FAET L (2025) FEEET A A I AT & A3 SR AT
9573 % 95295 353-374 (WFFEaE#]
©2025 FERTEINTZERT

System signature Dal&E k& £ DIRH

—Consecutive-k-out-of-n:F ¥ Z 7 & &l L T—

R AR - R A
(ZAfy 2024412 H4 H ; ET20254E2 A5 H S 3RIN3 H 10 H)

= =

AKX TIE, ae—=L Y MY AT AIIHT 5 system signature DB HEEZH L, 45
IZ consecutive-k-out-of-n:F (Con/k/n:F) ¥ A 7 AIx 9 % BRI 2 FEB X ORHEGI 2R 7.
Con/k/n:F Y AT A%, nflOT Y R—% ¥ FIMIBICEE SN, PR LD ok L7
AYR=F Y PBHBE LI EC VAT AMEE RV AT LETVTHL. COETIVIEA
WA TF4 U REMEROELT, HEBEHY AT LARE, e RIDHBZHD. GF, BF
P L5 Cld, system signature DEEEAEH SN TWA. 2T T, system signature & &
VAT AOREBEIZOME T ARERETH Y, VAT AEEOIBRL RGOV RICEHT
HbH., LrL, EALRFEFETIE, KEELR Y AT L128 LT system signature #5355
ZENHEEETH L. KWL T, Con/k/nF Y AT AT HER Yy MMREIZHED < system
signature DHEH HFEZRT. COFHREFIHANLHEELZ RO AT ARICEATETH S, £
D%, system signature DEFHIIISHD 12 & LT, kI v R—F ¥ FEoWHEIZDOWT
WBRD., kI, % system signature DB FHEOMEEMEIZOWTHERT 5.

F—TJ—F.ae—L Y MY AT LA, system signature, consecutive-k-out-of-n:F ¥ &
A, ERy bR

1. BLU®IC

BRAZIE, BHIVATLA, RBYAT LA, @EVATLALRYE, ARV ATAIIXZON
TWh., INHLDEERA VT IANT 7 F X OMEEL, HERRFICERLBEL RITIW
BN D 57280, VAT AORFBEFEMEN EEMBHREEE, B4 - BORHEOFEBUTAT R
ThHb.

BB ME T2 (reliability engineering) 1%, FHE ML AT AOME L FEMELZ M L - RFEL,
Y - etk EoMEOBERIL - RAD1LZ B E 355 TH 5 (IR i1, 2021b). 2
OFFIZBNT, YATLOFGHAEERL, BEEZEZFMETL I LIIEELHETDH
L. BRC, ROV AT 2 3HHME - KBELLTBY, YATFLeRoBEFEEEMLDa v
K=V POBHEEISEHRT LI EDPBELE LTS, ZORD, AT LAOFEICED
WCETENEZFHET 2 FESRD SN TV 5.

PR, B LY 05 Tld, system signature DBE&25FEH S TWw% (Nagvi et al,,

PRGERSE IR LAEET T 259-1292 ML PR IL4 H 4-1-1; nkmr@tokai.ac.jp
2 RIFHAMFLARS L8 0 T 940-2188 Hritg LR M wli L= WM 1603-1; zhoulei@vos.nagaokaut.ac.jp
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n—1 n

0.00....0.0

kA E0ERE L -8B YR — 3 AR
(O:HarR—x>, @:#EaAVR-—F>)

1. Con/k/nm:F ¥ A5 L D).

2022). I Z T, system signature &%, VAT ADWEDOKRIMKGFEL, Ty KR—% ¥ bOF
SANNIEAFE L e VTR TH Y, AT 2OBEEFEOZZ-OOEHEY — Vo> Tw
% (Samaniego, 2007). System signature & IV T & F &F 72 ¥ A 7 A DM % 5740 L,
VAT AREEER LT A EPMREE b, F 72, system signature {JFED W TRl 2 fRAERT
WAZVETLHIEDUWEETH S (Zhou and Yamamoto, 2022; Asadi et al., 2023). L2 L %A

5, system signature DEEHH A HEICD 2 0b 59, FoOEMAEHIZBENTHS. F0
ERBHNE, FAREFAETE, IRV ML Y AT L OREE B BT THL
W E 2B\, system signature DEMAHHETH 5720 Th 5.

ROV AT 2AIKBBETHMETH 555, £ O%6, FENEHEEEZAEL WL, &
NSO Z XML 722 AT LETAREHENT WA, ROERWZETFTVELT, BV
Z%Atﬁﬂ)%?A#éﬁ%ﬂé.Eﬂ&x%Au,&&(k%lo@:yﬁ—iybﬁﬁ
L7255V AT AL, —7, WY AT, $XTOayKR—F v PHREL
A e @J)k VAT ADBMET S, I ® M L L7 k-out-of-n:F Y AT AL, nflloa s
R=F Y bD)BALHLED LHPBEEL2GEICV AT ADPHEST S, TRODY AT A
LM A — B TH D 2h 5, SHAMEICEHTRETH 5.

L2 L, k-out-of-n:F ¥ AF AT, YATLDREFHE LIV R—2 Y FOHDA
WARAEL, TOMEICIKE L2V, —T7, EBROY AT AT, #ELza YR -F b
ONEZZRBTLILPEBELLLIEAEVH 5. FlzIE, EEZICIEI K- FOHEH
WA Y AT AMEE I ERIT LI LV ATADPHEET S, TOLI LY ATAELT,
1980 412 Kontoleon (1980) 25#1 THfZEL, € D%, Chiang and Niu (1981) {2 X » TIERIZ
[ consecutive-k-out-of-n:F ¥ AT A LB ENTZET VDD 5.

Consecutive-k-out-of-n:F (LLF, Con/k/n:F) ¥ AT A &1, nflloa ‘/‘]‘° % R ASRIEAC
EEINTBY, oL d koML za R—F% 2 M2SEL 72868123 X 7 A 55
?évx%A%T»T%%MIU.uT_,cmmmﬁ/xTAwmﬁm%ﬁf

IS 1 Gl/N1 754 >3 X5 L (Chiang and Niu, 1981). nfAORY FAF—2 a3~
POMBENDLNL TIAL VIV AT LEZEZDL, ERVTAF—Ya YdBEETS kAo X
F—YarEIThHMEERETLEDZED. 1D0ORYTATF—va UAELTY, BT
BHATF—Ya YHPREMEHE) ZENTEL D, AMoREmiS v, LaLl, kELU
LB LR T AT = a OB L7256, AMomnsshii s, ZofE, A7
LAEROWEEL 5. ZOX) AWM, TITA VT AT AE Con/k/n:F Y AT HELTE
TV TEX 5.

A2 1 SEREROEIT (Dafnis et al., 2019). —EDME T n HMOEHITARE SN2 5E
BB EZZ 5. WHIZBWT, k@@éﬁ#é%ﬂﬁ%%t&wk,%i@ﬁ@%%ﬁXﬁ
L, Bl EL RIZTWERELSH L. ZO0 L) RV A7 A1 Con/k/nF VAT HEL
TETFIMELTE 5.
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IS 3 1 £FEER S 2T L (Zhao et al., 2019). n DO H A T THER S NIRRT X
FAEREZD, ZTHATIEETL Oy P2EHTETHE. 1207 X FHWEL
TH, BEIASPRBEREZITASL. LaL, kHOMERTSH X5 05EET 5 &, BEHA
FEREIBAAE L, YATLAERE LCIIMBEE 2D, 20X ) RAEREMR Y A7 A1 Con/k/n:F
VATFAELTEFTIMELTE S,

AR EBY, —#AIZ system signature DFHFIIHETH Y, ZOZ LIFEERNZISHIC
BUFLEKRLREREE o TS, KL TIE, system signature DEFKx Bz LT, $F&
F LR HEERNT S, $IZ, Con/k/nF ¥ AT AIHT 5 BRN LG E 2B R5, 20
%, system signature DBFRIISHD 12 & LT, I Y R—% v MEOUFHEIZ D W Tl

2. dAb—L > bY XF L& system signature DTEE

2.1 AE—L>brYRTLEIR

AETIE, 3e—L Y M RATADEZREBRS. nfAOIVR—FZ VIO HDV AT A
BEZ, KA YR=F Y MIBEHIRE 2 EREREBOVWTNOTH S LIRET S, T R—
AV OREBERT 2D, FBREH e, EROLHITERT 5.

{L TUE—FY b HBB LT LA
Ty =

2.1
(21) 0, TYAH—F b AL 2

COLE, RZ MV = (x1,20,...,2,) ETRTOIVR=F ¥ bOREZEKL, REXZ
VEENRS.

F72, VATAOREBIEZI VAR -2 PORBICI > TRESI N EREL/ZLE, VAT
LDIREZRTE o RN TERSINS.

(2.9) (@) 1, REXZ MDD XV AT LAPKBE L TWIL5E
. xr) =

v 0, RERZ MLz DL XY AT AHDHEREL 72556
ZIT, o(x) VAT AOMEEE LTINS,
EFRLICTAL—L Y PV AT LDERERT.

FTFEL VULV INTHPELZYAFA%EZ 2 —L ¥ b (coherent) ¥ A 7 A LI,

ac{0,1} 12 LT, (aj,2) = (1,22, .., Tj—1,0,Tjt1,-.,0n) ETH. TDEE, TUKR—
P b A o LT LAY FTRVER, EED 2 LT o(l),2) = ¢(0;,2) 7
KOOI EEERT S, UL, IVR—FA VD jOREIEAT LI LY, AT 204K
BAWEALT 5 LITEEE RIS RV L2 ERT L. TSNS, 3R -2 i
Bk o ICHLTY LNV PNTHDLEENS.

B Y A7 8 E1E, Y AT LA OREHED & R =4 2+ OREBIE L CHHEEMTS
HZEEET. Tabb, y=(y1,y2,...,yn) CIREXRZ ML ET L E, o<y Z2HiTEE
D BEPy ITHLT p(x) < p(y) BEY LD, T, 3y F—% v FOIREIEES L
72tE&, VATLORREIIES R LSV LEEERT 5.

REXZ MV p(x)=1%22TEE, 2 Z/73ARZ FVEIER, S5, £EThy<x
R LT oy) =00 1ok &, o ZBUNSANRY MVEIESR, o BN SARY FLTH
LR, £HEA={j|x; =1} BRI ZER LR, ThbE, BIVIAEREIE, VAT
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LADORB RIS A/ v RE—3 v VESTH 5.

—7J, WERXZ M D px)=0%HlTLE, 220y b7 FVERR, 512, &7
Dy>x LTy =1PRY 2L E, x el/hhy bXRT MVEIES. ¢ 2%/ v
FMRZ MVTHDEE, EC={j|z; =0} ZBUNT v MEGLIER, Thbb, WDy
MEGEE, YATL2OMEZGFIERBBIITRNNOIVR—FV MEGTH 5.

=LY MY RATARNRZARH v MY 2FMIERE (2019) ZHER I A\,

2.2 Y27 LOEEEREK

AEITIE, YATLORBENBEHNTL. VAT LAEMERTHERERE T LT5HL
&, VAT LAORBFEME (reliability function) iX P(T > t) £ 5.2 6h, Thix, KRt £ TIZ
VAT AN L R WVIERZERT S, VAT AEROEEEZIE, 2R Y POEHEL
ZOMEHEPORDONG. nlOT Y R—F ¥ FNOFMERTHERELE X1, X0, ..., Xn
YU, BORASACHED EF B, £70 i=1,... 0 lSHLT, F(t)=1-F(t) = P(X: > 1)
ZRH t TOIVR—FV MOBREELT A, ZDLE, VAT AORBHERBIIMN A 2FRHA
ThEzbN%.

9, i=0,1,2,..., 0 ICHLT, rnn) ZBROLIICERT 5.

(2.3) ri(n) = ' {w |o(x) =1 and Z(l —z;) = z} ’

tﬁL,y|u%%@%$ﬁ%%i.?&b%,mmwinﬁmzyﬁ—%yb%%0>X%A
ZBWT, Bbr)E iy R=—F2 Y MEMBETELEEC VAT LAPBEIREE 2DV AT
L DIRFERL(LUF, BEIRER) 2 ET 5. Kb ifi DD, rn)idr &ELZE
Whb, COLE, FGT 22OV AT AOEHEERBIIRDLHIICKBITE S,

(2.4) P@>U=_ ri(F () (F ()"
RIZ, WA — A Fme b o n oIV R—32V I 5h BT AT ADEY t, T
BEILTCWEHREEZEZD. TODELE, p=F(t) BLWqg=F(to) B E, XQ2D2BE
FEHELIER h(q) #ETX 5.

|
—

I
o

n—1
(2.5) hg) =Y rg'p"™"
=0

¥ 72, WRE P (Inclusion-exclusion principle) # FHi\WC, BEEMAHEEZEHN T TE
5. Ab—LYbFYATFARBWT, BTy FERDEIIZEHRT S.

(2.6) C={C,Ca,...,Cn}

CZT, m 3N Y bOBTHB., Tz, G (i=1,2,...,m) BN Y b O NOETHO
YR=A Y MBS HHERLET L. D, A ifi@%ﬂ)ﬁii?éj & & [H/NA >
MO PAERTSIERBTEILELDHD. ZOLE, VAT LAOREEE RIE

(2.7) R=1-P (UC)
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THHIENTE, AlpFEEZERT LI ETX(@QDIX

= 1yl N ¢

2.8 R=1- ’“P( >
(2.8) ;; .

EELZENTEL (SH] - M0, 2004). SZTLIECDRTHEWEDHESTHAS.
RQY)DEIHIIETHEFRDMERTH Y, TNORBEHIIRODLZENTE L0, B L
VAT AEHEEIRN Q) THEMTELZ LIk b, HlziE, Cowell (2015) I FEERFEEZ Hw»
T Con/k/nF Y AT 2% d RICICHHR L2V A7 LA OEFEBEEZEB Lz, LarL, &HE
OIS v IS U TIRBINICI Z 720, Y AT LAY A XK EL 25 LZIHEES N
B DI/ IR 5.

22T, RQYYWEFLELDOEWIZHBHEHLHIEHEEATVWAZ EIZHEHL, TN 2D K
<&,

(2.9) R:1+§:¢Pw

EELZENTED, TIT, B3 {C1,Co,y...,Cn} DFBESITEETNE IV R—F 2 M
TRTCHEETLHLRLTHY, 2% d; & domination ETFIEN S, K (2.9) 13K (2.8) ZfH L 72

BTN, W UHROMERZ IR 2 LER WD, FIFNIZY AT ABHELZRD
HIENTES.

2.3 System signature DEZE

AHITIL, system signature DEFRZBRDL. nflAOI YV R—2 Y MRS R DV AT LMW
%2 T, &3 Y R—F ¥ FOWRERERNZ X1, X, ..., Xn &35, T2, Xan 1d Xq,..., X0
DOHT 3 T BT IR (-out-of-n:F )Z 7 L OHBEIRER) & 2.

DL &, Samaniego (1985) XM F /A MICHE S Famxk dbonflloa Yy R—% v b2
Dat—L Y Y ATLAORBRBEMBIIRNTEINDE Z L2RLEL.

P(T>t)=> P(T>tT=Xin)
i=1
n

=Y P(T > T = Xi) P(T = Xiun)
= i Slp(in > t)

(2.10) => s i (?) (F() (F(t)"

i=1 ;=0

22T, RQIDIWCHENDS s;(i =1,2,...,n) 1L system signature & FHEN BHERNX7 ML OB
FTHY, ROXHITERENS.

E%Z(systemsignature). a—L Y N RATAZBFE Oy R=% v NOFGH
WL A D5 HiTH S LARET 4. system signature s 1&, i HHD IV R—% ¥ b OHREH
VAT LADOWEERG| IR ITHEE s; 2 EHRL TS n RILOHEREXRT MV THD, Thbb,

(2.11) si = P(T = Xi),
Thb.
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3. System signature DEHGE

ARETIL, system signature DEHHFEIZ DOV THERS.

System signature (¥, ¥ 2 LI1XERL L HETER TSI L HTEX5S. Kochar et al. (1999)
i=1,2,...,n LT, RDOLHITERL TS,
VAT AMED i FHOI YAR—F ¥ MRREIZ X o THI &R SN IEFI O

n!

(3.1) S; =

ST, BYR=A Y MEF@HPBEGANNE ) LPEENT VR 720, THED n DR
7% % WU IR B O MEFNIE 3 R CEMERTHRAT L 2 EITHERT 5.

22T, KX(3.1) &7z system signature DFHEFI Z/RF. Bl LT, Con/2/4F ¥ AT A4
BFERD. TOVATLADADDAYR—F Y FOMEEEM X1, Xo, X3, Xy 134 =240 D
NEF THENRD 2 EATE, MVE—GMAOREICE Y, T 24 ) ONEFNIIEMER THAE
5. MEEZFIERITIVR—F Y MR ONET & ¥ A7 A GO BRE £ 1ITRT.
L7255 T, Con/2/4:F ¥ AT A system signature &

12 12 11
(32) s = (07 ﬂaﬂ:o) - (0757570)
Thab.
—MERYIZ, system signature (23 YR —F ¥ AL, LI, VAT ARENEY)

F 1. Con/2/4F Y AT LB BTy R—% v MEEIEONEFE L ¥ A5 2% T.

a YR MG ONRE ¥ AT A% TI2E LR REH=E

X1 < X2 < X3 <Xy X2:4
X1 < X2 <Xy < X3 X2:4
X1 < X3< X9 < Xy X3:4
X1 < X3< X4<Xo X3:4
X1 <Xy <X2<X3 X3:4
X1 < X4 < X3< Xo X3.4
Xo < X1 < X3< Xy X024
Xo < X1 < X4 < X3 Xo.4
Xo < X3 < X1 <Xy X2:4
Xo< X3< X1 < Xy X4
Xo < X4 < X1 < X3 X3.4
Xo < Xy < X3< X1 X34
X3<X1 < X2 < Xy X3:4
X3 < X1 < X4< Xo X3.4
X3 < Xo< X1 <Xy Xo.g
X3 < Xo< Xyu <Xy Xo.q
X3 <Xy < X1 <X Xo.4
X3 < Xqa < Xo< Xy Xo.g
X4 < X1 <X2< X3 X3.4
X4 < X1 <X3< X2 X3:4
X4 < X2 < X1 < X3 X34
X4 < X9 < X3 <Xy X3:4
X4 < X3 < X1 <Xo Xo2:4

Xy < X3< X< Xy X2:4
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RFFND I I TN DTRVRD, ABT5DIIHETHL 2 LPAMH5N TS (Da
et al., 2012). FD7=®, ®EM 7% system signature DRMHEIRKD HN 5.

3.1 TEEIREEE % AU /- system signature DETE
AHiT, system signature &, HEIKEEE H W TEHHE T % 4% /RT (Boland, 2001).

a; = (T,;) E95E, (@25

(3.3) ha) = a; <”> 7p"

j=0 J
LEITS.
—5T, X210 LD, FMIONEFZ2 ANEEZSEZ LT,
PT > )= z(z )() .
J=0 \i=

(3.4) ::_:<_+ >(>

5.
RB3)ERCOORBZLETAZLET, i=0,...,n—1IZWLT

(3.5) ai= > s

j=i+1
155, 72, RGBS, ROXIH % s & a; DBIRIADIED2 NS (Boland, 2001).
(3.6) Sit1 = Qi — Qit1

72720, anti =089 5. 974bbH, [system signature % K& 2 [E NI FREVIRES »; %K
OAHMENIFET S.

3.1.1 Con/k/n:F Y XTLIZEH T 3FEREROEH

ARIETIE, Con/k/n:F ¥ AT AIBITBHEIRBEOFIIIOWTHERD . ML —554612
W) FE DDAV R=R Y I B% D Con/k/nF ¥ AT LADOEFEE Ry (k,n) TR TEE
n5.

(3.7) Rp(k,n) = Zri(kyn)qipn_i
1=0
::@, i(kyn) (B DL EO#EE L2 Y R—2 Y I BEFEL BV &) & Aok a v
R—=% Y FOUERFT O % KT . Bollinger and Salvia (1982) &, r(k,n) ZRD X 51252 7.
0, i=n>kD%HE
n . H /.
(39) rilim) = { G Dsisko1 %G

ZT’i_]‘+1(k’,’rL — ]), k<i<n 0):&%{—:‘!\

3.1.2 EXRy MREFREERVE Con/k/n:F ¥ X7 LICE T 3BEREROES
AKIETIE, Nakamura and Yamamoto (2022) 12O\ T, X (3.8) L IdE L 2R FEXZH
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kB Eo&E L8Ry R—2 Y PABFEELAL (=¥ 2T LEE)

j—h+1 j

0000000 000e®

EELAMED Y K—2 > Db s 5 & W EBET S

WEAYF—3Y MB L5 E i BEET S
(O:HEBavFE-—F>F, @ HEIVE-—FV)

2. ri(k,j;h) OB,

WT Y AT LADOKEIREH A &I 5. Nakamura and Yamamoto (2022) & Con/k/n:F ¥ A
T A% 2 RICPHICHIR L2 v A7 2023t LT, FRM 2 BREIREROF M k2L L2
A, TOHPEE Con/k/nF Y AT A LTCOBHTRETH D, COHEOREFEL o> TW
5D1%, ¥Ry MRk (Kuo and Zuo, 2003) THh 5. ¥Ry MpfRkicky, #RLAa
R—h ¥ FOIRBIZIEDS W CTEHEZ L, 8% Y AT 5 OEEEMNT 2 KR 2
LR TES.

39, RORLBFEZERT L. j=1,2,...,n LT, z; & Con/k/mF ¥ AT LADEDLH
ACiBHOOAVR—AVIPBH LWL EEIZ0, MELAEEIC1 2D 2lERET
. ri(k,jih) &, K2R T,

Q) Fm (2 R—=F Y b HER) 2SRl LT Y R—% > b2sh & 9 & b BEE
TAHFTLOE, IYR—F b j—h+ 105 ) TTHEHEL TR L)

(3) k DL EOMHE LMD > Kk Y ML B (F Db, VAT ARHKRE LT
W5)

#i#729 Con/k/j:F Y AT AND jHOI Y R—% v PORBOKRETH 5.
INHORGTEAVT, KOBHIZEY Con/k/n:F ¥ AT A OBRBIREL ri(k,n) 215 2
ENRTES.

T¥E1 @ji=1,2...,n i=0,1,....5, BXU, h=0,1,...,k—1I1IFLT,

k—1
> ik, j—1ig),  h=00K4E

3.9 (kg h) =4 97"

(39) rk 5:h) rici(k,j—1L;h—1), 1<h<k—10D¥H
0, ZzhlAt

THY, BREME, i=0,1,....nBEFr=0,1,...,n IZHLT,

0O b 0 O
(3.10) o, 05 ) = 1, i=022 h=00%
0, Fhlit
ThHzoh5.
(b)i=0,1,...,n 1T LT,
k—1
(3.11) ri(k,n) =Y ri(k,n;h)

h=0
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N IVASN
KB.9IX, ri(k,j;h) ZRD3IODHAICHH L THEL TV A.

h=0D%E ZORAE, jFEHOIVR—FVIMPKEL TR E2E®RT L. £
WOMRE T AR O L R Dbz, (5 —1) FH T TOIRE CTH IO GRS g M
0<g<k—1DTHAETOREDOEFZW->TWE., ThiE, B R—% Y FISEMS
NBZET, HOMERGERS £y hERALZ EZERL TV,

I <h<k-10¥H ZOLEEE, jEHOIVR—X Y MPELTBY, fHimicds
LChDgEE T > R—% v FMHET 26 TH 5. I R—F M5 128nL, 4
Ui OB BE R D 1 DI 5720, (1) FHE TORBTHEED > R—2 ¥ AT (- 1)
T8, 439 DM EEAY (h— 1) HTdH BIRED SEpN 5.

o FEDAOBA AL, EEELEED VR — R Y MER R EE LY, Y AT AN
Wil e 2H6%, mEMNICHAELEZVIREEZRL TS, Lo T, €0 X9 ZKREIRE
Biz¥o b Ew®xys.

KXBADICKY, Con/k/nF Y AT AIBWT, MBIV R—2 Y BB ifiTHb
BEPRER 2 KD 5. HiGOMEFREL L 250 25 (k—1) T TOETOIRERIREIZONWT
MEWSLZ LT, YAT AT 5 k HOMBEEL & % WEEA T TOETORBIREKE
HLTW5.

DbokHiz, @811, Ry M (Kuo and Zuo, 2003) OE 2 FEHWT, A
I R—=F Y PORBTHETEAT) LT, BREIRERZ HRNEIET 5252 C
Wb, ZOFRBRFIEICED, KBBR Y 2T 228V THBREIRER A RRICEET 5
ZENREE 2B,

3.1.3 EtEfl: Con/2/5:F ¥ AT LDIHE

ARIHTIE, Con/k/m:F ¥ AT A D system signature & 35 FIHIZOVWTH RS, #l
ELT, Cm/2/5:F VAT A %&HEZ5A. £F, UTOXHIZ, @M1 2w THREIREHR
r:(2,5) (i =0,1,2,3,4,5) ZalH T 5.

27y 71 MEREORE. ¥, NEL)DHRDO L) ITHEAEAZRD S,

1, i=072 h=00%E
(3.12) ri(2,0;h) = { ' a

0, Znlst

27y 72 BIRIE ri(2,5;h) DFTE. KT, REB.9ODLRD X ri(2,5;h) ZFRMIIC
T 5.

ro(2,2;0) =ro(2,1;0) =1
r1(2,2,0) = r1(2,1;0) +71(2,1;1) =0+ 1 =1
r1(2,2;1) =1r9(2,1;0) =1

(2,2;1) =71(2,1;0) =0

T2
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j=3Da
r0(2,3;0) = r0(2,2;0) =
r1(2,3:0) =11 (2,2; 0)4—r1(2 21)=1+1
r1(2,3;1) = r0(2,2;0) =
r2(2,3;1) =r1(2,2;0) =
r3(2,3;1) = r2(2,2;0) =

j=4 D%
ro(2,4;0) = 70(2,3;0) =
r1(2,4;0) =71(2,3;0) +7m1(2,3;1) =2+1
r2(2,4,0):r2(230)+7"2( ;1)=0+1
r1(2,4;1) =1r0(2,3;0) =
ra(2,4;1) =r1(2,3;0) =
r3(2,4;1) = r2(2,3;0) =

i=5D%E !
70(2,5;0) =70(2,4;0) =1
r1(2,5;0) =r1(2,4;0) +r1(2,4;1) =3+1
r2(2,5;0) = r2(2,4;0) + r2(2,4;1) =1+ 2
r1(2,5;1) =70(2,4;0) =1
r2(2,5;1) = r1(2,4;0) =3

r3(2,5:1) = r2(2,4;0) = 1

27y 7 3 BREREROMDEE.
r:(2,5) =71i(2,5;0) + 7:(2,5; 1)

%Iz, RE1D)EHNT
FEHET 5.

BARIIZH

=2

=3
=1

, i=0,1,2,3,4,512

r0(2,5) =710(2,5;0) +70(2,5;1)=140=1
r1(2,5) = 71(2,5;0) +71(2,51) =4+ 1 =5
r2(2,5) =712(2,5;0) + 72(2,5;1) =3+3=6
r3(2,5) = r3(2,5;0) +73(2,51) =0+ 1 =1
r4(2,5) =714(2,5;0) +74(2,5;1) =0+0=0
r5(2,5) =0

CORERMN DS, Con/2/5:F ¥ AT LOKMIRERZ KD D Z LA TET.

KIZ, KD IHBEIREE A S system signature ZRKD L. T3, i=0,1,2,3,4,5 I

— 7i(2,5) J:V),
()
(3.13) (aaaaaa)—11§i00
. 0, d1,d2, 43,44, 4s5) — 77571077
ThoHroT, XB6) LD,
21 1
(314) (31782753784785): (075557T070>

*‘j‘LT’

LT,



System signature 7R & Z DG 363
»E L.
3.2 Domination % Fi\L\7= system signature NDETE
AT, BEIREED S system signature & FHHE T2 HE 2 FHH L7245, AT, domi-
nation 7* b system signature % #1353 % (Boland et al., 2003). Boland et al. (2003) TiZ, 1§
HEMEEE p 0ZHNE LTRAL TV 525, Con/k/n F VAT LAD8EE ¢ 0ZENAE L

E9AHAER L. 22T, R(2.9) X0, ML~ IHE D Fay %%)OMEI@:/% v
FEFOIL LV N ATADRBHEERE Mg EXARTEH X 5.

(3.15) h(g) = drq"

—7, RB3ITBWVT, prg=14&D,

(3.16) Za3< ) (1—g)

b, RIZ, ZHEHETHWT 1 -9 2 EHT5 L

MEoh, ZhaX3.16) I AT 5L,

(3.17) h(q) = i aj (?) 7 < __ (n Z j) (—1)iqi>

L% b, WHIOKH & R Lf%f_ﬂiﬁ“% &,

(]

j=0 i=0
n min(r,n—1) n n— ] .
(3.18) =S 3 aj<.)( B ‘>(—1)” q
r=0 j=0 J)\" I
2155,

K(3.15) EXBI) DRI A KT HZ LT, r=0,1,...,n ITHLT

min(r,n—1)

(3.19) dr = Z aj (?) (;L _j) (—1)"

D, 22T, d=(do,dr,da,. .., d)" ETH. L, TREEEERT. 2ok &, X(3.19)
0, d&aldBERICHSLZ LD 2D, %ODF%%‘E
(3.20) d=Ma

ERHTEL. 22T, a = (ag,a1,0a2,...,a,)" THH, MIIKRDXIITEFKREINS
(n+1)x (n+1)THITH 5.

K I A TR Y o
(3.21) me; =4\ ) \r—ij

0, Zh gt
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22T, rj=0,1,...,n TH5B. T/, 5 M PHEET L,
(3.22) a=M"'d

ELTAdDHa2RKDLIELEBRTHL. Lzd>T, RB.6)EXB2)2HLILT,
domination %* 5 system signature #5352 L B HETH 5.

3.2.1 Con/k/n:F ¥ X7 LIZH T3 domination DEH
AT, Con/k/n:F ¥ AT AIZHIF % domination DI DV TR 5. Kossow and
Preuss (1989) & Con/k/n:F ¥ A7 L2 % domination (2R3 5 EHZ /R L7z,

EE 2. /Ay NTERETEEL VX7 AEIRE X @ domination % d(X), #fe LT
WEELZ2a Y R—2 M2 m&T5E, B/hDy NTRHWTEEL Y AT 2 OEIRED
domination {ZRXNTRD L LN TE S,

+1, m=0 (modk+1) D&
(3.23) dX)=4¢-1, m=k (modk+1) DHGH
0, Fhlst

CZT, modlidm % (k+1) THOLBEORY KL TV 5.

KB2DITEY, WAy PPEPEZPELRLINPLTEIN TS HEREIZOWTO
domination 23R B T LA TX 5.

F72, WAy by MAEDZEWICEZ )220 OEEERTH 2)YE1E, ROEHIZE -
C domination #KD5HZ LN TEX S,

EIE 3 (/7w bty PAIEEKTH % Y58 D domination) . HELIREE X (ZIEHEH; 2 g 16
DRy Fey XD (i=1,2,...,9) D% DBETEHE, WEIRE X @ domination d(X) IEX
ATHLNS.

(3.24) d(X) = f[ d(x?)

Y IZ domination 250 TR WE/NT v FOMEEZTXTEHL, &Ny bOME
AL T S HERIZ domination ZHMNT7ZMEOBAIC L o TV AT A EHENEHTX 5.

3.2.2 EtEf: Con/2/5:F ¥ AT LDIHE

ARILTIE, Con/k/n:F ¥ AT 5D system signature & H T 5 FINRIZOWTHRRS., filE L
T, Con/2/5:F Y AT L%HZ A, #2123, KM/~ v b TRIATRER ¥ A 7 L HRIRE %
T5dX) (i=1,2,...,1) 277, B, X 1CEHT2E, sfoa v R -+ v sk
LTHBELTBY, m(=5)%k+1(=3) THoZEEORVIZ2TH D720, d(Xs) = -1
Thbh. X\p CEHTHE, X 3EEHE R 2lOA Y by b XD & XD honn, xP e
XPEdm=2%07T, dXxM)=dXxP)=-1Th5b. L7257,

(3.25) d(X1) = d(X{") x d(X{?) = +1

Thd.
Con/2/5:F Y AT ADIAYKR—F Y MA@ LT R—F v MR 2 b0 L &, F
TFERE R (2,5) 1330 (3.15) L W R TIN5,

(3.26) RL(2,5)=1-4¢"+3¢" +¢" — ¢
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# 2. WEEIRE & domination DOXFIG.

WK | 21 @2 3 @a x5 | d(XG)
X1 1 1 0 1 1 +1
X9 1 1 0 0 0 —1
X3 1 1 1 0 0 +1
Xy 1 1 1 1 0 0
X5 1 1 1 1 1 —1
Xg 0 1 1 0 0 —1
X7 0 1 1 1 0 +1
X3 0 1 1 1 1 0
X9 0 0 1 1 of -1
X10 0 0 1 1 1| 41
X11 0 0 0 1 1 —1
Xo7T, d=(1,0,-4,3,1,-1)T TH 5.
KR@B2D LY, A MEROX SR 5.
1 0 0 0 0 0
-5 5 0 0 0 0
(327) Mo |10 —20 10 0 o0 o0
-0 30 =30 10 0 0
5 —20 30 —-20 5 0
-1 5 —10 10 -5 1

B2 LD, alZXDEHITKT .

3 1 T
=(1.1.=-. — .
a ( b 75710’070)

Zhug, XB13) E—FHT 5. LoT, 3.1.3FHEFEKIC Con/2/5:F ¥ AT LD system signature
PEHETE, X@BI1HERLILENTES.

3.3 fb®D system signature EH A

LT, BEIKEHR domination % F V272 system signature D H T W TR 7z,
AEFTIE, INDEEELLT 7O —FI2 L5 system signature M HEZHNT 5.

9, MW BR AT AT HEHETFEEL LT, Reed (2017) 149 =502 X (Reduced
Ordered Binary Decision Diagram, ROBDD) & W= R 7TV T AL 2 RE L. Th
FHERDOTIZER 7T T u—F L LT, FHEMEZ KIEICHEL TV 5.

FED Y AT AT AEHETFELMBEIN TS, Con/k/nF ¥ AT AIZOWTI,
Triantafyllou and Koutras (2008) %3£:B$ (generating function) 7 7" & —F % > T system
signature D FR H RN ZEIM L7z, 2512, Yiand Cui (2018) 1F, <3 782D P
LWHIGTEEZRELTWS. TROOFHER, BED Y AT ARG LTS22LT, &)
R R HEEFEBLTw 5.

KHMEY AT A2 ROV 73 AT L5 E LT, system signature % 73 5 7LD IRES
NT&7:. Daetal (2012) &, 220D T Y AT ANPL%53—L Y P Y AT AIZOVT,
ENENDY TV AT LD system signature & T, EFIB X IEFHEE D system signature
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REHET 2 FLEERE L. ZOMH%, Daetal. (2014) &, TOFEE—HILL, nflOH T
AT AMB %5 k-out-of-n ¥ AT LD system signature DFTHE FEEZMSL L2, 2O X9 %Y
TIVAT AIEDSEHEFRE, hoFEElagbes 2 & THEREL KIBICHIgLTE
LEWHRFEERON, VAT LET TV AT AZHETEXLGAICBRY)BEHTETH 5.

4. BRI K-> MIDEIRHER H

ARETIL, system signature DIFRMICHD 1 2& LT, MET o R—% ¥ MoOBIFMEIC
DWTHRS. B Y R —F ¥ MOMTHEZ KD 2 2 & T, RFEHH O RE LR P 2
YRV MEHOIODOERN G IEEL R T L EREE 2 5.

4.1 NNRFIFCLBEED K-> MIOEFHEOE R

ARHiTIE, Endharta et al. (2016) 12X o TIREENT2, VAT ADPMEST LA ZHHT5H T
ETHRE T YR =4 Y NEOMTHERZ R T 52 EEBMT 5. 2O JHI system signature
ZHWRWA, il d 5 system signature & W2 BHGEE OB O -0, KiHXTRY) Lk
F5.

9, VAT AMEROKRED Y R—% ¥ MIOMRHEICOWTHRRS, Y AT LADOWRER
IRADRKE % P, WA jICHEo TY AT ADIET 2R % n;, /SR jIIBITSHBEE TOA
TYTBEW; LT5h. TOLE, VAT AMEREOMEE D >R -4 v MR RTHERER M
OWFEIIRN TG Z 6N 5.

(4.1) EM] =) m-W;

KT, WEZ ¢ DTS ¥ A 7 A IBEASISE T B G OMBEa ¥ R — % ¥ FEOMFHEIZ O WT
WAL, KEH ¢ DO Y 27 AEREORE T >R — % ¥ MERTHERERE M(t) L L,
i BSRA GBI BATy 7 i OBy R—2 v bOWEROMET L. 20L&, M@t
DOWFHEIZRD L ) ICK SN 5.

P
(42) E[M@0)] = w5 W Fy(t)
j=1
ZZT,
W,;—1
(4.3) Fi(t)=1- Y Aje i
1=0
W;—1
o
44 A= _ %m
(4.4) J MZOIL# P ——

Thbd(i=0,1,...,W; —1).

BRI, Wt TYATAPKE L TV EIEEIIBT 5DV R—% ¥ Molf#EIZD
WCIRRD, KRt IZBW TV AT APBEH L TV ALAICBIF T v R—% v Mg R
THERERZ St) &3 5L, TOMREITANTEGZ 5N,

P Wji—1 -1

(45) BISW) =3 0m Yo D i o (e =)

i=0 m=0 Qi — Qjm
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ZZT,
i—-1 o
(4.6) Ajm = P —
1=0,l%m Qjt = Xjm
Th5.

Bl LT, WMBEENDRBSAHIH) HaedboarK—F Y b9 5% 5 Con/2/4F ¥ AT
LEEZ L. 312 Con/2/4F Y AT AIBIFLHMEETONNAZRY. Z2TlE, 1i1dar
R—F 2 MEE, 0133y R—F > Mgz E$. BIZIE, Path2 ((1,1,1,1) — (1,1,1,0) —
(1,0,1,0) — (1,0,0,0) I ImMLENH AFHO I Y R—2  +, RIZENPS 2FHDO T VK-
b, RECEPS SFEHOI VR —% ¥ PDMEFICKEST 282 %2%T. H3ITRT LD
2, Con/2/4:F Y AT AL 18O ERD., ToL X, R3nfizlinsd e, DTOMRE
PEOLNS.

E[M] =

N | Ot

E[M(t)] — g _ 3674)\): + 8673)\1& _ 9672)\t

E[S(t)] _ 2674/\t _ 8673>\t + 6672At

4.2 System signature FFAVWV/HEI L R—3 > MIOEFENELY

AT CRIA L 72 S AFI B 2 R —% v MOREMEWREL 3525, /SR LT
W; & aj; ZtET2LENDHY, TV KR—F Y MIOBIMIEVEIREESEF LAWK 5.
ZOMEIZH L, Eryilmaz (2012) & Zhou et al. (2020) IZ system signature % f\> 72850 1 51

(1,1,0,0) Path 1
_— (1,0,0,0)  Path 2
1,1,1,0) —— (1,0,1,0) ——
®1, >\( ' >\>(0,071,0) Path 3
(0,1,0,0) Path 4
0,1,1,0) —/ "
01,10 =—, (0,0,1,0)  Path 5
(1,1,0,0) Path 6
(1,1,0,1) —— (1,0,0,1) Path 7
//// B 0.0.0.1)  Paths
0,1,0,1) —
0.,0,1) —— (0,1,0,0) Path 9
(1,1,1,1)
\ (0,0,1,1) Path 10
(1,0,1,1) —— (1,0,0,1) Path 11
T (1,0,0,0)  Path 12
1,0,1,0) —/——
( ) — (0,0,1,0) Path 13
(0,0,1,1) Path 14
_— (0,0,0,1)  Path 15
0,1,1,1) — (0,1,0,1) ——
0,1,1, >\( ' ) — (0,1,0,0)  Path 16
(0,0,1,0)  Path 17
0,1,1,0) —
0.1,1,0) ——, (0,1,0,0)  Path 18

3. Con/2/4:F Y AT LICBIT 5T THISA,
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% 3. Con/2/4F ¥ AT ADKNSAIHT 2 W; & mj.

Path j W; Path j W; =y
1 2 1/12 10 2 1/12
2 3 1/24 11 2 1/12
3 3 1/24 12 3 1/24
4 3 1/24 13 3 1/24
5 3 1/24 14 2 1/12
6 2 1/12 15 3 1/24
7 2 1/12 16 3 1/24
8 3 1/24 17 3 1/24
9 3 1/24 18 3 1/24

BN L7z, ARFE system signature 233 H NAUE, /XA DFIZ % LB L3 I WIFHE % &
HTEDLEWIHRRERD.

%9, Eryilmaz (2012) 2SEH L7232 2 7 AHIER O 2 > R — % ¥ MROBIFHEIZOWT
BB, ZokEx, M OFFEIZRATEZONS.

(4.7) Ewﬂzzysi

RIZ, Zhou et al. (2020) AVEH U725 ¢ DBiO Y A 7 A MBEICBIF I Y R—% 2 b
BOMHEICOWTHERS, M) OMEHEEIDTO X ) ICEM ST 2.

mMaﬂziy.msz%Tgw

n
=> i P(T <HT = Xin) - P(T = Xiun)

i=1

(4.8) = is )y (7)PTﬂjF(ﬂ"j
W®%IC, Zhou et al. (2020) ABEH L7205 ¢ ICBIUF 5 ¥ AT ABBEEOKED > R—%
BOBMFEICOWTHERS., 3, LFOFEREEHKRT 5.

COEE, A EMRHE E[SO)|B] &, Wt FTICH L) Lo v R—% ¥ Fhoighi
THEVIEMHTT, At TYRATAPHBEB L T LLE0ED » R—% ¥ Mo HRHE
2RT. Thelvws ek,

EIS()] = Y BISOIB] - P(B)

(4.10) = nfz - P(T > t|B;)P(By)

=0
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EETSH, ZIT, Bt ETRB I E IO R—F Y bIMBEL2GED Y AT L E
BRI TEINS.
(4.11) P(T > t|B;) Z s;
Jj=i+1

Lo T, 10 X1 &Y, UToOHEREHES

n—1 n
(4.12) E[S@t)] = i ( > sj) (?) F@t)'F@t)""

i=0 Jj=i+1

BlE LT, ibEdR N 0BG Finxk b oI v K= 5% 5 Con/2/4F ¥ AT

LEEZ L. A(3.2) THHI L7 system signature # FlWTHIEAET 5 &,

E[M] = g
BM®)] = g(l —e M) H10(1 —e )M 4 6(1 — e M)Ze M
E[S(t)} = ( — eiAt)ef?’)‘t + 6(1 _ 67)"5)2672)"5

. INSOERIE, Endharta et al. (2016) 12 & B3 2FN BB THSNMEE —9 5.
Endharta et al. (2016) {12 X B /7S AFIZ$EL, Y AT LA OLEMBE S A ZERT HLERH Y,
VAT ADOBENRKEL D ICONTEHARPEEMNIIWAT 2720, KBS 27 24~0
BRI RO BICBWTHERH 5. —F, system signature & W72 FiE1E, system
signature 23§ H NLiLiE, /\X@ﬁﬂ?ﬁ%zﬁtt‘? XD REMICHIFHEEREILTE 5.
FHEBIE LT, B4R 7, RN =1 ORRGAIH D Fir %%;o:uﬂ- v b
M 5% 5 Con/k/n:F Y AT A (k= 3,4,5,10) D (a) BZl ¢ LAT O ¥ A 7 AT IC B 1 % e o
YR=F Y MEIOBHE (EM @) &, B RR ¢ I2BT 5 Y AT ABREEOHED >R -4 ¥

N DML (E[S()]) 2T

5. BBhHYIC

KL T, Con/k/mF Y AT A&HLbiZak—L ¥ Y AT AITHT % system signature

DEHFHEIZ DT L 7.
—HEMYIZ, system signature DEBICBWT I AT A2 EOHEHREFHTLZ T, BT

r — k=3,n=5
i) k=3,n=8
\ —- k=3,n=10

(a) E[M(t)] (b) E[S(1)]
4. Con/3/m:F Y AT LIZBF Bk a ¥ R— % v MO Y.
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r — k=4,n=6
10 5 it e k=4,n=12
it —- k=4,n=20
8 4
S 6 Ss
= =
w 4 w 2
2 1
0 0
o 1 2 3 4 5 6 71 8
t
(a) E[M(t)] (b) E[S(1)]
B 5. Con/4/n:F ¥ AT LB BHEET ¥ K — 3% > b EOWIRHE.
P U s S S S - ——
14 / 8 I \ - k=5n=15
12 ! it —- k=5,n=25
10 6
S s S
= =4
T 6 [
4 2
2
0 0
o 1 2 3 4 5 6 71 8 0 1 2 3 2 5 6
t t
(a) E[M(t)] (b) E[S(t)]
6. Con/5/m:F ¥ AT AIIBIT BT ¥ R—% ¥ MEOBIFHE.
25 e e e = 17.5
R
’
2 / 15.0
F AN S NN USUU VI S 12.5
e
= I Z 100
s I/ s
T 10 i T 75
Iy 5.0
5 1} — k=10,n=12
——- k=10,n=20 25
0 —-= k=10,n=30 0.0
o 1 2 3 4 5 6 71 8 0 1 2 3 4 5 6
t t
(a) E[M(t)] (b) E[S(t)]

7. Con/10/n:F ¥ AT JIBIT HBET ¥ R— % » b O WIFHE.

V) XL ORI LA TE A, AW THRY EIF72 Con/k/n:F ¥ A7 41, “BHIRZ”
WA Y P ERO LW BB AHEEE AL TBY (UK 1, 2021a), ZOMELIEHTLC
& TRIFEN 7 system signature DEMPTREL o572, L2 L, Con/k/n:F ¥ AT A DMIIHE
EL7=F3C, WSR2 L) ES D 5.

EBE, BEOY AT A% L) BEICEIT 572012, Con/k/nF Y AFAEUTOED 2k
MT—MAL L7z AT AR E ENTE 72 (Cui and Dong, 2019).
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o TRREIEHE (i B S e & BRI R I )
o VAT L DOBATE R

o TIVE—FXVIBIVVATLDIREE
o HAVKR—F Y PDOEA

o TVR—XV MEHOREM:

% 72, Triantafyllou (2015) Ti, —# b Z 7z Con/k/n:F ¥ X 7 A O BRIMERIGIZKIR X
NTW5., ZOXIBEMEYATACHLT, MINCERFELHE TS LIZBEMN LG
AW, L7205, e PHEOMIZNT ¥ A L FEHT 5 HEORIEI RO HNE.

PR AT L= R+ 713 LT, BH1OYEKR Y FMEFIIIED  FikiE—2 Ok
REPRRLTWBEEZ D, ZOTH:IE Bollinger and Salvia (1982) ANEH L 723 (3.8) & [~
THIETH S bOD, Confl/nF ¥ A7 MESF, B &) BEEZESS %7 AR
TRIA C HAWRETH B L EZ T b, FEREIZ, Nakamura and Yamamoto (2022) 1 Con/k/n:F
vx%A%2ﬁﬁ$ﬁ’#%Ltvx%A°ﬁmLt

TR, system signature DFk 4 RN HEEZERRWICEAL, HRETLHIAT LD
R L\LTJE’C)J&EJE(E’E@?R’CE'SZ)T’“%ﬂ&@%%’i’ﬂ?ﬂ LTwab., Zhicky, M#HAMZ
A RO VAT AR T VAT A EWRELR Y AT AR L T, % 3F 2RI
WCEDE TN =T L2 AT 283 L T D system signature ZREFRMICE BT 5 Z L A30]
LB LEZAL. ZOL)LHUBENAEEZNT Y AL LERT LFEOMLIE, VAT A
DOFFEVERAG R G LI, X SIIEREFTE DN E % &, system signature DS E 72 5 D
FRIZKECHMT 2 LIS 5.

OB

ﬁﬂ%@JﬁSﬂﬂ%Jmuﬂ%mgW%KNMQ@%ﬁ%iTt%@?? it,ﬁﬁ%&
BELBHRAVEFE, BYRPEL W02 ICd L, BAEGEB LI OHERRIC
HFHemL iFET.
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Computation of the System Signature and Their Application
—Case of Consecutive-k-out-of-n:F Systems—
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This paper introduces methods for calculating the system signature of coherent sys-
tems, specifically presenting concrete techniques and calculation examples for Consecutive-
k-out-of-n:F (Con/k/n:F) systems. A Con/k/n:F system is a system model where n com-
ponents are arranged linearly, and the system fails when at least k consecutive components
fail. This model has various real-world applications, such as oil pipelines, highway street
lighting, and production monitoring systems. The system signature is a characteristic that
depends solely on the system’s structure, making it useful for comparing system structures
and planning maintenance policies. However, naive calculation methods make it difficult
to compute the system signature for large-scale systems. We present a method based on
the pivot decomposition method for calculating the system signature of Con/k/n:F sys-
tems. This technique is applicable to systems with regular structures. Subsequently, we
discuss the expected number of failed components as one of the theoretical applications
of system signatures. Finally, we discuss the potential for a general method to calculate
the system signature.

Key words: Coherent system, system signature, consecutive-k-out-of-n:F system, pivot decomposition method.



