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Further results concerning the Bayesian analysis are presented in Section 1. Further fre-
quentist confidence sets and Bayesian credible sets and details of their calculation are
given in Section 2, and details concerning the calculation of the prediction intervals are
given in Section 3. In Section 3 also the difference between prediction intervals based on
credible sets and the classical Bayesian prediction intervals is outlined and it is explained
why the classical Bayesian prediction intervals cannot be used easily in the models with
damage accumulation. Sections 4 and 5 provide further results of the simulation study.
Since the estimates differs if they were calculated in the scale invariant or the scale de-
pendent version, Section 6 explains how one version can be transformed into the other
version. More details of the proofs are given in Section 7.

1 Further results of the Bayesian analysis

Traceplots and kernel density estimates of the marginal posterior distributions of each
parameter for each of the three models are given in Figures 1, 2, 3 and 4. Figure 3
illustrates the problem of sampling the posterior distribution in the model with additive
damage accumulation. Here the two MCMC chains with different initial values get stuck
in one of two local maxima.
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Figure 1: Traceplots and kernel density estimates for the parameters of the load sharing
model without damage accumulation.
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Figure 2: Traceplots and kernel density estimates for the parameters of the load sharing
model with multiplicative damage accumulation.
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Figure 3: Traceplots and kernel density estimates for the parameters of the load sharing
model with additive damage accumulation from two chains with different starting values.
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Figure 4: Traceplots and kernel density estimates for the parameters of the load sharing
model with additive damage accumulation.



2 Further frequentist confidence sets and Bayesian
credible sets and details of their calculation

To calculate the 90%-prediction intervals in the case of the models with multiplica-
tive and additive damage accumulation, 95%-confidence sets were calculated via grids
with 1013 points. The 1013 grid points were distributed with equidistant steps in
3.8,8.2] x [2.4,4.3] x [0, 0.8] for the model with multiplicative damage accumulation and
in [3.4,6.6] x [2.5,4.3] x [0.0001, 0.016] for the model with additive damage accumulation.
To make a fair comparison, the confidence set for the model without damage accumula-
tion were determined by a grid with 1012 points lying in [2.8,5.0] x [2.1,3.5]. All these
grids contain at the border points which are not included in the confidence sets so that
the grids were large enough. Moreover, the grids were also not too large since the obtained
confidence set for multiplicative damage accumulation contains 18 062 points, the one for
additive damage accumulation 34 384 points, and the one for the model without damage
accumulation 21 300 points. The 95%-credible sets for Bayesian analysis were obtained by
using the 40000 simulated parameters of the posterior distribution for the model with-
out and with multiplicative damage accumulation and the 8 500 simulated parameters of
the model with additive damage accumulation. Using Tukey’s half space depth led in all
three models to the smallest sets with at least 95% of the simulated parameters of the
posterior distribution. This resulted in a set of 38 007 parameters with a half space depth
greater than 0.002974987 for the model with multiplicative damage accumulation, in a
set of 8079 parameters with a half space depth greater than 0.00635294 for the model
with additive damage accumulation, and in a set of 38 009 parameters with a half space
depth greater than 0.007124996 for the model without damage accumulation.
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Figure 5: The whole set of simulated parameters of the posterior distribution (black), the
frequentist 95%-confidence sets (green) and the Bayesian 95%-credible sets (red) for the
model without damage accumulation in the scale dependent version with 7, = 10°.
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Figure 6: Two-dimensional projections of the whole set of simulated parameters of the pos-
terior distribution (black), the frequentist 95%-confidence sets (green) and the Bayesian
95%-credible sets (red) for the model with multiplicative damage accumulation in the
scale dependent version with 7, = 106.

3 Details of the calculation of the prediction intervals

Hereinafter, D = M, A, W denotes the model with multiplicative, additive and with-
out damage accumulation, respectively. Recall that the frequentist asymptotic (1 — «)-
prediction interval Pf, ;_, for the future failure time 77, is given by

Pg,l—a = U [qo?/4(9)7q1[)—a/4(9)] ) (1)
06@5,1—&/2

where CJJ | _, Jo is a (1 — a/2)-confidence set of ¢ while the Bayesian (1 — a)-prediction

interval PP, for T/ is given by

IP>g,1foz = U [qg/4<€)7Q{1a/4(0>] ) (2)
Oecg,lﬂﬂ

where CB | /o 18 the credible set. Both prediction intervals are based on the quantiles
q? 74(0) and qf 14(0) of the distribution of the future failure time TP,

For calculating the 90%-prediction intervals, each of the calculated 95%-confidence sets
and 95%-credible sets were thinned to approximately 2 000 parameters. Then, the thinned
confidence set for the model with multiplicative damage accumulation includes 10% of the
original 18 062 parameters, the thinned confidence set for the model with additive damage
accumulation includes 5% of the 34 384 parameters, and the thinned confidence set for
the model without damage accumulation includes 10% of the original 21 300 parameters.
Similarly, the thinned credible set for the model with multiplicative damage accumulation
includes 5% of the original 38 007 parameters, the thinned credible set for the model with
additive damage accumulation includes 20% of the 38079 parameters, and the thinned



credible set for the model without damage accumulation includes 5% of the original 38 009
parameters. Then 10 000 point processes were simulated for each parameter of the thinned
versions of the confidence sets and credible sets. The predictive distribution of the time
of the I.th break is approximated by the 10000 time points of the I.th event in these
10000 point processes. Using the 0.025-quantile and the 0.975-quantile of the 10000 time

points of the I.th event provides then the intervals |¢2,(0), qf’_a/4(6’)] in (1) and (2) for
a=0.1.

Because of the thinning, the prediction intervals are slightly too short. On the other
hand, the prediction intervals are slightly too large. Namely, for simplicity and to use
them for Experiment SB06 as well as for Experiment SB06a, the 95%-confidence sets
and 95%-credible sets were based only on N = {Nj(t);<r;; j = 1,...,J} and not on
No = {N;(t)i<r;; § = 0,1,...,J}. To include the general case in the proof of Lemma
IT1.1 and Lemma III.2, it was assumed that the confidence sets and credible sets are
of form C(N), but the proof holds also for C(N'). Since C(N) is larger than C(N),

the prediction intervals becomes only larger. However, we have then independence of
{T € P(,Ny)} and C(N) since the predictive interval P(0,Ny) = [q5/4(9), qf)fa/ll(ﬁ)

depends only on Ny(t)i<,,. This means that the level of the prediction interval can be
determined as in Leckey et al. (2020) and is (1 — §)? instead of (1 — «) with a = 0.1.

Nevertheless, the results for the model without damage accumulation are very similar to
those of Leckey et al. (2020).

It should also be noted here that usually the posterior predictive distribution of 7" := T7_,
given Ny = Ny is obtained by

pT\N0=NO(t> - p(t|N0) - p(NO) - p(N()) /p(t7N079) do

- ]ﬁ/p(tmo,e) p(No, 0) df = /p(tho,H) p(0|No) do.

A sample from this posterior predictive distribution can be obtained by sampling a t;
from the likelihood p(t|No, %) for each sample §*) from the posterior distribution. The
problem is that the distribution of T' given (N, ©®) = (Ny,#), which has the density
p(t|No, 0), has no simple form. Only for the model without damage accumulation, it
has a simple form since it is the hypoexponential distribution so that it can be easily
sampled. Therefore, we decided to obtain an approximate posterior prediction interval by
an analogous procedure to the frequentist prediction interval consistently for the models
with and without damage accumulation.



4 Further results of the simulation study for the esti-

mators
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Figure 7: Boxplots of the estimates for § = (61,0,)" for the simulated load sharing model
without damage accumulation. First column: scale invariant estimator in the scenario of
fixed horizon. Second column: correction of the scale invariant estimator. Third column:
scale dependent estimator in the scenario of fixed horizon. Fourth column: scale depen-
dent estimator in the scenario of fixed number of failures. The red line marks the true
parameter. The number of repetitions was 100.
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Figure 8: Boxplots of the estimates for § = (6y,6,,03)" for the simulated load sharing
model with multiplicative damage accumulation. First column: scale invariant estimator
in the scenario of fixed horizon. Second column: correction of the scale invariant estimator.
Third column: scale dependent estimator in the scenario of fixed horizon. Fourth column:
scale dependent estimator in the scenario of fixed number of failures. The red line marks
the true parameter. The number of repetitions was 100.
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5 Further results of the simulation study for the tests

Figure 9 and Figure 10 provide further simulation results concerning the rejection rates
under the null hypothesis of the likelihood ratio test for Hy : 6 = 6, and the likelihood
ratio test for testing the null hypothesis of no multiplicative damage accumulation and no
additive damage accumulation, respectively, for growing sample size for the scenarios with
fixed time horizon (left column) and fixed number of failures (right column). With 1000
simulations, the variability of the rejection rates are still high, which can be seen also by
the repetition of the simulation study with different random numbers in the second row.
In particular, Figure 10 demonstrates that the tests for no damage accumulation are too
conservative.
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Figure 9: Rejection rates of the likelihood ratio test for testing the null hypothesis
Hy : 6 = 6, in the models with multiplicative damage accumulation, additive damage
accumulation, and without damage accumulation. First column: scenario with fixed hori-
zon. Second column: scenario with fixed number of failures. Second row: results with
different random numbers. The red line marks the test level of 0.05. The number of
repetitions was 1 000.
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Figure 10: Rejection rates of the likelihood ratio test for testing the null hypothesis
Hy : 65 = 0 in the models with multiplicative damage accumulation and additive damage
accumulation for different values of K. First column: scenario with fixed horizon. Second
column: scenario with fixed number of failures. Second row: results with different random
numbers. The red line marks the test level of 0.05. The number of repetitions was 1 000.
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6 Transformation of parameters

The likelihood functions are dependent of the parameter 7 for adjusting for different time
scales. The likelihood functions are given in a form that is numerical stable. However, if
different values for 7 are used than the following representations are useful:

For the multiplicative model, we have

In(Lar((61(7), 62(7), 05(7)) 1))

S {Z =0u(r) + 6a(r) (e + a(r) (1650 ) ~ )

j=1 | i=1

) %ﬁ(?) [Ni: L2 ((%Cj(i))emwl - <%oj(¢ - 1))93(T)+1>} }

= Z {Z [—61(7) + 62(7) In(ai;) + 05(7) In (C;(7)) — O3(7) In(7) — In(7)]

j=1 | i=1
D+l 03(r)+1
eXp<_91 (7_)) O2(7)—1 1 03 (7)+1 . 05(7)+1
— —_—— i — . 3 — . _ 1 3
P S as (1)7 (e -y

= > {Z [={01(7) + (65(7) + 1) In(7)} + O2(7) In(ai;) + O3(7) In (C5())]

j=1 | i=1

exp(— {01(7) + (63(r) + 1) In(7)}) |

03(7’) + 1

=1

af;(T)_l (CJ(Z)QB(T)-FI _ C](l - 1)93(7’)+1)] }

- Z {Z [—61 + 02 1n(a;;) + 05 1n (C;(7))]

j=1 | i=1

741

exp(—6) P AR . 5
T o1 ZZ1 ag;  (C5(0)" T = C5(i — 1))

with 61 := 0,(7) + (03(7) + 1) In(7), 02 := 05(7), and O3 := O5(7). The last representation
is a version not depending on 7. However, it can be numerically instable because of large
values of C. Hence for different 7y and 7, we get

92(70) =0, = 92(7*), 93(70) =03 = 93(7*)>
€1<7'0) + (93 + 1) hl(T()) = ‘91 = 91(7'*> + (63 + ]_) lIl(T*)
& 01(10) = 01(7) + (03 + 1)[In(7.) — In(7o)].

For the additive model, we get

In(La((01(7), 05(7), 03(7)) "))

13



> {Z =0+ o) (- 20,0 ) i)

j=1 | i=1
By 1|04y 02 (7)+1
— IS L (a4 2ey0)
S (0y(r) + 1) | S % T

(o 22-0)" )]

_ XJ: {i {_{91(7) +1In(7)} + 65(7) In <aij + @Cj(i))}

i=1

B0 (6y(r) + 1)
=1

() + () { i (( 50, m) "
. (% + 800 - 1))%)“)
_ EJ: {i (601 + 02 In (a;; + 05C;(3))]
N ee;%i_fll)) [Ii: a% ((%‘ +05C;(1)" " — (ay; + 05C;5(i — 1))92+1)] }

with ) := 0,(7) + In(7), 6, := 05(7), and 05 := =) The last representation is again a

-
version not depending on 7. Hence for different 7y and 7, we get

01(70) + In(m9) = *1 =01(1.) + In(1.) & *91(7'0) = 01(7) + In(7.) — In(7o).
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7 Additional details of the proofs

Additional details of the proof of Theorem II.1. The detailed derivation of fo )\A )dt for
the model with additive damage accumulation follows by

T Tj 02
0 o T T

w exp(—0;) 02
_ Z/ L (a” + 65 Ly, (t)) dt

Tj _9 b2
+ / %Tl) <a(17+1 + 93 A (t)) dt
t“' g
1 i—1 i—1 02
_ exp(— ai; + 05— |a; |t — Wi | + Wi dt
tiotg T k=1 k=1
02

+ / (13 41); + 93; (13 41); t— Z Wk] + Z ak]Wk] dt
t

13,5

(—01) & 1 1 i-1 i-1 fo+1|tid
_ exXpl—Uty) T 1 L | .
T 03(6+ 1) ; @ij (al] + 937’ [a” (t Z kﬂ) + § :a’w ”m])

k=1 k=1 .
=1,
. O2+1|7
1 1 - "
+ _ agrisn; + 05~ agi; |t =) Wiy | + ) agWiy
A(194+1); T k=1 k=1
thJ
I+1 O2+1 O2+1
exp(—0;) 1 1, . 1., .
= —r — i 4+ 05—C; —la;+0;-C;(i —1
83(02+1) ;CLU aj—i_ 37' j<2> aJ+ 37' j<2 )
with Wipisy; o= 75—ty and Cj(i) = Yoy agWi for i = 1,..., I + 1. O

Additional details of the proof of Corollary I1.2. The intensity function A}/V of a load
sharing model without damage accumulation satisfies

Tj Tj 1
/0 )\gv(t)dt:/o —e:><p(—6?1)aj(t)92 dt

-

U i exp(— i —

p(—=b1) 4 exp(—61) o

S / o dt + oyt

i=1 Yti-1 i

exp(—0;) " _exp(=bh) iy

—t 0 0

e 7 Zl 2W +a17+1)( t[_jj) = ZGQW 5

15



so that, with AW (¢;;) = L exp(— 6,)a’ a;;, the form of the likelihood function Ly follows

from formula L = [H (") At ] exp ( fo dt) for the likelihood function of a general
point process which was used in the proof of Theorem II.1.

To see also In(Ly ((61,02)7)) = In(Ly((01,602,0)")), note

C;(i) — Ci(i — 1) Z arjWh; — Z arjWij = ai;Wij (3)

fori=1,...,I7+1,j=1,...,J. Hence according to Theorem II.1, it holds

In(Lp( (9179%
J exp(—@) 1541
~ Z (=01 + 02 In(ag;) — In(r)] = =2 | > a2~ (C5(0) - Ci(i = 1)
7j=1 i=1
J exp(—@) 1541
= Z 01 + 0, ln(aw) ln(T)] — % Z af; WZ]
]:1 i=1

= hl(LW 91,92

To see In(Ly ((01,602)7)) = limg, o In(L4((61,602,05)")) note that L'Hospital’s rule pro-
vides with (3)

1 1 1 bt 1 fotl
0131210 m&—” ((aij + 93;62(’&)) — (ai]’ + 93;Cj(2 — 1)) )

~ fim i((ezﬂ) (a,-j+93%cj(z))210()

03—0 02 +1 Qg5

1 1
1
= —— (a7C;(i) — a3 Cy(i = 1)) = = —ag?ay;Wy; = 92W
for i =1,..., 7 + 1. This implies In(Ly ((01,62)")) = limg, 0 In(LA((01,602,05)7)). O

Proof of Lemma I1.3. At first note

t SL(ulty gy tio1y)

i1 Sij (UItLj, e 7ti—17j)

t
0

tio1,5

= —In(Si;(tltry, .- tic1y)) F (St jltiy, - ticry))
= — ln(SZ-j(t|t1,j, e 7ti—1,j))-

16



Addltlonally with Ej(ti—l,j|t1,j7 ce ati—Lj) =1 Sij (ti—l,jltl,j7 ce 7ti—1,j>7 we get

P(E(Ti| T, - Tirg) < Ty =t Ticry = ticay)
P(Fij(Ti Ty =ty ..., Ticrg = ticy) STy =ty ... Ticry = tioay)
= P(Ti; <F; (T =ty Ticy=tia)|Ty =t Ticny =ti1g)
= F(F; (M =ty Ty = tici )| Ty = trg, - Timag = timay) =t
so that the conditional distribution of Fj;(T;;|T1,,...,Ti-1;) given Ti; =
tij,--.,Ti—1; = ti—1; is a uniform distribution on [0, 1]. Hence the conditional distri-
bution of S;;(T; ;T4 , ..., Ti—1;) is also a uniform distribution on [0, 1]. This implies
P(Hij(Tij| T, - Ticay) < Ty =t ..., Ticry = tiry)
= P(=In(Sy(TiyTh, ..., Ticry)) STy =try, ..., Ticry = ticr)
= P(Sy(TijTvy, .. Ticay) Sexp(=t)|[Ti; =ty ..., Timry = i)
= exp(—t)

which means that the conditional distribution of H;;(T; ;|11 ;,...,Ti-1;) given Ti; =
tij,---,1i—1,; = ti—1; is an exponential distribution with parameter 1. O

Proof of Theorem II.4. Similarly as in the proof Theorem II.1, we get for the load sharing
model with multiplicative damage accumulation

A (1) = /t A () = /t %exp(—el)aj(u)"m(u)@s du

i—1,7 i—1,j

i—1 i—1 03
(aij (u — Z Wm) + Z akjij> du
k=1 k=1

exp(—y) a? /

T 7'93 tii1,
02
exp(=01) ij . Os+1|"
pr ii _ ti— . C o 1 3
T 703 aij(g?) n 1) (CLJ (U 1,]) + ](l )) .
exp(—61) a?;_l . 0341 . 05-+1
T (g, 1 1) [(%’ (t—tii1y) +Ci(i — 1) —C;(i — 1) ]

exp(—6y)aj?

_ ? . 03+1 . 03
= (g, +J1) [(%‘t —ajtioy +Ci(i = 1) = C(i = 1) H} :

This is of the form

This implies
(M) ()
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1
1 7_93+1 (93 + 1) ' 03+1 .
Q;j (exp( 01) a92—1y + G5~ 1%t + agtio; — Cj(i — 1)
i — ij

The load sharing model with additive damage accumulation satisfies

Af}(t) = / )\f(u)du = / %exp(—@l)(aj (u) + 03 A(u))? du

ti—1,5 ti—1,5

exp(—0y) [* 1 i—1 i1 02
— Vi
= f/t‘ (aij + 93; [aij (u — 321 ij> + kEZI akjij]> du

i—1,j
t

eXp<—91) 1 1 . 02+1
_ PPy 2 g (U — (i1
s 1 o (007 a0t 4 06— 1)

ti—1,

eXp<—01) 1 . O2+1
PP - Zlas (£ —t s (i—1
%wﬁJMj(%+%T@thln+@@ ﬂ)

1 Oa+1

exp(—b1) O3a; 05 , b2l
— Bt O —1
03(02 + 1)aj; [( T b ay T l@istiony = €0 = 1)

1 Oa+1
<aij + (93; C](Z — 1)> ] .

This has again the form (4) so that the inverse is given by (5) implying
(A5 ()

1
05(65 + 1)ay; 1 Gl Pt
= T ( 3< 2+ )ajy+<a,-j+93;6’j(i—1)> )

03(11']‘ exp(—@l)

0 .
Q5 + ?3 [aijt,;_l,j — Cj(l — 1)]:| .0

Proof of (11) and (12). The proofs of (11) and (12) are similar so that only the proof of
(12) is given. Here, we get again with L’Hospital’s rule

. Ay—1
HI;LHO(Aij) (v)

1 9

. T 1 83(92 + 1)6Lij ]. . O2t1\ O2H1

= lim — 03— Ci(i— 1
eglino a;j |02+ 1 ( exp(—6;) v+ et Sr i =1)

(92 + 1)6L7;j
eXp(_61>

T

y+ (02+1) (ai_j + 93% Cj(i — 1))92 . 1 Cj(i — 1)>
+ % laijtio1; — Ci(i — 1)]]
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T 1 O2+1 ';27121 (92 + 1)%’]’ 0, 1 )
= — C\Y2 . T T g 1 N2t 4 1
aij |02 +1 <(a”) ) ( exp(—0;) y+ (024 1) (ai;) - Ci(t—1)
1
b Tlagtig - Gl - 1]
= | (ay) ™" Tyt () = Cyi = 1) ) + = agtioay — Cili — 1)]
Q45 ! eXp(—Hl) J T J 2J J
1 T j '
- + Ci(i = 1) +ati1; — Cili — 1
Q5 [exp(—@l)a?jy 30 = 1) + aijtiog (i —1)
T
= +t,_1,;.0
exp(—0;) afj?y b
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