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Abstract

The paper presents a new analytical algorithm whghable to carry out direct and exact reliability
quantification of highly reliable systems with m&nance (both preventive and corrective). A dirgeteyclic
graph is used as a system representation. Thethlgaxllows take into account highly reliable andimtained
input components. All considered models are implaegt into the new algorithm. The algorithm is basad
special new procedure which permits only summadnabetween two or more non-negative numbers taat ¢
be very different. If the summarization of very dnpositive numbers transformed into the machindeces
performed effectively no error is committed at thgeration. Reliability quantification is demonségton a
real system from practice and on its highly rekabhodifications. The selected system is frequentigd
system - high pressure injection system occurringiany late references.

1. Introduction can meet the problems of prolonged and inaccurate
computations.

Quantitative analysis of FT can be performed by the
binary decision diagram method (BDD). The BDD
algorithm provides an exact top event probability
where no truncation or approximation is employed.
The only error which can occur is due to numerical
operations. The results in [6] show that the BDD
algorithm is best method with minimal relative &rro
in comparisons with the classical Sum-of-Product
. ) ; . algorithm, i.e. the classical minimal cut sets/rare
S|mqlat|pn technique has b_een improved by theevent approach applied for selected unreliability
application of a parallel algorithm [4] to such et approximations (Murchland, Barlow-Proschan lower

that gc"’:ﬂ be usgd”fodr ree;ll compﬁxt_syftems;_ Whic%ound and Vesely approximations). The relative
can beé then modelied and quantitatively estmatety .. cyve of the classical Sum-Of-Products

from Ithe; p??t dOf V'g.‘t".’ of thhe_ I:ehab:hty W'ﬂ:ﬁu; algorithm is always above the error curve of the
unreal simplified conditions which analytic methods g, algorithm. The authors conclude that this ie du

?SUI?”% expeth:r I a c?m_plex system OlIJn(?cergt]oerqu the rare-event approximation, which is optingisti
aut  tree (FT) ana ysIS, new an as for given unreliability approximations. The distanc
quantification method with high degree of accuracypanween the two curves decreases as the prokediliti
for large FTs, based also on a Monte Carloof basic events decrease. The authors further

simulation technique and truncation errors was -
) . e supposed that the errors can be strongly impacted b
introduced in [5]. However, if it is necessary tonk rounding errors. This paper is oriented just on

and quantitatively estimate highly reliable systems removing of the rounding errors when a highly

for which unreliability indicators (i.e. system non - o i
functions) move in the order PGnd higher (i.e.10 E)I:ﬁ?l;‘ \?ifvtlem has to be quantified from refiapili

etc.), the simulation technique, whatever |mproved,|_|ighly reliable systems appear more often in
research practice and they are closely connectibd wi

It is a Monte Carlo simulation method [1] which is
used for the quantification of reliability when
accurate analytic or numerical procedures do raat le
to satisfactory computations of system reliability.
Since highly reliable systems require many Monte
Carlo trials to obtain reasonably precise estimafes
the reliability, various variance-reducing techraqu
[2], eventually techniques based on reduction wfrpr
information [3] have been developed. A direct
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a penetrative increase of progress. We can observenavailability of individual terminal nodes, using
the systems for example in space applications wherenethodology of basic renewal theory, as for example
complex device is often designed for an operationin [9]. The aim is then to find a correspondentetim
lasting very long time without a possibility of padf  course of the unavailability coefficient for the
human hand. Computer hardware and software havhighest SS node which represents reliability
become an integral part of many sophisticated andehaviour of the whole system.

complex systems, such as systems for space

exploration. This trend has been the motivation for2.1. Models of components — terminal nodes
research efforts to improve software reliabilitydan
Eg:;%runt]iigcehar(?v)\llarelnte:(rzgyocrmgoft\,g:g n?%hcéafépydistribution for the time to a failure will be supged,

systems of nuclear power stations represent O,[hepossmly for the time to a restoration. Under this

example of highly reliable systems. They have to becondition, all frequently used models with both

reliable enough to comply with still increasing preventive and corrective maintenance may be

internationally agreed safety criteria and moreoverOlescrlbeol by three of the following models:

they are mostly so called sleeping systems WhidModel with _elements (terminal nodes in AG) that can
start and operate only in the case of big accident Otdbei repﬁlred irable el CM — C .
Their hypothetical failures are then not apparent odel with repairable elements (. — Corrective
(hidden failures) and thus reparable only at optyna Malnte_nance)_ for apparent _fallures, .. 8 modadwh
selected inspective timeNEC producer[8] has a poss_lble failure is |der_1t|f|ed at the OCC“”%""?’
offered  system components for use in immediately afterwards it starts a process leadiing

. its restoration.
supercomputers in order to support the need for ah ! . . . .
ex{)remelyphigh performance asva\)/eII as in car—mounNOdel with repairable elements with hidden failyres

systems in which reliability over a wide temperatur €. a Im;(iel vyh_e? a”fallure_ IS d'd?.m'f'ed only ‘T’lt
range is a critical feature. The improving reliépil special deterministically assigned times, appearing

will be an essential feature of the products ofrtbxet W'th a given period (mome”ts of periodical

generation. |nspect|ons). In Fhe case of. its occurrence af[ethes
The question solved in the paper is how to model th :mesrei?oﬁgilggécal restoration process startsn as

reliability behaviour of these systems and how to P X

find an efficient procedure for computation of '3‘2 eﬁg::]ygg:ilf thzc(cuur:;tsa”;&mplggg%g ier?tf E time
reliability indicators. The rest of the paper is P y

organized in the following way: Section 2 brings f[he first two situations explained enough and dstiv

basic problem formulation and all admissible models" [10]. Let us remind that in the first case oB th

of input components. Section 3 describes basiceIement that can not be repaired a final course of

principles of the new algorithm which is based ong.n?:./g”?b:i'? ncgef:'mfprtnp(? fIS'I F;resfmedeigzt.a
error-free  summation of different non-negative IStribution function ot time 1o failure ot the '

numbers. Details of the algorithm are explained in it
few steps demonstrated by figures. Applicatiorheft ~ P(t) =1-¢e™, (1)
algorithm is showed in context with a system,
assigned by the help of acyclic graph. Section 4wherel is the failure rate.
brings results with tested system computed by thdn the second case we can derive a relation on the
use of the new algorithm. Highly reliable basis of Laplace’s transformation for a similar
modifications of the system from practice have beercoefficient
calculated to emphasize merits of the algorithm.
Section 5 summarizes the most important findings. U

P(t)=1{ + —“W}

In the first phase of research, an exponential

2. A problem formulation and component A+p A+

models A [1-eU], t>0
A+u ’

(2)

Let us have a system assigned with a help of a
directed acyclic graph (AG) [4]. Terminal nodes of
the AG that represent functionality of input systemWwhereu is the repair rate.

components are established by the definition ofThe third model is rather more general than the
deterministic or stochastic process, to which they  €arlier stated in the model with periodical exchemng
subordinate. From them we can compute a timd10] where we assumed a deterministic time to

course of the availability coefficient, possibly repair. If we hereby presume that a time to the@nd
repair is exponential random variable, it is neapss
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to derive an analytical computation of time cousée 0.000 002 7816 + 0.999 997 218

the function of unavailability coefficient. If we counted hypothetically on a computer with

three-digit decimal numbers, then for the valug of

2'_2' Unav_ailability coefficient fo_r a modgl 0.00000278, we would instead of a correct vadue
with repairable elements and hidden failures . 999997218 have ony= 1

With the same indication of failure and restoration |, yetyrn forq = 1- p, we would getq = 1-p = 0,
intensities as given above we can describe thgeeping at disposal = 1.

unavailability —coefficient with the following _ _ _
function: It is apparent that it gets to a great loss of emoyif

we countedp instead ofqg. Our result will be

maximally precise saving accuracygf

— _ _ gAr
P(r)=(1-R)-(1-e™) Seeing that probabilities of a non-function stite

(3)  highly reliable system is very small, we have to
concentrate on numerical expression of these
probabilities. For these purposes it is necessary t

reorganize the computer calculation and set certain

wherez is a time which has passed since the last,; o5 which do not have the influence on accurdcy o
planned inspection>c is the probability of a non- 6 computation at the numeration process.
functional state of an element at the moment of

inspection at the beginning of the interval to tiest
inspection.
Proof of the relationship (3) brings ref. [12].

+P{1+ 'u/‘(e“”—e‘“ )} , 7>0

3.2. Probability calculation of non-functional
states of terminal nodes

The probability calculation of non-functioning sat
Note: (unavailability coefficient) of the simplest podsib
1. For the purposes of an effective computer not repaired element (or terminal node) can be done
calculation (see Section 3) the expression in the by the use of relation (1).

brackets can be converted into the formation: Similarly, for other models of system elements the

computation of an expression
|:1+ ,U (e—/zr _ e—/lr )j|:
H=A

1-e™%, 5

@ (5)

1—Le_h[l— e_(”_ﬁ)r} , T>0 for x > 0 is a crucial moment at probability
H-A numerical  expression of a  non-function

(unavailability coefficient).
2. In other hypotheses we will need this expression

to be always positive, what is also easy to proof. FOf values x<<1, i.e. near O, direct numerical

expression written by the formula would lead toagre
errors! At subtraction of two near numbers it gets

a considerable loss of accuracy. On personal
computer the smallest number for which it is
numerically evident that

3. The new algorithm

3.1. Probabilities of functional and non-
functional state

It is evident that probabilities of a functionaland 1+e#],
non-functional statg comply with a relation
is approximately 1¢. If
q+ p=1.
x=10"
Taking into consideration the final accuracy oflrea
numbers in a computer it is important which onethe real value of the expression (5) will be ne@f°1

from p or g we count. If we want to fully use the A direct numerical calculation of the expressiotsge
machine accuracy, we have to compute the smalles zero!

one from both probabilities. . : .
As the algorithm was created in a programming

Example: environment Matlab, for the need of this paper was
We take into account the following sum: used the Matlab function “exmpl” which enables
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exact calculation of the expression (5) based orB.4. The error-free sum of different non-
Taylor's decomposition. negative numbers

The first step to the solution of this problemadind

a method for the “accurate” sum of many non-
negative numbers.

The probability of a non-functional state of a nadle The arithmetic unit of a computer (PC) works in a
an AG, for which the individual input edges are binary scale. A positive real number of today's PC
independent, is in fact given by going over all contains 53 valid binary numbers, Seigure 2. A
possible combinations of probabilities of the input possible order ranges from approximately -1000 to
edges. For 20 input edges we have regularly &000.

million combinations.

order: 1000 53 places -1000

<«

3.3. The numeration substance of probability
of a non-functional state of a node

Figure 2.A positive real number in binary scale

m The line indicated as “order” means an order of a
binary number.

The algorithm for the “accurate” quantification of

— T sums of many non-negative numbers consists from a
1 20 few steps:

1. The whole possible machine range of binary

Figure 1. One node of the acyclic graph with 20 positions (bites) is partitioned into segments of
edges. 32 positions for orders, according to the

following scheme irFigure 3

One partial contribution to the probability of armo
functional state of the node Figurelhas a form:

GGz Gia P Qivy--dj1-Pj Qi Goos 32 31 1 0 -1 -2 -32-33-34

where a number of occurring probabilitie¢here the ~ Figure 3. Segments composed from 32 binary
number equals to 2) can not reach “m”. The POSItions

probability of a non-functional state of the node i _

generally given by a sum of a big quantity of very The number of these segments will be approx.:

small numbers. These numbers are generally very

different! 00 163

If the sum will be carried out in the way that the 32

addition runs in the order from the biggest onéhto

smallest ones, certainly a lost stems from rounding _ _

off, more than the addition runs in the order fiore ~ 2- Total sum is memorized as one real number,
smallest ones to the biggest values. And evenign th ~ Which is composed from 32 bite segments. Each
second case there is not possible to determine from these segments has additional 21 bites used
effectively how much accuracy “has been lost”. as transmission.

Note: In the case of dependence of the input edges ) )

(terminal nodes) we cannot express the behaviour of: At first a given non-zero number of the sum that
an individual node numerically. There is necessary must be added is decomposed according to
work with the whole relevant sub-graph. before assigned firm borders (step 1) mostly into

Combinatorial character for the quantification will ~ three parts containing 32 binary numbers of the
stay nevertheless unchanged. number at most, according to the scheme in

Figure 4. The individual segments are indexed
by numbers 1-63.
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—>
end of the I-st 32 bits

non zero segment

0 0 0 0 0
0 a#0 Y

=)

Figure 4.Decompoaosition of a given non-zero number

Figure 7 Demonstration of the fin:

4. Then the individual parts of this decomposed ¢ mmarization

number are added to the corresponding members

of the sum number, as Figure 5.
So numbers in their full machine accuracy (53 hinar
numbers beginning with 1) are the input for this

I I process of adding. The output is the only number in
The corr ndin the same machine accuracy (53 binary numbers
I e corresponding beginning with 1). The number is mechanically the

part of the number
nearest number to the real accurate error-free sum

which contains in principle up to 2000 binary
numbers.

Figure 5 Adding a number to the sum num

3.5. Permissible context of the usage not
5. Always after the processing of°2humbers (the |eading to the loss of accuracy

limit is chosen so that it could not lead to N )

overflowing of the sum number at any The_probablllty of a non-fpnctlonal state of a
circumstances) a modification of the sum rgpalrable_ comp.one_nt (repairable component Wlth
number is carried out which is indicated as thehidden failures) is given by the formula (3), which

“clearance” process. Upwards a transmission ican be simplified as

separated (in the followingFigure 6 it is

identified by a symbop) which is added to the  P(7)=(1-R )a(r )+ R B(r)

upper sum.

whereP¢ is the probability of a non-functional state
of an element at the moment of the inspection et th
beginning of the interval till the next inspection;s

are non-negative mechanically accurate and
A |7 numerically expressed functions.

- One contribution to the computation of a non-

functional state of a node generally has a form

o or upper 0 a B
A+B |y ¥

Figure 6 Clearance proce
0Oy = Q).

6. If a final sum is required, at first the clearance
process has to be carried out. Then the group of? Poth cases occursl{ g). It has already been
three sums is elaborated, from which the upper i€XPlained that when we uge= 1- g it can come to
the highest non-zero one (identified by a symbolthe catastrophic loss of accuracy. A basic question
o in Figure 7. We make a sum of these three N€n comes out: Do we have to modify further the
sums as usual in a binary scale, wiem the  Stated patterns for the purpose of removing the

following expression is given by an index of the subtraction? Fortunately not. In t_he introduced
highest non-zero segment: context of the produdtl- q)a, wherea is expressed

numerically in a full machine accuracy there is no
loss in machine accuracy! Thanks to rounding dodf th
final product to 53 binary numbers, lower orders of
the expressior{1-q), i.e. a binary numbers on 54
place and other places behind the first valid numbe
can not practically influence the result.

sum=a.2” + f2P% + y 2P

71



Bris Radim
Direct unavailability calculation of highly reliablsystems

3.6. Determination of system probability 4. Results with tested systems

behaviour according to a graph structure 4.1. Tested system from reference

Let all elements appearing in the system are : .
independent. The probability of a non-functional As a tested system on which the algorithm was

state of a system, assigned by the help of AGhs t applied, the HPIS (High Pressure Injection System)

) . ) o of a NPP was selected. A simplified HPIS of a
simply gained on the basis of estimation of allesd Pressurized Water Reactor is shown Figure 9
upwards. For instance for AG ifrigure 8 the Y

. , which has been adapted from the literature [13is Th
following steps have to be made: . . .
. : . system is normally in stand-by and consists ofehre
* numerical expression of the probability of a non-

functional state of terminal nod ) | tpumps and seven valves organized as shown in
8ugclggid55a6e7o erminal nodes, 1.€. elemen SFigure 9 Under accidental conditions the HPIS can

) _ . be used to remove heat from the reactor in those

* numerical expression of the probability of & non- oyents in which steam generators are unavailable.
functional state of an internal node 4 which is For example, in case of a Small-Break Loss-Of-
given by the following sum: Coolant Accident the HPIS safety function draws
water from the Refueling Water Storage Tank

00 ot - G )G .G, (RWST) and must discharge it into the cold legs of

+0,.(1- ¢ ).Qo+ G .G -0— g, the Reactor Cooling System through any of the two
injection paths.
+QB-(1_ G )-(1- Qo )
+(1_QS )09 (1- Qo )
+(1-0)-(1- 6 ).qp
* numerical expression of the probability of a non-

functional state of an internal node 3 which is
given by the only item

059697

* numerical expression of the probability of a non-
functional state of a terminal node 2 5

* numerical expression of the probability of a non-
functional state of the highest SS node 1 which is
given:

90,..9,+1- g ).q.9 Figure 8. The system assigned by the help of a

: structure AG
+0,-(1-%)o+ ¢ g .0- g
Normally, pumps discharge into the injection paths

every multiple used node causes dependence, th@ves 4, 6 and 7 provide alternative flow paths in
situation is much more complex. We have 10 gse of failure of the normal feed.

decompose a set of nodes to a disjunctive system of
mutually independent subsets. The process has be('lslAJﬁSKON SRR
also implemented to the new algorithm.

PUMP A (PA)

VALVE B
Note: Internal numeration of nodes is such that the ®

node with a less number can not be inferior to the
node with greater number. Nodes are numbered it e
the decreasing order of numbers. V)

VALVE 1
v

FROM RWST

i j PUMP B (PB)

PUMP C (PC)

VALVE 2
V)=

VALVE 5 (V5)

INJECTION
PATHB

Figure 9 HPIS.

72



SSARS 2009
Summer Safety and Reliability Semindidy 19-25 2009 Gdaisk-Sopot, Poland

Table 1 shows typical Test Intervals (TIs) 4.2. Assessment of initial conditions
requirements included within the HPIS Technical
Specifications. In addition, the relevant component
unavailability data for this case of applicatiore ar
adopted from [14].

Table 2shows a possible and initial distribution of T
and the time to first test, i.e. TP {TA, TB, TC, TD
TE, TF}, for the components of the HPIS grouped ={2184,24,48,7p

according to the applicable TI {T1, T2, T3}. For

example, decision variables associated to pump PArigure 10 represent the evolution of the time

First, it is worthy to assess the departure pamnt i

order to establish the basis for comparing results.
Herein, initial conditions are represented by the
| particularization of the decision vector for théial

set of Tl and TP as follows:

correspond to the set {T1, TA}. dependent unavailability of the HPIS in the initial
case. Basic reliability data have been a bit sifieoli
Table 1. Typical TI for the HPIS. in comparison with the reference [13], Seble 3
Setting Pumps (P)  Valves (V) Table 3. HPIS-reliability data for Pumps (P) and
Tl 2184 2184 Val ves (V).
7 ’ d(n)
Table 2.Initial values for Tl and TP. P 3.89x1D 5.3x10" 24
v 5.83x18 1.82x10° 2.6
Tlvs TP T1 T2 T3
PA TA
PB B J; = failure rate of th¢th component
PC TC pj = probability of failure on demand of tiid
V1 TA component
V2 TC d = mean down time of thigh component due to
xi TA . corrective maintenance.
V5 TC The downtime of thgth component due to testing
V6 TE has been neglected as well as probabdiiyhuman
V7 TF error. The purpose of the simplification is in thia¢

algorithm is first of all intended for the highly
reliable systems.

In addition, the following relationships also apply In the Figure 5 one can see that maximal
what concerns TI unavailability during mission timeyl= 50.000 hours
is a value between 0.025 and 0.03.

T1=2184 hr, T23*T1, T3=3*T1,
U()

and TP; 0.03
TA=24, TB=48, TC=72, TD=TB, TE=TB+T1, 0.025¢
TE=TB+2*T1. 0.02F

It follows from Table 2and the several relationships %015}
shown above that the preventive maintenance polic
of the system can be based on the following veaftor %017

decision variables
0.005+

x={TI,TA,TB,TC}

0 A . L . . L .
0 0.5 1 1.5 2 25 3 35 4 4.5 5
4

x 10

Log U(t)
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0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
4

x10
Chronological time [hours]

Figure 10. HPIS Time-dependent unavailability
U()and decimal logarithm of the unavailability.
Initial case.

4.3. Highly reliable system modifications

As a first modification the same system has beer 0

taken into account with 10 times shorter TIs. This
modification results in unavailability improvement
about two orders what is demonstratedrigure 11
Maximal unavailability is 2.4 xIt Similar results
can be reached by 10 times improvig@ndp; what

is demonstrated inFigure 12 where maximal
unavailability does not overstep the value of 3.1 x
10*. Final modification with 10 improvements of
both Tls and 4 , p; we can see oRigure 13 where
maxémal unavailability is bellow the value of 2.5
x10°.

-4

%10

5000 10000 15000

Chronological time [hours]
Figure 11.HPIS Time-dependent unavailabiliti(t)

within first 16 600 hours. Modification with 10 tes
shorter Tls.
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-4

x 10

MY

5000 10000 15000
Chronological time [hours]

{ Figure 12.HPIS Time-dependent unavailability(t)

within first 16 600 hours. Modification with 10 tes
improved4; andp; .

x10°

ra

5000 10000 15000

Chronological time [hours]

0

Figure 13.HPIS Time-dependent unavailability(t)
within  first 16 600 hours. Modification with
modification with 1Q improvements of both Tls and

% s Py

5. Conclusion

Maintaining the full machine accuracy requires
mainly not to carry out subtraction of near values.
All required outputs are therefore necessary to
express in the form of the sum of numbers with
consistent sign (in our case non-negative).

A problem of a sum of many non-negative numbers
can be solved by decomposing a sum into more
partial sums which can be carried out without &!los
The process has been numerically realized within a
programming environment Matlab.

Numerical expression of probabilities of a non-
functional state of one node of an AG has a
combinatorial character. We have to go over all
combinations of input edges behaviour leading to a
non-functional state of the node. The astronomic
increase of combinations with the increasing number
of elements causes that the program will be usable
only up to a certain size of a system. Already at
moderate exceeding the critical size of the system
comes to enormous increase of machine time. All
computations above run below 1s, on Pentium (R) 4
CPU 3.40GHz, 2.00 GB RAM.

The algorithm enables to carry out exact
unavailability analysis of real maintained systems
with both preventive and corrective maintenance.
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The future research will continue with the aim sz u
the algorithm for maintenance optimization, i.e. to

find such a maintenance strategy to minimize the
maintenance
unavailability level.

cost at a prescribed maximal
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