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ABSTRACT

In the paper usefulness of semi-Markovian processes for modelling real processes which
occur in the operational phase of various technical objects, is considered. The usefulness
of this theory was proved by presenting specific features of the semi-Markovian processes
and physical aspects of their use as models of the processes occurring in the operational
phase of the objects in question. The specific features were described with taking into
account the process of changing the technical states of such objects. The physical aspects
of models in the form of semi-Markovian processes were justified by postulating a hypo-

thesis by which wear process of tribological units of crucial sub-assemblies of machines, can be explained.
Also, the consequences logically resulting from the hypothesis and necessary to its verification, are discus-
sed. A method for its verification is also attached. It was proved possible to model the real processes in
question by means of the continuous semi-Markovian processes of finite set of states.
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INTRODUCTION

The theory of semi-Markovian processes gains more and
more widespread applications in engineering sciences and in
operation of technical objects (e.g. diesel engines, gas turbi-
nes, screw propellers, pumps, compressors, coolers, filters, ship
propulsion systems). It makes it possible to elaborate models
of various real processes, including processes of changes of
technical and operational states as well as operational proces-
ses of any technical objects.

The models are elaborated in the form of special stochastic
processes, i.e. semi - Markovian ones, and recently also deci-
sion-related (controlled) semi-Markovian processes whose re-
alizations depend on decisions made in the instants of chan-
ging their states [4, 6, 8, 11]. However it is not easy to apply
the processes because of their specific features. Not taking them
into account may result in building such models of real proces-
ses in the form of semi-Markovian ones whose investigations
cannot provide any new information about a modelled pro-
cess, regarding e.g. durability and reliability of technical ob-
jects, their load spectra etc. Therefore it is worthwhile to indi-
cate the physical aspects of application of semi-Markovian pro-
cesses as models of real processes related to technical objects,
at least with taking as an example the process of changing tech-
nical states during operation of such objects.

SPECIFIC FEATURES
OF SEMI-MARKOVIAN PROCESSES

The semi-Markovian processes are stochastical ones of
peculiar features. In the literature there are different definitions
of semi-Markovian process, which have different ranges of
generality and exactness. For purposes of the modelling of ope-
ration of technical objects the semi-Markovian process (fami-
ly of random variables)

(Y(t):te T}at T=[0, + o]
can be defined by means of the so - called uniform Markovian
renewal process. Such definition proposed by F. Grabski [9] is
close to those given by other authors [13, 19, 20, 1].

From the definition it results that it is stochastic one of
a discrete set of states and its realizations are right-hand conti-
nuous functions constant within intervals (of uniform values
within operational time intervals which are random variables).
Such process is defined only when its initial distribution P; =
=P{Y(0) = s;} as well as the functional matrix Q(t) = [Q;j] is
known; the matrix elements are the probabilities of transition
from the state s; to the state s;, within the time not greater than
t(i#j;1,j=1,2,.., k), being the non-decreasing functions
Qjj(t) of variable t, namely :

Qij (t) = P{Y(TnH) =S T~ Ty < tlY(’Cn) = si} @)
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A semi-Markovian model of an arbitrary real process can
be formed only when states of the process can be defined in
such a way that duration time of a state appearing in the instant
T, as well as a state possible to be reached in the instant t,+1 do
not depend stochastically on the preceding states and their du-
ration time intervals.

For elaborating the semi-Markovian model {W(t): te T}
of a given real process it is necessary to apply the theory of
semi-Markovian processes. It makes it possible to determine
probabilistic characteristics of an arbitrary random process
(if only such model is formed), which may be of a practical
importance. Such process may be a real process of changing
technical states of any technical object. An example model of
such process can be presented in the form of a graph of chan-
ging the states of the object (Fig.1). The model is one of the
crucial components of the operational model of every technical
object. One of the possible realizations of the process of chan-
ging the technical states, {W(t) : t € T}, is presented in Fig. 2.

Fig. 1. A graph of changing the states of an arbitrary technical object :
s7 - full serviceability state, s - partial serviceability state,
s3 - unserviceability state, py; - probability of passing the process from the
state s; to the state s, Tj; - duration time of the state s; provided
the process passed to the state i) ,j=123
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Fig. 2. An example realization of the process {W(t) : t € T} of an arbitrary
technical object : {W(t): t € T} - process of changing the technical states,
t - time of operation; s - state of full serviceability, s, - state of partial
serviceability, s3 - state of unserviceability

In reality the process of changing the technical states of
any technical object is stochastic, continuous in time and thro-
ughout the states. It means that the realizable kinds of techni-
cal state form a set of technical states of a given object, which
is infinite one.

Identification of all technical states of many technical ob-
jects (e.g. combustion engines, boilers, pumps, compressors,
ship prpulsion systems) is neither possible nor purposeful, both
due to technical and economical reasons. Hence it is necessary
to split the set of states of technical objects into a few number
of classes (sub-sets) of technical states.

Assuming, as a splitting criterion, usefulness of a given tech-
nical object for realization of tasks (serviceability) one can di-
stinguish the following classes (sub-sets) of technical states,
shortly called "states" [4, 6, 8] :
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* the state of full serviceability, s; , which makes it possible
to use the object in any conditions and in any range of lo-
ads, to which it was adjusted in the phases of its designing
and manufacturing

* the state of partial serviceability, s,, which makes it possi-
ble to use the object in limited conditions and in a range of
loads lower than those to which it was adjusted in the pha-
ses of its designing and manufacturing

* the state of unserviceability, s; , which does not make it
possible to use the object in accordance with the purpose
for which it was intended (e.g due to its failure, carrying
out maintenance operations on its subassemblies etc.).

Therefore it is a three-state process
of continuous realizations (continuous with time).

The technical objects which are in the full serviceability
state (s1) can be used in any instant and conditions to which it
was adjusted in the designing and manufacturing phases, and
under various loads. And, the technical objects which are in
the partial serviceability state (s;) can be used or maintained
depending on a decision-making situation (control strategy),
whereas the unserviceable technical objects (in the state s3)
due to their failure are always maintained provided it would be
cost-effective. However the technical objects unserviceable
because of realization of preventive maintenance, are unservi-
ceable only during the time of realization of these operations
which require the object's structure to be trespassed by disas-
sembling some of their devices.

The particular states sj € S (i=1, 2, 3) can be identified by
means of an appropriate diagnostic system (SD) whose useful-
ness depends on quality of an applied diagnosing system (SDG)
as well as on its capability of identifying the states of the tech-
nical object considered as a diagnosed system (SDN).

It can be assumed that if whichever of the states s or s3
does not occur then the object in question is in the state s;.

The considered process of changing the technical states of
technical object is, in mathematical terms, a function which
maps the set of the instants T into the set of technical states, S.
Such process can be modelled by means of the stochastic pro-
cesses of discrete set of states and continuous duration time of
distinguished technical states of the object.

Therefore the set of technical states :

S = {s1, 2, 83}
can be considered as the set of values
of the stochastic process

{W():te T}

whose realizations are constant within time intervals
and right-hand-side continuous, Fig.2.

In the case of the process of operation of technical objects
the following characteristics may be of a practical importance :

» the one-dimensional distribution of the process (instanta-
neous distribution), whose elements are the functions P (t)
representing the probability of the event that in the instant t
the process will enter the state s,

> the limiting distribution of the process P ;= lim P{Y(t) =s;}
t—>o0

» the conditional probabilities, i.e. those of transition of the
process from the state s; to the state s;,
Pij(t) = P{Y(t) = s;/ Y(0) = s;}
(transition probabilities)



» the distribution of the time of the first transition of the pro-
cess from the state s; to the sub-set of the states A (D;4(t)),
and if this sub-set contains only one element — to the state
s, i.e. the distribution ®j(t)

> the distribution of return time of the process to the state s;,
i.e. the distribution ®y(t)

> the asymptotic distribution of the renewal process {Vj(t) :
t > 0}, generated by return time intervals of semi-Marko-
vian process (to the state s; available from the state s;), which
at the instant t, obtains a value equal to number of "co-

ming-in" events of that process to the state s;

» anapproximate distribution of the total time of maintaining
the process Y(t) in the state s; provided the state s; is that
initial one

» the expected value E(T;) of the duration time T; of the state
s; of the process irrespective of the state to which transition
occurs at the instant T,

> the variance D*(T;) of the duration time T; of the state s;

> the expected value E(Tj) of the duration time Tj; of the state
s; of the process provided the state s; is the next one

> the expected value E(©)j)) of the random variable ©j;; which
represents the return time of the process to the state s;

> the expected value E{Vj;(t)} of the random variable Vj(t)
which represents the number of "coming-in" events of that
process to the state s; within the time interval [0, t]

> the variance D*{V;(t)} of the random variable V;;(t)

> the average number of "coming-in" events, A;(t), of the pro-
cess to the state s;, related to a unit of time, provided the
state s; of the process is that initial one (i.e. the intensity of
the " coming-in" events of the process to the state s; provi-
ded Y(0) =s;)

» the limiting intensity of the "coming-in" events of the pro-
cess to the state s;, i.e. the intensity A;=limA;(t).
t—>o0

To obtain numerical values of the above mentioned
characteristics is possible if two following
conditions will be satisfied :

o ifappropriate statistical data whose values would represent
estimation of the transition probability p;;, of the expected
value E(T)), etc, will be collected

e ifasemi-Markovian model of operation process of techni-
cal objects having a small number of its states and mathe-
matically simple functional matrix Q(t) will be elaborated.

The second condition is important in the case of calculating
the instantaneous distribution of states of the process P(t). The
distribution can be calculated if the initial distribution of the
process and its functions Py;(t) are known. The calculating of
the probabilities Pjj(t) consists in solving the set of Volterra se-
cond-kind equations in which the functions Qj;(t) being elements
of the process functional matrix Q(t), are known quantities [9].

In the case when number of process states is small and the
functional matrix of the process — rather simple, that set can be
solved by using the Laplace transform method [9, 10, 20]. How-
ever when number of process states is large or when its func-
tional matrix (core of the process) is very complex, only an
approximate solution of the set of the equations is available.
Such (numerical) solution does not make it possible to deter-
mine values of probabilities of occurrence of process particu-
lar states if t is of a large value (theoretically if t — o). The
numerical solution does not provide any answer to the question

very important for operational practice, namely : in which way
do the probabilities of semi-Markovian process states change
if t is large?

From the semi-Markovian process theory it results that the
probabilities, in the case of the ergodic semi-Markovian pro-
cesses, tend along with time to strictly determined constant
numbers. They are called the limiting probabilities of states
and their sequence forms the limiting distribution of the pro-
cess. The distribution makes it possible to define the availability
factor of technical object as well as the income or cost per unit
time of its operation. The quantities serve as criterion func-
tions in solving problems of operation process optimization of
technical objects. Such distribution can be calculated much
easier than the instantaneous one.

Similar difficulties are associated with solving the set of
integral equations which make it possible to calculate the di-
stribution of the random variable ©;, which determines the time
of the first transition of the process from the state s; to the sub-
-set of states, A, or (if the state A contains only one element) —
— to the random variable ©;; which determines the time of the
first transition of the process from the state s; to the state s;.

PHYSICAL ASPECTS OF APPLICATION
OF SEMI-MARKOVIAN PROCESSES
FOR MODELING THE PROCESSES
OCCURRING IN THE PHASE
OF OPERATION

From the presented considerations it results
that the semi-Markovian models are characteristic
of the following features [7, 9, 10, 19, 20] :

# Firstly, is satisfied the Markov condition that future evolu-
tion of the investigated object (e.g. the process of changing
the technical states in the object's operational phase), for
which the semi-Markovian model has been elaborated, sho-
uld depend only on its state at a given instant but not on the
functioning of the object in the future, i.e. that the future of
the object would not depend on its kistory but only on its
present.

¢ Secondly, the random variables T; (determining duration
time of the state s; regardless which state will occur after it)
as well as Tj; (determining duration time of the state s; pro-
vided the next state of the process will be the state s;) have
their distributions different from exponential ones.

Therefore in the modeling aimed at elaboration of a semi-
-Markovian model of the process of changing the object's tech-
nical states, an analysis of changing the states of real process,
i.e. those occurring in the operational phase of the object in
question, should be taken into account.

In the case of every technical object the process of chan-
ging its technical states is that where the duration time inter-
vals of each its state are random variables. Particular realiza-
tions of the random variables depend on many factors, a.o. on
the technical object's wear.

In the case of such technical objects as e.g. diesel engines,
compressors or pumps, it was observed that wear of their sli-
ding tribological units is weakly correlated with time [3, 8, 16,
17,23, 24]. The observation is important because serviceabili-
ty of such machines depends mainly on the technical state (i.e.
on wear) of their tribological units. This made it possible to
predict technical states of such machines with taking into ac-
count solely their present state and neglecting those earlier oc-
curred. An explanation of the fact would make it possible to
elaborate (by applying the theory of semi-Markovian proces-
ses) more adequate mathematical probabilistic models for pre-
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dicting the technical states of particular machines. To this end
the following hypothesis (H) can be offerred :

A state of an arbitrary sliding tribological unit as well as
its duration time essentially depend on the state preceding it
and neither on the earlier occurred ones and nor their dura-
tion time intervals because its load and both rate and incre-
ments of wear, implicated by it, are the processes of asymptoti-
cally independent values.

The last statement of the hypothesis (because its load...)
results from two obvious facts :

= there is a strict relationship between loading on sliding tri-
bological units and their wear [15, 17, 23]

= there is a lack of monotonic changes of loading on tribolo-
gical units of machines within longer time of their opera-
tion, hence their loading can be assumed stationary [3, 17,
21,22, 23].

The load stationarity (in a broader sense) means in every
case that all multi-dimensional probability density functions
depend only on mutual distances of the instants Ty, T,..., Ty ,
and not on their values [5]. Therefore the one-dimensional pro-
bability density function of load values does not depend on the
instant related to a given value, and the two-dimensional pro-
bability density function depends only on difference of the in-
stants in which observed loading values occurr.

And, in a narrower sense, the fully stationary loading is
understood as that whose all possible statistical moments of
higher orders as well as the total moments of loading conside-
red as a process, are not time - dependent. In the case of the
fully stationary process (in a narrower sense) its characteristic
quantities are as follows :

the expected value m(t% =m = const
variance Dz(t) =0" = const
autocorrelation A(ty , T2) = A*(Ty - T1) = A*(1)
and autovariance K(t , T2) = K*(13 - T1) = K*(1).

However the stationary process in a broader sense
is characteristic of :

m(t) = m = const as well as A(Ty, T2) = A*(Ty - T1) = A*(r).

In practice the loading stationarity in a broader sense is
important. And, in this case to investigate the loading on tribo-
logical units in order to reveal the enumerated properties, is
not necessary, as it is known from investigations of different
machines, which have been performed so far, that the loading
on their tribological units continously changes in such a way
that its particular values measured after very short time inter-
vals are strongly correlated to each other. However when the
time interval between measurements of loads increases, the
correlation between the loads decreases. Therefore the loading
values measured in the time intervals (or instants) very distant
apart can be considered as independent ones. This feature is
called the asymptotic independence of a loading value measu-
red in the instant, e.g. Tj+1, from that measured in the instant t;,
when the range At = T;4 - T is large enough.

The so understood asymptotic independence between lo-
ading values either measured or calculated in the instants T;
and T+, is manifested by that their mutual dependence decre-
ases along with increasing the range At. Moreover, from work
principles of particular machines it is also known that their
loading considered within a longer time of their correct opera-
tion, does not (and cannot) show any monotonically increasing
or decreasing changes. Therefore one can assume that the ma-
ximum loading values appear in the specified instants acciden-
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tally, always with some probability only. This lack of monoto-
nicity of the loading is called its stationarity.

In order to verify the presented hypothesis (H) it is neces-
sary to predict the consequences whose occurrence can be con-
firmed empirically if the hypothesis is true. The consequen-
ces (K) which can be derived from the hypothesis (with ta-
king into account the mentioned features of loading on ship
power plant machines and their sliding tribological units) are
the following [3] :

Y K - irregular course of realization of wear process of par-
ticular sliding tribological units

¥ K, - interweaving realzations of wear processes of sliding
tribological units

¥ Kj - such course of autocorrelation function for a given
sliding tribological unit that at first the function fast decre-
ases along with the range 6 = hAt (h = 1, 2,..., n) incre-
asing, and next it oscillates about zero, at relatively small
amplitude smaller and smaller along with AT increasing

Y K, - almost normal distribution of wear increments of sli-
ding tribological units for a sufficiently long time interval
(At) of their correct operation

¥ Ks - linear relationship of variance of wear process of sli-
ding tribological units and their operation time values.

The above described consequences
are graphically illustrated in Fig. 3 + 6.

The presented consequences can be justified as follows :

If the features of the loading on machines and thus their
tribological units are such as those above described, then the
course of realization of wear of the units will have to be irregu-
lar. This forms the basis to assume that the wear increments
recorded in the time intervals much distant from each other,
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Fig. 3. Example realizations of wear processes of sliding tribological units :
Z - wear, zjjy, - limiting wear value, t - object's operation time

A
1(6)
K;

1.0

E)

A .
Fig. 4. Example course of the autocorrelation function r(6) where :
0 - the range between time intervals (within which wear was investigated)




are asymptotically independent, and along with increasing the
time (time range 0, where : 6 =hAt, h=1,2,..., n) between the
intervals the relationship between the increments in question
will be weakening. Hence the wear processes of such units can
be considered as those of asymptotically independent incre-
ments [3].
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Fig. 5. Example form of the density function f (Au) of the asymptotically

independent wear increments Au of sliding tribological units,
for sufficiently long time interval (At) of their correct operation

A
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>
Fig. 6. Example relationship of the variance DZ{Z(I) } of the wear process Z(t)
of sliding tribological units of asymptotically independent increments,
and their operation time t

One of the most important characteristics of every stocha-
stic process (including wear processes) is the autocorrelation
function r(0) = f(0), where : r - autocorrelation coefficient,
0 - time range. If r(0) decreases then wear process of a given
tribological unit can be considered as that of asymptotically
independent increments. Hence for tribological units in question
an almost normal distribution of wear increments should be
expected in a sufficiently long time interval. Moreover, if wear
process is of asymptotically independent increments its variance
D”{Z(t)} increases linearly along with correct operation time,
in accordance with the relationship (2) :

D*{Z(t)} = At+ B

where :
A and B - process constants

2

The above mentioned consequences K;(i=1, 2,..., 5) reve-
al the probabilistic principle of wear of sliding tribological units.
They are not contradictory to each other, and their logical ve-
racity is doubtless. Hence it is possible to consider all of them
as one consequence K and to use it for empirical proving if the
presented hypothesis (H) is true or false. Such verification con-
sists in experimental testing of wear of sliding tribological units
and checking if the consequence K is true, which is equivalent
to checking if the consequences K (the facts) appear or do not
appear. Such verification of the hypothesis H makes it neces-
sary to accept the veracity of the following syntactic implica-
tion [8, 12, 18] :

H=K (3)

Then the non-deductive (inductive) reasoning may be used
in accordance with the following scheme [8 , 18] :

(K, H=K) tH 4)

where :
K={K;,i=1,2,.,5}

Its logical interpretation is as follows : if the empirical te-
sting of the consequence K confirmed its veracity, then if the
implication (3)is true, the hypothesis H is also true and accep-
table. The reasoning in accordance with (4), called reductive
one, does not lead to any firm conclusions but only to probable
ones [12, 18].

Semi-Markovian model of an arbitrary operational process
can be applied in the case of machines even by using the dia-
gnostic systems (SDG) where the reductive reasoning can be
applied. Hence when reasoning on a diagnosis (conclusion)
concerning the state of a given technical object being a diagno-
sed system (SDN) the statement K (stating that this — and not
another — vector of values of diagnostic parameters is obser-
ved) is deemed to be a fully firm premise.

However the statement S (stating that there is this — and not
another — state of SDN) is a conclusion formulated on the basis
of the statement K during the non-deductive reasoning process
which proceeds in compliance with the following scheme :

(K,S=K)FS

where :

)

K - fully firm premise
S - conclusion formulated on
the basis of the statement K.

From such reasoning the following hypothesis results :
The considered SDN is in the state S because the vector
of values of diagnostic parameters, K, is observed.

It can be also formulated in another, equivalent way :
The vector of values of diagnostic parameters, K,
is observed because the SDN in question is in the state S.

Such reasoning does not make it possible to formulate firm
conclusions but only probable ones. Therefore it is not possi-
ble to exactly determine a technical state of a diagnosed sys-
tem (SDN) and thus to control its operational process in such
a way that a future state would depend on many previous states.

FINAL REMARKS AND CONCLUSIONS

+ The semi-Markovian processes are useful models for inve-
stigating the real processes which occur in the operational
phase of technical objects. Hence elaboration of a semi-
-Markovian model of a given process occurring in opera-
tional phase of an arbitrary technical object, makes it pos-
sible to easily determine probabilistic characteristics of the
process in question.

+ In practice the semi-Markovian processes are more useful
than Markovian ones. It means that the semi-Markovian
processes of continuous time parameter and finite set of
states are characteristic of that the time intervals of staying
the processes in particular states are random variables of
arbitrary distributions concentrated in the set R, = [0, oo].
This differs them from the Markovian processes whose in-
tervals are random variables of exponential distributions.

A semi-Markovian model of an arbitrary process occurring
in the phase of operation of a technical object is that of
a finite set of states and continuous time.

++ An additional benefit from application of semi-Markovian
processes (like also of Markovian ones) is the possibility of
using professional computer tools for solving different sets
of state equations for such models of real processes.
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Semi-Markovian model of an arbitrary operational process
can be applied in the case of machines even by using the
diagnostic systems (SDG) where the reductive reasoning
can be applied. However such reasoning does not make it
possible to formulate firm conclusions but only probable
ones.
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C onference ~

Plenary session of Machine Building Committee
held in coast region

On 31 May and 1 June 2004 members of the Machine
Building Committee, Polish Academy of Sciences held, this
turn in Gdansk, their plenary session commencing the next
tenure of activity of the Committee. It was devoted, apart
from organizational matters, to new challenges arising from
the entrance of Poland into European Union.

On this occasion took place an open scientific meeting on :

Development prospects of machine building
and operation after entrance
of Poland into European Union

8 papers were prepared to
be presented during the meeting :

» Poland in the European Space of Science and Education
by Prof. W. Sadowski (Gdansk University of Technology)

» Polish Space of Science — prospects of development
by Prof. J. Kicinski (Insitute of Fluid Flow Machinery,
Polish Academy of Sciences, Gdansk)

» Application trends in EU programs in the area of machi-
ne building and operation — by Prof. A. Mazurkiewicz

K (Institute of Technical Operation Processes)
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» Contemporary research and education problems of ocean
engineering — towards European Space of Scientific Rese-
arch — by Prof. J. Szantyr (Faculty of Ocean Engineering
and Ship Technology, Gdansk University of Technology)

» Proecological activity of Mechanical Faculty concerning
machine building and operation, in the frame of EU
by Prof. W. Przybylski (Mechanical Faculty, Gdansk Uni-
versity of Technology)

» Attempts to problems of operation of ship engines in the
aspect of cooperation in the frames of EU and NATO
by Prof. R. Cwilewicz (Gdynia Maritime University),
Prof. L. Piaseczny (Polish Naval University, Gdynia)

> Integration of doctorate studies — by Prof. B. Z6towski
(Technical Agricultural Academy, Bydgoszcz)

» MARIE CURIE individual grants — basic information
by Prof. W. Zwierzycki (Poznan University of Techno-

logy)

The two-day meeting was co-organized by the Institute
of Fluid Flow Machinery, Polish Academy of Sciences, Me-
chanical Faculty and Faculty of Ocean Engineering and Ship
Technology, Gdansk University of Technology. /
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