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wunasuvainszUniAsidiAauduneud 2 s 17 vesnma 3 Tuniisenudengy anuminomagunia 3 (wuwesuvasiy
Ao nuastusnauin 19 dq 29):

@ rile Data Discrete  LifeData  System  CMMS  View  Help

Input Navigation Al Support Input Data RBD Canvas FMEA Report
ANALYSIS (choose from the menu bar) AL fx | value or formula, e.g. =B4+D4 - =SUM(AT:A10) - =AVERAGE(A:A) - =IF(B1>5, 1, 0)
System — Markov availability A B c D E F G H | ) B
©  Markov Availability =
state chains — availability, reliability, MTTF 2
3
1 Pick a preset machine () i) — or Custom: From/To/Rate
columns + the Down states 2 Mission time, OK 3 Report: 4
A(), A(t), R(t), exact MTTF, state curves. s
6
STEP 1 — MODEL
7
Model source Wear-out (Weibull B, ) j 8
bull p— sh 2
Weibull p—shape | 2
s 10
Weibulln—scale 1000 1
12
MTTR — repair hours 50 B
Wear stages k 14
15
STEP 1C— REPAIR PHYSICS (METHODS 2-4) 16
17
Repair law Exponential (MTTR above) j B
Lognormal 6 (log 05 19
scale) o
Repair arrow — stagej | 1 21
22
PM detection o (/h)
23
PM rate p (/h) 24
Restoration q (Method | 5 ypeda j &
4 : 26
27
Aging clock Operating (virtual age) -
28
Histories N 30000 29
30
STEP 1B — RATES FROM ANALYSES 31
32
Asource | Manual (fields above) v ~
= D
© Ready — enter data in the worksheet, choose an analysis on the left, then click OK. Licensed to ReliaEn Training - expires 2027-10-18

AvasnazAAuS Tuniinsng

® ® unuwuy: File, Data, Discrete, Life Data, System, CMMS, View, Help

® @ wwuwesuiideAenuenT s uuL J§ OK — Calculate agguand

® ® uauanue: Ready — enter data in the worksheet, choose an analysis on the left, then click OK. uaz Licensed to
ReliaEn Training - expires 2027-10-18
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aruwson Tdnunuunnsaon
anldamu: — anamsonTdau ool MTTF

1 \ﬁaﬂm?amuua'm%qjﬂ (A W) — wiarvuaas: MaANT ann/lu/sne
+ AmMusnrga 2 NAINNTNA, Bnad 3 5B A(e), A(t), R(t), MTTF
wiumss, Wl TdEnue
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undIiinvesLuUT AR | Indasdnsyastaan ;I
uuuAIEaTU 1 iy wau g ;I
A — dnAanudnwar | 0.001
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T luevine / 0 8760

AMHFYAUN WA / V3.
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ANAN — AT Bt}

dumouit 1 — uwuwesudodiadu

STEP 1 — MODEL

Model source Wear-out (Weibull B, n) LI
Weibull B — shape 2

Weibull n — scale 1000

MTTR — repair hours = 50
Wear stages k

Funouil 2 fis 5 — Pasuuudnassvesnslniiss @ &1 @
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STEP 1C — REPAIR PHYSICS (METHODS 2-4)

o Repair law Exponential (MTTR above) j
6 Lognormal o (log 05

scale)
o Repair arrow — stagej | 1

PM detection o (/h)

PM rate p (/h)
G Z)estoration g (Method | (¢ o typed g j
@ Aging clock Operating (virtual age) j
@ Histories N 30000

UnOUil 6 fia 12 — eounnsdon © &1 @

e

STEP 1B — RATES FROM ANALYSES

@ Asource | Manual (fields above) j

usource = Manual (fields above) j

STEP 2 — OPTIONS

@ Mission timet 4000
@ Operating hours / yr = 8760
Production loss / hr
Target availability %

@ Ladder max units 6

dumouil 13 s 17 — unasdnsuaziidon @ f
2. ® Tu Model source 1§20 Wear-out (Weibull B, n) goswainmsdnnsoazunng
3. @ Tu Weibull B — shape Wiuwi 2
4. ® Tu Weibull n — scale Wuvi 1000
5. @ Tu MTTR — repair hours Wini 50 Wear stages k 1¥uis Reliakn 1don k 124
6. ® Tu Repair law a4 Exponential (MTTR above)
7. ® Lognormal g (log scale) aa131 0.5 THanzngmsdennuudonuasuoa
8. @ Tu Repair arrow — stage j aa131 1 nsdonvinTns:uniAssndugduusn AomiouTna
9. ® Tu Restoration q (Method 4) Wi 0.5
10. @ Aal37 typed q Wuunasiisnnvas q
11. ® Tu Aging clock aa'l37i Operating (virtual age)
12. @ Tw Histories N Wi 30000
13. ® Tu A source aa'l37 Manual (fields above)
14. ® Tn H source A4 137 Manual (fields above)
15. @ Tu Mission time t Wsvi 4000
16. ® Tu Operating hours / yr aal37i 8760
17. ® Ladder max units as 137 6 THanziflofithwany & Production loss / hr uaz Target availability % riuing
dmsunszyniAps
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&

18. m&n OK — Calculate fishuawauuunosu (@ Tunwsuans) Reliabn fuiauisdisuazuanissau (e 4 A
wsn)

@ rle Data Discrete  LifeData  System  CMMS  View  Help

Input Navigation Al Support Input Data RBD Canvas FMEA Report
ANALYSIS (choose from the menu bar) AL fx | value or formula, e.g. =B4+D4 - =SUM(AT:AT0) - =AVERAGE(A:A) - =IF(B1>5, 1,0)
System — Markov availability A B c D E F G H | J B
©  Markov Availability R
state chains — availability, reliability, MTTF 2
) 3
1 Pick a preset machine (\, ) — or Custom: From/To/Rate
columns + the Down states 2 Mission time, OK 3 Report: 4
A=), A(t), R(t), exact MTTF, state curves. 5
6
STEP 1 — MODEL
7
Model source Wear-out (Weibull B, ) j 8
Weibull h 2 J
eibull B — shape
B P 10
Weibull n—scale 1000 1
12
MTTR — repair hours | 50 1
Wear stages k 14
15
STEP 1C— REPAIR PHYSICS (METHODS 2-4) 16
17
Repair law Exponential (MTTR above) ;| ©
chlncrmal 4 (log 05 19
scale) Pn
Repair arrow — stagej | 1 21
PM detecti h 22
letection o
) iz
PM rate p (/h) 24
Restoration g (Method 25
05 d ;|
9 typed q .
) o 27
Aging clock Operating (virtual age) v
28
Histories N 30000 29
30
STEP 1B — RATES FROM ANALYSES 31
32
Asource | Manual (fields above) - -
= 0
© Ready — enter data in the worksheet, choose an analysis on the left, then click OK Licensed to ReliaEn Training - expires 2027-10-18

Fueouil 18 — wilsinAsUNG BANAY

® ® uauwy: File, Data, Discrete, Life Data, System, CMMS, View, Help

® @ wuwesniideAenudunauil 2 ¢ 17 i OK — Calculate agjghuans

® ® wauanue: Ready — enter data in the worksheet, choose an analysis on the left, then click OK. wag Licensed to
ReliaEn Training - expires 2027-10-18
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PJunoui 1B — dnsnannmsiiasiei

uwdfinnwad A | Avusied (Faaduun) j

unaifiinues i Amuaes (Feeinuu) j

dunouwii 2 — daudon
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g luavinen / 1 8760

AMHAIAUNSKAR / wn. | 10000

aruwion i munn 99
%

uumigde a‘mmaaﬁu"lm 6

ANAI — AN Bitilo)

dumouit 19 fs 29 — uvunasuiidedrdmsuilu

® 8 60 009

19. @ Tu unaWiNPeIUURNADY 180N 1AFDIRNSYAGIAN
20. @ Tu wwud s 1don 1 Wi wonld

21. @ Tu A — Sasanudumial W 0.002

22. ® Tu p — SmsnAnswon Wani 0.05

23. ® Tu wnasAswos A aa 137 Anuaos (Bosdnnu)
24. ® Tu wnasAsnvos H A3 137 Amuaog (Yousuun)
25. @ Tu annnsia t Wuw 10000

26. ® Tu @7 Tuavinew / U mal3id 8760

27. ® Tu anuaandsniswan / su. WuW 10000

28. ® Tu auwson Tdauihmmne % R 99

29. ® Tu Fwrumirvavanvosiule aaliii 6

30. @ Aan anas — duna Nenuluasindwoina 4
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AR 4 — 589U AazANs e

nsalnlAS (Msdnnso) nasdunouil 18 sunulasssnudiufinsonsnsinae dornuitunSeenuniinasmundingy:

INPUT DATA
© railure model Weibull (B = 2, n = 1000) — hazard A(t) = (B/n)(t/n)"(B-1)
© WebullB/n 2 / 1000
© Repair manual MTTR — MTTR = 5@ h (p = ©.02/h)
o Mission time t 4000
o Wear stages k 4 (auto from CVZ = 0.2732)
G Repair law (Methods 3-4) exponential
o Repair arrow (Method 2) Stage 1
o Method 4 q = 0.5, operating aging, N = 30,000 histories, seed 20260825
Input data
® ® Failure model Weibull (B = 2, n = 1000) — hazard A(t) = (B/n)t/n)A(B-1). nszUnfssdnnso snsnANNANIAT
vouiuANDI UL Y
® @ Weibull B /n 2/ 1000.
® ® Repair manual MTTR — MTTR = 50 h (u = 0.02/h). nauadsTuasdon (MTTR) uazsnsiaseon
® @ Mission time t 4000.
® ® Wear stages k 4 (auto from CV2 = 0.2732). ReliaEn 1donddunssdunsns:ansvasonguuuhyad
® ® Repair law (Methods 3-4) exponential. Repair arrow (Method 2) Stage 1: nsdonnimdasdnsnduluduusn
wmitouTnd
® @ Repair arrow (Method 2) Stage 1.
® ® Method 4 q = 0.5, operating aging, N = 30,000 histories, seed 20260825.
RESULTS
Q@ MITF=nra+1/p) 886.23 h
© A1) — Method 1, MINIMAL repair 0.7161
© At — Method 2, RENEWAL repair 0.9466
o A(c0) — renewal identity MTTF/(MTTF+MTTR) 0.94659
o A(o0) — minimal repair none — availability erodes forever
o A(t) — Method 3, RENEWAL repair (semi-Markov, exact) 0.9466
© A — Method 4, restoration g = 0.5 (operating aging) 0.8383 + 0.0042
Results

® ® MTTF = n-[(1+1/B) 886.23 h. o giaduvasnszlniAss na

® @ A(t) — Method 1, MINIMAL repair 0.7161. anuwsouTdauil 4,000 $1lus fhasdouusiazasaimsszdudu

® ® A(t) — Method 2, RENEWAL repair 0.9466. anunsauTldudnsdonusazassvin Tnsieiua

® @ A(c0) — renewal identity MTTF/(MTTF+MTTR) 0.94659. A(c0) — minimal repair none — availability erodes
forever

® ® A(c0) — minimal repair none — availability erodes forever.

® ® A(t) — Method 3, RENEWAL repair (semi-Markov, exact) 0.9466.

® @ A(t) — Method 4, restoration q = 0.5 (operating aging) 0.8383 + 0.0042. Msdeufiavanymdnileiiazaumndaus
MsdonATifon
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INTERPRETATION
Same machine, two repair philosophies, two answers: with MINIMAL repair (fix the part, keep the age) availability at t = 4000 is 0.7161 and still falling — maintenance is a

losing race against the growing hazard. With RENEWAL repair (replace, as good as new) it settles at 0.9466. Neither is ‘more correct' — state honestly what your repairs do

to the machine, and read that column. Method 3 gives the renewal transient exactly (the same steady state, reached through the failure waves Method 2 blurs); Method 4's

restoration dial q spans the two physics — everything between them is imperfect repair, reachable only by simulation.

Interpretation

7]
8]
o

(1)

® ® Same machine, two repair philosophies, two answers: with MINIMAL repair (fix the part, keep the age)
availability at t = 4000 is 0.7161 and still falling — maintenance is a losing race against the growing hazard. With
RENEWAL repair (replace, as good as new) it settles at 0.9466. Neither is 'more correct' — state honestly what your
repairs do to the machine, and read that column. Method 3 gives the renewal transient exactly (the same steady
state, reached through the failure waves Method 2 blurs); Method 4's restoration dial g spans the two physics —
everything between them is imperfect repair, reachable only by simulation.

WHICH REPAIR PHYSICS? — FOUR METHODS, ONE MACHINE

o Same machine, four answers — each answers a different physical question; the most consequential modelling decision here is not mathematical.

Method

1. Non-homogeneous Markov
2. Method of stages

3. Semi-Markov

4. Simulation, virtual
age

Where the memory lives

Global clock time in the
rates, Q(t)

Which sub-state you
occupy

A local clock that resets
at each jump

A per-component virtual
age V

Repair physics encoded

MINIMAL repair (as bad as
old)

Renewal, or partial
(arrow choice)

RENEWAL (as good as new),
built in

ANY: q dial spans minimal
© renewal

Answer quality

Exact for its philosophy
Approximate (CV?
matching)

Exact for its philosophy

Statistical (with CIs)

m Choosing the method is choosing the repair physics — Method 1: minimal repair; Methods 2 and 3: renewal; Method 4: any q.

Which repair physics? — four methods, one machine

o

This machine's long-run
availability

0.5006 at 10,000 h
0.94659

0.94659

0.838 at the chosen q = 0.5
(4,000 h)

® @ Same machine, four answers — each answers a different physical question; the most consequential modelling
decision here is not mathematical.

® ® Method

® ® Where the memory lives
® @ Repair physics encoded

® ® Answer quality

® ® This machine's long-run availability
® @ 1. Non-homogeneous Markov - Global clock time in the rates, Q(t) - MINIMAL repair (as bad as old) -
Exact for its philosophy - 0.5006 at 10,000 h

® ® 2. Method of stages - Which sub-state you occupy - Renewal, or partial (arrow choice) - Approximate (CV?
matching) - 0.94659

® © 3. Semi-Markov - A local clock that resets at each jump - RENEWAL (as good as new), built in - Exact for its
philosophy - 0.94659

® ® 4. Simulation, virtual age - A per-component virtual age V - ANY: q dial spans minimal < renewal -
Statistical (with Cls) - 0.838 at the chosen q = 0.5 (4,000 h)

® @ Choosing the method is choosing the repair physics — Method 1: minimal repair; Methods 2 and 3: renewal;
Method 4: any q.
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METHOD 1 SELF-CHECK — QUASI-STEADY SHORTCUT
o At mission: exact 0.7161 vs quasi-steady 0.7143.

e A(t) = p/(A(t)+p) once the chain settles (~150 h). Largest deviation from the exact ODE after settling: 0.0047 — the hazard moves slowly against the repair timescale, the integration self-checks,
and the shortcut is engineering-grade here.

e Every Method-1 figure assumes minimal repair (as bad as old). If the machine is replaced at failure, use Method 3; Method 1 is pessimistic by 7.09x at 4,000 h.

Method 1 self-check — quasi-steady shortcut

® @ At mission: exact 0.7167 vs quasi-steady 0.7143.

® @ A(t) = W/A(t)+p) once the chain settles (~150 h). Largest deviation from the exact ODE after settling: 0.0047 —
the hazard moves slowly against the repair timescale, the integration self-checks, and the shortcut is engineering-
grade here.

® ® Every Method-1 figure assumes minimal repair (as bad as old). If the machine is replaced at failure, use Method
3; Method 1 is pessimistic by 7.09x at 4,000 h. @1 7.09 Aodns1awaii 4,000 47 luspau MTTF o A(4000) x MTTF =
0.008 x 886.23 vannsniAusiidnnsedumaninidadonasnongAwin hildsnnaruvesanulainsonTdam
V9435

Availability under two repair physics — Weibull (B = 2, n = 1000)

|
0-0
- —00
>
_@ 0.6 -
E
L)
'E 0.4 A
I
w—— Method 1 exact — MINIMAL repair
0.24.... quasi-steady W(A(t)+p)
== Method 2 (Erlang-4) — RENEWAL repair
==~ renewal A(x) = 0.9466
0-0 L] L T L] L] T L] L Ll
0 500 1000 1500 2000 2500 3000 3500 4000
Time t (h)
akall

® @ 1du: Method 1 exact — MINIMAL repair.

® @ 1&u: quasi-steady p/(A(t)+p).

® ® 1du: Method 2 (Erlang-4) — RENEWAL repair.
® @ | Fuuuuau: renewal A(eo) = 0.9466.
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Method 2 — stage probabilities, Erlang-4 (the memory made visikle)

1.0 A — Stage 1 = Stage 4
— Stage 2 = = Down (repair)
- Stage 3
0.8 ~
T 0.6 A
5
)
S 0.4 -
0.2 A
0.0 T T T T T _____\ _____ \______I _____ T
Q 500 1000 1500 2000 2500 3000 3500 4000

Time t (h)

Q Interactive Plot

kRl

® O 1&u: Stage 1.
® @ 1&u: Stage 2.
® ® 1&u: Stage 3.
® @ \&u: Stage 4.
® ® 1&u: Down (repair).

Method 3 — semi-Markov availability (renewal integral equation)

1.00 - — Method 3 semi-Markoy — RENEWAL repair (exponential)
----- Method 2 {Erlang-4)
0.99 - === steady state MTTF/(MTTF+MTTR) = 0.94659
E 0.98 4
<L
_@ 0.97 -
E
n 0.96 -
m
=
< 0.95 - o 4
0.94 1 (2]
0.93 -
0 500 1000 1500 2000 2500 3000 3500 4000
Time t (h)

Q Interactive Plot

A5 N

® ® 1du: Method 3 semi-Markov — RENEWAL repair (exponential).
® @ 1du: Method 2 (Erlang-4).
® @ uuuuou: steady state MTTF/(MTTF+MTTR) = 0.94659.
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Method 3 — renewal density: synchronised failure waves

(2]

5
=]
=
]
a
7
[=]
—
i 0.4 -
E

0.2 4

— renewal density mit)
0.0 —~-- asymptote 1/(MTTF+MTTR) = 1.068e-3/h
a 500 1000 1500 2000 2500 3000 3500 4000

Time t (h)

Q Interactive Plot

akall

® ® 1du: renewal density m(t).
® @ Fuuuuou: asymptote 1/(MTTF+MTTR) = 1.068e-3/h.

Method 4 — the Kijima spectrum (operating aging, N = 30,000, seed 20260825)

1.0 - |
0-0
=0
0.8 O-
_ (5]
<
> 0.6
E
n
'E 0.4 A
I
0.2 1 lines: moving average of the simulated points (+6 report times) — the table gives the simulated values
-—q=0 = q =05 —_—g=1
— =0.25 | =—q=075 === renewal steady state 0.9466
O-O T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
Time t (h)
AN
®® &u:q=0.
® @ 1#u: q=0.25.
® @ 1&u:q=05.
® @ #u: q=0.75.
*® Fuq=1.

® ® duuuuou: renewal steady state 0.9466.
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STAGE OCCUPANCY — ERLANG-4 STAGE MODEL OF WEIBULL
(B =2, H = 1000)

o The stage probabilities ARE the model's memory of the machine's age —
wear made visible. Each stage hops at v = 0.004514/h.

(2] (3 4]

State P(state) at mission = Steady-state 1
o Stage 1 0.236649 0.236649
o Stage 2 0.236649 0.236649
0 Stage 3 0.236649 0.236649
0 Stage 4 0.236649 0.236649
o Down (repair) ©.053406 0.053406

Stage occupancy — Erlang-4 stage model of Weibull (B = 2, n = 1000)

® @ The stage probabilities ARE the model's memory of the machine's age — wear made visible. Each stage hops at
v = 0.004514/h.

® @ State

® (O P(state) at mission

® @ Steady-state T

® ® Stage 1-0.236649 - 0.236649

® ® Stage 2 - 0.236649 - 0.236649

® @ Stage 3 - 0.236649 - 0.236649

® ® Stage 4 - 0.236649 - 0.236649

® @ Down (repair) - 0.053406 - 0.053406

METHOD 2 TRANSIENT — ERLANG-4 STAGE CHAIN, REPAIR ARROW TO STAGE 1

o Erlang-4 matches the mean exactly and the spread to CV* = 0.25 against the target 0.2732 — the
transient carries that error; the steady state does not.

t (h) A(Y) Stage1 Stage2 Stage3 Stage4 Down (repair)

250 0.9882 .3365 .3677 0.2064 0.0775 0.0118

500 0.9585 .1986 L2752 0.2801 0.2046 0.0415

.2365 .2366 0.2368 0.2367 0.0534

%] 0

3] 2]
1,000 ©.9448 0.2362 0.2295 0.2360 0.2431 0.0552

2,000 0.9466 @ 0

Q 0

4,000 0.9466 .2366 .2366 0.2366 0.2366 0.0534

020060

@ A(e0) = 0.94659; corrective failures 9.36 per year (t_Stage 4 - v - 8760 h); v = 0.004514/h. The stage
probabilities are plotted above

Method 2 transient — Erlang-4 stage chain, repair arrow to Stage 1

® @ Erlang-4 matches the mean exactly and the spread to CV2 = 0.25 against the target 0.2732 — the transient
carries that error; the steady state does not.

*Qt(h)

* 3 A({)

® @ Stage 1

® ® Stage 2

® ® Stage 3

® @ Stage 4

® ® Down (repair)

® ©® 250-0.9882-0.3365-0.3677 - 0.2064 - 0.0775 - 0.0118

® ® 500-0.9585-0.1986 - 0.2752 - 0.2801 - 0.2046 - 0.0415

®® 1,000 -0.9448 - 0.2362 - 0.2295 - 0.2360 - 0.2431 - 0.0552

® ® 2,000 - 0.9466 - 0.2365 - 0.2366 - 0.2368 - 0.2367 - 0.0534

® @ 4,000 - 0.9466 - 0.2366 - 0.2366 - 0.2366 - 0.2366 - 0.0534

® @ A() = 0.94659; corrective failures 9.36 per year (m_Stage 4 - v - 8760 h); v = 0.004514/h. The stage probabilities
are plotted above.
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TRUST CHECK — ERLANG-4 STAGE MODEL OF WEIBULL (B = 2, H = 1000)

o The simulation replays the same chain event by event with a fixed seed (deterministic) — an independent surface, not a re-run of the formula.

e Analytic A(t = 4000) = 0.946594 - independent seeded simulation = 0.9425 * 0.0072 (95%, 4,000 histories) — the analytic answer lies inside the simulation interval; two independent
computations agree.

Trust check — Erlang-4 stage model of Weibull (B = 2, n = 1000)

® @ The simulation replays the same chain event by event with a fixed seed (deterministic) — an independent
surface, not a re-run of the formula.

® @ Analytic A(t = 4000) = 0.946594 - independent seeded simulation = 0.9425 + 0.0072 (95%, 4,000 histories) —
the analytic answer lies inside the simulation interval; two independent computations agree.

METHOD 3 TRANSIENT — SEMI-MARKOV, RENEWAL EQUATION (EXPONENTIAL, MTTR 50 H)

o One cycle = one life + one repair; m(t) = g(t) + [g(t-u)m(u)du and A(t) = R(t) + [m(u)R(t-u)du, with the cycle
density built mass-preserving from exact CDF differences.

t (h) A(t) — Method 3 semi-Markov  Method 2 Erlang-4 Method 1 minimal repair

o 250 0.9807 0.9882 0.9863
o 500 0.9614 0.9585 0.9568
o 1,000 0.9454 0.9448 0.9129
o 2,000 0.9468 0.9466 09.8363
@ 4,000 0.9466 0.9466 0.7161

m Grid step 0.25 h (16,000 cells, Richardson-extrapolated; largest correction 1.0e-04); cycle mass 1.000000000. Steady state
MTTEAMTTF+MTTR) = 0.94659 — exact for any repair law with this mean.

Method 3 transient — semi-Markov, renewal equation (exponential, MTTR 50 h)

® ® One cycle = one life + one repair; m(t) = g(t) + [g(t-u)m(u)du and A(t) = R(t) + [m(u)R(t-u)du, with the cycle
density built mass-preserving from exact CDF differences.

*®t(h)

® ® A(t) — Method 3 semi-Markov

® ® Method 2 Erlang-4

® ® Method 1 minimal repair

® ® 250-0.9807 - 0.9882 - 0.9803

® ® 500-0.9614 - 0.9585 - 0.9568

® ® 1,000 - 0.9454 - 0.9448 - 0.9129

® © 2,000 - 0.9468 - 0.9466 - 0.8363

® © 4,000 - 0.9466 - 0.9466 - 0.7161

® @ Grid step 0.25 h (16,000 cells, Richardson-extrapolated; largest correction 1.0e-04); cycle mass 1.000000000.
Steady state MTTF/(MTTF+MTTR) = 0.94659 — exact for any repair law with this mean.
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RENEWAL DENSITY M(T) — THE FAILURE
WAVES

o Synchronised first failures return from repair
around one mean life (886 h) and damp toward the
long-run cycle rate 1.068e-3/h.

t (h) m(t) x10°2 per hour
500 0.7724

886 (MTTF)  1.8659

1,000 1.0924
1,500 1.0805
2,000 1.0641
3,000 1.0684
4,000 1.0681

o Asymptote 1/(MTTF + MTTR) = 1.068e-3/h — a fleet
commissioned together sends workload waves to the
repair shop at multiples of the mean life until de
phasing washes them out.

Renewal density m(t) — the failure waves

® @ Synchronised first failures return from repair around one mean life (886 h) and damp toward the long-run cycle
rate 1.068e-3/h.

*Qt(h)

® ® m(t) x1073 per hour

® @ Asymptote 1/(MTTF + MTTR) = 1.068e-3/h — a fleet commissioned together sends workload waves to the
repair shop at multiples of the mean life until de-phasing washes them out.

METHOD 4 VALIDATION — THE SIMULATOR AGAINST THE EXACT METHODS
o Validated: q = 0 reproduces Method 3 and g = 1 (calendar aging) reproduces Method 1 within the 95 % intervals at every report time.

t (h) Simulated q = 0 (operating) * 95%  Method 3 exact Simulated q = 1 (calendar) + 95 %  Method 1 exact

o 250 0.9812 + 0.0015 0.9807 0.9811 + 0.0015 0.9803
o 500 0.9621 + 0.0022 0.9614 0.9574 + 0.0023 0.9568
o 1,000 ©.9445 + 0.0026 0.9454 0.9105 + 0.0032 0.9129
@ 2,000 ©0.9471 + 0.0025 0.9468 0.8352 + 0.0042 0.8363
m 4,000 ©0.9457 + 0.0026 0.9466 0.7160 + 0.0051 0.7161

@ N = 30,000 histories per run, seed 20260825; 95 % intervals with the rule-of-three floor at the extremes. The simulator earns interior answers only by reproducing
both exact methods at its extremes

Method 4 validation — the simulator against the exact methods

® @ Validated: q = 0 reproduces Method 3 and q = 1 (calendar aging) reproduces Method 1 within the 95 %
intervals at every report time.

*®t(h)

® ® Simulated g = 0 (operating) + 95 %

® ® Method 3 exact

® ® Simulated g = 1 (calendar) = 95 %

® ® Method 1 exact

® ® 250-0.9812 + 0.0015 - 0.9807 - 0.9811 + 0.0015 - 0.9803

® ® 500-0.9621 + 0.0022 - 0.9614 - 0.9574 + 0.0023 - 0.9568

® ©® 1,000 - 0.9445 + 0.0026 - 0.9454 - 0.9105 + 0.0032 - 0.9129

® ® 2,000-0.9471 + 0.0025 - 0.9468 - 0.8352 + 0.0042 - 0.8363

® ® 4,000 - 0.9457 + 0.0026 - 0.9466 - 0.7160 + 0.0051 - 0.7161

® ® N = 30,000 histories per run, seed 20260825; 95 % intervals with the rule-of-three floor at the extremes. The
simulator earns interior answers only by reproducing both exact methods at its extremes.
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8 00000

METHOD 4 SPECTRUM — RESTORATION Q = 0... 1 (OPERATING
AGING), THE DECISION VIEW

Repair quality changes the breakdown rate 3.0x across q = 0.... 1; moving from g
=0.5to q = 0saves 8.7 failures per year.

Restorationq  A(4,000 h) £ 95 %  Failures per year + SE
(4] 0.9457 *+ 0.0026 8.65 + 0.01
0.25 0.8925 + 0.0035 12.90 + 0.02
9.5 (chosen) 0.8383 + 0.0042 17.36 *+ 0.03
8.75 0.7877 * 0.0046 21.69 t 90.03

1 0.7451 + 0.0049 25.77 + 0.03

Calendar aging vs operating aging at q = 1: 0.716 vs 0.745 at 4,000 h.

Kijima I: after each repair V — V + gX (operating clock) — the bay time is added to V
on the calendar clock; g = 0 as good as new, g = 1 as bad as old. Price the failures
saved against the overhaul premium.

Method 4 spectrum — restoration g = 0 ... 1 (operating aging), the decision view

® O Repair quality changes the breakdown rate 3.0x across q = 0 ... 1; moving from g = 0.5 to q = 0 saves 8.7

failures per year.
® @ Restoration q
® ® A(4,000 h) £ 95 %
® @ Failures per year + SE
®® 0-0.9457 + 0.0026 - 8.65 + 0.01
®® 0.25-0.8925 £+ 0.0035-12.90 + 0.02
® ® 0.5 (chosen) - 0.8383 + 0.0042 - 17.36 + 0.03
®®0.75-0.7877 £ 0.0046 - 21.69 + 0.03
®® 1-0.7451 + 0.0049 - 25.77 £ 0.03
® ©® Calendar aging vs operating aging at q = 1: 0.716 vs 0.745 at 4,000 h.

® @ Kijima I: after each repair V < V + g-X (operating clock) — the bay time is added to V on the calendar clock; q =

0 as good as new, g = 1 as bad as old. Price the failures saved against the overhaul premium.

flu (Fns1aeit) nasdunouii 30:

ioyalingn
o wuudnang uuudadasy — 1 wiiag aiou’lsl (A = ©.002, p = 0.05)
9 AUz 2 (Up, Down)
o Aonusinay (w%aﬂﬁﬂu) Up
O anmussuin Up
o nanAnsAa t 10000
o i lugvinen /1 8760
Foyarudh

® @ wudass uudIFasU — 1w gauld (A = 0.002, p = 0.05).

® @ anuz 2 (Up, Down). aanuzvinau (wdonTdan) Up. aanuzidudiu Up
® ® anmusinau (wdouTdeu) Up.

® @ anmuziausiu Up.

® ® nanasAa t 10000. hlusineu /T 8760

® ® g7 lusvinau / U 8760.
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WAANS

o enawsouTgnumi A(co) 0.961538
O uwmtonTduwainsia Alt) 0.961538
9 emudafia ldwainsAa R(t) 0.000000
° MTTF (msndanmumm umﬁ%’min) 500.0

O awweiudiments /97 Alo)  336.9 h

WARNWS

® ® amunsoulduasin A(e) 0.961538. Tuszuzoniuvinen 0.961538 wadnan
® @ mnuwsonTHiuvesnisia At) 0.961538. i 10,000 2 lusAnilitng A(co) udh
® ® amnuidodialdwainisia R(t) 0.000000. duunuazuinouinduwatogatioonilandaTu 10,000 7l

® @ MTTF (msithdanusvgansausn) 500.0. ® nawgavinnuiieanis /9 7 A(e) 336.9 h
® ® nawevhawuimands /U 7 A(e) 336.9 h.

ASAAINN

o Buann 'Up! sruundonldeuit t = 10000 shumnsninandu 0.961538; mmm::ﬁluﬁsmu"lﬂmuuqmtauauﬁlmauﬁuﬁa 0.000000 AuwdonldanuiivmsndunTdnunddos;
e oy P q v Ty s Soda X @y
mnudario ldlsitiy — gasinesminvmsadu o dsitiingonde T

ANeBiAINN

® @ Buan 'Up' sruuwdonTdiaud t = 10000 ghoenautinastu 0.961538; anutinasfudiszuu lisvsaiasaudinouiudo
0.000000 Anungan IFutiuasndun ldnunsedon; anuidadiola ity — dosinsswinvasaduldsdodeiiindonda T

nhasnfuvasamue, A(t) ua: R(t) — uwuudusagy — 1 wibw <anld (A = 0.002, |
1.0 4 \ i
1
1 Q¢
0.8 A I|
= i L PlUpI®)
?; 0671 i PIDown1(t)
£ 1 o — A) — wianltu
2 0.4 1 1[ H == R(t) — debiffanuduman
& \ © .. mefiat = 10000
\ i
0.2 Y
i 00
— t
0.0 T T S T T T T T T
0 2000 4000 6000 8000 10000 12000 14000

nan t

A5 N

* @ idu: PUpI(Y).

® @ 1&u: P[Down](t).

® O 1&u: At) — wdou g,

® @ du: R(t) — talifanuduiman.
® ® [ Fuuuea: AsAa t = 10000.
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pruheodngs £10% — wuudi§asy — 1 wiw doulsd (A = 0.002, p =

Down - Up (0.05/h) 4

Up — Down (0.002/h) -

D.éSS 0.9:59 D.éEG D.9I61 G.QIEZ 0‘9‘63 0.‘9IG4 0.9;65
A=) (gu = 0.961538)

As N
o anuhsiodns: A(co) ilesnsusiazshudu +10%

annusiinainishaunaganusa — uoudsasy — 1w wou'ld
(A =0.002, M = 0.05)

o anmuzusnAoanusENdu T udan TQ = 0 Tan I = 1;
Amsuan lafiiinandnmauuuaanau T ns=anayitiu

AONUr  AANA P(aauz) Anainisia t | amusaash T
o Up Ve ©.961538 0.961538

©@ oo e 0.038462 0.038462

anugiinannsAanazan ueasy — uuudusagy — 1 wibw dauld (A = 0.002, p = 0.05)

® ® anuzusnAeaniuzsudiu T udain TQ = 0 law In = 1; Awsuanlaifndudnmamuuugandu T nszanagiitiu

® @ annue

® ® aaa

® @ P(anue) Anannnsaa t

® ® @AnuUANE T

® ® Up - vinem - 0.961538 - 0.961538
® @ Down - niam - 0.038462 - 0.038462

Smsimsiavuaniue — uuuasagl — 1 wiinw aioun 16l (A = 0.002,

M = 0.05)
o sssutiionvassnnaniia: Q[i[j] = s i—j, uumuss = —(waTmum)
QAN A 3051 (fuu.) nmar.jmﬁu 1/8051 (wd.)
O uw Down  ©.002 500.0
©® oo U .05 20.0
Sommadsuanius — wwudu§agy — 1 wiae gould (A = 0.002, i = 0.05)

® O sssutisnwassinania: Qi][j] = da5 i—j, uwmues = —(Nasauuan)
® ® nn

® Ay

® @ Fna (Jin.)

® ® nanegady 1/60 (Tn.)

® ® Up - Down - 0.002 - 500.0

® ® Down - Up - 0.05-20.0
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anundou Tfudumnudonold — 335 umsiies il

o laiwy # Rgaiinlid: wudsessrenandsamaeil — windoyannudumananinsdnnse (byad B > 1) TWasdiaumaniibuds:anem

e A(t) Aomnninanfuiis:uvag Tuanusvinen ar vai: t — anudnmaiideniasanou t duluiwdenTdou R(t) Aemnuinaniuis:uu liduwaiasauds t (aausmgavineugniinltibuanuganau)

dmsuradvvasrmudnmaininsn

anundou ldnusuanudedols — 389

o

NUANFIATINET

® @ hinu # Waailin lifl: wudasunsrenanuisns Al — mndayamnudumaiuansmsanuse (huad p > 1)

va o =
6[1&ﬂEJGl']Lﬁ‘ZJL‘Iﬁﬁ']‘LLL‘IJ‘LLﬂ']‘IJi:N']fu

® QO A(t) ff‘wammmauﬂuﬁiwuazf[uamu:‘v‘hmu L vaUE t — ANNANmIATidoNiaZaron t Seiuiwdon It R@t) Ao
anutnanfuiisuu lidumaiasauds t (anusvnavinugnvin iiduanuzganau) dwsunuudassitdonlls
MeaasAwindw,; Walinsdan At) tdenaesin A(o) waudl R(t) anadidang 1m 0 T A(0) ATV AN AV 1%
R(t) dusudaunnsAadndeyit 'vhuduwian’ uazld MTTF A wmsuAnindovasanuduinaiasausn

shoonuuy 1 — aouBiisrdu (nuuadasy — 1w aon’ld (A = 0.002, M = 0.05))

o Asunein A(co) Tu W asnauiuas (sUde 2 anus p_req = A-M/(1-A); nanwanuadasinia)

e anuwdou Tdiueedhilagtiu 0.961538 lidaiimung 99.00% womslaseasuil nsgondeashdwdu p = 0.198/am. — Ao 1@dan aTu 5.05 wn. Tauady (Uagiubifidusiwitussaitimuoil g insen)

gheonuuy 1 — donTwiSrdu (wwuduFasu — 1 wihe gonld (A = 0.002, p = 0.05))

® D nswni A(eo) Tn M osnutiunse (sUle 2 annue p_req = A-N/(1-A); vansanuzidaiiiag)
® @ mnuwdonTdumsshilaatiu 0.961538 lidatmuny 99.00% wenslassashsil nsdeudoaiduidu u = 0.198/am. — #o
wdaneTu 5.05 . Tasnads Haavubifiduswivssatiwanei p insen)

fhoonuuu 2 — wWinwiiy (Vuleasuunuudou, nuudndasu — 1

wihe aenld (A = 0.002, M = 0.05))

* n usnitussailmune 99.00% — finsm: n* = 2 - fuawne n* = 2

A ldanuinanamnming deauiignanluassmu (gansiu Au windnwing)

wig n
1
2

00000

A(c0) onnuuANSIN
0.961538
.997046 *

.999660

0

(2]
0.999948
0.999990
0

.999998

A(o0) afouunuuisaw:

2]

o © ®

.961538

.998521

.999943

.999998

.000000

.000000

gheonuuy 2 — iumie (ulawununuudon, wwududagy — 1 wihe dould (A = 0.002, p = 0.05))

® @ % n usniiussaitvany 99.00% — fiusiu: n* = 2 - fiuaniz: n* = 2 wa ldduiiinanamnmiog; a??amuﬁqnn’i'\‘[uaaemu
(FonErdu Au WndnuIw)

® @ wiyn

® 3 A(co) tonuuuTinNg I

® @ A(co) tonuuuTiNIANIE

e 1.
LEGE
o3
°e® 4.
e(®5.
LN

0.961538 - 0.961538

0.997046 * - 0.998521 %

0.999660 - 0.999943
0.999948 - 0.999998
0.999990 - 1.000000
0.999998 - 1.000000
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ulovrunisaoun — ANsINAUTNIANA: (2 VUIUASAS AN

© isiisoadonavine 12.92 /0 = 129,203/D fidArmanidunruaniiou
— iisufudunuvssitugouiosinaula.

ulouny A() nagAVinaU B, /1
© dunw (1 7w)  ©.997846  25.9

O Auwawn: (2 Ww) ©0.998521  13.8
ulsunonsgon — fusuAuinmnnz (2 auuitdnsmanil)

® O fuitassdonaivinau 12.92 a./i = 129,203/1 enmnuanidsnswaniitlou — WsuAuduvuvosiindouiiosnauTa.
* @ uluuy

® ® A(»)

® @ nanvyAVIL BN./TU

® ® i (1 7ia) - 0.997046 - 25.9

® ® Vimawe (2 7in) - 0.998521 - 13.0

s EgFNAnSYINAIMLAYiTNIW — uuudniasd — 1 i 2ou’lé (A = 0.002, M = 0.05)

o Sunu = 1t x 8760 wiu /T x 10,000/4m.; T 3,369,231/1 fianuzass a‘w%uaﬁTf*L‘iuuuqmﬂﬁu b1 aﬂuna‘yﬁumm —
Fumarmiiusanmyavianua Tuias liTvausniiuem

anusmgn | T (deduwounan) | ahlua /T dunue /U dAadhuvovsiununaigarintau
©® oo 0.038462 336.9 3,369,231 100.0%

IATHEANANSTAINAMEAVINIUL — uuudEasU — 1 wihe ganld (A = 0.002, pu = 0.05)

® ® gunu = 1 x 8760 wiu./T x 10,000/2m.; 79 3,369,231/1 anusassh dAmsuanlduvuganau 1 ogTunandumal — s1u
wandudnsmyeavianuaTuiiae lulgawdfiumu

® @ anuzviyn

® O 1 (Fpauvasnan)

®® dnlua /1

®*® gunu /T
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