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Abstract

Weak link (WL)/strong link (SL) systems are important parts of the overall operational design of
high-consequence systems. In such designs, the SL system is very robust and is intended to
permit operation of the entire system under, and only under, intended conditions. In contrast, the
WL system is intended to fail in a predictable and irreversible manner under accident conditions
and render the entire system inoperable before an accidental operation of the SL system. The
likelihood that the WL system will fail to deactivate the entire system before the SL system fails
(i.e., degrades into a configuration that could allow an accidental operation of the entire system)
is referred to as probability of loss of assured safety (PLOAS). This report describes the Fortran
90 program CPLOAS 2 that implements the following representations for PLOAS for situations
in which both link physical properties and link failure properties are time-dependent: (i) failure
of all SLs before failure of any WL, (i1) failure of any SL before failure of any WL, (iii) failure
of all SLs before failure of all WLs, and (iv) failure of any SL before failure of all WLs. The
effects of aleatory uncertainty and epistemic uncertainty in the definition and numerical
evaluation of PLOAS can be included in the calculations performed by CPLOAS 2.

Keywords: Aleatory uncertainty, CPLOAS 2, Epistemic uncertainty, Probability of loss of
assured safety, Strong link, Uncertainty analysis, Weak link
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1 INTRODUCTION

Weak link (WL)/strong link (SL) systems are important parts of the overall operational design
of high-consequence systems [1-6]. In such designs, the SL system is very robust and is intended
to permit operation of the entire system under, and only under, intended conditions (e.g., by
transmitting a command to activate the system). In contrast, the WL system is intended to fail in a
predictable and irreversible manner under accident conditions (e.g., in the event of a fire) and
render the entire system inoperable before an accidental operation of the SL system.

The likelihood that the WL system will fail to deactivate the entire system before the SL
system fails (i.e., degrades into a configuration that could allow an accidental operation of the
entire system) is referred to as probability of loss of assured safety (PLOAS). The descriptor loss
of assured safety (LOAS) is used because failure of the WL system places the entire system in a
inoperable configuration while failure of the SL system, although undesirable, does not necessarily
result in an unintended operation of the entire system. Thus, safety is “assured” by failure of the
WL system.

The CPLOAS_2 program implements models for PLOAS under a variety of combinations of
WLs and SLs and also a variety of definitions for PLOAS. The CPLOAS 2 program takes
physical properties of a system (e.g., temperature, pressure, ...) calculated by mechanistic
models for accident conditions and then uses these properties and definitions of link failure
properties in probabilistic calculations to determine PLOAS.

The CPLOAS 2 program was developed to replace the CPLOAS program ([7], App. I1I) and
extends the computational capabilities in CPLOAS in two ways. First, the presence of aleatory
uncertainty in system properties (e.g., temperature, pressure, ...) can now be incorporated into
PLOAS, which is not possible with CPLOAS. Second, the failure values for individual links can
now be time-dependent functions of system properties, which is also not possible with CPLOAS.
In addition, the capability to incorporate epistemic uncertainty into PLOAS results has been
enhanced.

The CPLOAS 2 program, which is written in Fortran 90, consists of a single source file (i.e.,
cploascdf.f90) and reads the same property file (CPCDF.DAT) and failure file (CPCDF.TPF) as
its predecessor CPLOAS, but the user options are defined differently as described in Sect. 2.

The source code has been successfully compiled for windows platform using Intel® Visual
Fortran Compiler Professional Edition 11.1 and tested on windows 7 and windows server
2008R2.

The probabilistic models and associated numerical procedures implemented in CPLOAS 2
are described in Ref. [8]. It is assumed in this user manual that a potential user of CPLOAS 2
has acquired a familiarity with the models described in Ref. [8] before attempting to use this user
manual to guide the performance of a CPLOAS 2 calculation.



The following topics are considered in this report: input files read by CPLOAS 2 (Sect. 2),
output files generated by CPLOAS 2 (Sect. 3), some considerations in the use of sampling in
CPLOAS 2 (Sect. 4), and test cases for CPLOAS 2 (Sect. 5).
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2 INPUT FILES READ BY CPLOAS_2

In the following, input files are described in what the authors feel is the most natural order
for understanding the calculations performed in CPLOAS 2. Thus, the file descriptions start with
the definition of WLs and SLs (Sect. 2.1) and then progress through the definition of WL/SL
configurations (Sect. 2.2) and the control of calculations (Sect. 2.3).

2.1 Definition of WLs and SLs

As described in Sect. 2 of Ref. [8], each individual WL or SL and its associated cumulative
distribution function (CDF) for time of failure are defined based on the following assumed link
properties for the time interval t, <t <t.,:

P(t) = nondecreasing function defining nominal link property for tp,, <t <t.., (2.1)

q(t) = nonincreasing function defining nominal failure value for link property

2.2
for tpy St <tqy, 2.2)
d, ()= density function for variable o used to characterize aleatory uncertainty 23)
in link property, ’
dz(B)= density function for variable £ used to characterize aleatory uncertainty
(2.4)
in link failure value,
p(t| ) =(1+)p(t) = link property for t,,, <t <t given o, (2.5)
and
q(t] #)=(1+ B)q(t) = link failure value for t,,, <t <t given S. (2.6)

Further, d, () and d;(4) are assumed to be defined on intervals [amn, &mx] and [fmn, Bkl

and to equal zero outside these intervals.

The link properties p(t)and @(t)indicated in Egs. (2.1) and (2.2) and the distributions
associated with the density functions d, () and dg(/)indicated in Egs. (2.3) and (2.4) are input

to CPLOAS 2 through the input file CPLOAS_link.txt illustrated in Fig. 1. The content of the
individual columns in Fig. 1 is described below.
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c: Distribution type for d-f* Distribution i-k: Distribution

a: link name alpha paramctc%or alpha h: Distribution type for parametﬁs for beta
| beta
, / N [ A
[l cPLOAS link.tst - Notepad
File Edit Format View Help
1ink name p_bar  alpha_dist a_l a_2 a_s3 g_bar  beta_dist h_1 b_2 h_3
s Y E ¥ 0.2 0.2 0.0 = i 08 04 0.0
sL2 17 1 -0.2 0.2 0.0 -5 1 -0.1 0.1 0.0
SL3 2 1 -0.2 0.2 0.0 -5 1 -0.1 0.1 0.0
sL4 L3 1 -0.2 0.2 0.0 0 2 -0.15 0.0 0.15
SLS 14 5§ -0.2 0.2 0.0 0 5 -0.15 0.0 0.15
WLl 11 1 -0.2 0.2 0.0 0 5 -0.15 0.0 0.0
|WL2 16 1 -0.2 0.2 0.0 0 5 -0.15 0.0 0.0
b: Column in CPCDE.DAT g: Column in CPCDF.DAT
where  is defined WRhere 1s defined

Fig. 1 Example of input file CPLOAS_link.txt that defines WL and SL properties; content of
Columns a-k defined in following text.

Fig. 1, Column a: Specifies names for the individual links, with each WL name starting with
the letter “W” and each SL name starting with the letter “S” — this requirement is mandatory).
Each row specifies properties of corresponding link named in this column.

Fig. 1, Column b: Specifies location for each link of information defining the nominal
properties function p(t)indicated in Eq. (2.1). For each link, the corresponding positive integer in

this column designates a column in the input file CPCDF.DAT illustrated in Fig. 2 that defines
P(t) . Specifically, the time column is not counted in this designation; thus a column designation of

nC actually means that the definition of P(t) appears in column nC + 1 of CPCDF.DAT. The file

CPCDF.DAT is structured as follows: (i) An initial row of comments naming each column and
(i1) subsequent rows listing time-dependent properties (e.g., pressure and temperature) of the
system under consideration, with the first column listing the times at which the properties are
defined. Thus, the first column and any additional column in CPCDF.DAT define one time-
dependent property of the system under consideration. Additional specification options for
Column b include the use of 0 or a negative integer as described in conjunction with the
description of Column g.
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Bl CPCDF.DAT - Notepad

File Edit Format Yiew Help

¥ time sl c2 c3 c4 55 o [ 8 c9 clo
0.000 288.00000 288.00000 288,00000 288,00000 288.00000 288.00000 288.00000 288.00000 288.00000 288.00000
1.000 312.19650 310.35437 290.98019 290.69693 290.93344 200.89566 288.29633 288.20443 288.12805 288.14377
2.000 334.78491 331.39917 208.46967 297.61786 298.54178 208.39178 289.14246 288.13727 288.49637 288.56036
3.000 355.99515 351.32675 308.84412 307.37918 300.39572 309.07410 290.49942 290.49625 289.08420 289.23010
4.000 375.99530 370.27448 321.01144 318.99045 322.44370 321.91238 292.33649 202.34604 289.87411 290.13562
5
6
7
8
S

.000 394.90988 38B8.34036 334.23291 331.745905 336.91306 336.15469 294.62317 294.66000 250.85092 291.26135

.000 412.83234 405.59460 348.00677 345.15982 352.23697 351.25116 297.32880 297.41019 292.00128 292.59308

000 429.83417 422.08777 361.99161 358.87527 36B8.00031 366.79935 300.42285 300.56787 203.31311 294.11752

.000 445.97144 437.85696 375.95502 372.63265 383.89975 382.50464 303.87537 304.10406 294.77330 295.82230

.000 461.280943 4352.93021 380.73926 386.32204 399.71457 398.15155 307.65714 307.98099 206.37756 297.69556
10.000 475.82599 467.32956 403.23792 399.76910 415.28491 413.58304 311.73990 312.19727 298.11029 299.72604
11.000 489.61401 481.07349 416.37997 412.91064 430.49615 428.68524 316.00647 316.69824 299.36432 301.90292
12.000 502.68314 494.17841 420.11011 425.60284 445.26736 443.37653 320.70071 321.46603 301.93100 304.21579
13.000 515.06007 506.65985 441.42618 438.07928 450.54245 457.50830 325.52768 326.47461 304.00211 306.65460
14.000 526.77399 518.53333 453.28427 450.04666 473.28430 471.31424 330.55359 331.69894 306.16983 309.20072
15.000 537.84802 529.81464 464.68515 461.58121 486.47000 484.49579 335.75580 337.11502 308.42667 311.87189
16.000 548.30865 540.52045 475.62686 472.67609 499.08734 407.12905 341.11285 342.69992 310.76550 314.63217
17.000 558.18134 550.66821 486.11212 483.3207L 511.13242 509.20734 346.60449 348.43182 313.17957 317.48203
18.000 567.49164 560.27631 496.14703 493,54446 522.60767 520.73041 352.21161 354.29001 315.66238 320.41327
19.000 576.26501 560.36380 505.74033 $03.32574 533.5203% 531.70313 357.91626 360.25488 318.20789 323.41812
20,000 584.52698 577.095105 514.90277 512.68140 543.88177 542.13416 363.70160 366.30798 320.81027 326.48920
21,000 5§92.30292 586.05835 523.64661 521.62122 553.70587 552.03546 360.55188 372.43204 323.46408 320.61945
22.000 599.61798 §93.70601 531.98529 530.15643 563.00003 561.42151 375.45245 378.61081 326.16412 332.80222
23,000 606.49680 600.01808 539.03304 538.20956 571.80020 570.30853 381.38071 384.82022 328.50561 336.03125
24,000 612.96399 607.71338 547.50488 546.06306 580.12573 §78,71436 387.35107 391.07327 331.68396 339.30066
25.000 619.04297 614.11420 554.71613 553.46375 587.07864 586.65784 393.32492 397.32099 334.49400 342.60492
26.000 624.75696 620.14178 561.58240 560.51349 595.38867 594.15863 399.30057 403.58740 337.33447 345.93884
27.000 630.12830 625.8L708 568.11938 567.22803 602.37677 601.23682 405.26822 409.83456 340.19894 349.29761
28.000 635.17841 631.16046 574.34277 573.62244 608.96405 607.91272 411.21893 416.06146 343.08484 352.67676
29.000 639.92792 636.19177 580.26807 579.71173 615.17139 614.20673 417.14459 422.25897 345.98895 356.07211
30.000 644.39655 640.93024 585.91052 585.51086 621.01941 620.13904 423.03778 428.41882 348.90833 359.47986

Fig. 2 Excerpt from input file CPCDF.DAT that defines time-dependent system properties;
content of this file is described in conjunction with description of Column b of Fig. 1.

Fig. 1, Column c: Specifies distribution associated with density function d, («)indicated in
Eq. (2.3) that defines the aleatory uncertainty present in the function p(t|«a)=(1+ «)p(t)in Eq.

(2.5). The integers 0, 1, 2, ..., 6 appearing in this column designate the assigned distributions for ¢,
which can also be assigned with the indicated code names. The following distributions are
available for « values:

e (O,CST,C,DLT........... constant

e 1,UN,U, UNI.......... Uniform distribution

e 2 LU LGU............ Log uniform distribution

e 3,NO,N,NRM.......... Normal distribution

e 4 LN,LGN............. Log normal distribution

e 5 T, TR, TRI.............. Triangular distribution

e 6,LT,LGT........... Log-triangular distribution.

Fig. 1, Columns d-f : Specify defining parameters for distributions indicated in Column c.
Columns d, f and g contain values for distribution parameters designated by a 1, a 2 and a_3,
respectively, for each distribution:

(0) Constant: a_1 = constant value , a 2 =dummy parameter that is ignored after being read,
and a_3 = dummy parameter that is ignored after being read;

(1) Uniform distribution: a_1 = minimum, a 2 = maximum, and a_3 = dummy parameter that
is ignored after being read;

13



(2) Log uniform distribution: a_1 = minimum, a_2 = maximum, and a_3 = dummy parameter
that is ignored after being read;

(3) Normal distribution: a 1 = mean, a 2 = standard deviation, and a 3 = quantile ¢
expressed in decimal format used to truncate the distribution (i.e. the distribution will be
truncated and normalized to a distribution defined between the q and 1—q quantiles of a normal
distribution with parameters a_1 and a_2; see Ref. [8], Egs. 3.14-3.17);

(4) Log normal distribution: a_1 = mean of In(a), a_2 = standard deviation of In(a), and a_3
= quantile q expressed in decimal format used to truncate the distribution (defined the same as
for the normal distribution);

(5) Triangular distribution: a 1 = minimum, a 2 = mode (can be set to minimum or
maximum), and a3 = maximum;

(6) Log-triangular distribution: a 1 = minimum, a 2 = mode (can be set to minimum or
maximum), and a3 = maximum.

Fig. 1, Column g: Same as described for Column b but for the nominal failure value function
q(t)indicated in Eq. (2.2) when a positive integer designating a column in the input file

CPCDF.DAT is specified. Both Columns b and g also allow two additional specifications
designated by zero or a negative integer. A zero indicates that the corresponding nominal value
function (i.e., p(t)in Column b and Q(t)in Column g) is to be assigned a constant value

specified in the input file CPCDF.TPF illustrated in Fig. 3, and a negative integer (i.e., —n, where
N is a column number in CPCDF.DAT) indicates that the time-dependent values for the nominal
value function are to be initially read from Column n of CPCDF.DAT and then transformed to
new values by a function defined in CPCDF.TPF. The file CPCDF.TPF is structured as follows:
(1) Each link for which information is supplied is designated by a row that contains the number nR
of rows of supplied information and the name of the link, (ii) if nR =1, then a single row of
information is supplied and the nominal value function (i.c., P(t)or J(t)as appropriate) is set to
the first of the two supplied values (i.e., the second value is ignored), (iii) if NR > 1, then the
following nNR rows define a function that transforms the values read from Column n of
CPCDF.DAT (i.e., the first value in each row is the value to be transformed and the second value
in each row is the transformed value with linear interpolation used to create a continuous
transformation function; see example in Fig. 4).

14



B CPCDF.TPF - Notepad _[Of x|
File Edt Format VYiew Help
9 SL1 -
298.0 4210.0 :I
373.0 3510.0
423.0 2760.0
450.0 1970.0
478.0 1540.0
533.0 1010.0
588.0 691.0
753.0 393.0
9580.0 0.0
il SL2
298.0 2420.0
373.0 2300.0
423.0 2180.0
478.0 1940.0
533.0 1450.0
588.0 1288.0
643.0 885.0
798.0 394.0
910.0 0.0
9 SL3
298.0 3210.0
373.0 2910.0
423.0 2460.0
450.0 1570.0
478.0 1540.0
533.0 8580.0
588.0 576.0
803.0 283.0
950.0 0.0
1 SL4
623.0 623.0
il SLS
673.0 673.0
1 wLl
600.0 600.0
1 wL2
550.0 550.0
=

Transformations for or for SL1.
e.g., f(298.0) =4210.0

Assignment of constant value (e.r, 623.0)
for or ; second value ignored

Fig. 3 Example of input file CPCDF.TPF that defines transformations of the nominal value
functions P(t)and q(t); see description for Fig. 1, Column g, for additional information.

5000

4000

3000

2000

Failure Pressure (psig)

1000

fsL,1(T)
fsL,2(T)
fsL,3(T)

200 400

600

Temperature (K)

1000

Fig. 4 Example of transformation functions defined in input file CPCDF.TPF in Fig. 3 for SLI,
SL2 and SL3 for an analysis in which the failure pressure of each link is a function temperature.
(i.e., the abscissa corresponds to link temperature and the ordinate corresponds to link failure
pressure; see Ref. [8], Sect. 8, for additional discussion of this example).
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Fig. 1, Column h: Same as for Column ¢ but for density function dz(/)indicated in Eq.
(2.4) that defines the aleatory uncertainty present in the function q(t | #)=(1+ £)q(t) in Eq. (2.6).

Fig. 1, Columns i-k: Same as for Columns d-f but for the defining parameters for the
distributions indicated in Column h. Columns i, j and k contain values for distribution parameters
designated by b _1,b 2 and b_3, respectively, for each distribution.

2.2 Definition of WL/SL configurations

For a given set of WLs and SLs, large number of possible WL and SL combinations can be
defined. For purposes of terminology, a grouping of 2 or more links with at least one WL and
one SL is designated a circuit. The core circuits that CPLOAS 2 can evaluate are listed as Cases
1-4 in Table 1.

The circuits to be considered in a CPLOAS 2 calculation are defined through the input file
CPLOAS_circuit.txt illustrated in Fig. 5. The structure of CPLOAS_circuit.txt is similar to
the structure of CPLOAS link.txt and starts with a title and a separator line. Then, each row
defines the properties of a single circuit. The content of the individual columns in Fig. 5 is
described below.
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Table 1 Representation of time-dependent values pFi(t), i = 1, 2, 3, 4, for PLOAS for WL/SL
systems with NWL WLs and nSL SLs and associated verification tests for alternate definitions of
LOAS ([9], Table 10; also, Ref. [8],Table 1)

Case 1: Failure of all SLs before failure of any WL (Egs. (2.1) and (2.5), Ref. [10])

PR (t)::ZSlj I fl[CDFSLJ (7) {rﬁ[l—CDﬁNL’j(r)]}dCDFSL,k(z')
=1 =1 j=l
1=k

Verification test: pF (o) =nSL!INWL!/(nSL +nWL)!

Case 2: Failure of any SL before failure of any WL (Eqgs. (3.1) and (3.4), Ref. [10])

pF, (t)::ZSI:_ JO :ﬁ[l_CDFSL,I (T)] {rﬁ_[l_CDF\NL,j(Tﬂ}dCDFSL,k (7)
=1 =1 =l
12k

Verification test: pF, (o) =nSL/(nWL+nSL)

Case 3: Failure of all SLs before failure of all WLs (Egs. (4.1) and (4.4), Ref. [10])

nSL t nSL nWL
pF(t)=> jo [TCDFs, (z) 41— [ CDRwLj (7) tdCDFg i (7)
k=1 I=1 i=1

1k

Verification test: pF; (o) = nWL/(nWL +nSL)

Case 4: Failure of any SL before failure of all WLs (Egs. (5.1) and (5.4), Ref. [10])

pF4 (t) = :il:_ J(; :ﬁ[l_CDFSL,l (T):| {1 - rﬁCDF\NL’J (T)}dCDFSL’k (T)
=1 =1 j=l
1=k

Verification test: pF, («0) =1-[nWL!nSLY/(nWL +nSL)!|
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b: Case number RIRT TN .
d: specific components

in a circuit

a: CiI'Cllit or pattern c: number of components
’ in a circuit
name A
| [ 0
,‘CPLOAS_cir(uit.txt - Notepad
File Edit Format View Help
hame option nb Tink/circuit Tink/circuit names
11 1 2 SL1 wLl
12 2 2 SL2 WLl
C13 3 2 SL3 wLl
Ccl4 4 2 SL4 wLl
C15 1 2 SLS wLl
Cl6 2 2 SL4 wLZ2
Cl7 3 2 SL5 wL2
P1 2 4 SL1 SL2 SL3 wLl
P2 1 3 SL4 SLS wLZ2
P3 -1 2 PL P2
P4 1 4 SL4 SLS wLl wL2
PS5 10 7 SL1 SL2 SL3 SL4 SLS wLl wL2
PB -1 2 Pl P4

Fig. 5 Example of input file CPLOAS_circuit.txt that defines the circuits to be considered in a
CPLOAS 2 calculation.

Fig. 5, Column a: Specifies circuit name for each circuit under consideration. Convention is
to use a starting letter “C” for a circuit involving one WL and one SL and starting letter “P” for a
circuit involving three or more links (with at least one WL and one SL) but this usage is not
mandatory.

Fig. 5, Column b: Specifies failure pattern of WLs and SLs that defines loss of assured
safety (LOAS). Integers 1, 2, 3 and 4 designate failure patterns defined by Cases 1, 2, 3 and 4,
respectively, in Table 1 ; 0 designates that the circuits indicated in Column d are assumed to be
independent and that LOAS corresponds to all circuits in Column d experiencing LOAS before
any one of these circuits is deactivated by failure of WLs; —1 designates that the circuits
indicated in Column d are assumed to be independent and that LOAS corresponds to any circuit
in Column d experiencing LOAS; and 10 designates a special system defined in Table 6 of Ref.
[8] involving 2 WLs and 7 SLs in which LOAS occurs if (i) SL 1, SL 2 or SL 3 fails before WL
1 fails or (i1) SL 4 and SL 5 both fail before WL 1 or WL 2 fails.

Fig. 5, Column c: Specifies number of components in each circuit. For failure patterns
designated by integers 1, 2, 3, 4 and 10, this is the number of WLs and SLs in the circuit. For
failure patterns designated by 0 and —1, this is the number of subcircuits in the circuit.

Fig. 5, Column d: Specifies Components in a circuit with one space between component
names. For failure patterns designated by integers 1, 2, 3, 4 and 10, this is a listing of the WLs
and SLs in the circuit. For failure patterns designated by 0 and —1, this is a listing of the
subcircuits in the circuit. Order of components in list not important.
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2.3 Control of Calculations

The performance of calculations by CPLOAS 2 is controlled by analysis properties specified
in the input file CPLOAS_parameters.txt illustrated in Fig. 6. Properties must be listed in order
shown in Fig. 6. The content of the individual rows in Fig. 6 is described below.

Parameters values

Comments : not mandatory

- N

[BlcPLOAS_parameters.txt - Notepad
File Edt Format View Help

M[=] 3

CPCDF I Analysis designator| -]
2000 ! number of steps for COF discretization (= 2000 in example)
1000 ! number of quadrature discretization steps (= 10000 in example)
352 ! seed to generate random_sequences
10000 ! samE1e size for time selection for each Tink (= 10000 in example)
100000 ! number of time combinations for mMC and IMP sampling (= 100000 in example)
=zz=z===s====s=s=ss=sssss=z==z=s=s=s======= LOMMENT LINE========z======z=z==z==z==z=z==z==zs==z===zs=z==s=s==ssss=s=s===SS=SSSSS=SSSSSSS==SSs
100 ! epistemic sample size (set to 1 if no epistemic)
1 ! failure included (0 = no epistemic on failure - 1 = epistemic on failure)
0 ! samE1ing included (0 = no sampling ; 1 = MC ; 2 = Importance ; 3 = hoth)
0 ! number of alpha ﬁarameters with epistemic distribution
SL1 wLl ! 1ist of links (the way they appear in CPLOAS_link.txt) for alpha parameters
10000 ! maximum data size for alpha parameters
3 ! number of beta parameters with epistemic distribution
WLl SL4 SLS ! Tist of Tinks (the way they appear in CPLOAS_link.txt) for beta parameters
1 ! maximum data size for beta parameters
H

Fig. 6 Example of input file CPLOAS parameters.txt that defines analysis properties that
control the performance of calculations by CPLOAS 2.

Fig. 6, Row a: Name (i.e., name ) of thermo-pressure history file (without extension Kk as
described below). The code will look for the file name.DAT of the form shown in Fig. 2 in the
absence of a propagation of epistemic uncertainty and for a set of files namek.DAT where k
corresponds to a sample element used in the propagation of epistemic uncertainty (see row h
description below). This string will also be used as a prefix for the generated output files (see

Sect. 3).

Fig. 6, Row b: Number nCDF of steps for CDF discretization. Integer > 0; set to NCDF =
2000 in example. Controls resolution of the discretization used to characterize the CDF for

probability of failure as a function of time for each link for use in determination of PLOAS (i.e.,

each CDF is approximated by probability of failure values for NCDF equally spaced time steps).
See Ref. [8], Sect. 2, for additional information on indicated CDFs.

Fig. 6, Row c: Number nQUAD of quadrature discretization steps. Integer > 0; set to
NQUAD = 1000 in example. This is the discretization used at each time step for the quadrature

procedure used to estimate PLOAS for each circuit (i.e., PLOAS at time t is approximated with

NQUAD equally spaced time intervals over the time interval [tyn, t]). See Ref. [8], Sect. 4, for
additional information on quadrature procedures.

Fig. 6, Row d: Random seed nRSEED used to initiate generation of random sequences for

use in Monte Carlo and importance sampling procedures. Integer; set to NRSEED = 352 in

example. A unique random seed is used to initiate generation of random sequences for simple
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random sampling and importance sampling. See Ref. [8], Sect. 5, for additional information on
simple random sampling and importance sampling procedures.

Fig. 6, Row e: Sample size nFT for generating failure times for each link for simple random
sampling and importance sampling. Integer > 0; set to nNFT = 10000 in example. Specifically,
NFT failure times are initially sampled for each link. Next, nNFTC failure time combinations over
all links are sampled from the nFT failure times for the individual links. Then, the nFTC failure
time combinations over all links are used in the determination of PLOAS. See Ref. [8], Sect. 5,
for additional information on simple random sampling and importance sampling procedures.

Fig. 6, Row f: Sample size NFTC for generating failure time combinations over all links for
use in the determination of PLOAS with simple random sampling and importance sampling
procedures. Integer > 0; set to NFTC = 1,000,000 in example. See description of Fig. 6, row j,
for additional information.

Fig. 6, Row g: Comment line (that must be present) that separates the first set of parameters
from a second set. The second parameter set defines options related to the incorporation of
epistemic uncertainty into PLOAS results. The indicated information must be entered in the
order shown below. Multiple examples of PLOAS analyses involving epistemic uncertainty are
given in Sects. 10 and 11 of Ref. [8].

Fig. 6, Row h: Epistemic uncertainty sample size NEUS. Integer between 1 and 9999 with
NEUS = 1 indicating that there is no consideration of epistemic uncertainty. For nEUS > 1, input
files namek.DAT, k =1, 2, ..., nEUS, must be supplied that (i) define time dependent system
properties for each epistemic uncertainty sample element and (ii) have the same structure as the
input file name.DAT illustrated in Fig. 2. If NEUS = 1, other variables (except for row j) are read
and not used.

Fig. 6, Row i: Flag nFV indicating if epistemic uncertainty is present in one or more
trasformations of the nominal link properties P(t)and {(t)indicated in Egs. (2.1) and (2.2) ,

with the absence and presence of epistemic uncertainty in link failure values indicated by nFV =
0 and nFV =1, respectively. For nNFV = 1, input files namek. TPF, k=1, 2, ..., nEUS, must be
supplied that (i) define link failure values for each epistemic uncertainty sample element and (ii)
have the same structure as the input file name.TPF illustrated in Fig. 3.

Fig. 6, Row j: Flag indicating if sampling-based procedures in addition to quadrature-based
procedures are to be used in the determination of PLOAS, with 0 ~ only quadrature-based
procedures, 1 ~ random sampling procedures 1 and 2 included (see Sect. 4 for additional
discussion of random sampling procedures), 2 ~ importance sampling procedures 1 and 2
included (see Sect. 4 for additional discussion of importance sampling procedures), and 3 ~ all
four sampling procedures included. NOTE: THIS OPTION ALSO SPECIFIES THE
NUMERICAL PROCEDURES USED TO DETERMINE PLOAS FOR ANALYSES
INVOLVING ONLY ALEATORY UNCERTAINTY (i.e., with NEUS = 1 — see row h above)

Fig. 6, Row k: Number nEAD of distributions characterizing aleatory uncertainty (i.e., o
values; see Eq. (2.3) and Ref. [8], Sect. 2) in link physical properties that have epistemic
uncertainty present in their definitions, with NEAD = 0 indicating that there is no epistemic
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sample size

uncertainty present in the definitions of the distributions characterizing aleatory uncertainty in
link physical properties.

Fig. 6, Row I: List of the NEAD links with epistemic uncertainty present in the definitions of
the distributions characterizing aleatory uncertainty in their physical properties, with individual
links represented by the same character strings specified in the input file CPLOAS_link.txt that
defines WL and SL properties (e.g., SL1 and WLI in this example). A single link name should
be entered as a place holder if nEAD = 0. For nEAD > 0, an input file LINKNAME_alpha.dat
with the structure of the file shown in Fig. 7 must be defined for each of the NEAD distributions
with epistemic uncertainty in their definitions. For each of the NEAD links, the actual link name
replaces “LINKNAME” in the corresponding input file. Thus, for this example, the file names
corresponding to the specified links SL1 and WL1 would be SL1 alpha.dat and
WL1 alpha.dat, respectively.

The file LINKNAME alpha.dat is structured as follows: (i) First row lists the number of
observations and (ii) each following row is a single observation. In order, each row contains the
following: (i) An integer designator for distribution type (see description for Fig. 1, Column c),
(i1) Defining parameters a_1,a 2 and a_3 for specified distribution type (see description for Fig.
1, Columns d-f), and (iii) a weight associated with the observation in the row. In most analyses,
the number of observations specified in this file will be the same as the epistemic uncertainty
sample size NEUS indicated in Fig. 6, row m, and the indicated weight will be 1/nEUS. If the
sample size is equal to NEUS, values will be used in order for each epistemic sample element. If
it differs, the code will randomly sample from the set of values, according to the reported weight.

Distribution parameters Weight of sample element
Distribution type A A
.wllAa'Ipha.dat - Notepad HI=1 E3
File Edit Format VYiew Help
L0000 g
3 2.0760E+00 1.4349E+00 5.0000E-03 4.0517e-06
3 1.6132E+00 1. 9660E+00 5.0000E-03 1.1005E-06
3 1.8316E+00 1.9858E+00 5.0000E-03 1.2643E-06
3 2.7598E+00 2.5265E-01 5.0000E-03 4.9037e-08
3 2.1522E+00 1.7240E-01 5.0000E-03 3.4635e-03
3 1.3463E+00 1.1435E+00 5.0000E-03 1.7251E-06
3 2.0552E+00 1.7995E+00 5.0000E-03 1.8498E-06
3 1.0812E+00 3.5184E-01 5.0000E-03 2.8513e-14
3 1.8482E+00 4.7613e-02 5.0000E-03 0. 0000E+00
3 1.3896E+00 1.3582E+00 5.0000E-03 1.6954E-06
3 2.1356E+00 1.3448E+00 5.0000E-03 5.0690E-06
3 2.5263E+00 1.0855E+00 5.0000E-03 5.7982E-06
3 2.5776E+00 1.4613E+00 5.0000E-03 2.2355E-06
3 1.2953E+00 1.8896E+00 5.0000E-03 7.5928e-07
3 2.2407E+00 3.6779E-01 5.0000E-03 6. 5487E-04
3 1.9523E+00 1.8472E+00 5.0000E-03 1.6719€e-06
3 2.2336E+00 1.8106€E+00 5.0000E-03 1.736lE-06
3 2.0360E+00 1.4732E+00 5.0000E-03 3.6830E-06
3 2.4955E+00 1.8860E-01 5.0000E-03 1.4323e-04
3 1.5970E+00 1.4295E+00 5.0000E-03 2.5754E-06
3 1.3034E+00 5.2682E-01 5.0000E-03 7.4546E-08
3 1.4962E+00 1.5214€E+00 5.0000E-03 1.7933E-06
3 1.3691E+00 6.3672E-01 5.0000E-03 7.5224E-07
2 7 4210CinnN 1 RATFCLNN 5 NANNC_N2 1 ANTAC_NA

Fig. 7 Example of input file LINKNAME_alpha.dat containing sampled values for uncertain
quantities present in the definition of a distribution characterizing aleatory uncertainty in the
physical properties of a WL or a SL; for a specific link, the name of that link replaces
“LINKNAME” in the file name.
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Fig. 6, Row m: Maximum data size NMDSA for alpha parameters data set (integer NMDSA >
0). Corresponds to maximum number of observations in the files LINKNAME_alpha.dat (see
description for Fig. 6, row 1). This parameter is requested to simplified the creation of
multidimensional arrays without a requirement to read all file lengths.

Fig. 6, Row n: Number NnEBD of distributions characterizing aleatory uncertainty (i.e., S
values; see Eq. (2.4) and Ref. [8], Sect. 2) in link failure values that have epistemic uncertainty
present in their definitions, with NEBD = 0 indicating that there is no epistemic uncertainty
present in the definitions of the distributions characterizing aleatory uncertainty in link failure
values.

Fig. 6, Row o: List of the nEBD links with epistemic uncertainty present in the definitions of
the distributions characterizing aleatory uncertainty in their failure values, with individual links
represented by the same character strings specified in the input file CPLOAS link.txt that
defines WL and SL properties. A single link name should be entered as a place holder if NEBD =
0. For nEBD > 0, an input file LINKNAME _beta.dat with the structure of the file shown in Fig.
7 must be defined for each of the NnEBD distributions with epistemic uncertainty in their
definitions. Additional discussion same as for LINKNAME _alpha.dat in description for Fig. 6,
row L.

Fig. 6, Row p: Maximum data size NMDSB for beta parameters data set (integer nMDSB >
0). Corresponds to maximum number of observations in the files LINKNAME_beta.dat (see
description for Fig. 6, row 1). This parameter is requested to simplified the creation of
multidimensional arrays without requiring to read all file lengths.
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3 OUTPUT FILES GENERATED BY CPLOAS_2

As described in Sects. 3.1 and 3.2, results are saved and displayed differently depending
whether or not an analysis of epistemic uncertainty is performed.

3.1 Epistemic uncertainty not considered

In this configuration (i.e., epistemic sample size set to NEUS = 1 as described for Fig. 6, Row
h), six files are saved, with names based on the name specified in the first row of
CPLOAS_parameters.txt.

First file (default name: name LINK_CDF.OUT, where name is specified in Row a of Fig.
6) lists the time-dependent probability of failure for each link defined in CPLOAS_link.txt. The
first row lists the link names. Subsequent rows list the time-step (first column) and cumulative
probability of failure for each link at this time-step. Cumulative failure properties are listed in the
same order as link names in the first row; in turn, the order of the link names is the same as the
order in which they are specified in Column a of Fig. 1. An example of the file
name_ LINK_CDF is given in Fig. 8.

Second file (default name: name PLOAS QUAD.OUT) lists estimated PLOAS values
obtained using quadrature for each circuit specified in CPLOAS_circuit.txt. The first row lists
the circuit names. Subsequent rows list the time (first column) and cumulative probability of
failure for each circuit at this time. An example is shown in Fig. 9.

Timestep CDFs for all links defined in CPLOAS _link.txt (see Fig. 1)
Bl CPCDF_LINK_CDF.OUT - Notepad | _ (O] %]
File Edit Format VYiew Help
| SL1 SL2 SL3 SL4 SLS wLl wL2 s
0.0000 : 0.0000E+00 0.0000E+00 0.0000E+4+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 'l
1.0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000e+00 0.0000E+00 0.0000E+00 0.0000E+00
2.0000 0.0000E+00 0.0000E+00 0.0000E+00 0,0000E4+00 0,0000E+00 0.0000E+00 0.0000E+00
3.0000 0.0000E+00 0.0000E+00 0.0000E4+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+Q0
4.0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
5.0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0Q000E+0Q0Q
6. 0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
7.0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
8. 0000 0.0000E+00 0.0000E+00 0.0000E+00 0,0000E4+00 0,0000E+00 0,0000E+00 0.0000E+00
9. 0000 0.0000e+00 0,0000E+00 0.0000E+4+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
10. 0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000e+00 0.0000E+00 0.0000E+00 0.0000E+00
11. 0000 0.0000E+00 0.0000E+00 0.0000E+00 0,0000E4+00 0,0000E+00 0.0000E+00 0.0000E+00
12.0000 0.0000E+00 0.0000E4+00 0. 0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
13.0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 ]
14.0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0Q000E+0Q0Q
15.0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
16. 0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
17.0000 0.0000E+00 0.0000E+00 0.0000E+00 0,0000E+00 0,0000E+00 0,0000E+00 0.0000E+0Q0
18. 0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
19. 0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000e+00 0.0000E+00 0.0000E+00 0.0000E+00
20,0000 0.0000E+00 0.0000E+00 0.0000E+00 0,0000E4+00 0,0000E+00 0,0000E4+00 0.0000E+00
21. 0000 0.0000E4+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
22.0000 0.0000E+00 0.0000E+00 0©.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
23,0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+Q0Q
24,0000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0O.0000E+00

Fig. 8 Example of output file name LINK_CDF.OUT containing time-dependent link failures
at each time-step for all considered links. The name of the analysis (Fig. 6 row a) replaces name
in the file name.
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Timestep PLOAS for all circuits and pattersn defined
In CPLOAS _circuit.txt (see Fig. 5)

Bl cPcoF_PLOAS_QUAD.OUT - Not... [H[=] E3
File Edit Format View Help
I P6 -
0.0000 : 0. 0000E+00
1.0000 : 0. 0000E+00
2.0000 : 0. 0000E+00
3.0000 : 0. 0000E+00
4.,0000 : 0. 0000E+00
5.0000 : 0.0000E+00 4
6.0000 : 0.0000E+00
7.0000 : 0. 0000E+00
8.0000 : 0. 0000E+00
9. 0000 : 0. 0000E+00
10.0000 : 0. 0000E+00
11.0000 : 0. 0000E+00
12.0000 : 0. 0000E+00
13.0000 : 0. 0000E+00
14.0000 : 0. 0000E+00
15.0000 : 0. 0000E+00
16.0000 : 0. 0000E+00
17.0000 : 0. 0000E+00
18. 0000 : 0. 0000E+00
19.0000 : 0. 0000E+00
20.0000 : 0. 0000E+00
21.0000 : 0.0000E+00
22.0000 : 0.0000E+00
23.0000 : 0. 0000E+00
24.0000 : 0. 0000E+00 ‘:J

Fig. 9 Example of output file name PLOAS QUAD.OUT containing PLOAS estimated at each
time-step for all considered circuits. The name of the analysis (Fig. 6, Row a) replaces name in
the file name.

Third, Fourth, Fifth and Sixth output files (respective default names:
name PLOAS MC.OUT name PLOAS MC 2.0UT, name PLOAS IMP.OUT and
name PLOAS IMP_2.0UT) list results obtained with, respectively, random sampling
procedures 1 and 2 and importance sampling procedures 1 and 2 (see Sect. 4 for a discussion of
sampling-based procedures for the determination of PLOAS). The last four files will always be
created but filled only if the option (from Fig. 6, Row j) is set so that PLOAS values are actually
calculated using these techniques. The file format is similar to the one presented in Fig. 9.

3.2 Epistemic uncertainty considered

If epistemic sample size is set to a number greater than 1 (i.e., epistemic sample size set to
NEUS > 1 as described for Fig. 6, Row h), then results are saved differently. Use of the same file
structure as described in Sect. 3.1 would lead to one set of files for each epistemic sample
element. It is common to consider epistemic samples of size 100 or more, which would generate
hundreds or thousands of files and would not be practical.
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timesteps

Instead, it is more appropriate to group results by links and circuits. With this approach, a file
is created for each link (saving results that were saved in the first file of described in Sect. 3.1;
i.e., the file name LINK_CDF.OUT). The resulting file for each link has a name that begins
with the analysis name name specified in CPLOAS_link.txt and followed by the link name and
the suffix “.out” (e.g., CPCDF_SL3.out). This file will have as many columns as epistemic
sample elements plus 1. The first column corresponds to the time steps. Subsequent columns list
cumulative failure probability for this link for the corresponding epistemic element as shown in
Fig. 10.

For circuits, the same approach is used, except that the circuit name is used instead of a link
name and the suffix used to create the output file name is “ quad.out” (e.g.,
name P1 QUAD.OUT for circuit P1) for quadrature results (always the case). Similarly, the
suffices “ MC.out” and “MC 2.out” are used for results obtained with random sampling
procedures 1 and 2 (if the option is set to generate these results), and the suffices “ imp.out” and
“ imp_2.out” are used for results obtained with importance sampling procedures 1 and 2 (if the
option is set to generate these results); see Sect. 4 for a discussion of sampling-based procedures
for the determination of PLOAS. Results are saved as illustrated in Fig. 10.

B CPLDF_SL3.0ut - Notepad [_[O] %]

0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 O0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0O.0000E+00
o T 0.0000€+00 0.0Q000E+00 0.0000E+00 0.0Q000E+00 0.0000E+00 (.00 DOE+00 0. 0000;+00 0.0000€+00 0.00006+00 0.0000E+00 0.0000E+00 0,0000E+00 0.0000E+00
0.0000E+00 0.0000E400 0.0000E4+00 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+; 0.0000E400 0.0000E400 0.0000E+00 0.0000E+00 0.0000E400 0.0000E400 0. 0000E+00
0.0000E+00  0.0000E400 0. 0000E+00  0.0000E+00 0. 0000E+00  0.0000E+00 0. 0000E+00 0. 0000:+00 0.0000E400  0.0000E+00  0.0000E+00  0.0000E4+00 0. Q000E+00 0. 0O00E+00
0.0000E+00 0.0000E+00 0O.0000E+00 0.0000E+00 0.0000E+00 0.Q000E+00 0.0000E+00 0.0000E+00 O.0000E+00 O.0000E+00 O.C0000E+00 O.0000E+00 O.0000E+00 O.0000E+Q0O
0.0000E+00 0. 0000E+00 0. 0000E+00  0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 O.0000E+00 0.0000E+00 0.0000E+00 O.0000E+0Q0
0.0000E+00 0.0000E+00 0. Q000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0Q.0000E+00 0O.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0Q000E+00 0. 0000E+00
0. 0pO0EL00 0.0000E+00 0. 0000E+00
: 0. 00006400 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E400 0.0000E+00 0.0000E400 0.0000E400 0.0000E+00 0.0000E400 0.0000E400 0O.0000E+00 0.0000E400
obooeToT 0.0000E+00 0. Q000E+00 0.0000E+00 0Q.0Q000E+Q0 ©.0000E+00 0.0000E+00 0.0000E4+00 0O.0000E+00 0.0000E+00 O.0000E+0Q0 0.0000E400 0.0000E400 O.0000E+00
0.0000E+00 0. 0000E+00  0.0000E+00  0.0000E+00 0.0000E+00 0.0000E+00 0.0000E4+00 0.0000E+00 0.0000E4+00 0.0000E+00 O.0000E4+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E+00  Q.0000E+00  ©.Q0COE+O0  0.0000E+00 0.00C0E+00 0.00COE+00 0.0000E+Q0 O.0O000E+00 O.O0000E+00 0.000CE+00 O.0Q00E+00 0.000CE+0Q  O.0Q00CE+0C 0. 0OO00E+00
0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0Q000E+00 0.0000E+00 0.0000E+00 0O.0000E+00 0.0000E+00 O.0000E+00 0.0Q000E+00 O0.0000E+00 O.0000E+0Q0
0.0000E+00 0Q.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0Q000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 O.0000E+Q0
g. 0000E+00 g ggog E+gg g gngE+OO 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000€4+00 0.0000E+00 0©.0000E+00 O.0000E+00
. O000E-00 . O000E+ 00E+
2.0000]:  0.0000E+00 0.0000E+00 0.0000E400 0O.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+400 0O.0000E+00 O.0000E+00  0.0000E+00  0.0000E+00 0. 0000E+00
0. OUOUEFUT 0. 0000E+00  0O.0000E+00 0.0000E+00 0.0000E+00 0.0Q000E+00 0.0000E+00 0.0000E+00 O.0000E+00 O.0000E+00 O.C0000E+00 0O.0000E+00 O.0000E+00 O.0000E+0Q0Q
0.0000E+00 0. 0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 O.0000E+00 0.0000E+00 0.0000E+00 O.0000E+Q0
0.0000E+00 0.0000E+00 0.0Q000E+00 0.0Q000E+00 0.0Q000E+00 0.0000E+00 0.Q000E+00 0Q.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0,0Q000E+00 0. 0000E+00
0.0000E+00 0.0000E+00 0.0000E+00 0.0Q000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 O.0000E+00 0.0000E+00 0.0000E+00 O.0000E+0Q0Q
0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E400 0.0000E+00 0.0000E+00 0.0000E400 0.0000E+00 0.0000E+00
0.0000E+Q0 0.0000E+00 0O.0000E+Q00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 O.0000E+00 O.0000E+00 O.0000E+00 O.0000E+00 O.0000E+00 O.0000E+0Q0O
0.0000E+00 0. 0000E+00 0. 0000E+00

Fig. 10 Example of link failure result file (for SL3 in this example) showing the first 3 timesteps
and using a sample of size 100 (Note: columns wrap with the result that 101 columns appear as 8
rows).
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4 SOME CONSIDERATIONS IN THE USE OF SAMPLING IN
CPLOAS_2

4.1 Simple Random Sampling from CDFs for Link Failure Times

As described in conjunction with Eq. (5.9) of Ref. [8], simple random sampling from the
CDFs for link failure time can be used in the estimation of PLOAS. Further, as described in
conjunction with Egs. (5.20)-(5.28) Ref. [8], this sampling can be performed as a two stage
process in which nFT link failure times are randomly selected for each link from the
corresponding link failure time CDFs and then nFTC combinations of link failure times are
randomly selected from the previously sampled nFT failure times for each link. Specifically, if
NWL WLs and nSL SLs are under consideration, the second stage of the sampling results in
NFTC vectors of length nL= nWL + nSL that contain one failure time for each link. In turn, these
vectors of link failure times can be used as indicated in Eq. (5.9) of Ref. [8] to determine PLOAS
as a function of time.

The preceding two stage procedure is used in CPLOAS 2 for the estimation of PLOAS with
simple random sampling from the failure time CDFs for the individual links. This procedure is
referred to as random sampling procedure 1; see Sect. 4.3 for a discussion of random sampling
procedure 2.

The values used for NFT and NFTC are set in rows e and f of Fig. 6. Further, the indicated
CDFs are estimated with quadrature procedures and saved at nCDF evenly spaced times, with
the value for nCDF set in row b of Fig. 6. The sample sizes nFT and nFTC selected for use in a
given analysis depend on both the desired accuracy in the determination of PLOAS and the
probability of failure for the individual links. Sample of sizes of NFT = 100 and nFTC = 1000
will be enough for links that have large probabilities of failing during a simulation time (e.g.,
0.2), but will not be appropriate for links that have 0.01 probability of failure over time.

As an example, the three links with the properties and failure values shown in Fig. 11 are
used for illustration. The probability of failure for a given link corresponds to the likelihood of
being in a situation where a red curve (representing a time-dependent failure value) crosses a
green curve (representing a time dependent system property). For SL2 (frame b), this situation
will never occur in the time period under consideration and any sample size will be appropriate.
The probability of failing for SL3 (frame c) starts around 150 minutes and increase gradually to
0.1 at the end of simulation (200 minutes). A sample of size NFT = 10,000 will generate about
1000 failure times and 9000 non failure times with simple random sampling. For SL1 (frame a),
failure occurs late (after 190 minutes) with a probability of about 0.002 at the end of the
simulation. In this case, a sample of size NFT = 10,000 will only generate about 20 failure times
with simple random sampling.
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Fig. 11 Time-dependent property and failure values for three links: (a) SL1, (b) SL2 and (c) SL3.

The sample size will affect how many failures are generated but also, for unlikely failures,
when the first failure will occur. As an example, the time-dependent probability of failure
(estimated using quadrature) for SL1 is reported in Table 2. The probability of having a failure
before 192 min is a little less than 107°. As a result, using a sample of size 10,000 to generate an
array of failure times (via Monte Carlo) is unlikely to generate a failure time prior to 192 min
and, at best, one or two such failure times will be present in a sample of size 10,000. As a
consequence, the sample size (i.e., NFT) may need to be greater than 10,000 depending on how
much accuracy is required in the determination of PLOAS for a circuit involving SL1.

Table 2 Time dependent probability of failure for SL1 using quadrature

prob. Failure
SL1

191 | 0.00E+00
192 9.36E-06
193 7.49E-05
194 2.01E-04
195 3.86E-04
196 6.28E-04
197 9.24E-04
198 1.27E-03
199 1.67E-03
200 2.12E-03

time

In conclusion, with respect to choosing appropriate values NFT and nFTC, a possible strategy
is to initially examine the link failure probabilities (in the file LINK_CDF.OUT in the example
set) to determine if small failure probabilities are present, which would imply that larger rather
than smaller values for nFT and nFTC are needed. Then, increasing values for nFT and nFTC
could be tried until the estimates for PLOAS show little change with increasing values for nFT
and NnFTC. Although not a currently defined option in CPLOAS 2, PLOAS could be repeatedly
evaluated with the same values for NnFT and nFTC but with different random seeds to start the
random sampling process (see RSEED in row d of Fig. 6) and then a confidence interval
calculated around the mean PLOAS value from these multiple CPLOAS 2 runs.
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4.2 Importance Sampling from CDFs for Link Failure Times

Importance sampling from CDFs for link failure times in CPLOAS 2 uses the same two
stage sampling procedure described in Sect. 4.1 for simple random sampling from CDFs for link
failure. However, as described in the next paragraph, the sampling of link failure times at the
first stage of this two stage process is not is where the importance sampling is implemented.

As implemented in CPLOAS 2, importance sampling from link failure time CDFs uses a
left-triangular distribution on [0, 1] with mode at 0 to sample failure times for SLs and a right-
triangular distribution on [0, 1] with mode at 1 to sample failure times for WLs to generate this
number. As a result, early failure times are over sampled for SLs and late failure times are over
sampled for WL. A weight is associated with each sampled failure time to correct for the
indicated over sampling of early and late failure times for SLs and WLs, respectively (see
discussion associated with Eqgs. (5.29)- (5.31) of Ref. [8]). In turn, this weight is used when
sampling the individual link failure times at the second stage of the two stage sampling process.
This procedure is referred to as importance sampling procedure 1.

To test the efficiency of this technique, a circuit with low probability of failure (on the order
of 10 for PLOAS after 200 minutes) has been considered. Specifically, 30 estimates (using
different random seeds) of PLOAS have been generated for both importance sampling and
simple random using the same properties (i.e., N(FT = 10,000 and nFTC = 100,000). The resultant
time-dependent mean for PLOAS as well as a confidence intervals for both sampling techniques
are shown in Fig. 12 and compared to the quadrature result. Plain green and red lines represent
mean values for simple random sampling and importance sampling, respectively. Both lines are
close to the quadrature results, although the importance sampling means seems to be more
accurate than simple random sampling mean at the end of simulation (i.e., at 200 min). Dashed
and dotted lines represent confidence intervals over the results and are indicators of the accuracy
of each sampling method. The red lines (for importance sampling) are closer together than the
green lines for simple random sampling and thus indicate that the importance sampling results
are more precise than the simple random sampling results.

As both simple random (i.e., Monte Carlo) and importance sampling use the same procedure
to generate an initial set of failure times (i.e., importance sampling is not used in Step 1 of the
two step sampling procedure) and no failure was generated prior to 192 min with a sample of
size 10,000, both methods cannot match with quadrature results prior to 192 min. Increasing the
initial (i.e., Step 1) sample size to 100,000 would lead to a better estimate at early times in this
example. In the future, the CPLOAS 2 may be modified to include importance sampling at this
first step to increase resolution in estimates for PLOAS at early times. However, PLOAS values
at the end of an accident are usually the result of greatest interest rather than PLOAS values early
in the development of an accident.
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Fig. 12 Mean and g = 0.9 confidence interval for 30 replicates of random sampling procedure 1
and importance sampling procedure 1 for circuit C11 defined in Fig. 5.

4.3 Simple Random and Importance Sampling from Aleatory
Variables a and 3

An additional option in CPLOAS 2 is to directly sample from the aleatory variables « and S
used in the definitions of link properties and failure values as indicated in Egs. (2.5) and (2.6).
This sampling can be done with either simple random sampling or importance sampling as
described in conjunction with Egs. (5.18) and (5.19) of Ref. [8]. The determination of PLOAS
with direct sampling of the aleatory variables o and f#in CPLOAS 2 does not use the two stage
sampling procedure described in Sect. 4.1. Rather, a single sampling of the aleatory variables «
and £ and determination of associated link failure times is performed; then, PLOAS is
determined as indicated in Egs. (5.18) and (5.19) of Ref. [8].

The sampling procedure described in conjunction with Eq. (5.18) of Ref. [8] is referred to as
sampling or Monte Carlo procedure 2, and the sampling procedure described in conjunction with
Eq. (5.19) of Ref. [8] is referred to as importance sampling procedure 2. The manner in which
the sampling-based procedures are specified for use in CPLOAS 2 is described in the discussion
for Fig. 6, row j.
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5 TEST CASES FOR CPLOAS_2

This section presents a set of test cases performed to verify the correctness of the calculation
performed and to also show at the same time how to construct inputs files in order to use
CPLOAS 2.

5.1 Analytical test 1
5.1.1 Description of the test case

The first test case is based on the set of test problems presented in Sect. 6 of Ref. [8] and
involves a system with 2 WLs and 2 SLs with the same nominal properties and failure values
assigned to all links (Fig. 13). Specifically, the nominal properties and failure values for the links
are defined by p(t) =100+ 3t and q(t) = 600 — 2t , respectively, for 0 <t <200 min (Fig. 13a).
The distributions for the alpha values characterizing aleatory uncertainty in the nominal link
properties are uniform on [-0.15, 0.15], and the distributions for the beta values characterizing
aleatory uncertainty in the nominal link failure values are triangular on [-0.1, 0.1] with a mode
of 0.0. The distributions of time-dependent link properties and failure values that result from the
preceding distributions for alpha values and beta values are shown in Fig. 13b. In turn, these
distributions result in the same CDF for link failure time for each of the four links (Fig. 13c¢).

Four possible configurations of WL-SL systems are defined in Table 1 and designated Case
1, 2, 3 and 4. In addition, test values for PLOAS are also given that result when all links are
assigned the same properties and failure values. The test values for PLOAS for Cases 1, 2, 3 and
4 for 2 WLs and 2 SLs are 1/6, 1/2 , 1/2 and 5/6, respectively, as illustrated in Table 3 of Ref.

[8].
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Fig. 13 Link properties for illustration of verification tests: (a) base physical property Pp(t), base
failure property Q(t), and distributions for aleatory variables « and f, (b) physical properties p(t|
o) = (1 + ) p(t) and failure properties q(t| £) = (1 + A q(t) generated with random samples of

size 100 from the distributions for & and g, and (c) cumulative distribution CDF(t) for link
failure time.
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5.1.2 Construction of the test case

The link properties are defined in the input file CPLOAS_link.txt (Fig. 14). Each SL and
WL is assigned the same properties in this test case (see Fig. 13). As indicated, the nominal
properties are read from column 1 of CPCDF.dat (the time column is not counted; see Fig. 15 ).
The alpha distributions are uniform (designator associated with uniform distribution = 1). The
parameters of the uniform distribution are —0.15 (minimum), 0.15(maximum) and 0.0
(placeholder; i.e., the uniform distribution is defined by only 2 parameters). The nominal failure
values are read from column 2 of CPCDF.dat (again, time column is not counted). The beta
distributions are triangular (designator associated with triangular distribution = 5), which
minimum, mode and maximum equal to —0.1, 0.0 and 0.1, respectively.

The CPCDF.dat file for this example contains three columns. The first column contains the
times (201 values from 0 to 200 corresponding to one minute time steps). The second and third
columns contain the nominal property and failure values, respectively, at the corresponding time-
step (see Fig. 15).

Distribution type for Distribution type for
link name alpha Distribution beta Distribution
parameteifor alpha parametj\m for beta

Bl cPLoAS link.txt - Notepad

File Edit Format Yiew Help

1ink name p_bar  alpha_dist a_l a_2 a_3 g_bar  beta_dist b_1 h_2 b_3
sk 1 T -0.15  0.15 0.0 2 s 0.1 0.0 0.1
SL2 1 1 -0.15 0.15 0.0 2 5 -0.1 0.0 0.1
WL1 1 1 -0.15 0.15 0.0 2 5 -0.1 0.0 0.1
WL 2 1 1 -0.15 0.15 0.0 2 5 -0.1 0.0 0.1
Column in CPCDF.DAT Column in CPCDF.DAT
where is defined where is defined

Fig. 14 Input file CPLOAS_link.txt for test case 1 (see Fig. 1 for additional discussion).
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| cpCDF.dat - Notepad

File Edit Format View Help

time pl q2

0 100 600
1 103 598
2 106 596
3 109 594
4 112 592
5 115 590
6 118 588
7 121 586
8 124 584
9 127 582
10 130 580
11 133 578
12 136 576
13 139 574
14 142 572
15 145 570
16 148 568
17 I 566
18 154 564
19 i gy g 562
20 160 560|
21 163 558
22 166 556
23 169 554
24 172 552
29 175 550
26 178 548
27 181 546
28 184 544
29 187 542

Fig. 15 First 29 time steps of input file CPCDF.DAT for test case 1 (see Fig. 2 for additional
discussion).

Circuits for this example are defined in the file CPLOAS_circuit.txt (Fig. 16). Although it is
not necessary for this test case, circuits have been defined for each possible WL-SL pair. Then,
for a circuit with 2 SLs and 2 WLs, the four possible failure patterns are specified (Corres-
ponding to the second column of the file and associated named option).

Bl cPLOAS _circuit.txt - Notepad

File Edit Format View Help

hame option nb 1ink/circuit Tink/circult names
Ccll 1 2 SL1 wLl

C12 2 2 SL1 wL2

C21l 3 2 SL2 wLl

c22 4 2 SL2 wL2

PL 1 4 SL1 SL2 wLl wL2

P2 2 4 SL1 SL2 WLl wL2

P3 3 4 SL1 SL2 WLl wL2

P4 4 4 SL1 SL2 wLl wL2

Fig. 16 Input file CPLOAS_circuit.txt for test case 1 (see Fig. 5 for additional discussion).

The last input file that be defined is CPLOAS_parameters.txt (Fig. 17). In this file, the user
first defines the base name for the output files (i.e., CPCDF is used in the test case). The next set
of numbers (all integers) specifies the properties of the methodology used to determine PLOAS.
The first two numbers are used for the quadrature and correspond to the number of steps for the
CDF discretization (set to NCDF = 20,000) and for the quadrature discretization (set to NQUAD
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= 10,000). The following number (i.e., NRSEED = 352) is used as random seed for sampling
techniques. The last two numbers relate to the initial random selection of link failure times from
each link failure time CDF (set to nFT = 1,000,000) and to the combinations of times (set to
nFTC = 1,000,000). After a comment line, epistemic sample size is set to 1 (the test case
considers only aleatory uncertainty), resulting in the following rows to be ignored except for the
fourth following row where the numerical procedures to be used to determine PLOAS are
specified.

.EFLDAS_parameters.txt - Notepad HE=E
File Edit Format View Help
-PCDF ! output filename for COF for each Tink d
20000 ! number of steps for COF discretization (= 2000 in example)
1000 ! number of guadrature discretization steps (= 10000 in example)
32 ! seed to generate random sequences
1000000 ! sample size for time selection for each 1ink (= 10000 in example)
1000000 ! number of time combinations for mMC and IMP sampling (= 100000 in
example)
=================================== COMMENT LINE==================================================================
1 ! epistemic sample size (set to 1 if no epistemic)
1 ! failure dincluded (0 = no epistemic on failure - 1 = epistemic on failure)
3 ! samE'Iimg included (0 = no sampling ; 1 = MC ; 2 = Importance ; 3 = both)
0 ! number of alpha parameters with epistemic distribution
SL1 WLl ! Tist of 1inks (tﬂe way they appear in cpPLoas_link.txt) for alpha parameters
10000 ! maximum data size for alpha parameters
0 ! number of beta parameters with epistemic distribution
wLl SL4 SLS ! Tist of 1inks (the way they appear in CPLOAS_link.txt) for beta parameters
1 ! maximum data size for beta parameters
2

Fig. 17 Input file CPLOAS_parameters.txt for test case 1 (see Fig. 6 for additional discussion).

5.1.3 Results for test case 1

Results obtained using three methods to determine PLOAS for four different definitions of
LOAS are displayed in Table 3. With discretizations of size NCDF = 20,000 and nQUAD =
10,000, quadrature deviates from the true values for PLOAS by less than 0.5%. Importance
sampling with samples of size NFT = nFTC = 1,000,000 has comparable errors, and the errors
with simple random (i.e., Monte Carlo) sampling with samples of size nFT = nFTC = 1,000,000
are less than 1%. The two sampling procedures used to produce the results in Table 3 are referred
to as random sampling 1 and importance sampling 1 in Sect. 4.

Table 3 Comparison of results at 200 min for test case 1

Quadrature (20K,10K) Monte Carlo (1M) | Importance (1M)

Pattern type theoretical result value diff. in % value diff. in % value diff. in %
1 0.16667 0.1662 -0.28% 0.1662 -0.28% | 0.1662 | -0.28%

2 0.5 0.4998 -0.04% 0.5021 0.42% | 0.4997 | -0.06%

3 0.5 0.4991 -0.18% 0.5030 0.60% | 0.4981 | -0.38%

4 0.83333 0.8336 0.03% 0.8405 0.86% | 0.8308 | -0.30%
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5.2 Analytical test 2
5.2.1 Description of the test case

In the second test case, the problem is defined similarly to test case 1. The only change is for
the distribution associated for each alpha and beta value. Alpha distributions are normal with
mean of 0.0, standard deviation of 0.05 and truncation at g = 0.001. The beta distributions are
normal with mean = —0.1, standard deviation = 0.005 and truncation at ¢ = 0.001. The theoretical
results for cases 1,2,3 and 4 for 2 SLs and 2 WLs stays at 1/6, 1/2 , 1/2 and 5/6. This test case
indicates that truncation as well as the definition of the normal CDF are implemented correctly.

5.2.2 Construction of the test case

Only CPLOAS_link.txt differs from the input files used for test case 1 (Fig. 18). In test case
2, the distribution designators for alpha are changed to 3 (indicating a normal distribution), and
the corresponding parameters are changed to 0.0, 0.05 and 0.001. The distributions designators
for beta are also changed to 3 (indicating a normal distribution), and the corresponding
parameters are changed to —0.1, 0.005 and 0.001, respectively.

Bl cPLoAS _link.txt - Notepad

File Edit Format Wiew Help

Tink name p_bar  alpha_dist al a_2 a_3 g_bar  beta_dist b_1 b_2 b_3

st i : 0.0 0.05 0.001 2 : 0.1 0.005  0.001
SL2 1 3 0.0 0.05 0.001 2 3 -0.1 0.005 0.001
WL1 1 3 0.0 0.05 0.001 2 3 -0.1 0.005 0.001
WL2 1 3 0.0 0.05 0.001 2 3 -0.1 0.005 0.001

Fig. 18 Input file CPLOAS_link.txt for test case 2 (see Fig. 1 for additional discussion).

5.2.3 Results for test case 2

Results using the three methods are displayed in Table 4. With discretization of size NCDF =
20,000 and NQUAD = 10,000, quadrature loses some accuracy compared with the results for test
case 1 in Table 3 (i.e., difference with theory increased by a factor of approximately two).
Importance sampling and simple random (Monte Carlo) sampling accuracies are similar to the
results for test case 1 in Table 3.

Table 4 Comparison of results at 200 min for test case 2

quadrature Monte Carlo Importance quadrature
(20K,10K) (1m) (am) (50K,50K)
Patter | theoretica diff. in
n type | result value diff. in % value diff. in % value % value diff. in %

1 0.16667 0.1657 -0.58% | 0.1662 | -0.28% | 0.1662 | -0.28% 0.1665 -0.10%
2 0.5 0.4996 -0.08% | 0.5021 | 0.42% | 0.4997 | -0.06% 0.4999 -0.02%
3 0.5 0.4983 -0.34% 0.503 | 0.60% | 0.4981 | -0.38% 0.4997 -0.06%
4 0.83333 0.8337 0.04% | 0.8405 | 0.86% | 0.8308 | -0.30% 0.8334 0.01%
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Increasing the number of discretization points from (nCDF = 20K, nQUAD = 10K) to (nCDF
= 50K, nQUAD = 50K) confirms that the quadratic solution still converges. Estimated results are
then within 0.1% of the theoretical values.

5.3 Analytical test 3
5.3.1 Description of the test case

The third test case is a little more complex as it considers the time-dependent evolution of
both a CDF for cumulative link failure and the probability of loss of assured safety (i.e.,
PLOAS). For this test case, only one WL and one SL are considered. Their nominal property and
failure values are assumed to be the same. Specifically, the nominal property and failure values
over time t are defined by

p(t)=100+4t and q(t) = 600 —t, (5.1

respectively, for 0 <t < 200 min, and the distributions for the corresponding alpha and beta
values are assumed to be uniform on [-0.1, 0.1].

Evaluation of the representation CDF(t) for the cumulative failure probability defined in Eq.
(2.12) of Ref. [8] for a link with the properties defined in conjunction with Eq. (5.1) produces the
result

CDF (t) =0 fort <81.1 min
=15.125[ p(t)/q(t)]+10.125[q(t)/ p(t ] 24.75 for 81.1 min <t <100 min
=-10.125] p(t) q( )|-15.125[ q(t)/ B(t)]+25.75 for 100 min <t <121.2 min
=1.0 for 121.2 min <t.

(5.2)

In turn, the probability for the SL to fail before the WL when both links have the time-dependent
failure probability in Eq. (5.2) can be easily estimated numerically. For one WL and one SL,
PLOAS as function of time is defined by Case 1 in Table 1 and represented by P (t)as stated

below:

f [1 - CDF (t) MCDF (t)

;Zn:[1 CDF (4 ) ][CDF ()~ CDF (t ;)]

i=1

R (t)
(5.3)

where 0 =1y <t} <---<t, =tis a subdivision of [0, t].
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5.3.2 Construction of the test case

The link properties are defined in CPLOAS_link.txt (Fig. 19). Both links have the same
properties in this test case. The nominal property values are defined in column 1 of the file
CPCDF.dat (the time column is not counted; see Fig. 20). The alpha distributions are uniform
(code associated with uniform = 1). The parameters of the uniform distributions are —0.1
(minimum), 0.1 (maximum) and 0.0 (placeholder). A uniform distribution uses only 2
parameters. The nominal failure values are defined in column 2 of CPCDF.dat (again, the time
column is not counted). The beta distributions are uniform (code associated with uniform = 1),
with minimum and maximum equal to —0.1 and 0.1, respectively, and a placeholder value of 0.0
used for the third parameter.

Distribution type for Distribution type for

alpha Distribution beta Distribution
paramctc%or alpha parametjc for beta

Link name |

[ \ ( \

File Edit Format View Help

1ink name p_bar alpha_dist a_l a2z a3 g_bar heta_dist b_1 b_2 b_3
k1 1 i 0.1 0.1 0.0 2 i 0.1 0.1 0.0
WLl 1 1 -0.1 0.1 0.0 2 1 -0.1 0.1] 0.0
Column in CPCDF.DAT Column in CPCDF.DAT
where  is defined where is defined

Fig. 19 Input file CPLOAS _link.txt for test case 3 (see Fig. 1 for additional discussion).

The input file CPCDF.dat is constructed similarly to the first two test cases with one column
representing the nominal property values and a second column representing the nominal failure
value (Fig. 20).

Circuits and patterns are defined in the input file CPLOAS_circuit.txt (Fig. 21). A single
circuit involving the two links is defined, which is the only possibility when only one WL and
one SL is defined. The option is set to 1, although any of the four options in Table 1 involves the
same WL-SL configuration when only one WL and one SL is under consideration.

The last of the parameter file to be defined is CPLOAS_parameters.txt. The options used
are the same as for test cases 1 and 2 and can be seen in Fig. 17.
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B cPCDF.dat - Notepad

File Edit Format Yiew Help

Time pl g2

0 100 600
1 104 599
2 108 598
3 112 597
4 116 596
5 120 595
6 124 594
7 128 503
8 132 562
9 136 591
10 140 590
11 144 589
12 148 588
13 152 587
14 156 586
15 160 585
16 164 584
17 168 583
18 172 582
19 176 581
20 180 580
21, 184 579
22 188 578
23 192 57T
24 196 576
25 200 575
26 204 574
27 208 573
28 212 572
29 216 571
30 220 570
31 224 569
32 228 568
33 232 567
34 236 566

Fig. 20 First 34 time steps of input file CPCDF.dat for test case 3 (see Fig. 2 for additional
discussion).

' CPLOAS_circuit.txt - Notepad

File Edit Format View Help
hame option nb Tink/circuit Tink/circuit names

cll 1 2 SL1 wiLl

Fig. 21 Input file CPLOAS_circuit.txt for test case 3 (see Fig. 5 for additional discussion).
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5.3.3 Results for test case 3

Initially, results obtained numerically with CPLOAS 2 for the failure time CDF CDF(t) for
the two links are compared with the results obtained from a direct evaluation of this CDF as

defined in Eq.(5.2). As shown in Fig. 22, the two evaluations of CDF(t) are visually
indistinguishable.

0.8 -

CDF link

numerical

— = theoretical

0.4

0.2

0 20 4 60 0 100 120 140 160 180 200
Time (m)

Fig. 22 Comparison between theoretical CDF (red dash) and estimate from CPLOAS?2 (blue line)
for test case 3.
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Next, results obtained numerically with CPLOAS 2 for the PLOAS values B (t) for the two
links are compared with results obtained in an independently implemented evaluation of B (t)

with the approximation in Eq. (5.3) and the closed form representation for CDF(t) in Eq. (5.2)
As shown in Fig. 23, the two evaluations of P, (t)are visually indistinguishable.

0.8 +

0.6

numerical

= = theoretical

0.4 -

Probability SL fail before WL

0.2 1

0 20 40 60 0 100 120 140 160 180 200
time (m)

Fig. 23 Comparison of probability of SL failing before WL for test case 3.
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