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Abstract: This paper discusses a unified approach to reliability, availability and performability
analysis of complex engineering systems. Theoretical basis of this approach is continuous-time
discrete state Markov processes with rewards. From reliability modeling point of view complex
systems are the systems with static and dynamic redundancy, imperfect fault coverage, various
recovery strategies, multilevel operation and varying severity of failure states. We propose a
unified method of calculating the reliability, availability and performability indices based on the
definition of special forms of reward matrix. This method is proved to be effective in calculating
both cumulative and instantaneous measures in steady-state and transient cases. We describe
special analytical software which implements suggested method. We demonstrate the flexibility
of the proposed method and software by analyzing multilevel process unit with protection and
demand-based warm standby system.

Keywords: Availability, Markov process, Markov reward model, multilevel engineering
systems, performability, reliability.

1. INTRODUCTION

At the present state of development of reliability theory the models of analysis can be
subdivided into two categories (classes): the dynamic models and the static models. All
changes of system states in the class of dynamic models are considered as the processes
developing in time. In the class of the static models, states of the system are determined by
the sets of states of system elements at the time moment t.

Markov [1-4], semi-Markov processes, asymptotic methods of the renewal theory and
regenerative processes [5—7], Monte Carlo simulation techniques [8] are used within the
framework of dynamic models. Dynamic models allow to calculate all the main dependability
measures both for repairable and non-repairable systems. These measures are: instantaneous
indices (e.g. availability at the time instant); interval indices (e.g. reliability during the
time interval); time-independent stationary indicators (e.g. mean time between failures).
Known drawbacks inherent in Markov models are the size and stiffness of transient solution
of a system of Kolmogorov-Chapman equations (or ill-conditionality for stationary case).
Possible ways to solve these problems are discussed in [9—11]. Monte Carlo simulation of
modern high reliable systems may require large amount of simulations to obtain results with
desired accuracy. These shortcomings can be eliminated with the help of special acceleration
techniques. There is no limitation to type of distribution of waiting times between the changes
in the class of Monte Carlo models. But the problem of creating a universal Monte Carlo
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model describing the complex reliability behavior of different kind of systems remains
unsolved.

Static models use two main groups of methods — combinatorial-probabilistic [3] and
logical-probabilistic [12]. Combinatorial-probabilistic methods use the basic formulas of
combinatorics and probability theory (probability of the sum and product of events, the
formula of total probability). These formulas are used mainly for serial-parallel and ”m out
of n” redundant schemes. Logical-probabilistic methods, which are based on the construction
of a Boolean function relating the state of the system with the states of its elements. The
resulting Boolean function is transformed to a form that allows to replace logical variables by
corresponding probabilities. Classic failure trees and reliability block diagrams are the main
methodology of logical-probabilistic methods [13, 14]. Classic static models for the case
of repairable systems allow us to calculate only the differential (instantaneous) reliability
indicators determined at the time instant ¢ (e.g. availability, failure frequency, average
efficiency at the time instant t).

In the last decade, combined approaches to reliability models construction are successfully
developing. These approaches are based on the implementation of dynamic properties into
static models. Dynamic fault trees are the most popular practical implementation of these
approaches [15-19].

Modern complex engineering systems with high demands on reliability are characterized
by various features, which include:

e multiple levels of operation efficiency (e.g., performance) and the graceful degradation
of performance in the event of failures [20-23];

e a variety of redundancy implementation techniques (hardware, software, functional,
temporal redundancy) [24-26], types of redundant schemes (parallel, standby, hybrid),
modes of reserve components (cold and warm standby, shared) [3,4];

e smart recovery strategies, restricted repair resources [27-29];

e imperfect built-in test equipment leading to the presence of undetected failures and false
alarms [30,31];

e implementation of special multiphase error handling procedures with classification on
permanent and transient faults (mainly for fault tolerant computers) [32-34];

e the possibility of the occurrence of mutually exclusive failures that, with a certain
multiplicity and sequence, can lead to different consequences at the system level [13,14].

Markov modeling allows taking into account the above-mentioned features of the reliability
behavior of systems and calculating most part indicators of reliability, safety, efficiency.
At the design stage, we don’t have, as a rule, objective information about the distribution
functions of random time variables of the model. Therefore, we believe that the assumption
of exponentiality is entirely permissible. The problem of large size of the Markov model can
be solved by decomposition and aggregation of the model parts and by automation of the
model construction.

In this paper, we consider the Markov reward models as common tools for analyzing
complex reliability behavior of technical systems. We propose the extension of Markov
reward modeling for the reliability, abailability, performability (RAP) analysis of the systems
at the design stages. We suggest the method of calculating reliability, availability and
performability indicators based on a special definition of the reward matrix. This method
is quite efficient and well suited for software implementation. It makes calculation both
cumulative and point indices possible only by solving systems of differential or algebraic
equations and does not require the usage of additional numerical integration operations.

The remainder of this paper is organized as follows. A brief summary of the mathematical
foundations of Markov reward model is given in Section II. In Section III, firstly we give
definitions of interval, point, steady-state RAP measures. Next, we present the method for
for calculation of these measures in the framework of Markov reward model. Section IV
presents analytical software implementing the proposed method. The flexibility of described
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techniques and software is illustrated by investigations of two practical examples in Section
V. In Section VI, we give some concluding remarks.

2. MATHEMATICAL FOUNDATIONS

A system state at the time moment ¢ can be described by stochastic process z(t) of transitions
in system state space {2. We assume that the state space (2 is discrete, finite and of size . () is
defined by states of system components (failed or operational). We define a quality function ¢
on z(t). Changing system states leads to a change in the quality function ®. z(¢) is stochastic

process, therefore, ®(z(t)) = ®(¢) are also stochastic functions. Due to the discrete nature

of €, the functions ®(t) are the step functions, whose values are quality levels (for example,
system performability) corresponding to the states. G are indices of system performability. G

can be defined as a measure on the trajectories of the CT)(t) . General representation of G takes
the form

G = M{F[®(=(1)]}, 2.1)

where M represents mathematical expectation; F' is a functional, which is determined by
the type of performability index.

Thus, the model of performability contains three components €2, z(¢), ®. It is natural and
obvious to present the model of performability by means of transition graph (state graph).
The elements of the state space correspond to the vertices. Possible transitions in the state
space correspond to the arcs of the graph. ® is defined as a function of the system state s;.
This function takes the value of w; corresponding to the performance level of the system in
this state. That is

In addition, this model can display effects occurring at the transition of the system from
one state to another. This is accomplished by determining reward matrix
W= fwyl:, 2.3)
where w;; — is an effect on the system that arises at the transition from state ¢ to state j;
Random transition process z(t) is most simply set in the case where the value of time of
stay in each state have an exponential distribution, i.e. when the process is a continuous-time
Markov chain (CTMC).
The process z(t) is determined by transition rates, which correspond to arcs of the Markov
graph. Similarly to the case of matrix W, we can create a matrix of transition rates
A= [N]) (2.4)

n’

where );; — is the rate of transition from state ¢ to state j; \;; = — > \jj.
JiJ i

2.1. Construction of RAP indices

Thus, the Markov model of performability is defined by two matrices A and W, i.e.
{R, 2(t),®} ~ {A,W}. Model {A, W} is called Markov reward model (MRM). Markov
reward model describes the behavior of systems with exponential distribution of elements
failure and repair time. States of the model represent the states of the system, which
correspond to different sets of failed and operable items.

If criterion of system failure is specified, then expression (2.1) defines also the indices of
reliability and availability.
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16 V.S. VIKTOROVA, N.V. LUBKOV, A.S. STEPANYANTS

Let failure criterion is {®(¢) < ®.,} =failure, where ®(¢) - is the current value of
the quality function; ®.. - is limit value of the quality, which is allowed by operating
requirements. Then, by setting a particular type of the functional F' the following indices
can be determined from Equation (2.1):

e Reliability over the time interval (0, ¢)R(t):

0,if 37 € (0,1) : (1) < B,

R(t) = P{®(r) > ®.,,V7 € (0,t)} under F[] = {1 otherwise

(2.5)
e Mean time to first failure (MTTF) 1T f:
Top — / R(t)dt underF[] = min{r: &(r) < by} 2.6)
0
e Availability A(t) at the time instant ¢:
~ 0,®(r) < ®
A(t) = P{®(7) > ..} under F/[-| = ¢ "~ « 2.7
(t) = PAB(7) = P} under [} {1,@@2% @
e Probability of being at the i level of performance at the time instant ¢:
bR @ Lo =9
P(t) = P{®(t) = ®;} under F|-] = {O, otherwise (2.8)
e Average accumulated time spent at the ' level of performance:
under F[-] = / dt (2.9)

1D (1) =D,

e Average number of transitions from the i" to the j** performance level during the time
interval (0,1):

under F[] = > 1, (2.10)
O(t1y) = @5

where t; - the time moment of transition from ‘" level to j** performance level.
e Time-averaged accumulated reward for the time interval (0, t):

F[] = —/@(T)dT 2.11)

2.2. Description of MRM Basic Relations

The consept of reward in Markov reward model is a generalized concept. This can be any
effect, loss, costs. According to the provisions of previous section we define the model state

space as a discrete set {s;}, i = 1, N. Also we define reward matrix. The elements of the
reward matrix are interpreted as follows: w;; is a reward at time unit while the system is
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in state s; (reward rate); w;; is impulse reward received in the system under the transition
from state ¢ into state j; N - the number of states of the system. We define the total (or
accumulated [20]) reward obtained by the system for a given time 7' as the functional
F[(=(1))]:

N
é(T) = Z TiW;; + Z T W;j, (2.12)
i=1 ij

where 7; is the residence time in state s; during the time interval (0, 7); n;; is the number
of system transitions from state 7 into state j during the time interval (0, 7).

Accumulated reward é(T) is a random variable, since 7; and n;; are random values.
Average accumulated reward is defined as the mathematical expectation of G(7T')

Y(T) = M{G(T)}. (2.13)

According to (2.1), Y(7T') is an estimate of the performability index value. If we consider
that members of (2.12) 7; and n,; depend only on the specific implementation of process z(t),
it is obvious that the type of index is completely determined by the type of matrix . The
system of Howard differential equations describes the behavior of the average accumulated
reward:

dyz(t)/dt = Wy + Z /\ijwij + Z )\Z'jyj(t); l,j = 1, N, y,(O) = 0, (214)
JIF# J
where y; () is the average accumulated reward for the time interval (0, ¢), given that the initial

state i8 s;(2(0) = s;); Ai; - the rate of transition from state s; into state s;.
The matrix form of equation (2.14) is

dY(t)/dt = AY(t) + R; Y(0)=0, (2.15)
where A = || A\j;|| - matrix of transition rates; R is a column vector of constant terms:
J,J 74

We assume that for absorbing states s, of the Markov process value w,,, = 0. The absorbing
state is a state that once entered, can not be left. This assumption is quite natural, since the
absorbing states are usually identified with the non-operational states of the system.

3. METHOD OF CALCULATING RAP INDICES BASED ON MARKOV REWARD
MODEL

The expression (2.1) of expected reward will determine the RAP indices in accordance with
(2.5) = (2.11), if the value of the reward for a particular process realization (2.12) coincides
with the functional F[.] in (2.5) — (2.11). It requires to select the appropriate reward matrix
W and optionally to correct the transition rate matrix A. Correction of matrix A is necessary
in case when the index reflect operation of the system till some event e, for example, till
the system failure. Since all performability indices in the model are interpreted through the
reward, it is obvious that reward should be dismissed after event e has occurred. Formally,
this can be achieved by identification of the event e with a transition to an absorbing state.
The reward associated with this state is assumed to be zero. The correction of matrix A is that
we treat the states corresponding to e as absorbing states. To do this correction, it is enough
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18 V.S. VIKTOROVA, N.V. LUBKOV, A.S. STEPANYANTS

to equate to zero the elements of rows of matrix A corresponding to these states. To carry
out further calculations, we partition the set of model states (2 into €2, the set of operational
system states, and {2, the set of failed states.

All RAP measures can be subdivided into three groups:

1. Interval measures
These metrics are dependent on time and are determined on finite time interval [0, 7],
for example, reliability R(0, 7).

2. Point measures
These metrics are dependent on time and are determined in time point ¢, for example,
availability A(¢).

3. Steady-state measures
These metrics are independent on time and are determined on an unlimited time interval
(0, 00), for example, MTTF.

Calculation of steady-state measures is reduced to finding the stationary solutions of the
system (2.15), i.e., to solving a system of linear algebraic equations:

AY+R = 0. (3.1)

We mention that all indices calculated by the expressions (2.15) and (3.1) are vectors. The 7"
element of this vector is the estimated value of the index for the initial state s,.

3.1. Unreliability

System unreliability over the time interval (0, ¢)(Q(t)) can be calculated if we define elements
of matrix Wasw;; =0V 1,5 € Qpw;; =1V € Qgandj € Qy:

w. Lifi € Q4 j € Qy
Y] 0, otherwise

(3.2)

Besides we must treat states in () as absorbing states. Namely we should to delete in
Markov graph all arcs leading from states in {2 to states in {2,.

The calculation is performed by (2.15).

Complementary index is reliability: R(t) = 1 — Q(%).

3.2. Mean Time to First Failure

Mean time to first failure (77r) can be calculated if we define diagonal elements of matrix
W corresponding to the operational states as w;; = 1V ¢ € (1.

C(Lifi=j, i) € Q
Wij = {0,otherwise ' (3.3)

Besides we must treat states in {2 as absorbing states.
Calculation is performed by (3.1). For the given type of reward matrix expression (3.1) is
reduced to
-1
-1

where A* — k x k matrix derived from matrix A by deleting rows and columns corresponding
to nonoperational states; £ - total number of operational states.
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3.3. Standard Deviation of Random Time to First Failure
Standard deviation (o) and variance (0?) of mean time to first failure can be calculated in

accordance with the expression 0 = /M (t2) — M2(t) = T}Q} —TZ..

To calculate vector T}Q}, we have to find the solution of algebraic equations

_2TFF1
AT = : : (3.5)

—2Trpy
where T p; 1s mean time to first failure given the process starts from the ith state.

3.4. Average accumulated time spent in the operational states

Average accumulated time spent in the operational states during the time interval
(0,t) (Tx=(t)) can be calculated if we define diagonal elements of matrix 1V corresponding
to the operational states as w;; = 1Vi € (.

C(Lifi=gi4,5 € Q
Wij = {O,otherwise ’ (3.6)

Here, we should not artificially create absorbing states.

Calculation is performed by the Equation (2.15).

We can also use this index for analysis of multilevel systems. In this case we should
partition the set of system’s states €2 into m sets q,...€Q,,--- €2, where (), - the set of

operational system states with r*" performance level. Average accumulated time spent in 2,
during the time interval (0, ¢) (15-) can be calculated at w;; = 1Vi € Q..

3.5. Availability

Availability A(t) is the probability that the system is operational at the time instant ¢. A(t)
is the point measure. Taking into account that A(¢) = d1%(t)/dt we can calculate A(t) after
calculation of Tx(t) as follows:

A(t) = ATx + R. 3.7)

The formation of reward matrix is carried out in accordance with (3.6).
Unavailability U(t) = 1 — A(t).

3.6. Time-averaged availability

General expression of time-averaged availability over the time interval (0, ¢) (A,v(t)) has the
form

Aw(t) = 1/A(T) dr. (3.8)

For calculation of this indicator, it is necessary to take the reward matrix, in which the
diagonal elements of the operational system states, are equal to 1/t and all other elements

are zero:
J1jtifi =755 4,5 €
Wij = {O, otherwise ' (3.9
Artificial creation of absorbing states is not required. Calculations are carried out by (2.15).
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3.7. Average failures number

Average (expected) failures number during the time interval (0, ¢)(/V(t)) can be calculated if
we define elements of matrix ¥ columns corresponding to the failed states as w;; = 1V ¢ # 7.
Values of other elements of matrix W are zero:

Lt € Qg 5 € Qy
Wij = {O,otherwise ’ (3.10)

N(0,t) is failure measure for repairable systems so we should not artificially create absorbing
states. Calculation is performed by (2.15).

3.8. Failure frequency

Failure frequency (w(t)) is a differential index with respect to N(¢). After calculating of
vector N (t) for each initial state, we put it into the right side of (2.15). The resulting vector
dY (t)/dt will be the vector (w(t)):

)\1
s
w(t) = AN(t) + : ; (3.11)

N
AS
where )% is total transition rate from 7" operational state to failure states. For the failure
state, it is zero.

3.9. Average accumulated reward

Average accumulated reward over the time interval (0,¢)(Er(t)) integrates reward (loss) of
the system during the time interval (0, ¢) proportionally to the time of stay in the states and the
quantity of transitions between the states. Reward matrix 11 has the most general form. The
elements w;;, w;; are real rewards (losses) measured in terms of units of system performance.
Calculations are carried out by (2.15).

3.10. Average reward

Average reward at the time instant ¢(£,,(¢)) is a point measure. This indicator characterizes
the multi-level systems. Therefore, system states set is subdivided into classes, in accordance

with level of system performance. States of the i’ class are characterized by performance
(E;) per time unit (for example, throughput). The first step of F,,(¢) calculation is performed
by the Equation (2.15). As a result of the first calculation step, we get the vector of the average
accumulated reward Er(t). E,,(t) is a differential index with respect to Er(t). So the second
calculation step is to put the vector Fr(t) into right side of equations (2.15):

E..(t) = AEr(t) + R. (3.12)

3.11. Performability ratio

This index is the ratio of the average accumulated reward to the nominal reward during the
time interval (0,1):

(3.13)

where F,(t) - nominal (maximum) accumulated reward generated by the system in the
absence of failures. £, (t) = E,,q,t. Usually E,,., = Ej.
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4. ANALYTICAL SOFTWARE BASED ON MARKOV REWARD MODEL

The above uniform approach to calculating performance, availability and reliability measures
was used by us in the development of analytical software. The software is operated under
Windows OS and is written in cf programing language. It has an advanced graphical user
interface (Fig.4.1) and uses OLE automation for generation reports in MS Word formats.

This software allows you to take into account all features of reliability behavior of complex
technical systems, mentioned in sectoion 1:

e multiple levels of operation performance and the graceful degradation of performance
in the event of failures;

different types of redundancy implementation techniques;

variety of redundant schemes and backup components load levels;

recovery strategies and restrictions on repair resources;

imperfect built-in test;

possibility of transient faults occurrence;

common cause failures;

and so on.

The user of this software can calculate all the RAP indicators described in Section 3:

e Reliability (Unreliability) for a given time interval (0, t) ;

e Mean and Standard Deviation of random time to first failure;

e Average and Accumulated Time spent in the selected subset of states during the time
interval (0, t);

e Availability (Unavailability) at given time instant t;

e Average Failures Number for a given time interval (0, t);

e Failure Frequency at given time instant t;

e Average Reward at given time instant t;

e Average Accumulated Reward for a given time interval (0, t);

e Performability Ratio for a given time interval (0, t).

The software execution process is divided into three steps: creation of the MRM, setting up
of the MRM, numerical solution of the system of Howard equations. The composition and
interrelationships of these processes are shown in Fig.4.2-Fig.4.4.

MRM creation is executed by the user in interactive mode with the help of built-in graphical
editor. The created model can be saved in an external XML file. A saved model can be
reloaded from the XML file (Fig.4.2).

The model’s setting up is performed in the Matrix Configuration Module in accordance
with equations of section 3. Setting up operations are performed automatically after the user
chooses the metric for calculation (Fig.4.3).

Calculation of values of user-selected RAP indices is made in the numerical solution
module (Fig.4.4). In this module, numerical procedures for solving systems of differential and
algebraic Howard equations are realized. Different approaches and methods of computational
mathematics with regard to their software implementation outlined in [35 - 37].

Detailed consideration of numerical evaluation of Markov models transient behavior was
presented in [9], [10]. Three numerical techniques for finding the transient solution of
large Markov models were examined. They are - uniformization, an explicit differential
equation solution method (Runge-Kutta) and special stable implicit method (TR-BDF2). For
the software implementation of numerical solution of the MRM we used efficient method
based on evaluation of matrix exponential at small step. This method had been proposed and
described in [38].

For a stationary case, a numerical solution is obtained by solving the system of algebraic
equations by the Gauss method or the Rotation method [35,36]. The Rotation method works
well for bad conditioned systems, which are often generated by RAP analysis models.
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Fig. 4.1. Screenshot of main form of the analytical software.
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Step1. MRM Creation. 1

E ( XML File C@

Creation of
Transition
Graph of

Definition of weights for
the edges (failure rates,
pulse rewards)

Definition of
reward rates for
the vertices

Output of Step 1nputto Step 2:
Markov Reward Model

Fig. 4.2. Execution process of the analytical software (Step 1).
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Step 2. Setting Up of the Model.
MRM

S

Faormation of
the Transition

Rate Matrix A

Formation of
the Reward
Matrix W

—

Definition of
the vector R

<z

Time dependent Steady-state

Type of reliability, availability,
performability measures

Output of Step 2/Input to Step 3.2
The system of algebraic Howard equations
for calculating the steady-state

user-selected metric.

Output of Step 2/Input to Step 3.1:
The system of differential Howard equations
for calculating the time dependent

user-selected metric.

Fig. 4.3. Execution process of the analytical software (Step 2).
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5. CASE STUDIES

To demonstrate the effectiveness of the software implemented MRM, we present two
examples of reliability, availability, performability evaluation of complex systems. In first
example we investigate technological object with protection system. The second one is
demand-based warm standby system (DB-WSS), described in article [23].

5.1. Markov reward model of multilevel process unit

We consider process unit consisting of technological object (TO) with protection system (PS).
The protection system includes a diagnostic unit (DU) and the actuator (A) (Fig.5.5).

TO

A

Fig. 5.5. Technological object with protection.

Protection systems are designed to generate control actions to the protected object in
order to prevent transition from process equipment failures to accident. Control actions may
be different, such as change of the operating mode, reduction in productivity, emergency
shutdown of faulty elements and elements belonging to the same processing chain. These
actions prevent the development of accident. Here, we consider the case of technological
process shutdown. However, proposed approach is also suitable for the control actions that
lead to poor performance or mode change.

The main function of protection system is performed sporadically at the time instants of the
occurrence of the object failures, so that the protection system operates in standby temporary
mode. Let us define rewards of operational states and losses of failed states. In this example,
all possible system states can be subdivided into four classes. The first class includes such
technical states in which the object is functioning normally and earns specific rewards per
unit of time of stay in these states (e.g., these states correspond to the nominal performance
of technological object). Let us note that this group includes states with latent failures such
as failure of diagnostic unit. The second class consists of the states of accident-free shutdown
of the technological object. The losses associated with these states are only related to the
downtime of the object. The reward in these states is either zero or negative, if the idle leads to
additional losses per unit time. The third and fourth classes of states are catastrophic failures
of the object. The transition to this class of states from the states of the first class brings a one-
time damage (negative reward) associated with the occurrence of an accident (death of people,
equipment breakdowns, emissions into the atmosphere, etc.). In this model, we consider two
types of catastrophic failures differing in the severity of the consequences — accident I and
accident II. Thus, the normal functioning of the technological object is accompanied by a
linear increase in the accumulated reward in proportion to the time spent in the first class
states. Idle time leads to the preservation of the achieved level of accumulated reward (at
zero values of the reward rate in each state) or to its descent (at negative values of the reward
rates) in proportion to the time spent in states of second, third and fourth classes. When
impulse rewards associated with the transitions between the states are not zero, there is an
abrupt change (more often a decrease) in the accumulated reward. Negative impulse rewards
are due to the costs of recovery from failures or accidents, purchase of equipment, payment
of fines or insurance, etc.
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We suppose that all accidents occur only due to failures of the technological equipment.
Let protection system in the event of critical situation instantly shut down the technological
process by making the necessary equipment control (for example, switching off). Let the
protection system processes critical situation with coverage 5(0 < /3 < 1). Failures of the
protection system which occur during interval of normal TO operation can lead to different
consequences. Let us single out PS failures of two types: latent failures (no operation) and
explicit failures (false alarm). Latent failures of PS are manifested in the form of absence
of protection actions in the event of critical situation which entails an accident. False alarms
lead to the undesired protection actions in the absence of TO failures.

Parameters of the Markov reward model of the technological object with protection system
are:

w;; - impulse losses (negative impulse reward) under the transition from state 7 into state j;

w;; - reward rate (negative or positive) in state ¢;

B - coverage probability for TO, determined as conditional probability of processing of TO
catastrophic failure by a protection system, provided that the failure has occurred;

apy - fraction of the protection system latent failures such as non operation of DU;

a4 - fraction of the protection system latent failures such as non triggering of actuator;

1 — apy - fraction of the protection system explicit failures such as DU false alarm;

1 — a4 - fraction of the protection system explicit failures such as actuator false triggering;

7y - fraction of technological object catastrophic failures of the first kind (accident I);

Nz - fraction of technological object catastrophic failures of the second kind (accident II);

Aro, Apu, Aa — failure rates of technological object, diagnostic unit, actuator respectively;

(4 - repair rate of technological object after shutdown;

{4, - repair rate of technological object after falling into accident II state.

The transition graph of Markov reward model of the technological object with protection
is shown in 5.6.

We partition the set of the MRM states into four subsets:

normal operation (OP) (states 1,3,4)
accident-free shutdown (SD) (states 2,6)
accident I (AI) (state 5)

accident II (AII) (state 7)

Transition rates matrix A of the model is

A A2 Az A Ay 00 Aqr T
A3l Agg O 0 0 0 0
0 A2 Azz3 0 Az 0 Az
A= 0 0 0 A A5 Mg A7 (5.1)
A5 O 0 0 X5 O 0
X1 O 0 0 0 X O
L 0 0 0 0 0 0 A7

The diagonal elements of the matrix \; are given by — > \;; .
JIF
Transition rates between states of the graph are determined based on the model parameters
as follows:

Mo = [1—= (1 =B8)nr +ni)ldro + (1 — apu)Apu + (1 — aa)da;
A3 = QpyApu;
14 = Qag;
A5 = él —53771>\To;
Az = (1= B)nirro;
Aol = g1 = [
As2 = (L—=nr —nir)Aro + (1 — aa)Aa;
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A5 = a5 = N1A10;
A3 = Ag7 = N1 A70;
Mg = (1 —nNr — 77[]))\TO§
As1 = fla;

Fig. 5.6. Markov graph of TO with protection.

By specifying the form of reward matrix, it is possible to obtain equations for calculating
various indices. We want to determine the cumulative effect of operation of technological
object taking into account the positive and negative impact of the protection system.
Therefore, it is advisable to calculate the following indices:

1. Q(t) - unreliability over (0, ).
((t) can be calculated from equation (2.15).
To calculate Q)(t), we must equate to zero A1, As1, A1 and define 1V as
rO 1 0 0 1 0 17
0O 0O0OO0OO0OO0U O
01 00101
W=[00001T11 (5.2)
000 O0O0O0@ O
000O0O0O 0O O
L0 0O 0 0 0 0 0

2. Tx
(0,7). , .
T (t) is determined by (2.15), setting R as

(t) -average accumulated time spent in the operational states over the time interval
t
t
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R=[1 01100 0]". (5.3)

3. A t; - system availability at the time instant £.

A(t) is calculated by (3.7) after calculation of vector T(t).
4. Trr - mean time to first failure.

Trr is determined by (3.4), where matrix A* is

)\11 >\13 )\14]

A= 0 X3 O

0 0 Au

5. o - standard deviation of random time to first failure.
o 1s obtained from Equation (3.5), where vector of free terms is
[ —2Tpp1 —2Tppa —2Tprs "

6. T’y - mean time to first catastrophic failure (accident I or II).
T4 is determined by Equation (3.4), where matrix A* is 5 x 5 matrix derived from matrix
(5.1) by deleting rows and columns corresponding to accident I and accident II states
(states 5 and 7).

7. N(t) - expected failures number.
N (t) can be calculated from (2.15) where matrix IV takes the form (5.2).

8. w(t) - failure frequency.
w(t) can be calculated from (3.11) after N(¢) calculation and setting free terms vector

as [ A2 + Ais + A1, 0, Ao + Ags + Asz, Aas + Ay + g7, 0,0,0 ]T :

9. N4(t) - expected catastrophic failures number.
N4(t) can be calculated from (2.15) where matrix W has unit elements only in the
transitions to catastrophic failures (states 5 and 7). Similarly, we can find separately
NAI(? and NA]](t).

10. Tssp(t) —average accumulated time spent in the states of technological object shutdown
over time interval (0,t). Txgp(t) is determined by Equation (2.15), setting R as
[0,1,0,0,0,1,0 ]".

11. Ngp(t) - average number of transitions to states of shutdown.

Ngp(t) can be calculated from Equation (2.15) where matrix ¥ has unit elements only
in the transitions to shutdown states (states 2 and 6).
12. Ep(t) - average accumulated reward over the time interval (0, ¢).
Calculation of E7(t) is performed by (2.15).
Matrix of reward W is

(5.4)

wyp w2 wiy wiyy w0
Wo1 W22 0 0 0 0 0
0 ws wizz 0 w3z 0O
W = 0 0 0 Wyq4 Wye5 W4 W47t . (55)
Wsy1 0 0 0 Wss 0 0
We1 0 0 0 0 We6 0
0 0 0 0 0 0  wer |

13. E,,(t) - average reward at the time instant ¢.
In accordance with (3.12) FE,,(t) is determined by solving the system of algebraic

equations
Eun(t) Er(t) w11 iz
: = A : + : + : (5.6)
Eavr(t) Er(t) wrr(t) > Arjwr;
7T
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The numerical results of above indices calculation for different values of parameter 3 are
summarized in table 5.1. All time-dependent metrics were calculated on one year period
(t = 8760hours). We note once again that the solution, obtained by the MRM, is a vector
whose " component corresponds to the start of the Markov process from state 4. The table
and diagrams include the first components of solution vectors, i.e the system starts from
completely operational state S1.

The functions of Er(t), E,,(t) for different values of catastrophic failure coverage
parameter (3 are shown in Fig.5.7 and Fig.5.8 respectively.

Calculation of indices and plotting are performed with the following system parameters:

Aro = 0.0001(/hour); Apy = 0.00001(/hour); A4 = 0.00005(/hour).

p = 0.1(/hour); p, = 0.004(/hour).

apy = 05, ap = 0.9.

nr = 04,77[[ = 0.05.

Numerical values of impulse rewards are

wys = —105; w7y = —108; wip = wiz = wyy = 0;

w1 = 0; w3z = 0; wzs = —105; wyy = —108;

Wy5 = —105; Wy = 0; Wy7r = —108;

ws1 = wep = 0.

Numerical values of reward rates are

wyy = 15(/hour); wss = 10(/hour); wyy = 10(/hour);

W92 = Ws5 = Weg =— Wr7 = 0(/h0u7")

60000 _ .
= f=1 "
_~
L >
40000 p=095" .

f/ i
o
-

[=0.85
T —

DZ —— e

~_ /=08
SN

N

& 1752 2628 3504 4380 B2 6132 TODE VEB4  EVeD

t (hours)

Fig. 5.7. TO average accumulated reward E(t) versus time ¢ for different coverage values .

AN
\

/

AN

-20000
0 8

The first family of curves (Fig.5.7) shows the significant dependence of the average
accumulated reward on the catastrophic failure coverage (3. For the model parameters under
consideration /3 should be greater than 0,9. The second family of curves(Fig.5.8) shows a
sharp decline in the growth of the average accumulated reward in time for all coverage values.
It occurs due to the high rate of PS latent failures. To prevent such a recession, it is advisable
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=
L4
Ll
15
10 h\f:i
SO
~ 5085 —
) - e
5 G=0. e
10

0 &7 1752 2628 3b04 43230 B2BE 6132 Y002 TEE4  EVED

t (hours)

Fig. 5.8. TO average reward FE,, (t) versus time ¢ for different coverage values f3.

Table 5.1. Calculation results over one year period.

Catastrophic failure coverage 5

Index 0.8 0.85 0.9 0.95 1
QM) 0.612 0.612 0.612 0.612 0.612
Ts(t) 8670.6 | 8682.4 | 8694.3 | 8706.2 | 8718.1
A(t) 0.9814 | 0.9836 | 0.9858 | 0.988 0.99
Trr 9360.1 | 9360.1 | 9360.1 | 9360.2 | 9360.1
o 9555.6 | 9555.6 | 9555.6 | 9555.6 | 9555.6
Ta 47747 | 51434 | 5573.8 | 6082.8 | 6694.1
N(t) 0.942 0.943 0.944 0.946 0.947

Na(t) 0.124 0.108 0.091 0.075 0.058
Naz(t) 0.11 0.096 0.081 0.0663 | 0.0516
Narr(t) | 0.014 0.012 0.01 0.0083 | 0.0064

Tssp(t) | 8.16 8.34 8.52 8.7 8.88
Nsp(t) | 0.817 0.835 0.853 0.871 0.889
Er(t) -15489 | 3146 21834 | 40575 | 59368

Eou(t) -6.068 | -4.202 | -2.33 -0.443 | 1.45

to carry out preventive maintenance of the process unit (TO+PS), during which latent failures
of the protection system are detected.

5.2. Reliability and Performability Investigation of DB-WSS

We take demand-based warm standby system (DB-WSS), described in Section IV.A of article
[23] as the second object of study. This DB-WSS is composed of two components A; and A3
(we keep the numbering made by the authors of [23]).

The components A; and A3 can be in four degradation states, which differ in capacity. The
components capacity levels are 5, 4, 2, 0 and 5,4,1,0, respectively. Component A; is online.
Component A3 can be online or in warm standby state depends on the system demand. We
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consider scenario B from [23], when demand determined as 5. So initial state of A is warm
standby. The transition time distributions for the degradation processes for each component
are exponential distributions with parameters \; = 1/100, \Y = 1/300, A3 = A\ = 1/150
(/day), where (w) indicates warm standby state and (0) — operating online state.

First, we will construct a Markov model completely corresponding to the degradation
process described in [23]. Namely, we will construct a model of a binary-state system
consisting of multistate components. The transition Markov graph of this DB-WSS is shown
in Fig.5.9. The states S1 and S10 are operational states of the system that differ in the capacity

of components. The state (j, k) corresponds to the j* capacity level of element A;(C#*') and
the k™ capacity level of element A3(Cy'®). State S11 is failed system state. C*' + Ci** > 5
for operational states; C’]‘-41 + C{13 < 5 for failed state.

Fig. 5.9. Markov graph of binary-state DB-WSS.

For the first case, we calculate the following reliability indicators:

1. R(t) reliability during (0, ?).
Unreliability Q(t) can be calculated from equation (2.15), where vector R =
(000 0000 X3 AMi+X3 M+ A 0],
Reliability R(t) = 1 — Q(¢). Table 5.2 shows the results of our calculation of R(t) and
values of R(t) taken from [23]. For the model under study (Fig.5.9), an exact analytical
solution was obtained (see Appendix). The results of R(t) calculations using (A.2),
(A.3) are given in the last column of Table 5.2.

2. Trr -mean time to first failure.
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Table 5.2. Calculation results of system reliability.

R(t)
Time [day] MRM Method proposed in [23] | Monte Carlo from [23] | Exact analytical solution
50 0.99317 0.9917 0.9931 0.993170
100 0.93879 0.9333 0.9385 0.938794
200 0.67104 0.6610 0.6730 0.671043
300 0.38090 - - 0.380899
400 0.18958 - - 0.189584
500 0.08858 0.0864 0.0884 0.088584

The Trp is determined in accordance with (3.4) T =284.61 [day].
3. o - standard deviation of random time to first failure.
The o is obtained from (3.5), where vector of free terms is
[ —2Tn —2Ty —2T3 —2T, —2T5 —2T; —2T, —2Ty —2T, —2Ty |".
o =154.05 [day].

Next, we assume the possibility of a multi-level system operation. We assume that the states
of the system with a capacity less than 5 can be subdivided into groups (levels) with capacity
{4,3,2,1,0}. The model of the multistate system consisting of multistate components is
shown in Fig.(5.10). The properties of the levels are given in Table 5.3.

Table 5.3. The groups properties and measures for multistate model

Levels | The group Capacity | Ty,

1 S1,S2,53,54,55,56,S7,58,5S9,S10 | 5 273.10
2 S11,S13 4 63.48
3 S12 3 17.75
4 S15 2 16.38
5 S14 1 52.43
6 S16 0 76.86

For the second case, we calculate the following reliability and performability indicators:

1. T¢ - average total residence time of the system in the states of the i group during (0, #).
The T; é is determined in accordance with Section 3.4 . For example, 71 223 is calculated by
(2.15) withvector R=[0 0 0 0 0 0O 0 0O O O 1 0 1 0 0 O ]T.
Last column of Table 5.3 shows the results of calculation of 7% for t = 500[day].

2. K,(t) - performability ratio.
The K,(t) is calculated in accordance with (3.13).
To calculate performability ratio, we should determine the reward matrix. For this
system, the reward matrix will consist only of diagonal elements. We will define reward
rates through the capacities, corresponding to the states of operation and degradation
as wy; = C;/(Chaat). For Chepe =5 and ¢ = 500 [day] we have w; = -+ = wyg =
0.002; w1 = w3 = 0.0016; w2 = 0.0012; w14 = 0.0008; w5 = 0.0004; wig = 0. As a
result of solving the system of equations (2.15), we obtain /,(500) = 0.70315.

This performability index is useful in choosing the best project version of a multi-level
system, provided that the reliability requirements are met. In this case, the reliability of
the system during the time interval (0,500) [days] is extremely small (see last raw of Table
5.2). However, the value of the performability index is quite satisfactory, which confirms the
correctness of the choice of the redundancy scheme.
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Fig. 5.10. Markov graph of multistate DB-WSS.
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6. CONCLUSION

This paper presents a unified approach for the estimation of reliability, availability,
performability of engineering systems. The approach uses Markov process with rewards
to model transient and steady-state behavior of the systems. By using Markov reward
models, we can derive various instantaneous and cumulative measures and estimate wide
range of indices. We present straightforward calculation technique for evaluation of
reliability, availability and performability indices based on special definition of reward matrix.
The technique implementation requires only solution of system of differential equations
describing the behavior of the average reward. Any additional calculations, such as numerical
integration, are not required. Based on this approach a software for reliability, availability,
performability analysis was created. The software is operated under Windows OS and is
written in cf programing language. It has an advanced graphical user interface, uses effective
numerical method for solving MRM and applies OLE automation for generation reports
in MS Word formats. The efficiency of the proposed approach and accuracy of numerical
solution have been shown by the case studies of the technological system with protection and
demand-based warm standby system.

7. APPENDIX

In this section, we present analytical solution of the model of a binary-state system consisting
of multistate components (Fig.5.9). The column vector p(¢) of the state probabilities is
calculated by solving a system of Kolmogorov-Chapman equations:

Pi(t) = —pi(t) - (A +AF)

Pa(t) = pa(t) - () - (M1 + A3)

ps(t) = pa(t) - Aé” —ps(t) - (A1 +AF);

Pu(t) = pa(t) - M — pa(t) - (>\1 + A3);

ps(t) = pa(t) - >\3 +p3(t) - At = ps(t) - (M + As) 7.1)
Ps(t) = pa(t) - 3" — pe(t) - (>\1 +A3); .
Pr(t) = pa(t) - A — pr(t) - As;

Ps(t) = pa(t) - >\3 +ps(t) - A —ps(t) - (A + Az)

Po(t) = ps(t) - A3+ ps(t) - M () - (A1 + A3)

Pho(t) = ps(t) - A3" = pro(t) - As;

The solution is
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pl(t) = —¢€ (g )tu
A w
Pa(t) = g (7P — em Oy,
37 13
ps(t) = AWte~AtA)E.
A1 ? (A +29)t (AM1+A3)t )‘% (A1+A3)t
t) = —(A1+A3)E S —(A1t+A3 - —(A1+A3)t.
p4() ()\3_)\3)(6 € ) )\3_)\%06 ’
t — (}\1+)\3 )t _ (/\1+)\3)t e (/\1+>\3)t —3 (>\1+)\3 )t,
E0S wasvis ¢ v U M ’
w2
po(t) = M oo
_ Al —Ast A% + Al()\3 — Aéu) —(A1+A3)t o A% 7()\1+/\§U)t
pr(t) = v + ¢ 5 e
)\1 + )\3 - >\3 ()\3 - )\511) ()\3 - )\g}) ()\1 + )\%U - /\3)
)\%t —()\1+)\3)t
Ag - Ag ’
2 2w 2
ps(t) _ 2)‘1 26—(A1+)\§“)t + >‘1()‘3 — 2)‘3)156—()\1—%/\3)15 _ (A1t> )‘j e—()\1+/\3)t
(A5" = As) (AY — As) Az — Ag
ATt . 2)] e ae,
(A — As) (AF — As)
w 2 w
pg(t) _ )‘1)‘3t e~ (A1tAs)t At ()‘St) e~ (AitAs)t At e~ WAt )‘1>‘3t e~ (A1HAY)
AY = s 2(As — \Y) AP — g Y — g
w2
_ )\1()\3 t) e~ (A+Ag)t + A e~ (A1+As)t.
2(/\},,” —A3) AY — A3 '
w 2 w
pio(t) = e Mt — (A§?)” + 2A37 + 26_()‘1+/\3w)t.
2
(7.2)
Sought reliability is found as
10
R(t) = pi(t). (7.3)
i=1
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