66 11.87
oo 9 12.00 12.18
10 11.96 12.08
ooe 11 11.64 11.64
SR 12 11.09 11.00
- ﬁn; = = =
i e 14.00
Fig. 2 PDF for failure data only vs. PDF for failure and censored
data b / TN
wgAe] g LA ARG BB ved FuAn A
B2 o g HAEZQ RIEXAE BIE J1HEte] 4 5 800
PRES FAGL W g A T F e ) e Fare Rt
Fo7 13 d FEA BAF S (Unreliability) gl o st : / ==HmpiriclFalureRatio
0N FEE o83t 12d Fdol ol 5 A= A 400
Nes FA9ch 28ja Ao FHe 159 Jee & /
Q7] wiEel #5E v FadT AR 2 45 & o /
A FHEEQ EORAAY FEZE VMYt BRE4E et 0.00 ——— — ——
ohe, 2% 8L ol-gdlo] 12d Fekol Lol 5 PRt
g AN FAT ol F Mo H vEEE Fig. 3 Estimated failure ratio vs. empirical failure ratio
T AIF L2HMSE)E -3+ A = Table 291 2t}
Ao FHAst] 93 okl HA NMZ Z=AH = =
32 BuE HESl A3 MEY A 1 S WS 3o St A g o Lt
Ao thet £ A Aol A & ¢ JlRe] 1% 2 1 ARE ot FAT A Aol digt 2=
AmHE o] gato] & BASHE FAFAo] Hil, FE APA T Uil Q= Y WAEE o] &ste] T 1 AN
A Af DA S ol gaha FHrjFAo] Hrt o] d A ol gt IS o] 88 MSES A4teliTh. Table 28] 4



o2l - M3t - O|FE - &2l - O|7|M
200 SR T2 A16H H3S(2013H 62)

Nv

7].5]1‘]0]E]-L é‘_e 1:/%‘4’ E}}\] o
ol 50%e] sk A wE Y 2
e A A5 TE F 50%

SdRES wew $HT AR 9

o 34 vgT Aol @ FHREE 7

3 H]%O Table 3JJr 72T}, Table 32 /\]-%

it

o

Jﬁi ol
o
o
1o
=
o
o

=

0o

(98]

=

m\l

3

bt

b

HU

T

s}

=

T

e

>

i n
g Pg b
o “; e
r = R
—E‘ R o ot fr
jriech N

o

ne

4. 2 E

2
X
o

oggul AHRE AT F
of e AL, Al 248 o
SsplL} 18 e ol dehs S
Ju) o)8 AEE FAste] AFY B4

bol pEe WAl gel A4 A9
Ankg 92 % Qlrh £l 100 W o
A3 57 delele] na A 1)
o Au7} A A AFY S

F A ARst 9o 2] 3 A
= oalad el @ 4 g, Be 5
o FEAD ARG FEI Pl HejFge] Ho] 4

o B
2 e
e
o
o o
2

=

L=
Rl ooX mjd Md

rlrﬂ‘;ﬁj
2 0% gy o
o

o o oy
10 o2

e

O

2
, f
K
X

oo o
p'L
£
8
2
(i)

il on. pot
o
2,

N 19

O oF rE oX O poh o
o
>m104>05_o>m

T A xpF EAD 5 Uk oo it A
o B A WS 27 17 AR AAE 285k
wAE sk, AT AR Aol HH AEHEE 9
o 4 el met 24 & 27] A A5 A A
g4 Aol AR-sle Aol

FTEAT N &0 HA MEE AS AL A, NE S
SR o] HFre dukA o 159 d AR dHA
B NS SR oF
S 13 A4 A9
S J|Hro g 2-B 9lo)
H2 5.52d A= JE

42,00091 7= FH<* 1001 dzt
oF 10% JE=3Att. o] a2 A+

WEE AEste] F45 3 2
of i AR} T Ag 7o R 2IRXA
IR FHE TS A 26002908 APAO0R
sk BT of F ou) Ax I Vel o] H g &
3k Ao 2 Aerst H2 WNZY 24 D=2 A
W AA FEAT AR FolA EERE0] 50%Y 73

7F A ZEe P A% o AT

RCM(Reliability Centered Maintenance) 2] I} o4 Al
2 #AE Tl 82 Ar= g 71Ee 7)gte] Hw A
v A2 AYE 9% 7 x ARE e S8 9FES vk
187 wiEel &% TWC(Train to Wayside Communication)
=3 7HHL"6}°% X*%o}”*/ﬂ AMEA AFT TLS EAll A
|k g oA A Y or Fedd 2R
oigh # 4 1‘4%‘%‘ WHle &8shd HA o Au] AN F
Hat 4= om= AFY A4 ot fA K9 5151
S} gt v g A7 T2 a¥E VU & AS Aow
of| 25kt

mﬁi o
rSL‘

)
>
b
=

do oo 2 & [} (& e
woh 2, o 0
—-

a9}

= 7

Bl dFE 20129 % sty dd A9
HAFUTH & =0 dFE 20129 %
% 71&E214191 9] X4 (12PRTD-C063974-01) 0 % =

Jo=R
SEDEH 7]

{

¢

oz

References

[11 NAVSEA (2007) Reliability-Centered Maintenance (RCM)
Handbook, Naval Sea Systems Command, Washington D.C,,
USA, pp. 1-1.

[2] Hoang Pham (2003) Handbook of Reliability Engineering,
Springer-Verlag London Limited, New York, USA, pp. 480-
483.

[3] Robert B. Abernethy (1998) The New Weibull Handbook,
Robert B. Abernethy, Florida, USA, pp. 2-8.

[4] ReliaSoft (2012) Reliability synthesis elements, ReliaSoft
Corp., Arizona, USA, pp. 57-66.

[S] TAEA (2007) Application of Reliability Centred Maintenance
to Optimize Operation and Maintenance in Nuclear Power
Plants, IAEA, Vienna, Austria, pp. 5-18.

[6] Smith Anthony (2004) RCM-Gateway to World Class Mainte-
nance, Elsevier Butterworth-Heinemann, Massachusetts, USA,
pp. 19-37.

[7]1 E.L. Kaplan, Paul Meier (1958) Nonparametric Estimation
from Incomplete Observations, Journal of the American Statis-
tical Association, Vol. 53, pp. 457-481.

[8] L.M. Leemis (1995) Reliability, Probabilistic Models and Sta-
tistical Methods, Prentice-Hall International, Inc., London, UK,
pp. 78-94.

[9] LH.Lee, D.H. Kim, M.H. Kim, J.W. Seo, et al. (2011) A Study
on the Existing State of Preventive Maintenance and the
Improvement Measures for a Point Machine, Proceedings of
The Korean Society for Railway Spring Conference, Gangwon-
do, Korea, pp. 1174-1181.

[10] B.O. Lim, D.G. Yoon (2005) A Study on the Application of
RCM (Reliability Centered Maintenance) to KTX (Korea Train
eXpress), Journal of The Korean Society for Railway, 8(5), pp.
470-476.

AL 013 2€ 202 ) F7492013d 49 159),
AAGG L2013 5€ 7Y)

In-hyun Lee : ian lee@tuv-sud.kr

Department of Control and Instrumentation Engineering, Kwang-
woon University, 447-1 Wolgye-Dong, Nowon-Gu, Seoul, 139-701,
Korea

Sea-hwa Oh : seahwa.oh@ doosan.com

Department of Control and Instrumentation Engineering, Kwang-
woon University, 447-1 Wolgye-Dong, Nowon-Gu, Seoul, 139-701,
Korea



Chang-long Li : long_kw@kw.ac kr

Department of Control and Instrumentation Engineering, Kwang-
woon University, 447-1 Wolgye-Dong, Nowon-Gu, Seoul, 139-701,
Korea

Dong-in Yang : ydi60@korea kr

Department of Control and Instrumentation Engineering, Kwang-
woon University, 447-1 Wolgye-Dong, Nowon-Gu, Seoul, 139-701,
Korea

olgH| 2H3E <ot S=EH ARl Y MIY Yot
|

4 ®3=(2013F 6&) 201

i
Ao
s}
__>,-|_
>
-

F

Key-seo Lee : kslee@ kw.ac.kr

Department of Control and Instrumentation Engineering, Kwang-
woon University, 447-1 Wolgye-Dong, Nowon-Gu, Seoul, 139-701,
Korea




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


