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RELIABILITY: PAST, PRESENT, FUTURE

Key-note opening lecture at the Conference “Mathematical Methods in Reliability” (MMR-2000) in Bordeaux, France, 2000

Igor Ushakov
(San Diego, USA)

1 treasure both faces of mathematics:
the pure as a beautiful retreat from reality,
and the applied as an ardent hope for life.

1. Heller
Introduction Main Directions of Modern Reliability Theory
It is a great honor for me to present this Opening Lecture One can distinguish several directions of modern
at the World Reliability Forum. I was a young man when Reliability Theory, main among them are:
I jumped in the white water of a vivid stream of
reliability theory and application creek. Late 50-s and 1. Quality Control of mass production
early 60-s were really the time of reliability 2. “Pure” Reliability analysis
“Renaissance”. Since then reliability has been developed ¢ Structural models
to a powerful applied mathematical discipline, with both, ¢ Functional models
theoretical and applied sides. It is impossible to imagine 0 Maintenance models
any modern research institution or manufacturing plant 3. Effectiveness (“Performability”)
without reliability laboratories or departments. 4. Survivability

5. Safety

I am lucky to have been working at QUALCOMM, an 6. Security
exceptional telecommunication company where I have a 7. Software Reliability
chance to apply my expertise in entire reliability area:
from availability analysis of satellite telecommunication First two points do not need any explanations: they are
system to quality assurance of cellular phones, from subjects of everyday engineering activity. Others would
optimal spare allocation for terrestrial network to be slightly explained.

accelerated testing and warranty claim rate projection.
Effectiveness (“performability”) analysis relates to

Everyday practical work generates new theoretical systems for which one is not able to formulate “all or
problems in need of solutions. New solutions challenge nothing” type of failure criterion. Effectiveness
new applications. ~ What could be better and more characterizes a system ability to perform its main
exciting than such kind of reliability engineering? functions even with partial capacity. Failures of some (or

even majority of system components) lead only to
I hope that we all -- from manufacturing and research, gradual degradation of the system ability to perform its
from testing and data inferences, in both industry and functions/operations. ~ Actually, one deals with such
academia -- will prove our usefulness for the next, XXI indices like “partial availability” or “partial system down
industrial age, as we did it in the past and as we are doing time”. These type of models are used to describe multi-
it in the present. channel systems (e.g. telecommunication, transportation)

or systems with embedded ‘“functional redundancy”
where there are optional ways to perform system tasks,
though with decreased quality.

Fore systems operations of which are characterized by its
current state, the effectiveness index, E, can be expressed

as
2.0 H,
Vs
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where H is the probability of state s, and @, is the
conditional probability of the system successful
operation. For systems whose effectiveness of operating
depends on the trajectory of state changing, analogous
formula can be easily written in a general form (though
few examples of constructive applications are known for
this case).

It is about the time to mention that actually the main idea
of this approach was introduced in Kolmogorov’s work
[1945] where he analyzed the probability of a plane
destruction by anti-aircraft fire.

Of course, one can reduce effectiveness analysis to
“pure” reliability analysis by choosing an appropriate
failure criterion. For instance, a system might be
considered failed if the total system “capacity” (or
ability to perform its operation) declines below some
predetermined level.

Survivability is a special property of a system to
“withstand impacts”. These impacts can be unpredictable
inner failures (usually due to operator errors),
environmental  influences  (earthquakes,  floods,
hurricanes) or hostile human nature actions (enemy
military operations or terrorist acts). In this case one
assumes that the impacts are directed to the most critical
components of the system. Survivability analysis is
usually performed in minimax terms and reduced to
“bottleneck analysis”, or searching out “minimum cut”.
Usually survivability consideration is related to large
terrestrial ~ systems  (telecommunication or power
networks, transportation systems). The same type of
reliability indices is applied to military objects that are
subjected to statistically unpredictable impacts.

The survivability measure is usually expressed in the
power of set of system units whose destruction leads to
the system “death”. One of possible characterization of
survivability is the minimum set of such units:

X*={minX: ¢ . =0}

where X is the set of destroyed system’s units ( X is a
supplementary set). Though there is no probabilistic
consideration, nevertheless, one sometimes uses several
levels of “possibilities of occurrence” of destruction of
various units.

Safety is a special property of a system characterizing
effective performance of its main  predetermine
functions (production of goods, electrical power
generation, gas and oil transportation, etc.) without
dangerous environmental consequences for people and
nature. Safety is usually considered in probabilistic
terms that are close to those used in a “pure” reliability
analysis. In some sense, one considers in this case two-
dimensional model. For instance, one can formulate the
following optimization problem:

-11-

S(¥)>S

required }

min{C(¥) | R(¥)> R

required >

where W is the system configuration, C is the system
cost, R is the system reliability index, and S is the system
safety index.

Security is sometimes considered as a part of reliability-
survivability problem. Indeed, many systems must not
only operate reliably but also at the same time provide
protection against non-sanctioned access. Many
telecommunication systems dealing with military,
banking or other highly confidential information are
requested to be secure. It is to the point to ask: “Quis
custodiet ipsos custodes? Because systems mentioned
above are actually considered failed if security is not
provided, there is an interesting nod of  “two
reliabilities”.

Software Reliability... Now we come to the most
confusing area in reliability theory and practice - the so-
called software reliability. Multiple attempts to apply
traditional reliability concepts to this subject are
unsuccessful and lead only to some disaster. Who could
explain what means “MTBF” for software? And first of
all, what does it mean “failure” in this case?

The answer on these questions could be found in the
answer: What do you mean under “software reliability”?
Let us consider main features of reliability:
e stochastic nature of failures
o time dependence of failures
e independence of failures (or probabilistic
dependence).

What one has analyzing software? Errors caused by
software have no stochastic nature: they will repeat as
soon as some conditions will be repeated. Errors of
software, in a sense, are not “objective”, they depend on
type of operations, type of inputs and, at last, on type of
users. Allow me to compare software errors with
printing errors in the book. Assume that there are many
typewriting errors in Chapter 1, and no errors at all in
Chapter 2. One uses only Chapter 1 and complains that
the book is very bad. Another uses only Chapter 2 and
tells everybody that the book is perfect.

Errors caused by software do not depend on time in a
usually understandable way: if you don’t use software it
cannot faill At a pinch, in this sense software can be
compared with a spare unit which can be used but
nobody knows the timing of this usage.

At last, independence of errors. There is no such concept
as a “sample” for software: there is a phenomenon of
cloning. “Replacement” of “failed” software has no
sense! You will change one Mollie for another Mollie
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with the same genes, with the same illness, with the same
properties.

Problem of software quality is extremely important
because more and more technical systems become
“software dependent”. It is about the time to say that this
problem needs independent and intensive attention of
applied mathematicians. However, it seems that attempts
to put “hardware reliability shoes” on “software legs” is
absolutely wrong and, moreover, will lead only to a
logical dead end.

Attempts of using probabilistic reliability concepts to
unrelated problems are not new. I remember as in the 60-
s, when in the former Soviet Union there was a “fashion”
to talk of reliability for everything, the State Bureau of
Standard issued a standard on reliability of sausages!

Another funny case. When I was working at a top secret
Soviet military-industrial enterprise, an editor of
technical reports, a former KGB officer, changed the
word “reliable” for “trustworthy” through all my report.

Let us don’t repeat such mistakes and name an apple an
apple!

History of Ideas in Reliability

Of course, the history of reliability theory did not begin
recently. However, we should accept that the first waves
of the modern reliability theory came from the United
States in late 50-s. First time reliability experts gathered
together at IEEE Reliability conferences that began to be
regular since then. First proceedings of those conferences
played a revolutionary role in information exchange in
reliability community. With a small delay analogous
forums of reliability experts gathered then in the former
Soviet Union. In some sense these two countries,
competing in Cold War in modern technology, became
two poles of research in reliability field.

However, one can find examples of activity in reliability
area before this time. We begin a brief review of history
of ideas of reliability with a well know example.

In the middle of 30-s Swedish engineer and
mathematician W. Weibull [1939], analyzing strength of
materials, actually reduced the problem of assembly
failure (he analyzed bearings) to the model of a “weakest
link”. He suggested a simple and convenient
mathematical model for description, which is known as
Weibull distribution. This well-known distribution is
good because of two parameters of scale and shape it is
very flexible and allows one to approximate almost any
field data. Almost simultaneously and independently,
outstanding Russian mathematician B. Gnedenko [1943]
found three classes of limit distributions, one of which
corresponded to Weibull distribution. Those

-12 -

fundamental results were based not on “gut feeling” or
formal convenience of a “flexible” mathematical
formula. They were proven and their applicability was
shown. Probably, it was the first really significant result
in future developed reliability theory.

After the WWII, many new ideas flooded into reliability
theory. Last fifty years brought a number of new
solutions and new methods in reliability theory and
engineering.

In late 40-s J. von Neuman, probably, first time used
Monte Carlo simulation for calculation of multi-
dimensional integrals over some specific domains. Very
soon, specialists for numerical modeling queuing
systems, including reliability models of repairable
systems applied this technique. In this connection we
would like to mention N. Buslenko and his pupils
[Buslenko, Kalashnikov, Kovalenko, 1973; see also in
Ushakov, ed., 1994].

Proving two key theorems of the Renewal Theory made a
very powerful impact on reliability theory. A. Renyi
[1956] formulated the asymptotic theorem related to the
“thinning” procedure, and G. Ososkov [1956] formulated
the asymptotic theorem related to the superposition
procedure for point stochastic processes. Later Yu.
Belyaev [1962] and B. Grigelionis [1964] generalized
these results. These theorems allowed one to construct
flexible and practically convenient mathematical models
of repairable systems. These results also can be used for
simple and effective approximate models [Gnedenko and
Ushakov, 1995].

In the middle of 50-s E. Moore and C. Shannon[1965]
published the paper on asymptotic analysis of network
reliability. They showed the so-called S-shape
dependence of network reliability on the unit reliability.
In late 60-s J. Esary and F. Proschan [1962] obtained the
so-called Esary-Proschan lower and upper bounds of an
arbitrary two-pole network with known structure. These
bounds were expressed via complete sets of network’s
paths and cuts. This work ignited works by M.
Lomonosov and V. Polessky [1971, 1972] dedicated to
network reliability. Later the Litvak-Ushakov lower and
upper bounds [Ushakov and Litvak, 1977] were obtained.
These results were based on non-intersected network’s
paths and cuts. (In a sense, these bound are more
effective for practical applications.)

D. Lloyd and M. Lipow [1962] considered an
interesting problem: estimation of system reliability
on the basis of unit test data. They proposed a well
working heuristics. R. Mirnyi and A. Solovyev [1964]
obtained first strong mathematical result in this
direction. They considered the case of no failures
during testing. Their model corresponds to a concept
of a “weakest link”. Then Yu. Belyaev {Belyaev et al.,
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1967] obtained some results using Monte Carlo
simulation. Many interesting analytical results were
obtained by I. Pavlov [see in Gnedenko et al., 1999]
and others.

First papers on optimal redundancy was published,
probably, in the middle of 50-s [F. Moskowitz and J.
McLean, 1956]. Though this paper might seem to be a
little bit naive now, its role was significant. Later
discrete analogue of the steepest descent method [Black
and Proschan, 1959] and dynamic algorithm [Bellman
and Dreyfus, 1958] were suggested. J. Kettelle [1962]
proposed an effective practical modification of dynamic
programming algorithm for solution of this problem.
This approach was a significant step of implementation
of the optimal redundancy solution into practical
applications. Further development of this method was
done in series of works [Proschan and Bray, 1965;
Ushakov, 1965, 1995; Tillman et al., 1980].

Work of D. Cox [Cox, 1962; Cox and Isham, 1980]
made an outstanding impact on the reliability theory
development . It opened new vision of usage point
stochastic processes in reliability modeling.

B. Gnedenko [1964a, 1964b] was the first who analyzed
highly available systems in the beginning of 60-s. He
considered a duplicated system and showed that
asymptotic distribution of time to failure of such a system
is exponential and indifferent with respect to the type of
repair time distribution (if repair time is relatively small).
This work was followed by a series of excellent works
by I. Kovalenko, A. Solovyev and others [see in
Gnedenko, ed., 1983]. Now asymptotic methods in
reliability take an important place in large-scale systems
consisting of highly reliable units. One can find some
review of strong and approximate models for highly
available systems in [Gnedenko and Ushakov, 1995].

R. Barlow, C. Derman, L. Hunter, and F. Proschan were
one of the first who paid a serious attention to the
problem of preventive maintenance [Barlow and Hunter,
1960; C. Derman, 1963; Barlow et al., 1963].
Unfortunately, these methods (further developed into
sophisticated mathematical models) still did not find real
practical applications mostly due to a lack of consistent
field data. It is about time to mention that this direction
in reliability theory is the most “vulnerable”: optimal
solutions are very dependent on the type of time to failure
distribution but knowledge of it needs enormous volume
of field data.

R. Barlow and F. Proschan [1965] introduced classes of
distributions with increasing and decreasing failure rates,
IFR and DFR, respectively. Later they generalized their
approaching introducing expanded classes. That step was
very significant because it opened the path for analyzing
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units and systems reliability invariantly to specific type
of failure distributions.

Last years a number of interesting publications appeared
in Bayesian methods in reliability. Let us name R.
Barlow, H. Martz, V. Savchuk, and N. Singpurwalla
whose numerous works we have no chance to refer here
only because of a lack of a room. One can expect useful
applications of these methods for aggregating field data
and projecting reliability of new objects (especially,
unique ones).

% ok ok

These few names do not reflect contributions of many
brilliant reliability experts during last five decades. The
author tried only to mention the main ideas of modern
reliability theory and brief history of their development.
Everybody understands that any review of such kind
bears the stamp of subjectivity and incompleteness.

In the White Water of Publications Stream

Since the beginning of “Reliability Renaissance”, an
alarming thing has happened: more and more
publications have been appearing... A real avalanche of
hundreds of new books and thousands of new papers on
reliability... Is it good or it is bad? Did our professional
life become easier with this immense ocean of
publications? It seems to me that the situation reminds
the following: somebody would like to have a drink of
water and instead was thrown into the middle of deep and
boundless pool.

Let us remember the history of the most significant
publications in reliability.

One of the first successful books in reliability was I.
Bazovsky [1961]. This book was simple, informative
and instructive. The next significant and deep book,
written by D. Lloyd and M. Lipow [1962], was full of
number of interesting practical problems and original
solutions.

A real revolution was done by two excellent books by
B. Gnedenko, Yu. Belyaev and A. Solovyev [1969],
published in Russian in 1965, and by R.Barlow and
F. Proschan [1965]. Their role is difficult to
overestimate. The first book contained many new
results on repairable redundant systems (including
first results on asymptotic analysis), specific
inferences of reliability data and many solutions of
interesting engineering problems. The second book
introduced new concepts of monotone systems,
distributions with monotone increasing and
decreasing failure rates and gave deep presentation of
optimal maintenance and optimal redundancy
problems. One can say that these two books have laid
a fundamental of the modern theory of reliability.
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As development of the first book [Gnedenko, ed.,
1983] was published. The second one followed by
[Barlow and Proschan, 1975; Barlow, 1998]

In 1966 Reliability Handbook was published in Russia
and then translated in the USA [Kozlov and Ushakov,
1970]. This book had several revised editions in Russia,
Germany and Czechoslovakia.  The last updated
American edition was published recently [Ushakov, ed.,
1994].

The flow of publications on reliability has been growing
exponentially. However, some books distinctly and
brightly shined: [Mann, Schafer and Singpurwalla,
1974; Kapur and Lamberson, 1977; Gertbakh, 1977;
Tillman, Ching-Lai, and Kuo, 1980; Nelson, 1982;
Lawless, 1982; Kovalenko, Kuznetsov, and Pegg, 1998;].
Book written by W. Nelson [1982] probably needs a
special mentioning. Several books (for instance,
Bolotin, 1971; Rudenko and Ushakov, 1989; Cherkesov,
1974; and others) might be mentioned as oriented to
special areas of application.

However to find a new worthwhile book in the real flood
of new publications begins more and more difficult...

It seems that there is no appropriate selection for
publication. We are hopeless in any fight with publishers
who just make money. We should organize some public
Reliability Forum with honest and severe evaluation of
publications. Otherwise, future generation of reliability
community will loose its professional level. One might
shout: “S.0.S.! Save Our Science!”

Everybody writes poems (at least in the youth). It does
not mean that all written poems should be published!
Could you imagine that this has happened? How you
could find then what is really good? You could trust
some old and well-known authors but how you could find
a new brilliant work?

Problems Expecting Solutions

“History teaches the continuity of the development of
science. We know that every age has its own problems,
which the following age either solves or casts aside as
profitless and replaces by new ones.” This is a citation
from David Hilbert’s Lecture “Mathematical Problems”
delivered in 1900. Hilbert told about pure mathematics,
however the same words are correct in respect to applied
mathematics and, in particular, to reliability theory.

The last century was very productive for reliability
theory: many new ideas, many constructive results, many
useful practical applications. Sometimes you can hear
voices that reliability theory has been exhausted... The
best answer for such complains is those Hilbert’s words
above.

- 14 -

Reliability engineering is like medicine. The difference
is in the objects of application: systems in one case and
human beings in another. Could you imagine that
medicine could be exhausted? As Mark Twain told:
“Rumors about my death are strongly exaggerated.”

Actually, there are many important problems, which are
awaiting solutions. Let me listed some of them.

o  “Software reliability”. Does not matter how we
call this. The problem remains. To construct a
constructive theory of analysis of software quality
and its behavior in time outside of “traditional”
reliability theory scope is an exciting new problem!

e Unique system analysis. We met a number of
examples where a single copy of a system is
designed: space ships, huge damps, nuclear research
equipment, etc. All these objects are to be extremely
reliable. At the same time we very often have no
prototype or any previous experience. How to
evaluate their reliability? In what terms? What is
the “confidence” of such evaluation?

e Global terrestrial systems. More and more
modern systems are large scale, which spread over
huge territories. They are, for instance,
telecommunication networks, gas and oil pipelines,
power systems, defense systems, etc. These systems
are waiting for appropriate methods of analysis.

e Communication networks. Standard analysis of
network reliability is reduced to connectivity
analysis. However, real networks have capacity of
their links and are described by flow exchange
matrices. To find a simple and applicable method of
reliability evaluation of such networks is an
important task.

e Monte Carlo simulation. Monte Carlo simulation,
being a very effective computer tool for solution of
different complex problems, remains an art...
Probably, simple user-friendly macro language
should be designed for description reliability of
complex reliability models.

e Developing systems. The reliability modeling of
developing systems is another challenge. How to
use current information obtained from the field for
control of the system development? How to take
into account that with time the system not only
changes its structure but also embeds new or
modified equipment?

e Spare stock system. To find an optimal spare stock
for a single system is a well-known problem of
discrete optimization. However, if one consider a
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hierarchical structure of local, regional and central
stocks with large number of various types of spares
and various supply policies, the problem becomes
outside of traditional reliability or inventory control
methods.

e Time redundancy. Time redundancy is relatively
new direction in reliability theory. It considers a
“functional redundancy”: a system has a spare time
to restart its function in the case of failure or repeat
some its operations during admissible time. Not too
many works are dedicated to this problem.
Probably, there are not still good practical results of
this complex issue. To get convenient engineering
methods of analysis of systems with time
redundancy is an important task.

e “Continuous” models. Some large systems have
complex structures. To analyze them with standard
“discrete” methods is a hard task. There are some
attempts to consider such systems as “continuous”
ones. However, these methods still are not
elaborated to practical level.

e Units with several states. Some systems consist of
units with several states, not only “up” and “down”.
Existing attempts of reliability evaluation of such
systems by now have mostly theoretical interest:
there are no simple constructive results, which can
be used in everyday engineering practice.

o Realistic accelerated testing. Traditional and
commonly used accelerated life models, based on a
linear time scale transformation assumption (except
D. Cox [Cox and Oakes, 1972] “proportional hazard
model”, which is based on essentially nonlinear time
transformation). Accelerated testing is very often the
only way of projection of new production reliability.
To construct realistic accelerated testing (especially
for assemblies of different components) is a very
important practical problem.

o Aggregation of filed data. Reliability field data are
the core of any reliability analysis. For systems in
the field, these data are the basis for realistic
estimation of achieved reliability level. For new
designed systems they are used for realistic
evaluation of the reliability level. Field data are
usually collected during long time, for different
climatic  conditions, for different system
configurations, etc. The problem is how to aggregate
as much reliability information as possible, keeping
control over consistence and likelihood of these
data?

e Methodology of failure analysis. First of all, it
refers to micro-components and their assemblies.
The problem is in variety of assemblies (“cards”) of
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micro-components. Each configuration of a card
presents a unique environment for a component.
How they influence on each other? How they stand
different environments?

e Warranty claim rate projection. For many
industrial companies manufacturing mass production
distributed among consumers, the problem of
evaluating of possible future expenses for repair
and/or replacement is crucial. To make a consistent
projection of return based on some a priori
information with permanent updating with current
field data is a very important problem.

Conclusion

We should arrange some kind of information system with
regular reviews of books on reliability. Probably, to have
an expertise committee of some 50 people who will send
their evaluations of the book and the books will be
ordered in accordance with these average marks. There
should be a regular review of the state in particular areas.
We should help ourselves!

Reliability International Community numbers tens of
countries: Bulgaria, China, Denmark, France, Germany,
India, Israel, Italy, Japan, Russia, Spain, Sweden,
Ukraine, United States of America, United Kingdom, and
others... (Named in alphabetical order.)

We need International Society on Reliability for
coordination our activity, for better exchange of ideas,
methods, results. Taking into account the role, which
Academician Boris Gnedenko played in the development
of reliability theory, it would be not out of place to name
this Society after Gnedenko.

We need some International journal on reliability theory
and applications. It seems that this journal should
publish only exceptional (or invited) papers. Of course,
it does not mean that the journal should be an “elite”
journal. However, I think that this journal should publish
only papers on serious problems, be dedicated to surveys
of various reliability branches, reviews of new books
with their honest estimation (probably, with expert
estimation by 10 point scale).

We have an excellent place for the Reliability Society
Headquarter — this beautiful city of Bordeaux. We have
an excellent Universite Victor Segalen as a host. In my
turn, I agree to establish an affiliate in another beautiful
city — San Diego.

It would be a good start for reliability in the new century
(and even new millenium! ©).
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HAOEXHOCTb:

NMPOLWIOE, HACTOSALIEE, BYAYLWEE

[InenapHsIii 10KIa] Ha OTKPBHITUH KOHbepeHnuu «MartemMaTuueckue MeTobl B HafesxkHOCTH» (MMR-2000), Bopno, @panuus, 2000

Hrops Ymakos
(Can-/luero, CIIIA)

AOcTpakT: Kparko  onMcheIBaloTCsI ~ OCHOBHBIE
HalpaBlI€HUs COBPEMEHHOM TEOPUHM  HAIEKHOCTH.
BEPOATHOCTHOE  MOJEIMPOBAHUE,  CTAaTUCTUYECKHI

aHamu3, ONTHUMU3AIMA TEXHHYECKOTO OOCIYXHBAaHUS H
3amacoB 3amacHeIX dYacteil. Jlaercs kpaTkuid 0030p
HanboJiee 3HAUUTEILHBIX Ty OIUKAIIIA.

1.1. BBenenue

S pacueHuBal0 Kak OrPOMHYIO YECTh NPUITIALICHUE
CAeNaTh IUICHAPHYIO OTKPHIBAIOILYIO JIEKIMIO HEpen
BCEMHUPHBIM ()OPYMOM  CIICIIMAINCTOB MO HAAEKHOCTH.
Eme coBceM MOIOABIM UENOBEKOM  sI OpOCHIICS B
OypHBIIf IIOTOK MHTEHCUBHO TOTAA pa3BUBABIIECHCS
TEOPHMH HAJEKHOCTU U €€ [PUMEHCHUN. Komnen
IATUIOCCATBIX -  HAyaJo  INECTHAECATBHIX  ObLIN
JIEVCTBUTEIFHO TOJJaMHU OypPHOTO PAa3BUTHS 3TOTO HOBOTO
HaIpaBJICHNUs B IPUKIAJHON MATeMaTUKE U MHKCHEPUU.
C Tex MOp HAJEKHOCTb Pa3BUIaCh B MOILHYIO
OPUKIAJHYI0O ~ MAareMaTH4eCKyld  JUCLUIUIMHY  C
Pa3sBUTBIMH TEOPETHYECKONH M MPHUKIATHOI CTOpOHAMH.
Heo3moxHO NIPEJCTaBUTh KaKoH-1100o
UCCIEN0BATENIbCKMA MHCTUTYT WM HPOU3BOJCTBEHHOE
npeanpusitue 6e3 1abopaTopuK WM OT/EIa HAIS)KHOCTH.

MHe MoCYacTIUBUIOCH MOCIECIHUE TOMAbI HOpa6OTaTL B
IMPOKO HU3BECTHOI TeHeKOMMyHHKaHI/IOHHOP'I KOMIIaHHH,
rae MHC yaaJlIoCh IIPUMCHUTH CBOM ONBIT W CBOU 3HAHUS
B PA3JIMYHBIX HANPABJICHUAX HAACKHOCTU: OT aHaJINU3a U
pacue€ta HAACKHOCTH U TOTOBHOCTH CHyTHHKOBOﬁ

TeHeKOMMyHHKaHHOHHOﬁ CHUCTCMBI a0 KOHTPOJIA
KadyeCcrBa COTOBBIX TeJ'Ie(bOHOB, OT OITHMAJIBHOTO
pasMelicHus 3alacHbIX JJIEMCHTOB JI1 HA3€MHBIX

0a30BBIX CTAHIMH 10 TIPOTHO3A TapaHTHHHBIX BO3BPATOB
TeNne(OHOB OT Hoib30BaTenel. Kaxmplid 1eHb IPUHOCHIT
HOBbIE HMHTEPECHBIE 3a/aud, KOTOpble TpeboBamu
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A 11067110 06e CMopoHbL MAMEMATMUKU!
YUCMYIO — KAK B036bIUEHHBIL YX00 OMm
PeanbHOCmU, NPUKIAOHYIO — KAK
CMpacmuoe cmpemieHue K HCU3HU.

U Xennep

pemeHus. Hogrie peuieHusa  MOopoXJajikd  HOBBIC
MPUIIOKCHHUS W HOBBIC 3aJa4H. Yto MoxeT ObITh Oojiee

3aXBaTHIBAIOIIMM, Ye€M TaKkOro poja HaJSKHOCTHOE
IPOEKTHPOBaHKE?

Sl HameloCch, YTO MBI BCE — OT pPabDOTHHKOB B
HPOM3BOJICTBEHHOM chepe 10 Hay4YHO-
HCCIIC/IOBATENIbCKUX ~ KaJpoOB,  CICLUAIUCTBl U3
NPOMBIIICHHOCTH M W3 YHHBEPCHTETOB —  JJOKa)XKeM

Hallly MOJIE3HOCTh B cienytoneM, XXI uHIycTpruaabHOM
BEeKe, KaK MbI JieJlald 3TO B IPOLUIOM M KaK MbI 3TO
IIPOAOJIKAEM JleNaTh ceryac.

1.2. OcHoBHBIC HANPABJICHHSI COBPEMEHHOIi TeopuH
HATe:KHOCTH

MOXHO  BBIJAEIUTH  HECKOJBKO
COBPEMEHHOW TEOPUU HAIEKHOCTH,
KOTOPBIX SIBJISIFOTCS:

HallpaBJICHUH B
OCHOBHBIMH U3

1.  «YucTelit» aHaIU3 HAJAEKHOCTH

o CTpyKTypHBIE MOJEITH
o DyHKIMOHAIBHBIE MOJICITH
. Mopenu TeXHHYECKOT0 00CITy KUBAHMUS

Ananmm3 3 dexTHBHOCTH

AHanu3 XKUBY4ECTH

AHanm3 6e30IMacHOCTH

AHanu3 3alMIIEHHOCTH

AHanu3 HaJIe)KHOCTU MaTeMaTHYECKOro
obecrieueHusl.

SAINAIF I e

[TepBblii MyHKT HE HYXKAAKOTCS B 0COOBIX KOMMEHTaPHIX
— 3TO NpeAMET Hallel exenHeBHOU nesrenpHocTH. Ha
OCTaJIbHBIX MBI BKPATIIE OCTAHOBUMCS.



editorial

Reliability: Theory & Applications

No.1, January 2006

AHain3 J(PPeKTUBHOCTH KacaeTcsi CHUCTEM, JyIs
KOTOPBIX HENb3s Cc(HOPMYyITHPOBATH KPUTEPUI OTKa3a B
dbopme «BCce — WM HUYETO». ITokazarenn

3¢ (PEKTUBHOCTH XapaKTEPU3YIOT CIIOCOOHOCTh CHCTEMBI
BBITIONTHATh CBOM OCHOBHBIC (DYHKIIMH C TIOHWKEHHBIM
YPOBHEM MPOM3BOJUTEIBHOCTH, KAadeCTBa, CKOPOCTH M
T.aI., T.6. C MEHbIIEH 3(PPEKTUBHOCTHIO. Otka3zbl
HEKOTOPBIX (WM JJa)ke MHOTHX) 3JEMEHTOB MPOBOJST
JUIIP K YaCTHYHOW  Jerpajalldiil  OIEPal[OHHBIX
BO3MOXHOCTEH cucTeMbl. Ha mpakThKe MbI 4aCTO UMEEM
JIENI0 C TaK Ha3bIBA€MBIM «YaCTUYHBIM KO3((PHUIIMEHTOM

TOTOBHOCTH» HWJIN C «YaCTHUYHBIM OTKa30M). Taxkoro
pona MOOCIN HCTIOJIB3YIOTCA JIIA OIIMCaHUs
MHOI'OKaHaJIbHBIX CUCTEM (Har[pHMep,

KOMMYHHUKAIMOHHBIX, TPAHCIIOPTHBIX, YHEPreTHYCCKHX )
WITH XK€ CHCTEM C «BCTPOCHHOW H3OBITOYHOCTHIOM, TJIE
HUMEIOTCS  JIOTIOJHUTEbHBIE — CIIOCOOBI  BBITOJHEHHUS
TpeOyeMbIX 3a/ad4, XOTs, BO3MOXKHO, M C TOHHKECHHOM
3¢ (HEeKTHBHOCTBIO.

Jast TaKMX CHCTEM, Y KOTOPBIX KaueCTBOM
(DYHKIHMOHMPOBAHUSI B TEKYILEM COCTOSIHHM, II0Ka3aTellb
sddextrBHOCTH, £, MOXKET OBITH 3aIIFICaH B BHIC:

2.0 H,
Vs

rae Hs ectb BepOSITHOCTH COCTOSIHMSL s, U @Ds ecTb
YCJIOBHAsi BEPOSTHOCTh TOTO, YTO CHUCTEMa B OSTOM
COCTOSIHUM YCTICIIHO (PYHKIIMOHUPYET.

Hns  cucreM, 3(dexTHBHOCTh  (HYHKIIMOHUPOBAHHS
3aBHUCHT OT TPAcKTOPUM HW3MEHEHMS  COCTOSIHHH,
aHajoruuHas (hopMysia MOXET OBITh JIETKO 3aIlficaHa B
oOmeit dhopme (xots HEMHOTO MPUMEPOB
KOHCTPYKTHBHOTO  TIpHMEHEHHs  OoOIero  ciydas
W3BECTHBI HaM).

Koneuno, nerxo cBect aHamu3 3(GEeKTHBHOCTH K
CTaHJApTHOMY  aHaIW3y  HAAEXKHOCTH,  BBIOpaB
COOTBETCTBYIOIIMI KPUTEpUH OTKa3a. Hampumep,
CHCTeMa MOXET PacCMaTPHBATHCA KAaK OTKA3aBIIAsl, €CIH
PE3yIbTHPYIOLIAsl «IPOITyCKHAsl CIIOCOOHOCTBY CHCTEMBI
yTaia HIKe HEKOTOPOTO 3aJaHHOTO YPOBHSL.

KupyuyecTb €CTh CIELUAIbHOE CBOHCTBO CHCTEMBI,
XapaKTepU3yIollee €€  CIOCOOHOCTh  «BBIIEPIKATh)
BHeIIHee Bo3felcTBue. Takumu BO3AEHCTBHAMU MOTYT
ObITE TpyOBle HENpencKasyeMble OIIMOKH oIeparopa,
BHEIIHUE NPUPOJHBIE BO3ACHCTBUS (3EMIIETPSACEHUs,
yparaHbl, HaBOAHCHWS) WIM BpaxacOHBIC JaeHCTBUA
(BoeHHBIE NEHUCTBUS HENPUATENS, TEPakTsl). B sToM
Cllyyae pacCMaTpUBAaeTCsl CHTyallus, KOTJa YKa3aHHOE
BO3MYIICHHE HA CHCTEMy OKa3bIBaeTCs Ha Hamboiee
KPUTHUYHBIH D3J1E€MEHT CHCTEMBL.  AHamU3 >KUBYYECTU
O0OBIYHO TPOBOJUTCS B MHHHMAKCHBIX TEPMHHAX H
CBOJMTCS K aHAIU3Y «y3KHX MECT», WM «MHHUMAIbHBIX
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ceueHnin». OOBIYHO YKMBYYECTh PAacCCMATPUBACTCA Kak
XapaKTePUCTHKA OOJBINNX TEPPUTOPHATBHBIX CHCTEM.

Mepoii KHBydYeCTH OOBIYHO BBIOMPAIOT MOIIHOCTH
MHO)KECTBA 3JICMEHTOB, pa3pyLICHHE KOTOPBIX MPHBOIUT
K TUOEIH  CHUCTEMBI. OmHa W3 BO3MOXHBIX
XapakTepu3aluii  JKUBYYECTH €CThb ~ MHUHHMAJIbHOE
MOAMHOKECTBO, X*, TaKoe, 4To:

X *= min{X: 0 = 0}

rae X ecTb NOAMHOXECTBO Pa3pyIIECHHBIX 3JIEMEHTOB,

a X €CTh OOIIOJTHUTCIBbHOC ITOAMHOXECTBO.

XoTs KHBYYeCTh, BOOOIIE TOBOps, HE SBISIETCS
BEPOSITHOCTHOH ~ XapaKTepHCTHKOH, TEeM HE MEHee,
HHOrJa HCHIOJIB3YIOTCA HCCKOJIBKO ypOBHCﬁ
«BO3MOXHOCTEH BO3HMKHOBEHHS» TOrO WIM HHOTO
BO3MYIICHHA.

Be3onmacHocTh €CTh CBOHCTBO CUCTEMBI,
XapaKTepU3yolIee ec (YHKITMOHUPOBaHHE

(TPOM3BOACTBO TOBApOB, IEHEPALHs 3JICKTPOIHEPIHUH,
TPaHCIIOPTUPOBKA Ta3a U HE(PTEHNPOAYKTOB, M T.I.) Oe3
ONACHBIX MOCHCACTBUH U 4YelOBeKa M OKpPYIKAroIlen
Cpepl. OO6bIYHO ~0e30MaCHOCTb  XapaKTEePU3yeTCcs
MOKa3aTessIMH BEPOSITHOCTHOM MPUPOBI, OIU3KUMH TEM,
KOTOpBIE HCIONB3YIOTCS NPU aHAIM3¢ HaNeKHOCTH. B
HEKOTOPOM CMBICIIEC MOSIBISETCS JBYMEpHas MOJCIIb.

HaanMep, MOXHO C(I)OpMYJ'H/IpOBaTL CJICOYIOIIY IO
ONTUMHU3AMOHHYIO 3a1a4y:
H}Pin {C(lP ): R(qj ) 2 Rrequired ’ C(LP )2 C’required }

rae ¥ ecth KOoHQUTypanus cucteMbl, C — ee CTOUMOCTD,
R - mnokasarenr HameXHOCTH, a S — IOKa3areib
0€30MacHOCTH.

B nocnennee BpeMs 3a1auu )KUBYYECTH M O€301IaCHOCTH
9acTO pacCMATPUBAIOTCS B pPaMKax BEPOSTHOCTHOM
TEOPHHU PHCKa.

3alMIIEHHOCTh CHCTEMBI pacCMaTPUBAETCS 4YacTO B
paMKkax mpo0ieM, CBI3aHHBIX C aHATU30M HaJle)KHOCTH U
0C30MacHOCTH. JlelicTBUTETEHO, MHOTHE CHCTEMBEI
JIOJDKHBI pab0OTaTh HE TOJIBKO HAa/IEKHO, HO JOJIKHBI OBITh
TaKXe 3aIlMIIEHbl OT HECAHKLIMOHUPOBAHHOIO JIOCTYTIA.
MHorue BOCHHBIE, OaHKOBCKHE u TpyTHE
TEIEKOMMYHHUKALIMOHHBIE CHCTEMBI, HUMEIOIIUE JEN0 C
IIpeJeIbHO KoH(UACHINATFHON nHpoOpManue,
HEMBICIUMBI ~ 0e3  ofecredyeHUs]  UX  BBICOKOM
3aIIAIICHHOCTH. B 3TOH CBSI3M BO3HUKAET BOIpPOC:
“Quis custodiet ipsos custodes?” (“KTo cTopoxut camux
cropoxeii?”’)  IlockoibKy paccMaTpuBaeMbIe CHCTEMbI
HEITb3s CUYUTATh (PYHKIIMOHUPYIOUIMMHA HOPMAJIBHO, €CIIH
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3allUTa y HAX HE paboTaeT, BOSHUKACT BOIPOC O «IBYX
HAJIGKHOCTAX» — TEXHUYECKOH ¥ MH()OPMAIIMOHHOM.

Hapesxnocte nporpaMmHoro obecnedyeHusi... 31€Ch
MBI TOJOIUIM K HauboJiee BYCMBICIEHHOMY BOIPOCY B
TEOPUH W TIPAKTHUKE HAJISKHOCTH — TaK Ha3bIBaeMOH
HAJeKXHOCTH MpOrpaMMHOro obecneueHus (codTBipa).
MHOTOKpaTHBIC TOIMBITKH TPUMEHEHHS TpPaJUIMOHHBIX

KOHHGHHI/Iﬁ T€OpUU HaACXKHOCTHU OKa3aJIuCh
OpPaKTHYECKH  OE3yCIEIIHBIMU M TPHUBEIH TOJNBKO K
oTIpeNieNieHHON  Hepazbepuxe. JleiicTBUTENBHO, KTO

MOJKET TOJIKOM OOBSICHUTH, YTO TAKOE «CpPEIHEE BPEeMs
Oe3oTkazHON paboTe» I mporpamMmel? U mpexne
BCET0, YTO MIOHUMATH O] OTKA30M B IaHHOM ciydae?

OTBeT Ha 3TH BOMPOCHI JIGKUT 4Yepe3 JIPyrue BOMPOCHI:
Uro mnoHMMaeTcs TOJ| «HAJIEKHOCTBIO» B Clydae
nmporpaMMHOro obecrieueHus? JlaBaiite paccMOTpUM
OCHOBHBIE = XapaKTepu3allH, TMPUHATBIE B TEOPUHU
Ha/Ie)KHOCTH:

e  ciyyYaiiHas IPUPOJA OTKAa30B

®  3aBHCHUMOCTb IOSIBIICHHS OTKa30B OT BPEMEHHU

®  HE3aBUCHMOCTh  OTHENBHBIX  OTKa30B
BEPOSITHOCTHAS 3aBHCUMOCTD )

(v

C 4eM uMeeM JeJNO Mbl, AHAIM3HUPYS MPOrPaAMMHOE
obecneuenue? Ilpexkne Bcero, OTKa3bl NPOTPAMMHOTO
o0ecrieueH!st HE MMEIOT CIy4alHOH INpupoabl: OHHU
BO3HHKAIOT BCAKUMI pa3, KaK IMOBTOPAIOTCA MOPOJAUBIINEC
HUX YCIIOBHA. B HekoTopoM cMbicie, OTKasbl
nporpaMMHOro obecrieueHust HC ABJIAIOTCA
((O6T>CKTI/IBHI>IMI/I», OHH 3aBHCAT OT BHUAA BBINIOJHIACMBIX
omnepainuii, OT XapakTepa BXOAHBIX [AaHHBIX, HAKOHEI,
Jaxe OT TUIA Tojb3oBaTensd. 1103BobTe MHE CPaBHUTH
OTKa3bl MMPOrPaMMHOI0 OOeCHeYeHHsI C OIedaTkaMu B
kHHTe. JlomycTuM, 4To riaBa | HeKoeH KHUTH CONECPXKHUT
Maccy omuOOK, a BO BTOPOH TJlaBe OMIMOOK HET BOBCE.
OnuH M3 1oJb30BaTeNeil 00paIaeTcss NCKIIOUUTENIBHO K
HepBOfI TJIaB€ M CYHTACT, YTO KHHTA (baHTaCTPI‘IeCKI/I
wioxa. Jlpyroi paboTaeT TOIBKO C TTaBOH 2 M TOBOPUT
BCEM, 4TO KHHUTa IIpeBocxoaHa. Kro u3 Hux mpas?

OTKa3bl TPOrPaMMHOTO OOECIEYCHHsS HE 3aBUCAT OT
BpEMEHH TaK, KaK 3TO MPUHATO TIOHHUMATh: €CIIH BBl HE
WCTIONB3yeTe NpOrpamMMy, OHa HE MOXKET OTKa3aTh!
HaxkoHer, He3aBUCHMOCTb OTKa30B. JIJIs1 KOMITBIOTEPHBIX
OporpaMM HET MOHSTHS BBIOOPKH, BCE MPOrPAMMBI
uaeanbHo penpoaynupyrorces («cloning»).  “3amena”
“oTkazaBmIMX’ mporpaMMm He umeeT cmbicia!  Kakoit
CMBICT 3aMeHATh OJHYy Mommm-Jom Ha IOpyryro
Momm-/lommn ¢ TeMH Jke TEHaMH, C TEMH JKe
00JIe3HAMH, C TEMH K€ TIPOYUMHU CBOHCTBaMHU. ..

IMpobnema  kauecmeéa  KOMIBIOTEPHBIX  HPOTPaMM
HPEICTaBIACTCS NPEASNIbHO BaXHOH, TeM Ooiee ecnu
y4eCTh, 9TO BCE OOJBIIE M OOJIBIIIE COBPEMEHHBIX CHCTEM
3aBUCUT OT 3TOro. Hacrano BpeMs MOCBATHTH PEIICHHUIO
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3TOH IpoO6IeMBbl OOJNbIIE BPEMEHH M CHJI CO CTOPOHBI
NPUKIAIHBIX ~ MaTEMaTHKOB. OIHaKo  TOINBITKH
MEXaHWYECKH PACIPOCTPaHUTh MaTeMaTHUECKUE MOJIEIN
W METOIBI TPaJUIHNOHHON TEOpHH HaJeKHOCTH Ha Tak
Ha3bIBaEMYI0 «HaJEeXKHOCTh IPOrPaMMHOT0
obecrieueHU» MIPEACTABISETCS HE TOJBKO
OecrepCneKTUBHOM, HO M BPETHOH.

Koneuno, B 3Toif HOBOW 00JacTH yXKe MMEETCS MHOTO
MHTEPECHBIX M TOJE3HbIX NyOnukauuid [Myca u 1p.,

1987; CunrnypBaa u YwicoH, 1999]. Opnako B
LEeJIOM, JTO HAampaBJIeHHE eIle OCTaeTcs BechMa
MIPOTUBOPEYHBBIM.

1.3. Ucropus ujieil B TeOpHH HAAEKHOCTU

KoneuHo, pa3Butue TeOpHHM HAJEKHOCTH HA4YajloCh HE
BUEpa. Ilepass BOJHAa  COBPEMEHHOW  TEOPHH
HajzexxHocTu mpokatwiack no CoenuHeHHbiM [llTatam
Awmepuku B koHie 50-X rojoB. BriepBeie cneruamucTsl
M0 TCOPUU M TPAKTHKE HAJCKHOCTH HAYaIH COOpaThCS
Ha KoHdepeHn Mo HaNEKHOCTH, OPraHU30BaHHEIC
HNucturyrom PanuonHxeHepoB (IRE]), KOTOpBIE Cpa3y
e CTaJH PeryJISIpHBIMU (€XKEroAnIHbIMH). [lepBbIi ke
COOpHUK JIOKJIaIOB KOH(epeHINU ChITpai
PEBOIONMOHU3HUPYIONIYI0 pOJb B HH(DOPMAIIHOHHOM
o0MeHe MEeXIy 3KcIepTamu B obmactu HagexHocTH. C
HEOONBIION 3aJepPKKOW IMOJ0OHBIE XK€ KOH(EPEeHUIUH
cramm  cobmpatecst B ObBmieM Coserckom Corose.
IIpaBaa, Te KoHbepeHIHUH OBUTH 3aKPHITHIMH, MMOITOMY
WX BIUSHHE Ha IIAPOKUE HHXCHEPHBIC KPYTrd OBLIO
JIOCTATOYHO OTPaHUYCHHBIM. B OINMpeeneHHOM CMBICIE,
HOATOHSIEMBIE  IICUXO030M  «XOJOOHOW  BOHUHBI» H
COpPEBHOBAaHHEM B 00JACTH BOOPYXKCHHS, 00€ BEIHKHE
JIEpP’KaBbl CTaJIM TOJIFOCAMU PAa3BUTHS HCCIICIOBAHHUNA B
00J1aCTH HAJIEXKHOCTH.

O)IHaKO, HETPYAHO HalTH NpUMEPbI AKTUBHOCTHU B
o0JlacTH HaJeXHOCTH U B OoJiee paHHeM mepuoae. MEl
HAaYHEM C XOPOLIO U3BECTHOTO HCTOPHYECKOrO pUMepa.

B cepeaune 30-x TrOJOB IIBEACKHN WHXEHEP U
MareMaTuk B. BeitOysui, aHamusupys oTKasbl, CBI3aHHEIC
C U3HOCOM MIAPUKOTIOANIUITHUKOB, TPEUTOKHIIT TPOCTYIO
1 yI0OHYI0 MaTeMaTHYecKyl0 MOJENb Ul UX OMHCaHUS,
KOTOpasi M3BECTHA TeTleph Kak pachpezaencHre BelOymma
[Weibull, 1939]. OTO XOpOIIO W3BECTHOE BCEM
pacmpenielieHHe OYeHb YNOOHO, IIOCKONIBKY JiBa €ro
mapaMeTpa — MacmTaba u  (GOpMBI — MO3BOJSIOT
ANMPOKCUMHUPOBATH MPAKTHYECKH JIIOOBIE IMIMPHUECKHE
pacrpeneneHus. Bcekope  Bblaromumiics  pycckuit
MaTtemaTHk b. ['HepeHKko Hamen Tpu Kiacca MpeaebHbIX
pacnpenenenuii [Gnedenko, 1943], oouH W3 KOTOPBIX

1
To3nHee npeobpazoBaHHOE B VIHCTUTYT MH)XEHEPOB 110 3IEKTPOHHUKE
u anexrporexuuke (IEEE).
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COBIamajl ¢ pacmpeineieHneM BeiOyimia. Ot
(yHnameHTanbHbIe pe3ynbTaTthl b. 'HeneHko ObuIM He
MpocToi (MyCTh Jaxe WU TEHUAIBbHOM) JNOTajJIkol: OHHU
ObUTH HAayYHO OOOCHOBAHHBIM CTPOTHUM PE3YJIETaTOM.
MHe mpeAcTaBiseTCS, YTO O3TO OBUI MEepBBI  Imar
MOCIIEIOBABIIIETO PAa3BUTHSI TECOPUH HAIIE)KHOCTH.

Tenepp naBaiiTe BepHEMCS K TOMYy IIOTOKY Hzedl B
TEOPUH  HAJCKHOCTH, KOTOPBIM  XJIBIHYJN  IIOCIE
okoH4anusi Bropoit MupoBoii BoitHbL. [Iatunecarunerue,
Ipolleanee ¢ TeX IOp, OTMEYEHO OIPOMHBIM YHUCIIOM
HOBBIX TEOPETHUYECKHX PpE3yJIbTATOB M HH)KEHEPHBIX
pelIeHu B 00J1aCTH HaIS)KHOCTH.

Bo3MoxkHo, padotsl b. Dmmireiina u M. Cobounst [Epstein,
1960; Epstein and Sobel, 1953, 1954, 1955] okazanu B
CBOC BpeMs HauOonbllee BIWSHHE HA Pa3BUTHE
CTaTUCTHYECCKOI BETBU TCOPUH HAJICIKHOCTH.

J. Jmoiin u M. JlumoB [Lloyd and Lipow,1962]
paccMOTpeN HOBYIO MHTEPECHYIO 33/1a4y B CTATHCTHKE:
OLIGHKA JIOBEPUTENBHBIX TpaHULl JUId IOKa3aTelei
Ha/Ie)KHOCTU CUCTEMY, OCHOBaHHas Ha pe3yJibTaTrax
UCTBITAHUI BXOIAIIUX B Hee 3i1eMeHTOB.  [lepsblii
CTPOTHI pe3yNbTaT B 3TOM HANPaBICHHH OBUI HONyYCH
P. Mupueim u A. ConoBweBoiM [1964] mns cmyuas
0e30TKa3HBIX UCHBITaHUH. WX MOJEnh COOTBETCTBOBaIA
MOJIENTN «HAWCIA0CUIIero 3BeHa». 3aTeM HEKOTOphIe
pesynpTatel Obiin momydeHs! 1O. BenseBeim [1967],
KOTOpBIH npeioxun Meroq Monre Kapno mis obuero
ciydast. Bonbiioe  4mciio HOBBIX  aHAIUTHYECKHX
PE3YABTATOB AJS PA3IUYHBIX CIIy4aeB OBUIO IMOIYYEHO
H. IlaBnoBEIM [1972, 1974, 1976, 1982; cm.Takxe
Gnedenko, B.V., I.V. Pavlov, and [.A. Ushakov, 1999] u
npyrumu  [bensieB,1968; benseB u np., 1967; Cynaxos,
1974; Teckun, 1969].

HyxHO 0CO00 OTMETHTH, HYTO pa3BHTHE TEOPHH
MaccoBOT0 OOCITY>KUBAHUS, U B IEPBYIO OUYEPEIb, paOOTHI
A XunuuHa [1963] u b. I'nenenxo u Kosanenko [1966,
1987], chIrpano CBOIO pPELIAIOLIYI0 POJIb B Pa3BUTHU

AHAJIUTUYCCKUX MCTOIO0B aHajiu3a CUCTEM C
BOCCTAHOBJICHHUCM. Hcnons3oBanue MapKOBCKHUX
IponeccoB IIOJIOXKHIIO Hayvalio MMPaKTUYECKOMY

OIICHUBAHUIO CHUCTEM C BOCCTaHOBJCHHEM [['HemeHKo,
benses, ComoBreB, 1966; Ko3znoB u Ymakos, 1966,
1975].

Muoro paboT ObUIO TOCBSIIEHO AaHAIHU3Y CIOKHBIX
CHCTEM C Jerpajanueil kadecTsa QYyHKIMOHUPOBAHUS 32
CYCT «YACTHYHBIX OTKa30B». CyIIECTBCHHBIH TOIYOK
Pa3BHTHIO O3TOr0 HAmpaBicHUs ObUT JaH paboramu
[Birnbaum, 1969; Birnbaum et al., 1961; Birnbaum and
Esary, 1965; Esary and Proschan, 1963].

B Poccun Gnuskue mo ayxy pabOThl HOCHJIM Ha3BaHHE
OLCHKH 3()eKTHBHOCTH (DYHKIMOHHUPOBAHHS CIOXKHBIX
cucreM [Ymakos, 1960,1966; JIzupkan, 1974; Gnedenko
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and Ushakov, 1995;]. JleWicTBUTEIBHO, BpSA JIH
CITOXKHYIO cHucTeMy MOXHO XapaKTepU30BaTh
NIPUMHTHBHBIMH OUHAPHBIMA KPUTEPHSIMHU

paboTOCTIOCOOHOCTH THTIA «/Ta-HET.

3ameTnM, KCTAaTH, YTO BCE YIOMSHYTHIC BHINIE HICH
OlmeHKH  A(PQGEKTUBHOCTH IO  CYIIECTBY  TOJBKO
Pa3BHBAIOT OCHOBHYIO HICIO, BRICKa3aHHYIO €IIle B TOJBI
BoitHel  A.H. Komnmoroposeim [1945], korma oH
aHAJIM3UPOBAlT BEPOATHOCTb IOPAKEHUS BPAXKECKUX
CaMOJIETOB 3¢HUTHBIM OT'HEM.

IlepBble cTATHH MO ONTHMAJILHOMY Pe3epBHPOBAHUIO
ObLIM OMyO0JMKOBaHBI emle B cepeaune S0-x romos
[Moscowitz and McLean, 1956]. C HbIHemIHUX
no3ulMii  Te  CTaTbM  BBILIAIAT  HECKOJIbKO
HaAauBHBIMHU, OJAHAKO HEJb3f HE 3aMETUTh, YTO OHH
OblIM TMepPBbLIMH JACTOYKAMH B 3TOM Ba:KHOM

NMPAKTHYeCKOM HANPABJICHHMM TEOPHMH M NPAKTHKHU
HA/eKHOCTH. IlepBbiii  cTporuii  ajaropuT™M
NPUMEHHTEJIbHO K 3aJaYyaM HaJAe:KHOCTH  ObLI

noiayyer P. Besuimanom u C. [JIpeiidgycom [Bellman
and Drejfus, 1958]. Opnako Toabko /. Kerrema
[Kettelle, 1962] nperoxui 3¢ dekTuBHbII
NPAKTHYECKHUIl AJITOPUTM pelleHUs ITOH BasKHeHIeH
NPaKTUYeCKoi npodaembl (cM. uzno:xkenue B [Koziion
u YmakoB, 1966, 1975] m B [Hage:xxHocTh
TexHn4Yeckux cucrem: CnpaBoyHuk, 1985]).

Xors 310 OBUTA JIMIIBL MOOU(UKALHUS —aNrOPUTMA
JMUHAMHUYECKOTO  MPOTPAMMHUpPOBAHUS, WMEHHO JTa
paboTa mpuBela K ITUPOKOMY BHEAPECHHIO METOMOB
ONTHMAIBHOTO O0ECHECYCHHs 3aIlaCHBIMU JJIEMCHTaMH B
MPAKTHKY.

Cronp xe BaxHOW Obuta m pabora JIx. bmxa n @.
IIpomana [Black and Proschan, 1959], B koTopoii Oblia

CTpOro 000cHOBaHA MIPUMEHUMOCTD MeToaa
HAMCKOPEHILIEro CIIyCKa.
HanpHeiee pa3Butue METO/IbI ONTHUMAIBLHOTO

pe3epBUpOBaHKs MONy4Ydian B padorax [Proschan and
Bray, 1965; Vmaxkos, 1966; Tillman et al., 1980;
Gnedenko and Ushakov, 1995].

JlokazaTenbCTBO NIByX MPENENbHBIX TEOPEM B TEOPHH
MIPOLIECCOB BOCCTAHOBJICHHS (PEKYPPEHTHBIX TOYCYHBIX
IPOLECCOB) CHITPATO pEIIAIONIYI0 pPOIb B  Pa3BUTH
TEOPHH HAJIS)KHOCTH BOCCTAHABIMBAEMBIX CHCTEM. A.
Penbu [Renyi, 1956] chopmymupoBai U goKa3ai TeopeMy
ACHMIITOTHYECKOTO «Pa3pexeHUsD» TOYEUHOTO TIOTOKa, U
torga ke I'. OcockoB [1956] nmokazam Teopemy 00
ACHMITTOTUYECKOM TMOBEJCHUU CYNEPIO3UIIUH TOYCUHBIX
norokoB. Ilozke HO. benses [1963], I'purenmonuc
[1963] u U.TToroxes [1964] 0600mmIM 3TH pe3yIbTaThl.
OTH aCUMITOTUYECKUE TEOPEMBI TO3BOJISIOT IMTOCTPOUTH
MPaKTHICCKU yIoOHBIC WH)KCHEPHBIE METOJIBI
MPUOIMDKEHHOTO aHaIHM3a CIOKHBIX BBICOKOHAIEKHBIX
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cucteM ¢ BoccranoBienneM [Gnedenko and Ushakov,
1995].

Pesynbratel [I. Kokca B TeopuM TOUYEUHBIX CIydaiHBIX
npoueccoB [Cox, 1962; Cox and Isham, 1980] okazamu
CYIIECTBEHHOE  BJIMSHHE HAa  Pa3BUTHE  TEOPHH
HAJIeKHOCTH, OTKPBIB HOBBIC ITyTH UCCIIEOBAHUSL.

b. T'uenenko [1964a, 1964b] Obul MEepBBIM, KTO Hadal
pa3pabaThiBaTh ACHMITOTHYECKAE METOABI aHaIH3a
CHCTEM C BOCCTAaHOBJICHHEM elle B Hayane 60-X rojos.
O  paccMmoTpen  QyONHpPOBaHHYIO  CHCTEMY  C
HEHAarpy>)KCHHBIM W HCHarpy>XCHHBIM  pPE3epBOM  H
MOKa3all, YTO ACUMITOTUIECKOE pacipeesieHHe BpeMeHH
0e30TKa3HOW  pabOTBI  TaKUX  CHCTEM  SIBIIAETCS
9KCTIOHCHIMALHBIM W HE 3aBHCHUT OT paclpeleiiCHHS
BpEMEHH BOCCTAHOBICHHS (€CIH 3TO BpeMsl B CpeIHEM
MaJI0 TI0 CPaBHCHHIO C HapabDOTKOW Ha OTKa3). OTH
nepBble PabOTHl OTKPBUIH HOBOE HAIPABICHUE B TCOPUH
HaJE)KHOCTH, KOTOPOE 3aTeM VCIEIIHO pPa3BHBalM, B
nepByto ouepens, M. Kopanenko [1967; 1975;1980] u A.
ConoBbeB  [1968, 1970; cm. Takke ['HeaeHko U
CoJOBBEB, 1974, 1975]. Cefiuac  MeTOMBI
ACHMITTOTHYECKOTO OICHUBAaHUS HAJESKHOCTH IIHPOKO
WCTIONB3YIOTCS JIJISl aHAJIM3a BBICOKOHAIE)KHBIX CIIOKHBIX
cucteM ¢ BoccranoBiienueM [Gnedenko and Ushakov,
1995].

WHTepecHbie HIEU arperupoBaHus COCTOSIHUIL
MOTyMapKOBCKMX TIPOLIECCOB C MNPUMEHEHUSIMH K
3aJadaM  HAAEXKHOCTH  OBDIM  TpeioxKeHsl  B.

Koponrokom u A. Typ6uneim [1978, 1982], a 3arem
pa3BuTsl B psane pabor [Korolyuk and Korolyuk, 1997;
[TaBnoB u Ymakos, 1978]. WHTepecHble NPUIIOKEHHUS K
HAJIGKHOCTA cojepkarcs B paborax B. AnucumoBa
[Anisimov, 2000]) u [I. CunbBectposa [1976].

B xonme 40-x romoB JxoH ¢on Heliman mnpuMeHHT
cTaTucTH4Yeckoe MojenupoBanue (Metoq Monrte-Kapio)
JUTS. BBIYHCIICHUS MHOTOMEPHBIX HMHTETPAJIOB MO BechMa
3aMBICTIOBAaTHIM 00JACTSIM MHTETPUpPOBaHUs. Bckope ata
TEXHHKA CTajia MCIOJIb30BaThCS JJIs YMCICHHOTO aHAlIN3a
CHCTEM MAacCOBOTO OOCTYXMBaHUS, BKJIIOUAsh M aHAIN3
HaJIC’KHOCTH CHUCTEM C BOCCTAHOBIIEHHWEM. B 3Toil cBs3mM
clenyer B IIEPBYIO O4Yepeab OTMETHTh paborel H.
bycnenko u ero yuenuko [1968; cm. takxe Bycnenko,
KanamaukoB u  KoBanenko, 1973], a Takxke P.
Py6uncreitna [Rubinstein,1981].

B navane 50-x romoB E. Myp u K. llleHHOH my0iaHKyrOT
CBOIO 3HAMEHHTYIO CTaThl0 IO AaCHMITOTHYECKOMY
aHaJIN3Y HaJeKHOCTH JBYXIIOMIOCHBIX ceTeil [Moore and
Shannon, 1956]. OnHm moka3ayy Tak Ha3pIBaeMyro S-
00pa3Hyl0  3aBHCHUMOCTb  HaJEXKHOCTH CETH  OT
HaJe)XHOCTH ee 3neMeHToB. IlosnHee, B koHme 60-x
ronoB P. bapnoy u @. Ilpoman mony4unan BEpXHIOK U
HIDKHIOIO OLICHKH IS NPOU3BOJIBHBIX JIBYXIOJIOCHBIX
cereii [Barlow and Proschan, 1965, 1975]. OTu rpaHuisl
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BBIPOKAINACh YepeX TMOJHOE MHOXECTBO MyTed |
paspe3oB rpada. 3areM MOSBUWINCH BEPXHSS U HIDKHSSA
onenku JlutBaka-YmrakoBa [YmakoB u JlutBak, 1977;
Gnedenko and Ushakov, 1995], ocHOBaHHBIE Ha
HCTIOJIb30BAaHUH peOepHO-HENepeceKaloXcsl myTed Hu
pa3pe3oB rpada. B ompemeneHHOM CMBICIE MOCIEIHUE
TpaHUYHBIE OLEHKH SBISIOTCS O0ee KOHCTPYKTUBHBIMH
JUTS TIPaKTUIEeCKUX TpWiIokeHuid. Paboter P. Bapnoy u
®. Ilpomana oxa3amu Takxke BiAMAHUE U Ha M.
Jlomonocosa® u B. TTonecckoro [1971, 1972].

P. Bapnoy, K. lepman, JI. Xantep u @. Ilpoman Osimn
MEPBBIMH, KTO YIETWI Cephe3HOC BHUMAaHHE 3a/iadaM
TeXHH4YecKoro oocyxusanus [Barlow and Hunter, 1960;
C. Derman, 1963; Barlow et al., 1963]. K coxanenwuro,
9TH METOJBI, Pa3sBHUTHIC B JalbHEHIIEM B H30IIPECHHEIC
MaTeMaTHYEeCKHe MOJEIN BCE €lle He JOCTUIIIM yPOBHS,
MIPUTOTHOTO JUIS TIPHMEHEHHs Ha IPaKTHKEe (BO MHOTOM
Omaromapsi HEXBaTKH HEOOXOMMUMBIX HCXOJHBIX JaHHBIX).

P. Bapnoy u ®. [Ipoman [Barlow and Proschan, 1965,
1975] BBenmu B paccMOTpeHHE BechbMa HPOLYKTHBHYIO
UJICI0 pa3eleHHs paclpe/ieicHHii BepoATHOCTEH Ha
«CTaperomme»,c BO3pacTaroIen byHKIMEH
WHTCHCUBHOCTH, ¥ «MOJIOJICIOIINX», C YOBIBAIOIICH
(yHKIMEl! HTHTEHCHBHOCTH. DTO OTKPBUIO ITyTH aHAIH3a
HA[ISKHOCTH, WHBAPHAHTHBIC THUIy paCHpPEIClCHUS H
3aBUCAIIME TOJBKO OT KiIacca, K KOTOPOMY JaHHOE
pacmpesiesiecHie  OTHOCHTCSL. (ITocnennee  jerko
dbopmynupyercss Ha  6a3e  (HU3MYECKMX ~ CBOWCTB
TEXHUIECKOTO U3JICIIHSL. )

Beenennwiii 5. Ddponom [Efron and Tibshirani, 1979]
OBICTpBIf MeTOJ cefuyac INIMPOKO HCIONB3yeTCs B
NPHUKIAIHON CTaTHUCTHKE. OnmHO W3 MHTEPECHBIX
MPWIOKEHUH JUIS JTOBEPUTEIBHON OIEHKH HAIEKHOCTH
CHCTEMbl Ha OCHOBaHMM HAJEKHOCTH DIJIEMEHTOB
npuBoautcs I'. Mapuem n b. [ropanom [Martz and
Duran, 1985].

Takoe Ba)XKHOE HAIIpaBJICHHE B TEOPHU HAICKHOCTU KaK
YCKOPCHHBIC HCIIBITAHUS, BO3HUKIO MHOTO JIET Ha3aj
[Miner, 1945; Censxun, 1966; I'epiidax u KopaoHckwid,
1966; Ileppore u ap., 1968].  Homaropckas pabora
Kokca [Cox, 1972], kacaromascs NpOnoOpIHOHAIBHON
CIIy4aliHOI MOJeNH, OKa3ajla CBOE BIIUSHHUE HA Pa3BUTUE
TEOPUU YCKOPEHHBIX UCIBITAaHWH. B mocnemHue ronsi
mpou3omien OyKBaJbHO CKa4OK B OTOM HaNpaBJICHUH.
Cpeny HOBBIX KHHUT 3acCiIyXHBAaeT OCOOOr0 BHUMAaHUS
kaura Y. Hemscona [Nelson, 1990], craBmas
HACTOJBHON KHHUTOM WHXKeHepa-ucmbITaTens. OTmeTuM
TaKKe W JIPyTME MHTEpecHbIe paboThl B 3TO# 001acTu
[Cox and Oaks, 1984; Lawless, 1986; Crowder et al.,
1988]. Muxkep u Dckobap [Meeker and Escobar, 1999]

? He mytaTh ¢ Muxaiino BacunseBiaem JIOMOHOCOBBIM
(1711-1765) !
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pa3BWIIM HOBBIA KJIacC MOJENEM,
MOJICJH JIerpaJalivu.

TaK Ha3bIBACMbIC

HurepecHsle pe3ynbTaTel MOKHO HaiiTh B [Shaked and
Singpurwalla, 1983;  Sethuraman and Singpurwalla,
1982]. H. Cuarmypsamna [Singpurwalla, 1995]
MPUIOKWII HOBYIO MOJENb Jerpajallui, YYUTHIBAIOIIYIO
BO3JICICTBHE  OKpY’Karolledl  cpenbl. Mopenu
YCKOPEHHBIX WUCTIBITAHUI ¢ HAarpy3KamHu, 3aBUCSIIAMA OT
BpeMeHHu, paccMoTpenu B, barmanasuu m M. Hukynun
[Bagdanavihius and Nikulin, 1997]

B mocieaHue TOABI MOSIBIJIOCH MHOTO HWHTEPECHBIX
nyOnukanuii mo 0allecOBCKUM METOJaM B HaJeKHOCTH:
H. Mans u nap. [Mann, Schafer and Singpurwalla, 1974],
I'. Mapu u b. [iopan [Martz and Duran, 1985], B.
CaBuyk [1989]. Dtu MeroApl MOryT NPHUBECTH K
KOHCTPYKTHBHBIM  croco0aM — arperami  JaHHBIX
Pa3HOPOAHBIX  HWCHBITAHWUH,  ONEHKH  HAJE)KHOCTH
YHUKAIBHBIX H3[EIHI 110 UX IPOTOTHIIAM H T.II.

* %k %

DTH KpaTKUe 3aMETKH, KOHEYHO JKE€, HE CMOTJIM OTMETHUTh
BCEX TeX, KTO BHEC 3aMCTHBIN BKJIAJ] B Pa3BUTHE TCOPHU
U TMPaKTUKH HAJEKHOCTH. ABTOp IOMBITAJICS JIHIIb
clenath KpaTkuii 0030p wWIell B 00JIacTH TEOpUH
HAICKHOCTH, XOTS © 3[eCh YHUTATEIb MOXET HaHTH

CEpBE3HBIC  NPOPEXMU. Kaxnpiit monumaer, 4TO
mogo0HOTO  poxa o0030pBI  BCerga  CTPagaroT — OT
aBTOPCKOTO  CYOBCKTMBH3MAa W CTEINCHH  €ro

KOMITETEHTHOCTH. bojiee TOro, 5To 3ajaya JOCTATOYHO
HeOarojapHas — MOYKHO IOTEPATH JAPYy3€l, KOTOPBIX
3a0bUT BCITOMHHTE.

1.4. B 6ypHOM noToke my0JauKanuii Mo HAeKHOCTH

C MoMeHTa OypHOTO pacIBeTa TEOPHH HAJIC)KHOCTH
MPOM30IIIa OIHA TPEBOXKHAS INTYKA: HAC 3aXJICCTHYJI
OyKBaJbHO IIKBaJ MyOJIMKAaLMHA: COTHU HOBBIX KHHT,
THICSIYM HOBBIX cTaTeil... XOpOWIO JH 3TO WM ILI0XO0?
Xopomo, MOTOMYy UYTO 3TO TOBOPUT O TIIyOOKOM
MPOHUKHOBCHUU WM HAJEKHOCTH B  «HAPOJIHBIC
Maccel». Ho craHoBuTcs nu Hama mpodeccrHoHaTbHAs
JKU3HBb JIerde TO0f J3TOH JaBHHOW uHpopmanuu? He
HATIOMHHAET JIM 3TO CHTYaIlUI0, KOTJa MOIMPOCHBIIETO
HamuThCS OpocailoT B 0e30pexxHoe W OE3AOHHOE 03epo
(baiikan, Haripumep)?

JlaBaiiTe BCIIOMHHUM TOJIKO CaMble CYIIECTBCHHbIE
MyOJIMKAINK B 00JTaCTH HaIEKHOCTH.

OmHOM W3 TMepBBIX YOaYHBIX KHAT 10 TEOPHH
HajgexxkHoctH Oputa kHmra M.Bazosckoro [Bazovsky,
1961]. Dta kHura Oblma mpocTa, MHGOPMATHBHA H
WHCTPYKTUBHA.
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Crnenyromeil 3HaYMTENbHOM U BEChbMa COAEP)KaTEIbHOM
kHuroi Obuia kuura Jl. Jinoiga u M. Jlumosa [Lloyd and
Lipow, 1962]. Ota xaura OblIa HalOJHEHA MHOXKECTBOM
HMHTEPECHBIX UJEH U OPUTHHAIBHBIX PELIEHUI.

HctuHHYI0 peBONMIONMIO (B IOJOXKHUTEIHHOM CMBICIIE,
KOHEYHO) Mpou3Beno nosieinenue kaur b. I'nenenko, 1O.
bensea u A. ConosseBa [1965] u P. bapioy u .
[pomana [Barlow and Proschan, 1965]. Ponb 3Tux nsyx
IIPEKPACHBIX KHUI TPYAHO IepeoleHuTs. B mepsoil u3
HUX  COJEpKaJoCh  MHOTO  HOBBIX  HHTEPECHBIX
PE3yIBTATOB, KACAIOUINXCS pacyeTa HaJe>KHOCTH CHCTEM
C  BOCCTAaHOBJIEHMEM  (BKJIOYas  aCUMIITOTHYECKHE
METOABI), CHEeUUAIbHBIE METOAbl aHaluu3a MOJEBBIX
JIAaHHBIX O HAJEKHOCTH, a TakKe IpYrHe BaXKHbIE B
WH)XCHEPHOM CMBICJIC 3ajavd. Bropas KHUra BBeja

KOHIICIIIUIO MOHOTOHHBIX CTPYKTYD u ux
BEPOSITHOCTHOTO  aHa/lW3a, IPUBENa  HMHTEPECHBIE
HCCIIENIOBAHUS  PACNpeNe]ICHU a BO3pacTalolled M
yOBbIBaromIen HMHTEHCUBHOCTAMU OTKa30B,

CHCTEeMaTHYEeCKH pPaccMOTpeNia 3a/ladydl  ONTHMAaJIbHOTO
Pe3epPBUPOBAHUS U ONTUMAJTIBHBIX MPODOUIAKTHK.

MOKHO ¢ HOJHBIM OCHOBAaHHMEM CKa3aTb, YTO JTH JBE
KHUTH 3aJI0KWJIM TPOYHBI (DYHIaMEHT COBPEMEHHOM
TEOPUHU HAJEKHOCTH. A HUMH TOCICIOBAIN KHUTA TIOJ
penakuueii b. ['nenenko [1983] u xuuru P. Bapnoy u ©.
[pomana [Barlow and Proschan, 1975; Barlow, 1998].

B 1966 O6bin onyGnukoBan CnpaBounuk [Ko3inoB u
VYurakoB, 1966], kotoperii Ob1 mepeBenen B CIIA
[Kozlov and Ushakov, 1970], a 3areM HEOIHOKPATHO
nononssicss u mepeusnaBaicsi B CCCP [KosnoB u
VYmakos, 1975; Ymakos, pen., 1985], obenx 'epmannsx
[Kozlow und Uschakow, 1978, 1979], YexocmoBakuu
[Usakov , ed.1989] u CIIIA [Ushakov, ed., 1995].

IMoTOK W3MaBacMbIX KHHI BO3pacTaeT OyKBaJIbHO
9KCIOHCHIIMAIBHO, OJHAKO HEKOTOPHIC U3 HUX CBEPKAIOT
TaK SPKO, YTO HE OOpaTUTh Ha HUX BHHMAHHE IPOCTO
HeBo3MOXkHO: [Mann,Schafer and Singpurwalla, 1974;
Kapur and Lamberson, 1977; Gertsbakh, 1977; Tillman,
Ching-Lai and Kuo, 1980; Lawless, 1982; Nelson, 1982;
Beihelt and Franken, 1983; Getsbakh, 1989; Voinov I
Nikulin, 1993; Viertl, 1996; Birulini, 1997; Kovalenko,
Kuznetsov and Pegg, 1989].

Hexotopele xmurn (mampumep, [bomormn, 1971;
Pynenko n Ymrakos, 1989] ) moryT OBITH yIOMSHYTEI,
Kak KHUTH  cO  Clenuduieckodl  mpoOieMHOMN
OopHeHTanuell  (MEXaHWYeCKHE CHCTEMBI, CHCTEMBI
SHEPTETHKH).

OpHAKO HAWTH CTOSIIME KHUTH B HBIHEIIHEM IIOTOIE
JATEpaTypHl 110 HA/IS)KHOCTH CTAHOBHUTCS BCE TPyIHEE H
TpynHee... IHorma make co3maercsl BIIEYATIICHHE, UTO
Kakoro-mibo oTbopa pykomuced Ui MyONUKaluu He
MIPOM3BOJIIIICS BOBCE: H3IATEIHCTBA IMPOCTO «3AITHOArOT



editorial

Reliability: Theory & Applications

No.1, January 2006

IeHpry». HeoOxomumo opraHuzoBath Kakoi-To Popym
CIIEIUAIUCTOB 10 HAJEKHOCTH, KOTOPBIA ObLT Obl
CIOCOOCH OCYIIECTBIATh YECTHYIO H JKECTKYHO OICHKY
MyONUKauii B PEryJsIpHO M3JaBaeMOM 0030pe HOBBIX
nyOnmuKanuii. B mpoTHBHOM ciydae, HOBOE IOKOJICHHE
CHENHANIMCTOB TI0 HANEKHOCTH TOTEPSIeT  BCSKYIO
OpHEHTallMI0 B H3TOM Mupe. llopa yxe KpU4YaTh:
«S.0.8.!!! Save Our Science!» (“Cnacute Hanry Hayky!”)

1.5. IIpob6aemsl, oxuaa0IKE PellIeHUs

«Hcropuss  yudT Hac, 4YTO HayKa pPa3BHBaeTCA
HEeNpepbIBHO. MBI 3HaeM, 4TO Ka)/10€ NTOKOJIEHHE HMEET
CBOM COOCTBEHHBIE 3aJaud, KOTOpbIE MOCIEAYIOLIIE
MOKOJICHUSI FJTU PEIIAIOT WK K€ BOBCE O HUX 3a0BIBAIOT,
Kak O HE HMEIOIIMX I[EHHOCTH, 3aMEHSS HX HOBBIMU
3a/la4yamMi.» OTo 1uTara u3 sekuuu JaBunga 'miasOepra
«Maremarmdeckne mpoOiemMsl», mpountanHoi B 1900
roxy. ['mnbGepr roBOpWJII O «4YHUCTOW» MaTEeMaTHKE,
0J/IHAKO Te ke clioBa — gaxe cmycts 100 jer — ocratorcst
CIpaBEe/IMBBIME JIJIsl TIPUKJIATHOW MATEMaTHKH, B TOM
YHUCJIe TAKOW €€ BETBU KaK TEOPHUS HAJIEKHOCTH.

IIpomenmee cronerne OBLIO OYEHb MPOAYKTHUBHO IS
TEOpPHH HAJIS)KHOCTU: OOWIINE HOBBIX HJEH, MHOXKECTBO
MOJIE3HBIX PE3YyJbTaTOB, WHTEPECHbIE MPAKTHUYECKUE
MpuIoKeHus... IHoraa pa3garoTcst rojioca, 4YTo HacTyTIHIT
4yThb JM HE KpPU3UC B TEOPUU HAJNEKHOCTH M €€
npuioxkeHusx. Jlydmumii oTBeT Ha Takue COMHEHUS
COJICPIKUTCS B YK€ YITOMHHaBIIEHCs Jiekuuu [ nunsoepTa!

VmxeHepHas  Teopuss  HaJEKHOCTH  HANOMHHAET
MemunuHy. Pa3Huma Jumb B 00NAcTAX NPHIOKCHHUS:
TEeXHUYECKasl CUCTEMA M YeJIOBEUEeCKoe Teno. MOXKHO I
NpeCTaBUTE cebe, YTO MeAWIMHA mcdepraet cebs?!
Kak rosopun Mapk Tsen: «Cayxu o Moeil cmepTu
OKa3aJIMCh CHIIBHO ITPEYBEINICHHBIMI.

JleficTBUTENBEHO, HMMEETCsl MHOTO BaXXHBIX — HpoOIieM,
KOTOpBIE OXXHAAIOT CBOETO pemeHus.  [lepeuncimm
HEKOTOpBIE U3 HUX.

e «Hage:xkHOCTL NPOrPAMMHOIO o0ecredeHHs.
HeBakHo, kak Mbl OyneM HasblBaTb 3Ty
po0IeMy, KOPPEKTHO JH CaMO TaKOE Ha3BaHHE:
npobremMa  cymecTByeT M Impobnema 3Ta
apXHUBaXKHasl. Pa3paboTka KOHCTPYKTHBHOM
TEOpUH KauecTBa cO(TBIpa BHE IPOKPYCTOBA
J0Ka TPaAUIMOHHONM TEOPUM HAIEHKHOCTH —
Ba)KHAsl ¥ HHTPUTYIOLIAs 3a/a4a.

e «Yesopeyecknii (akTop» B HAJEKHOCTH.
JIbBUHAS OIS OTKA30B B CUCTEMAX C aKTUBHBIM
ydacTHeM Jrofell cBf3aHa C  omIMOKaMu
00CITy)KMBAOIIET0 TepcOoHana (aBHALMOHHBIC
aBapHH, KaTacTPo(sl HA aTOMHBIX CTAHIMAX, U
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T.11.). B oTimame ot o6opynoBaHms, UeIOBEK HE
MOXKET OBITH OITHCaH HPOCTBIMH
BEPOATHOCTHBIMH MOJEISIMH, XOTSI HEKOTOpHIE
OIlepaliyl U HOCAT MOBTOPSAIOMIMICS XapakTep.
A KakoBO  IIOBEJICHHE YelioBeKa B
HKCTpEMANbHBIX cuTyanusax? ScHo, 9To U 31ech
TyIoH NepeHOC METOJOB COBPEMEHHOII Teopnu
HaJeXXHOCTH oOpedeH Ha mposan. [IpoGmema
JKIET HOBBIX M KOHCTPYKTHBHBIX METOJOB
CBOETO PEIICHUS.

AHAIN3 HATEKHOCTH YHHKAJIBHBIX H3/JeJIMid.
HecmoTpss Ha Haml MHAYCTPHAIBHBIA BEK, IJIE
MIOYTH BCE MPOU3BOIUTCS B JIECATKAX M COTHAX
TBICSY 9K3EMIUISIPOB, Mbl HAaOJIOJaeM CO3JaHHe
YHUKaJIBHBIX €IMHUYHBIX 00pa3LoB:
KOCMHYECKHE ammaparsl, OTPOMHbIEC IUTOTHHEI,
SIepHBIC PEaKkTOpbl, U T.J. Bce 3TH 0OBEKTHI
BBITIOJTHSIOT HpeseIbHO OTBETCTBEHHBIE
GyHKIMU, a TOTOMY JOJDKHBEI OBITh MpENeNbHO
HaJeKHBIMHA. OOBIYHO TakWe HOBBIC W3/CIUS HE
NMEIOT KaKWX-THOO MpPOTOTHIIOB, y HAc HET
HUKAaKOrO ONbITa II0 CO3JaHHUI0 IOJO0OHBIX
n3gemuit... Kak onenuts ux HagexHocTs? B
Kakux TepMuHax? Kak omeHHTh HJOCTOBEPHOCTH
HO/IOOHBIX OLIEHOK?

I'no6anbHbIe TeppUTOPHAJIbHBIE CHCTEMBI.
Bce Gonblre u 0oJblIe CHCTEM INPEACTABISIOT

coboit OTPOMHEIE TePPUTOPHATIEHO
pacrpe€aci€HHbIC KOMIIJICKCHI: 9TO u
TCJIICKOMMYHUKAITUOHHBIC CCTH, )4

TpyOOIPOBOABI [T MEePEeKauKu ra3a U HeTH, U
JJIEKTPOIHEPreTHUeCKre Ieperaun, U BOSHHbIE
cucreMbl. [lomOOHBIE CHCTEMBI, ISl KOTOPBIX
JlKe ~ caMO  ONpeleNieHHe  Halle)KHOCTH
(YHKIMOHUPOBAHUSI — TPEACTABIIECT  BEChMa
HETPOCTYIO 3agauy, KITYT pa3BUTHSA
CHELMAIIBHOTO ammapara Uil HUX aHauu3a |
OIICHKH.

TejieKOMMYHUKALHOHHbIE ceTH.
CraHgapTHBIA aHATU3 HAJIE)KHOCTH TaKUX CeTeH
CBOIUTCS OOBIYHO K aHamM3y CBS3HOCTH.
OpmHaKko ceTh WMEET KaHajbl C pa3InIHON
MPOMYCKHOM CIIOCOOHOCTBIO, OYEHb MHOTOE
3aBUCUT oT MIPOTOKOJIOB nepeaayu
WHPOpPMAIINH, CaMH KPHUTEPUU YCIEITHOCTH
(DyHKIMOHUPOBAHUS TEIEKOMMYHHUKAIMOHHBIX
ceTel YacTO OCTaroTCS HEONPEIeICHHBIMH.
[Toutn oueBHMIHA HEOOXOAUMOCTH CHUMOMO3a
TEOPHHM HAAEKHOCTH C TEOpHed MaccoBOTO
00CITy)KHBaHUS B KAKOM-TO HOBOM KadeCTBE.

CrarucTuueckoe MojeJimpoBanue (MeToJ
Mounrte-Kap.Jio). Craructuueckoe
MOJICTIMPOBAHUE, SIBILIFOLIICECS OYCHBb

BQ)(beKTHBHBIM CpCACTBOM aHaJIM3a pa3IMYHbIX
CJIOKHBIX CHCTEM, OCTAC€TCA IIOKa HCKYCCTBOM,
OBJIQJIEHHE KOTOPBIM MOJA  CHJIYy  TOJBKO
npodeccHuoHanaM B JaHHOW  0OOJacTy.
BO3MO)KHO, CO3JaHUC TIPOCTBIX U JOCTYITHBIX
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“user  friendly”)  chernMaigbHBIX  SI3BIKOB
BBICOKOT'O YPOBHSI IOMOXET 0ojee IUPOKOMY
BHEPEHUIO METOIOB CTaTUCTHYECKOTO
MOJICTTUPOBAHNS B MHXKCHEPHYIO MPAKTHKY .

e PaspuBalomuecsi CHCTEMBI. Eme onna
HHTpUTYyIOmas chepa — aHANN3 HAASKHOCTH
pasBuBaromuxcs cucteM. Kak wncnoinp3oBaTh
TEKyIIyl0  HWHQOpMAIMI0 O  HAASKHOCTH
(hYHKIIMOHUPOBAHUS CHUCTEMBI JIJIsl yIPaBICHHS
npoueccoM ee pasButusa?  Kak yuectp B
TEKyIEM IIPOEKTHPOBAHUHT Oymymrme
W3MEHEHUsI B  CIPYKType M B  caMoi
KOMILIEKTauuu cucteMbl? Kak crpoekTupoBaTth
CHCTEeMy TakuM o0pa3oM, dYTOOBI TeKyllee
ONTUMAJbHOE pEIIeHHe He BCTYNWIO OBl B
MPOTHBOpEUre ¢ TpeOyeMbIM ONTUMAJIbHBIM
pereHreM Ha CIIEyIOIIEM Jrarne
pa3BOpavMBAHUS CHCTEMEI

e MHepapxuyeckue CHCTEMbI 3alIaCHBIX YacTei.
Haxo)keHHe onTHMaNbHOTO COCTaBa 3alacHBIX
JJNIEMEHTOB JJISI OTJENBHO B3SITOM CHCTEMBI —
3aja4a  XOpOIIO W3BECTHasI M B  00meM
pemenHass. OpmHaKO pelIeHHe 3TOW 3a1adu Uit
HepapXuIecKoi CHUCTEMBI CKJIaJIOB
(LIeHTpaNbHBII, pErHOHANBHBIC, JIOKAIBHBIE)
3allaCHBIX DJJIEMEHTOB CO CHEeHU(UIECKUMH
MpaBUIaMU IMOMOJHEHHUsI CKIaJ0B U IOCTaBKH
3alacHBIX JeTajell ITOJIb30BATeIsAM elle IIIeT
CBOETo pemieHus. Bo3MOXHO, BOIIPOC CTOUT O
HEKOEeM CIUIaBe TCOPHH HAJCKHOCTH C TeOpHer
YIpaBIEHHs 3al1acaMH.

L «Henpepl,mm,le» MoOJe/ I HaACKHOCTH.
HeKOTopBIe OYCHb CJIOKHBIC CHUCTCMBI
MNpakKTU4YECKU HE JONYCKAarOT BO3MOXHOCTHU
WCTOJIb30BaHUSI  MOJENEH C JAUCKPETHBIMU

COCTOSIHUSIMH. Y3KE€ €CTh HadaJbHbIE MOMBITKU
aHaJIN3a MOJOOHBIX CHCTEM KaK «HETPepPBIBHBIX
00BEKTOBY, OIHAKO OCHOBHAs paboTa B 3TOM
HAaIpaBJIEeHUU BCE €lle BIEpeau.

e DJjleMeHTbI ¢ HECKOJIbBKMMH COCTOSTHUSIMHU.
HexoTopsle CHCTEMBI COCTOSIT M3 3IEMEHTOB,
Ka)XXIBI{ M3 KOTOPBIX MOXET MMETh Ooiee, deM
JIBA COCTOSIHMS: PabOTOCHOCOOHOCTH M OTKa3a.
Ilpumepbl HBIHEMIHUX pa3pabOTOK B  ATOH
obacTH  HOCAT OOJBIIE XapakTep YHCTHIX
TEOPEeTHUIECKUX U3BICKaHUIA, HEXeIH
HNpaKTHIECKH MTPUMEHUMBIX METOJIOB.

e Paspurue paGor B 00/1acTH YCKOPEHHOIO
MOJECJIMPOBAHUSA. YCKOPEHHbIE UCIIBITAHUS BO
MHOTHX CIIy4asX SBJIAIOTCA €JUHCTBEHHBIM
UHCTPYMEHTOM IIPOTHO3a HAJEKHOCTU HOBBIX
W3JIeNMA MaccoBOTO Mpou3BojacTBa. Pemienne
npoOlieMbl  OpraHU3alluM peanbHOH 0OpaTHON
CBS3M TAaKWX WCIBITAaHUI C pe3ylbTaTaMu
OJIEBBIX UCIIBITaHUH u peasibHOM
9KCIUTyaTaluu oueBuaHAa. OJHAKO Ha MpaKTHKE
3[IECh YacTO CYIIECTBYET HACTOAIIAsl MPOIACcTh!
Tompko Takas oOpaTHass CBSI3b IO3BOJUT
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MOJOMTH K pa3pabOTKe aleKBaTHBIX MOJeIeH
YCKOPEHHBIX UCIBITaHUH.

e ArperupoBaHue [aHHBIX O HaJeKHOCTH.
JlaHHBIE TIONEBBIX WCIBITAHUA M peaJbHOMN

SKCIUTyaTaluy SBIISIOTCS 00s13aTeNbHON
OCHOBOM  JIOOBIX  JOCTOBEPHBIX  PacieTOB
HajgexkHocTH.  OpHAKO caMH dSTH JIaHHBIE

OKa3bIBAKOTCA Pa3spO3HCHHBIMU, CO6paHHBIMI/I B
PpasHbIX YyCJI0BUSIX, 1o Ppa3sHbIM IJIaHaM
HUCIIBITAHUHM U JaKe IJIS HE COBCEM HJIEHTHUYHBIX
obpasmoB. Kak KoppekTHO (B OIpeeeHHOM
CMBICIIE) OOBEIMHUTh TAKHE NAaHHBIE C IIENBIO
HoJTy4eHus 6oJiee TOCTOBEPHBIX PE3yIbTaTOB?

1.6. 3akaueHue

[pencraBnsgeTcs, 9T0 BO3HHUKIA OCTpas HEOOXOAUMOCTH
co3maHus MH(GOPMAMOHHOW CHCTEMBI C PEryNISpPHBIMH
o030paMu X0Ts OBl KHUT 1O HajJexHocTH. Hampumep,
jomycruM, 20-30 crnenuanycToB MO HAJEKHOCTH MOLYT
NOCBUIATh CBOM OajIbHBIE OLEHKH O Pa3JIMYHBIX
CTOpOHAX TOH WM WHOHM KHHUTH, T.€. BBIXOAALINE KHHUTH
OynmyT HAMETh COOTBETCTBYIOLIUH «pEUTUHDY.
Heobxomumo  Takxke  IyONMKOBaTb  JOCTATOYHO
peTyJIsipHO (HampuUMep, eXKEeT0JHO) 0030pBbI HOBBIX PadoT
[0 pa3IUYHBIM HANPaBICHUSM B TEOPHHM U IIPAKTHKE
HaJIe)KHOCTH.

B MexayHapomHoe COOOIIECTBO CIELUAIMCTOB TI0
HAJICKHOCTH BXOJIAIT NIECSATKU CTpaH: AHrmms, bonrapus,
I'epmanus, Janus, Uspauns, Uunus, Ucnanusa, Uranus,
Kuraii, Poccusi, Coenunennbie Illtatel Amepuku,
Vkpauna, Opannus, [eenus, Snonusa... Hazpena
HE00XO0UMOCTh B MEKIyHApPOJHOM HayYHOM OOIIECTBE
CIENUANINCTOB MO0 HAIEKHOCTH JUIS JIydIIero oOMeHa
nHpOpMAaITel, UaeIMH U pe3yibTaTaMu. [IpuHHMas BO
BHUMAaHHE HCKJITIOYUTEIBHYIO POJIb, KaKyl0 CBHITpal B
pa3BuTHU Teopuu HanexxHoctd bopuc Brnaaumuposuu
I'Henenko, 3To0 OOIIECTBO CJIeA0Bai0 Obl Ha3BaTh B €ro
yectb. 10 ['HepeHkoBckoe OOIIECTBO JOKHO OBl
UMeTh CBOM BeOcaiT Ha IHTepHeTe Ui IIHMPOKOTO
MHPOPMAITMOHHOTO O0MEHa, PEeLICH3UPOBAaHUA padboT Mo
HA/IKHOCTH, COOOIIEHHUSI O HOBBIX MyOJIHKALUAX, U T.II.
HEO0OXOUM M MEXIyHAPOIHBIN KypHAII MO HAJC)KHOCTH
(Bo3moxHO, Takxke Ha HHTeprere). IlpeacraBusercs,
YTO 3TOT JXKypHaJ JOJDKEH NyOJIMKOBaTh B OCHOBHOM
0030pbl M 3aKa3HbIe CTaThW. JTO HE O3HAYAET, 4TO
KypHalT JTOT JOJDKEH OBITh  «onuTHBIM». [lo
pPEKOMEHJAIMSAM BEIYLIMX CIEHUATUCTOB 31eCh MOTYT
MepereyaThBaThCsl HEKOTOPhIE HWHTEPECHBIC CTaThbH H3
JpYTUX U3JaHUH.

Co3anie Takoro ooOimiecTtBa ObUIO OBl
HaYyaJioOM HOBOTO ThICSUENIeTHs!

HCIIJIOXHUM
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3aknouumenvroe npowenue o nomunoganuu: B modom
0030pe KTO-HHOYIb OKa3biBaeTcsl 3a0BIThIM... [TpocTute
MEHs, €CIIM YbH-TO HMCHA HE BOILIM B MO 0030p. JToO,
0e3yCIIOBHO, HE YMBINUIEHHOE JEHCTBO, a TOJBKO JIHIIb
CIICICTBHE TOTO, O YeM XopoIo cka3ain Kozema [IpyTKoB:
«He 00BATH HEOOBIITHOTO!»
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The author develops techniques of Universal Generating Function
introduced by I. Ushakov in the middle of 80-e. The book offers a
description of the universal generating function technique and its
applications in Reliability Analysis of binary and multi-state systems and
as well to optimization of series-parallel structures under certain
constraints. The book supplies with a number of examples from
engineering practice.

Many real systems are composed of multi-state components with
different performance levels and several failure modes. These affect the
whole system's performance. Most books on reliability theory cover
binary models that allow a system only to function perfectly or fail
completely. The Universal Generating Function in Reliability Analysis
and Optimization is the first book that gives a comprehensive description
of the universal generating function technique and its applications in
binary and multi-state system reliability analysis. It features: an
introduction to basic tools of multi-state system reliability and
optimization; applications of the universal generating function in widely
used multi-state systems; examples of the adaptation of the universal
generating function to different systems in mechanical, industrial and
software engineering.

This monograph will be of value to anyone interested in system
reliability, performance analysis and optimization in industrial, electrical

and nuclear engineering.
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ABTOp pa3BMBaE€T METOJA YHHMBEPCAIbHBIX NPOM3BOAAIINX (DYHKIHH,
BBefleHHBIX M. VYmakoBeiM B cepeauHe 80-x romoB. B kHure
MpeAjaraeTcsi OMHCAaHHE MeToJa W INPUMEHEHHE €ro K aHalu3y
HaJIOKHOCTH  CHCTEM C JBYMSI M MHOTHMH COCTOSIHUSIMH, a TaKXke K
pELICHUI0 3aJa4y ONTUMHU3ALMU TPH HAIWYMK orpaHudeHuil. Kuura
cHaO)keHa OOJBIIMM YHCIOM IIPHUMEPOB MPAKTUYECKOTO NPHMEHEHHUS
MeToj1a.

MHoOrue peajbHble CHCTEMBI COCTOST W3 3JIEMEHTOB, HMEIOIINX
HECKOJIBKO YpPOBHEH (DyHKIMOHHUPOBAHHS, YbH COCTOSIHHS BIMSIOT U Ha
orepaTHBHBIC BO3MOYKHOCTH CHCTEM. B maHHO# KHUTe TaeTcs AeTaabHbIN
aHaIM3 TMOJOOHBIX CHCTEM C HCIOJIb30BaHHEM METOJ| YHHUBEPCAIbHBIX
MIPOU3BOSIINX (QYHKIUH, IPHBOANUTCS MHOTO HPAKTHYECKUX PUMEPOB.

Kuura Oyzmer MHTepecHa I BceX, KTO MHTEPECYeTCs HameKHOCTHIO
Pa3IMYHBIX TEXHUYECKUX CHCTEM U UX ONTUMU3ALMEH.

OraBieHne KHUTH:

Onucanue MeToaa

VuuBepcanbHas npousBogsimas ¢yskuus (YIID) B pacuerax

HAaJIe)KHOCTH CUCTEM C JIBYMSI COCTOSTHUSIMHU

3. BseneHue B aHanu3 cucteM ¢ MHOrumu cocrosHusamMu (CMC)

4.  Hcnonb3oBanume VYIID paas aHamu3e MOCIEIOBATEIbHO-
napauienbHeix CMC

5. Hcnonb3oBanue YIID ans onTUMH3AIMU MOCIEIOBATEIBHO-
napamienbasix CMC

6.  Hcmonb3oBanue YII® mis onTUMHU3aMY CIICIMAIbHBIX BHIOB
CMC

7.  Hcnonb3oBanue YIID 11 onTUMM3aLUHU IOCIEIOBATEIBLHO
COCIMHEHHBIX CUCTEM H CeTeH

8. Hcnonp3oBanme VYII® g aHanm3a ©W  ONTUMH3ALUHU

NIPOrpaMMHOT0 00ecHeyeH st

N —
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A MONTE CARLO APPROACH
TO ESTIMATION OF G-RENEWAL PROCESS
IN WARRANTY DATA ANALYSIS

Mark Kaminskiy, (College Park, USA)
Vasiliy Krivtsov, (Dearborn, USA)

1. Introduction

For many years, the most commonly used models for the failure
process have been the renewal process (RP) and the
nonhomogeneous Poisson process (NHPP). In the framework of
the repairable system applications, RP is used to model the
situations with restoration to "good-as-new" condition (perfect
repair assumption), meanwhile NHPP is applied to the
situations with the “same-as-old” restoration (minimal repair
assumption). In a sense, these two assumptions can be
considered as extreme ones from both theoretical and practical
standpoints. In order to avoid this “extremism”, several
generalizing models have been introduced in recent years.
References include Brown & Proschan (1982), Kijima &
Sumita (1986), Filkenstein, (1993), Lindqvist (1999). Among
these models, the G-Renewal Process (GRP) introduced by
Kijima & Sumita (1986) is very attractive, since it covers the
intermediate  "better-than-old-but-worse-than-new"  repair
assumption and results in a G-renewal equation, which is a
generalization of the well-known ordinary renewal equation.
Unfortunately, a closed form solution of the equation is
unavailable, which makes the respective statistical estimation
challenging.

The objective of this paper is limited to statistical estimation of
the parameters of G-Renewal Process, based on typical one-
dimensional warranty (grouped failure time) data. The Monte
Carlo approach considered below can be also applied to
parameter estimation of Kijima’s Model I and II (Kijima,
1989).

2. G-Renewal Process

Kijima and Sumita (1986) introduced a G-Renewal Process,
which can model restoration conditions ranging from "good-as-
new" to "same-as-old". The GRP is introduced using the notion
of virtual age.

Let 4, be the virtual age of a system immediately after the nth
repair. If 4, =y, then the system has the time to the (n + 1)th
failure X,.; , which is distributed according to the following
cumulative distribution function (CDF):

F(X+»)-F(y) ,

P14, =p=—20 =

where F(X) is the CDF of the time-to-first-failure (TTFF)
distribution of a new system. The sum

S, =3 X, -
i-1

-20 .

with Sy= 0, is called the real age of the system.

In the framework of the GRP it is assumed that the nth repair
can remove the damage incurred only during the time between
the (n —1)th and the nth failures, so that the respective virtual
age after the nth repair is

An :A;Vz*an :qS,,,n:1,2,‘..

where ¢ is the parameter of rejuvenation  (or repair
effectiveness parameter) and the virtual age of a new system 4,

=0, so that the TTFF is distributed according to F(#|0) = F|(t).

The time between the first and second failures is distributed
according to (1) with 4; = ¢X; Respectively, the time between
the second and third failure is distributed according to (1) with
A; =q (X;+X;), and so on.

It is clear that for ¢ = 0, the considered process coincides with
an ordinary RP, thus, modeling the "good-as-new" repair
assumption. With ¢ = I, a system is restored to the "same-as-
old" condition, which is similar to NHPP. The case of 0 < g <
1 corresponds to the intermediate "better-than-old-but-worse-
than-new" repair assumption. Finally, with ¢ > I, the virtual
age A, > S, , i.e., the repair damages the system to a higher
degree than it was just before the respective failure, which
corresponds to the "worse-than-old" repair assumption.

The expected number of failures in (0, #], which is called a
cumulative intensity function, is given by a solution of G-
renewal equation (Kijima, et al., 1988):

H(t)= j (g(r 10) +j h(x)g(r—x| x)dx]dr,
0 0
where
(t+
gl =L,
1-F(gx)
is the conditional probability density function (PDF) such that

h(t) = d(H(t))/dt, g(t|0) = f(¢), and F(z) and f{t) are the CDF and
PDF of the TTFF distribution.

t,x2>0,

The closed form solution of (2) is not available, and even
numerical solutions are difficult to obtain, since the equation
contains a recurrent infinite system (Finkelstein, 1997). A
Monte Carlo based solution is, however, possible and was
discussed by Kaminskiy and Krivtsov (1998).

3. Warranty Data
Typical one-dimensional warranty data are collected as

results of observations on a large population of identical
repairable units. The population size, N, is known and it
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can be assumed as constant in time (the number of lost
units, if any, is negligible with respect to Ny). The following

table provides an example of real warranty data, which are
analyzed in the next section.

Table 1. Example of Warranty Data for a Repairable System. Population Size, Ny = 100000.

12 15 18 21 24 27

Month in Service, ¢ 3 6 9
Cumulative Number of Failures
Per System, Homy(t) 0.03 | 0.09 | 0.14

024 | 038 | 0.54 | 0.70 [ 0.90 | 1.17

4. Estimation Procedure

Based on the warranty data, the empirical cumulative intensity
Sunction, H.,,,(t), is calculated as

N(@) ,
NO

where N(?) is the cumulative number of failures in (0, #].

Denote a solution of G-renewal equation (2) obtained by Monte

Carlo simulations by

_ L<tini=1,2,....n 3
H,, (@)= * @)

Hye() = f(F(7/09), q, 1), “

where F(z/e) is a given time-to-first-failure CDF with unknown
vector of parameters, «.

Using (3) and (4), the least squares estimates of GRP
parameters « and ¢ can be obtained as a solution of GRP
parameters ¢« and g can be obtained as a solution of the
following optimization problem:

gig[i(H@m,,ai)—Hm(F(r|a>,q,t,->>2j

5. Examples
5.1 Simulated Data

The empirical cumulative intensity function, H,,,(1), was
obtained by simulating a GRP with a Weibull distributed TTFF
(shape parameter, f= 1.5 and scale parameter, @ = 1) and the
GRP rejuvenation parameter, ¢=0.5 using N, = 100
realizations over the observation interval, 7= 5@.

Estimates of £, ©, and ¢ were obtained based on 1, = 1000
realizations of GRP as follows:

A A A

B=148, 6=1.00, ¢=0.49.

Tables 2 - 3 show the sample correlation and covariance
matrices for the obtained estimates of GRP parameters for 30
simulated empirical cumulative intensity functions, He,,(?).

Table 2. Sample Correlation Matrix

B ) q
B 1.000

) 0.702 1.000

q 0.079 -0.523 1.000

Table 3. Sample Covariance Matrix

B 2] q

B 26107

Z) 1.910° 2.810°

q 2310* -1.6 107 3210°

With the empirical cumulative intensity function simulated for
Ny = 100000 realizations (which is a more typical case for a
company concerned with mass production) and using ny =
1000000, the estimation procedure returns the original GRP
parameters with close to zero variance.

5.2 Real Data

The warranty data collected on a system during first 18 months
(see Table 1) were used for estimation of GRP parameters. The
Weibull distribution with the shape parameter, £, and the scale
parameter, @, was assumed as the underlying TTFF
distribution. The solid line in Figure 1 represents the least
squares fit from a family of G-renewal functions simulated in
the following parameter domain: {1 < #< 2, 10 < @ < 50,
0<g<l}.
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1.2 T T ! oo
= ©  Actual data b
2 1.0 +—— ——GRP.q=07 a —
z. o GRPq=1 /”{ A2
v 5 A
0.8 — 4 ORP 3
H] A
g 0.6 }l/z.‘.
4} o
o / X,
: 0 ,a’gm)g !
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time in months
Figure 1. A Lest Square Fit of G-Renewal Function
The obtained estimates of GRP  parameters are References
A A A
pB=18, =24, ¢q=0.70. The estimated G-renewal 1

function shows a good fit to the data not only in the interval (0,
18] months (used for estimation) but also in the remaining
interval (18, 30] months (obtained by prediction), see Figure 1.
The figure also shows the extreme repair conditions modeled by
the RP (q = 0) and the GRP (q =1).

It is reasonable to conclude that the approach considered above
is not only practically applicable for estimation of the GRP
parameters, but also for prediction of the G-renewal function,
which is often essential in warranty data analysis.
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NMPUMEHEHUE METOOA MOHTE-KAPJ1IO K OLLEHKE
OBOBLWEHHOIO NMPOLUECCA BOCCTAHOBIJIEHUA
NP AHAJIM3E OAHHbLIX Ob OTKA3AX B NEPUOA
OEUCTBUA TAPAHTUUHBLIX OBA3ATENLCTB

Mapk KamuHckuii, (Komnemx Tapx, CIIA)
Bacuamnii KpuBuos, (Jlucops, CIIIA)

1. BBenenue

B TeueHHe MHOTHX JIeT OONBIIMHCTBO MCIIONB3YyEMBIX MOJCIICH
mporecca BO3HHKHOBEHHS OTKAa30B OBUIO  IIPEICTABJICHO
npoyeccom  eoccmanosnenuss  (IIB)  u  neoonopoonwvim
nyacconosckum npoyeccom (HIIIT). B pamkax npuiioxeHui K
BOCCTaHABIMBaeMbIM cucreMaM, IIB  wucnomesyercs s
MOJZICIMPOBAHUS CUTYalii C BOCCTAHOBJICHHEM O COCTOSHUS
«KaK HOBOE» (II0JIHOE BOCCTAHOBIECHUE), B TO Bpems, kak HIIII
MPUMEHSIETCS B CHTYalUsAX BOCCTAQHOBJICHUS MO COCTOSHUS
«Kak ObLIO mepesa 0TKa30oM» (MUHHMAIbHOE BOCCTAHOBIICHUE).
B o6meM, 3TH ABa COCTOSHHS MOXHO pacCMaTpuUBaTh B
KauecTBe KpaiHHX, KaK ¢ TOYKU 3PCHUS TCOPHHU, TaK U C TOUKH
3peHHs NPakTHKA. {J1st TOro, 4To6bl N30€XkKaTh TAKUX KpaHHX
«IKCTPEMAaJbHBIX» OLEHOK, B IMOCIETHHE TObl OBLIO
MPEIOKEHO HECKOJIBKO 0000marnmx Moaeiei. B aToit cBs3u
MOYKHO YHOMSIHYTh pa0boTsl Brown u Proschan (1982), Kijima u
Sumita (1986), Finkelstein, (1993), Lindqvist (1999)). Oco6brit
WHTEpEC  BBI3BIBACT  MOJEIb  0000UjeHHO20  npoyecca
soccmanosnenuss (OIIB).  Drta Mopmenb Oblia mNpemiokeHa
Kijima u Sumita (1986 r.) s ommcaHUS NPOMEXYTOYHOTO
COCTSIHHSI BOCCTAQHOBJICHHS («IydIle 4eM ObIIO Iepes 0TKa3oM,
HO Xy>K€ 4eM HOBOE») U IO3BOJIAET IOMy4uTh ypasHeHue OI1B,
KOTOpOe fABIACTCS OO0OOLIEHHEM M3BECTHOTO ypaBHEHHS
BOCCTaHOBIEHUA. K coxaleHuio, 3T0 ypaBHEHHE HE HMeEeT
pELICHHS B 3aMKHYTOM BH/E, YTO, 110 CYTH, CTABUT IOJ BOIPOC
BO3MOXHOCTb COOTBETCTBYIOILETO CTaTHCTUYECKOTO
OLICHUBAHMUSL.

Llenpto HacToOsIIeH pabOTHI SABISIETCS CTATUCTHYECKAs OLCHKA
napametpoB OI1B, Ha ocHOBaHHWY (TPYNIIMPOBAHHBIX ) JAHHBIX
CTaHIApTHOI OJHOMEpHOH rapanTHu. PaccMarpuBaeMoe HIDKE
pelLlIeHHEe MOXKET MPUMEHEHO K OLCHKAaM IapaMeTpOB MOJeNei
Kijima I u II (Kijima, 1989).

2. O0001meHHbI MpoLecc BOCCTAHOBJIEHUS

Kijima u Sumita B 1986 roxy BBenu nmonsrue OIIB, xoTopslii
HO3BOIAET  MOJAENUPOBATH  YPOBEHb  BOCCTAHOBICHUS
PEMOHTUPYEMOH CUCTEMBI OT COCTOSHMI «KaK HOBOE» JI0 «KaK
Obuio mepen oTkazom». OIIB BBoguTcs yepe3 MOHATHE
BUPMYATILHO20 803PACMA.

IlycTb A, BUPTyaNbHBIH BO3PACT CUCTEMBI CPa3y JKe MOCIe 1-20
BoccraHoBneHusi. Ecnu 4, =y, a Bpems Ha (n + 1)-if oTka3 X,+;
, TO 3TO BpPeMsl pacrpeielieHO COTrJIaCHO clieaytoniell (GyHKIuu
pacripeesneHus:
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_F&X+y)-F) ,

F(x|4,=y)
1=-F(y)

rae F(X) - QyHKOUS pacmpenescHus BPEeMEHH-A0-IIePBOro-

otkaza (B/II10) mis HoBO# cuctembl. Cymma

n
S,=>. X, .
i=1
ipu Sy= 0, Ha3bIBACTCS peanbHbIM 603PACHOM CUCTEMBI.

B pamkax OIIB 310 mpenmoiaraer, 4To #n-o¢ BOCCTAHOBIICHHE
MOXET YCTPAaHHUTh HAHECEHHBIH yIepO TONBKO BO BPEMEHHOM
MPOMEXYTKE Mexay (n —1)-BIM W n-bim OTKa30M, TaKUM
06pa3oM, COOTBETCTBYIOIHI BUPTYaIbHbIH BO3PACT MOCIE 1-20
peMoHTa

An:An71+an:anrn:1:2,~~~

e g - Koagguyuenm goccmanosnenuss (WM KOIDGuyuenm
aghgpexmusnocmu 6occmanosienuss) 1 BUPTYAIbHBII BO3pacT
HOBOU cucteMsl A = 0, mpuuem BJIIO — pacnpenenenue

cornacHo F(0) =F ().

Bpemst Mexmy HepBBIM M BTOPBIM OTKa3aMH paclpelieNieHO
corslacHo ypaBHeHuto (1) ¢ 4; = ¢X; CooTBeTCTBEHHO, BpeMs
MEeXIy BTOPBHIM M TPETBHM OTKa3aMHU PACIIpe/ie]IeHO COTIACHO
ypaBHenuio (1) ¢ 4, = g (X; + X5), u Tak nanee.

ITonsTHO, uTO MpH q = 0, MOJyYEHHBIH MpPOLIECC COBHAJIAET C
o6braHbIM 1B, T.e., MomenupyeTcss MOJHOE BOCCTaHOBJICHHE.
IIpn ¢ = 1, cucremMa BOCCTAHOBIIMBACTCSA JIO COCTOSIHHA "Kak
obu10 mepen oTkazoM ", uto onuckiBaeTes HIIIL. Cnyuaii 0 < ¢
< ] COOTBETCTBYET MPOMEIKYTOUHOMY COCTOSIHHIO <JTy4IIIC YeM
OBLIO Mepesl 0TKa30M HO XYy)Ke 4yeM HOBoe». Hakower, npu g >
1, BUpTyanbHbIH Bo3pacT 4, > §,, TO €CTh, PEMOHT yXy/IIaeT
COCTOSIHME CUCTEMBI T10 CPAaBHEHHIO C TEM B KOTOPOM OHa Obuia
Hepe]; OTKa30M.

OxuaeMoe KOJIMYeCTBO 0TKa30B B mpoMexyTke (0, t], koropoe
Ha3bIBAIOT  KYMYAAMUGHOU  (DyHKYuel  UHMEHCUBHOCMU,
ompenensiercs: pewenuem ypasHenust OIIB (Kijima, et al.,
1988):

H(t):j g(r|0)+j‘h(x)g(r—x|x)dx dr, @
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rae
g(t|X)=M, t,x 20,

1-F(gx)
- (pyHKIMS MHTEHCHBHOCTH YCJIOBHOTO PaCHpEACICHHs Takas,
ato h(t) = d(H@)/d1, g(t0) = fv) w F() u f{0), - Gynxwns
pactpeneneHus U IIoTHOCTh BepositHocTr BJIITO.

Pemenue ypaBHeHUs (2) B aHATUTHYECKOM BHE HEBO3MOXKHO,
U JaKe YHCICHHOE PELICHHE TPYIHO Peann3oBaTh, MOCKOJBKY
ypaBHEHHE COACPIKUT MOBTOPSIOLIYIOCS OCCKOHEUHYIO CUCTEMY
(Finkelstein, 1997). Pemienue, ¢ HCIOJB30BaHUEM METOJA
Mounre-Kapno, TeM He MeHee, BO3MOXHO, M OHO OBULIO
noiy4eHo Kamunckum n Kpusuossiv B 1988 rony (Kaminskiy
& Krivtsov,1998).

3. lanHble 0 padoTe u31e1usl B NePHOJ AeicTBUS
rapaHTUHIHBIX 005132TEJbCTB

TunuyHble JaHHBbIe 00 OTKa3ax B IMepHOA JeHCTBUS
rapaHTHu coOOpaHbI B pe3yJibTaTe HAOII0AeHUS 32 0OTbIIUM
YHCJIOM HIEHTHYHBIX PEMOHTHPYeMBIX ycTpoiicTB. O0BEM
BbIOOpKH, [Ny, H3BeCTEH M MOXKeT ObITh NPHHAT
NMOCTOSIHHBIM BO BpeMeHH (T.e., YMCJIO CIUCAHHBIX H3/eJHil
NpeHe0pe:KMMO 110 OTHOIIEHHIO K Ny). Caenyromas
Tabimna Jaét mnpuMep peadbHBIX JAaHHBIX 0 padoTe
u3JeJMsl B NMepuoj AeiicTBUSI TapaHTHIiHBIX 0053aTeIbCTB,
KOTOpbIE oyayT NMPOoaHATH3UPOBAHDI HHIKe.

Tabnuya 1. Ilpumep dannvix o pabome uzdenus 8 nepuod Oelucmeus 2apanmutinblx 00s13amenrbcmes
onsa soccmanasnugaemoul cucmemvl. Obwvém eenepanvhoi cosokynnocmu, Ny = 100000.

Mecs1pl B 3KCIITyaTaluy, ¢ 3 6

12 15 18 21 24 27

CpenHee 9nciio 0TKa30B HA

cuctemy, Hoyp(t) 0.03 [ 0.09 | 0.14 | 0.24 | 0.38 | 0.54 [ 0.70 | 0.90 | 1.17

4. [Ipouenypa oueHNBaHUS

OcHOBaHHAas HAa TapaHTUIHBIX JaHHBIX  OMITUpHYECKAst
KyMyJIATUBHAs (YHKLMS UHTEHCUBHOCTH, H,,,(?), BBIYUCISETCS
CJIETYIOIIIM 00pa3oM:

H, (¢ )—L(ti) ,
em, 1
'p N0
rze N(t) — KyMyJIATHBHOE KOJIMYECTBO OTKAa30B HA IPOMEXKYTKE
Bpemenu (0, #].
OO6o3HaunM pemieHue ypaBHeHus OIIB (2), momydeHHoe c
ucnosb3oBanueM meroga Monre-Kapno kak

<tp,i=1,2,...,n 3)

Hue(®) = f(F(7/09), q, 1), “

rze F(tja) — dynkuus pacupenenenus BJAIIO ¢ Hen3BecTHBIM
BEKTOPOM MapaMeTpoB, o.

Hcmnonssys (3) u (4), orieHKa METOIOM HaUMEHBIINX KBaJpaToB

napamerpoB « u g OIIB MoxeT ObITh HaliIEHO U3 PEIICHUS
CIEyIOMEeN ONTUMU3AIMOHHON 3a/1auH:

gig(ﬁ(Hm,,(a)—meF(r | a>,q,r,->>2j

5. lIpumepst
5.1 MoaenupoBaHHbIe JaHHbIE

OMrmpudeckass KyMyJISTHBHas —(YHKIUS HWHTEHCHBHOCTH,
H,yp(t), Oblla mONyYyeHA MOJETHPOBAHHEM OllB ¢
Beiibymnoscku pacnpenenennsiM BJIIO (mapamerp ¢opmel, S
= 1.5, napamerp Mmacmraba, @ = 1) u napamerpom

BOCCTaHOBIIEHUs], ¢ = (.5 . MonenupoBanue onupaiocs Ha Ny
= 100 peanu3zanmii Ha uHTEpBane, 7' = 506.

Onerku f, @u g ObuM ToNyyeHbl Ha ocHoBaHMM 7y = 1000
peanusanumii  OIIB U HUMEIOT CHEIYIOIUE 3HAYEHHS:
A A

A
=148, 0=1.00, q=049-. Tabmuupr 2 - 3 parotT npumep
KOBapHALMOHHON W KOPPESIMMOHHON MAaTPHIl MOJTYYEHHBIX
oneHok mapamerpo OIIB  mis 30  mozenupyembix

OMIIMPUYECKHX KyMYNATHBHBIX (DyHKIMH HHTEHCHBHOCTH,
Hemp(t)~

Tabnuya 2. Ilpumep KoppeasiyuonHot Mampuysl

B 2) q
B 1.000

) 0.702 1.000

q 0.079 -0.523 1.000

Tabauya 3. Ipumep KosapuayuonHot mampuybl

Y] 2] q

B 2.6 107

@ 1.910° 28107

q 2310* -1.6 107 32107

JLnist oMIIupuyecKor KyMyJISTUBHOHM (pyHKIMEH HHTEHCUBHOCTH,
nmoctpoeHHoit Ha ocHoBe N, = 100000 peanuzanuii (4TO
SIBJISIETCS. TUIMYHBIM CIIydaeM Uil KOMIAHUM C MAacCOBBIM
MPOU3BOACTBOM), TIpOLEAypa OLIEHKH HaXOJUT HCXOAHBIE
mapametpsl OIIB ¢ nmpakTrdeckn HyJIEeBOH qHCTIEpCHEH.
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5.2 PeanbHbIE TaHHbIE

Jns  onenkn mapamerpoB OIIB  Obutn  MCHOJIB30BaHBI
rapaHTuifHble JaHHbIC, cOOpaHHBIE 3a IepBble 18 Mecsues
skciuryartanuu (cM. Tabnumy 1). Pacnpenenenue BeliOymna c
napamerpoM ¢opmbl S, W napameTpoM Macmrtaba 6,

npexnnosnoranock B kadectse pacmpeneneHust B/II10. Tonkas
CILIOIIHAS JIMHUS Ha pucyHke 1 —ouenka ¢ynkiuu OIIB mo
METOJy HAWMEHBIIMX KBaJpaToB B CIEAYyIOMEH o0JacTH
moucka napametpoB: {1 < <2,10< @<50,0<g<1}.

1.2 : .
= o Actual data
) 1.0 +— ——GRP,q=0.7
z. o GRP,q=1
5 08+— A ORP
(="

w
£ o6t
=}
s

04+ s
s g
9] A
02

Qoagaﬂai

0 5 10

15

20 25 30 35

time in months

Pucynox 1. Oyenka ghynkyuu OIIB no memody naumenbuux k6aopamos.

Takum o0pa3oM OBUIM TONY4YEHBI CICAYIONIHE OLEHKH
A A A

napamerpoB OIIB: p=18, 0=24, ¢=0.70. Kak crnenyer

n3 Pucynka 1, ouenennas ¢yunkuus OIIB mnoxa3sbiBaer
XOpolllee COOBETCTBUE JJAHHBIM He TosibKOo B uHTepBaie (0, 18]
MecCsIeB (MCIOIBb30BAaHHOM JUI HAXOXKJICHUS OLEHOK), HO
Takke M B ocraabHoM wuHTepBasne (18, 30] mecsme. Ha
Pucynke 1 Tak)Ke  TOKa3aHbBl  KpailHHE  YCIIOBHS
BOCCTaHOBIIeHUs, coorBercTByromue [1B (q = 0) m HIIII (q =
1).

B 3akmroyeHMHM 3aMeTUM, YTO PACCMOTPEHHBIH IOIXOX
MPaKTUYECKH TPUMEHHM HE TOJBKO JUIS OILEHKH HapaMeTpoB
OIIB, Ho Takxke u Wi npoerosa pyukiun OIIB, koTopast yacTo
UCTIONB3YyeTCA IPU aHAIM3€e TapaHTUIHBIX JJaHHBIX.

-34 -

JlutepaTtypa

1 M. Brown, and F. Proshan, "Imperfect Maintenance" - in
Crowley J. and Johnson R. (ed) Survival Analysis. Vol. 2,
1982, pp 179-188.

2 M. S. Filkenstein, "The Concealed Age of Distribution
Function and the Problem of General Repair", Journal of
Statistical Planning and Inference, # 65, 1997, pp. 315-321.

3 M. P. Kaminskiy and V.V. Krivtsov, "A Monte Carlo
Approach to Repairable System Reliability Analysis" - in
Probabilistic ~ Safety  Assessment and Management,
Springer-Verlag London Ltd, 1998, pp. 1063-1068.

4 M. Kijima and N. Sumita, "A Useful Generalization of
Renewal Theory: Counting Process Governed by Non-
negative Markovian Increments", Journal of Applied
Probability, # 23, 1986, pp. 71-88.

5 M. Kijima, "Some Results for Repairable Systems with
General Repair", Journal of Applied Probability, # 26,
1989, pp. 89-102.

6 H. Lindqvist, "Statistical Modeling and Analysis of
Repairable Systems" - in Statistical and Probabilistic
Models in Reliability, Birkhauser, Berlin, 1999, pp. 3-25.



study

Reliability: Theory & Applications

No.1, January 2006

RELIABILITY-DIRECTED

COMPUTER-AIDED DESIGN SYSTEM

Oleg Abramov
(Vladivostok, Russia)

Abstract.

A theoretical apporoach and applied techniques for designing
analogus engineering devices and systems with due account of
random variations in system parametrs and reliability
specifications are considered. For solving this problem a so-
called operational/parametric approach is used. This approach
is based on the computer-aided simulation of system capability
and availability, parameter deviations and techniques of
optimal parametric synthesis in terms of reliability criteria.
Special attention is paid to algorithms that reduce the labour
content of parameters optimisation problems. For seeking a
numerical solution of the parametric design problem a
computer-aided reliability-oriented design system is proposed.

1. Introduction

The design process consists of group of particular tasks
such as analysis or synthesis one. Any technical object
can be stated as a pair W=<X,8>, where X=(x,,...,x,) are
parameters and S is the object structure. We can
consider a function @=@(W,0Q) as a criteria of object’s
operation quality (here Q is the operation conditions).

The synthesis problem can be formulated as an
optimization task

extr = WO s

WeQW 0

o(W,Q) -

where £, is the possible set of object variations and

0
w

Q
analysis task can be divided to the parametric and
structural ones

is the optimal object under the conditions Q. The

D(X,S > extr extr = X0,8°,
( > 7Q) WeQy Wehy >0

where (Jy is the set of possible parameters and (X is the
set of possible structures.

Therefore, the synthesis of engineering systems consists
of two basic parts: developing of structure (structural

-35-

synthesis) and internal parameter values choosing
(parametric synthesis).

The studies have shown that the engineering system
parameters are subject to random variations and the
variations may be considered as non-stationary
stochastic processes. The conventional methods for
choosing parameters (for parametric synthesis) generally
do not take account of parameter production and field
deviations of parameters from their design values. As a
result, the engineering systems designed in such a
manner are not optimal in the sense of their gradual
failure reliability.

This paper proposes the approach and some algorithms
for seeking a numerical solution of the parametric
optimization problem with a stochastic (reliability)
criterion, which has made possible to implement and
extend the concepts discussed in [1], [2], [3].

On the basis of the proposed methods and algorithms a
computer-aided reliability-oriented design system called
CARD has been developed. The CARD system builds
mathematical models and calculates ratings of
component parameters so that achieve the highest
precision, acceptability (manufacturing yield) or
reliability of engineering systems under design.

2. Parametric synthesis problem

Let S(x) be a system which depends on a set of n
parameters x=(x,,..., x,). We say that system S(x) is
acceptable if ¥(x) satisfy the conditions (1):

a<Y(x)<h )

where Y, a and b are m-vectors of system
responses(output parameters) and their specifications,
e.g. Y; (x) - average power, Y>(x) -delay, Y;(x) - gain.
The inequalities (1) define a region D in the space of
design parameters

D ={x|a<Y(x)<b} )
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D is called the tolerance margin domain (region of
acceptability) for S.

Fig.1 illustrates such a region. The values given for a
and b are the specifications for the system.

AN

Y.(x)<b,

Po(X-X,)-probability
density function
X

X

Fig. 1. Region of acceptability D defined by system response
functions.

As it was mentioned above, the engineering system
parameters are subject to random variations (aging,
wear, temperature variations) and the variations may be
considered as stochastic processes:

X(0) ={X,(®),.... X, (D)}

In general the optimal parametric design (synthesis)
problem can be stated as follows. Given the
characteristics of random processes X(z) of system
parameters variations, a region of admissible deviation-
D and a service time 7, find such a deterministic vector
of parameter ratings (nominals) X ; =(x;,,...,X,,) that the
probability

P(x,,T) = P{{X,(t)=x,,.... X,(t)~x,.] € D,Vt €[0,T]|
be maximized.

Any optimization technique requires, first, a method of
objective function calculation and, second, an extremum
searching method which allows to find a solution with a
minimum cost.
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3. Reliability estimation

The proposed method of reliability estimation, called
"the method of critical sections", is based on the
following fundamental ideas.

As known, any random process can be presented as a set
of random values, or as an ensemble of functions y(?)
in some functional space, where functions y () depend
on the parameter ® which characterizes the realization
or the selective function of a random process. The entire
set of this functions will define the output parameter
degradation process.

The probability P,.4Dy) of matching to given constraints
D, ={Y/a<Y<b} atthe time ¢ for any ¢-section of
output parameters space

P,(Dy) = f,(»)dy,

where f;(y) is a one-dimensional distribution density of
a random process.

Let us select from the entire set of random processes a
subset S, of such realizations that their values will
belong to the numeric ensemble D at the times 1, fp, ... ¢

. The value of the probability index corresponding to
this subset can be defined as

-
"

is the joint distribution density of random

tl,..., 7]

values for tl-,...,tu- sections.

If the number of #-sections within [0, 7] is large enough,
the P,(S,,) may be considered as a probability of system
non-fault operationality.

Usage of equation (3) is very difficult, but it can be
simplified by applying some constraints to the selective
functions. For example, for smooth processes we can
suppose that in order to determine acceptability of any
realization it will suffice to determine acceptability of
this realization only for few #-sections (called critical
sections). In usual practice the number of such critical
sections is not more than three for real engineering
devices.

Let the random parameter changing process Y(?) be
monotonous. In this case in order to any it realization
y(¢) lie in the region of acceptable changes [a,b] during
the time interval 7, it is necessary and enough that they
lie in this region in the boundary (critical) sections =0
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and r=T. The conditions of lying of Y(?) in the region of
acceptable values during time 7 will be as follows:

a < Y(0) <b, as< Y(T) <b,
where Y(0) and Y(T) are random values appeared on the
corresponded #-sections of process Y(7).

The probability of lying of Y(#) inside [a,b] during given
time can be stated as

P(T) = P{[ a SY(0)<b]N [a< Y(T)<b]}

If the tendency of parameter changing is known, then
using some allowances we can write

o ° dy
A1) = [ o)y [ fr )y, for * >0,

P = [ fr 00y~ [ Sy, for & <0,

where fy(y) and fr(y) are the probability density
functions at the sections /=0 and =T respectively.

An important problem of system design is to choose the
nominal design x;, so that the “yield” is maximized. The
yield is the probability that the system will work, i.e.,
pass specifications (1) at the time /=0. Now suppose that
a joint probability density function (PDF) for internal
parameters p(x) is given which characterizes the
random variations of the parameters at ¢=0. The
designer usually has design control on the nominal x; of
this distribution. To emphasize this dependence of the
PDF on the nominal design, we write the probability
density function as p(x -x,). In terms of p(x -x,) the yield
is

Pix)= | pe-x)d

(D - is the region of acceptability). Thus the design
problem is to choose x; so that P,(x;) is maximum.

The practical algorithm of the stochastic criterion
calculation is based on the conventional Monte Carlo
method.

At the beginning, the random vector of parameters is
generated (this vector means random manufacturing
device realization), and then the internal parameters
degradation is simulated using degradation model. For
example, parameters variations can be approximated as
follows

X)= Y x,u, (1)
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. . m
where x; is a random variable; {uk(t)} coo are

continues deterministic functions of time.

The Monte Carlo method approximates P,(x,,T) by the
ratio of number of acceptable realizations (falling in
region D)-N, to the total number of trials - N.

N
="

Unfortunately, often the region D is unknown. It is
given only implicitly through system's equations and the
systems response functions. If we do not know the
region D, then a Monte Carlo evaluation of probability
P.(x,,T) at particular nominal value x, requires N
system analyses for each trial set of parameter x,.
Typically, hundreds of trials are required to obtain a
reasonable estimate for P,(x,, T).

Optimization requires the evaluation of our probability
P.(x,,T) for many different values of the nominal values
of the parameters x,. Therefore to make practical the use
of Monte Carlo techniques in statistical system design, it
is necessary to reduce the number of system analysis
required during optimization.

As a solution, the following two-steps technique and the
corresponding algorithms can be used for practical
reliability optimization.

4. Optimization techniques

The first step consists in replacing the original stochastic
criterion with a certain deterministic one, allowing
nearby optimum solutions to be obtained. The two such
objective functions are possible. One of them is a so-
called a "minimal serviceability reserve" that can be
presented in the general form:

F(X) = min {al——Yl(x) - 1}
w;

i=l,m

where Y;(x) - the i-th output value, a; - the i-th
constraint (¥(x) < a) and w; - the i-th weight coefficient.

From this, we have a following optimization problem:

X, = arg max F(x).

It means that such a nominal point should be found that
will have the largest distance from the acceptability
region margins.

An other method which can be used for the reliability
optimization is so-called "equal densities method". This
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method is of combined type, that uses statistical data
and a deterministic optimization technique.

At the first step we should estimate distribution density
function (DDF) for output parameter. As can be shown
analytically, probability maximum will be achieved, if
DDF will be shifted such, that both lower and upper
constraints will cut equal densities on DDF [1].
Advantages of this approach are fairly clear, but there is
one serious restriction - this method may be applied
only in case of one output parameter.

Now the first design step is completed. At the same time
the next design step must be made if the reliability index
that was achieved by using deterministic methods is not
high enough. This step is a direct probability
optimization, i.e., methods of stochastic optimization
should be used here.

First, it should be pointed out that most of optimization
methods have the highest convergence speed when they
start at a "good" initial point. Therefore, it would be
most natural to get a previous solution as an initial point
for the next design step.

As it was mentioned above, the stochastic methods are
very time-consuming. And now some techniques that
allow us to decrease computational cost will be
considered. The first method, we dwell on, is the
"correlated samples method".

It is clear that the optimization process needs only the
value of difference AP between to points probabilities,
not probability values. And the variance of AP is
estimated to be

~ ~

o8P = (A o* (B -2k i Pl Aol

where R is the correlation coefficient between two
estimates. When the samples are independent, the R is
equal to zero and the variance

If a positive correlation can be achieved, R will be more
than zero and, therefore,

S}

o ] o] o

o (AP) < 07 {47,

i. e., for the same precision, simulation with correlated
samples will require the less number of model runs, than
independent samples. Intuition suggests that the positive
correlation can be achieved by use the equal random
influences for both device realizations to be compared.

The next approach is based on the supposition that the
device operation state do not change inside the little
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region near the previously checked point. Therefore, if a
simulated point exists such that the distance from it to
the point to be checked is less than a definite value, it is
not need to perform the new system simulation.

In practical algorithm the internal device parameters
quantization is accomplished. And every generated
random point can be assigned to the one of the existing
quants. The system simulation will be performed if no
early checked points are exist within this quant. Each
newly simulated point is presented as a vector of quant
coordinates with the acceptability flag (0 or 1), so a
database of checked quants can be build, and it is not
necessary to make a system simulation more than one
time per quant.

The experimental results show that the method in
general is highly effective when compared to a
conventional Monte Carlo technique, especially in
conjunction with the "correlated samples".

The next way to decrease total design time on the phase
of statistical optimization is to use modern
supercomputing technologies and parallel processing.
The easiest implementation of this idea would be
multithreading programming on computers with
symmetric multiprocessors (SMP) architecture and
operating systems that can assign different threads to
different processors (like Windows NT or modern
clones of Unix). But computational power of
conventional SMP systems is very limited - usually they
consist of not more than two or four processors. Systems
with massive parallel processing (MPP) architecture can
contain much more processors (up to few thousands) but
are very expensive.

It seems more applicable for most installations usage of
distributed processing technologies. In this case
computational tasks can be distributed over the set of
networked workstations. And, by the way, here each
computer can use multithreading and SMP architecture.
Now the CAD system to be developed is modified for
usage of parallel Monte Carlo method. The
implementation of this technology is based on PVM
(Parallel Virtual Machine) software package. The work
is still in progress.

5. Interactive system for design optimization

All techniques described above were included in the
computer-aided reliability-directed system called
SPORA. The system SPORA was developed for
parametric synthesis of analogous engineering devices
with respect to reliability requirements. SPORA is
designed to permit a user to observe, interrupt, diagnose,
modify and restart a computation as it progress,
resulting in very substantial savings not only in
computing time, but olso in the overall time needed to
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carry out a design. For example, when a design or
optimization procedure is not succeeding in an attempt
to meet specifications, the failure can be identified in an
interactive CAD system by observing the output. The
designer may therefore stop the computation and,
making use of the heuristic information displayed on the
screen, the designer could,

e modify the structure of the design,

e relax the constraint specifications,

e reset parameters of the procedure such
as scaling, weights etc.,

e change problem formulation or
algorithms.

This involvement in the optimization process put the
designer in an ideal position to perform tradeoffs.

The system uses a widely distributed SPICE-like circuit
simulation program, that allows to simulate a large class
of analogous devices in direct current, frequency and
time domains. SPORA also consists of features for
nominal design, design centering, tolerances assignment,
etc. The system has special graphic postprocessor for the
best presentation of design results. SPORA is now in
service and used for the reliability-oriented design of
electronic equipment.

The SPORA system has been tested on a number of
complex designs involving integrated circuits, filters and
control systems.

6. Design example
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Fig. 2 Band-width amplifier

Requirements:

800...1800 MHz

Amplifier ratio: 25+2 DB
Probability (manufacturing yield) >0.9

Frequency band:

Table 1. Initial nominal values (P, = 0.44)

L1 C4 [CH9 [Cl0 |Cl1 [CI13 |[C14 |C17

0.01m [0.05p [20.6p [15p [25p [10p |[1.5p |1.5p

Table 2. Nominal values after first optimization step
(P,=0.7)

L1 C4 | C9 |CI0 [ C11 | C13 [ Cl14 | C17

0.03m | 5.6p [ 82p | 12p [ 82p | 22p | 12p | 1.5p

Table 3. Optimal values (P,= 0.92)

L1 C4 | C9 | Cl0o| Cl1 | C13 | C14 | C17

0.012 [ 6.5p | 8.5p | 10p | 89p | 24p | 1lp | l4p
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7. Conclusion

A theoretical approach and applied techniques for
designing analogous engineering devices and systems
with due account of random variations in systems
parameters and reliability specifications were considered.
For solving this problem we wuse a so-called
operational/parametric approach based on the computer-
aided simulation of system capability and availability,
parameters deviations and techniques of optimal
parametric synthesis with respect to reliability criteria.

Under this approach the optimal parametric synthesis
task is formulated as an optimization problem with a
stochastic criterion.

The replacement of original stochastic criterion with a
certain deterministic one is used in order to reduce
computational cost of statistical algorithms. Moreover, a
few techniques for decreasing the number of model runs
in Monte Carlo method were implemented.

On the basis of the proposed methods and algorithms a
computer-aided reliability-oriented design system called
SPORA has been developed. The SPORA system builds
mathematical models and calculates ratings of component
parameters so that achieve the highest precision,
acceptability (manufacturing yield) or reliability of
engineering systems under design.
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ABTOMATU3UPOBAHHAA CUCTEMA
HAOEXHOCTHOIO NMPOEKTUPOBAHUA

Ouser A6pamoB

(BnanuBoctok, Poccusi)

AHHOTAIMS.

Paccmotpena 3a/1a4a MIPOEKTUPOBAHUS aHAJIOTOBBIX
TEXHUYECKHX YCTPOHCTB M CHCTEM C YYEeTOM CIIydalHBIX
MPOLIECCOB M3MEHEHUs MX IapaMeTpoB M TpeGoBaHHI
HaJeKHOCTH. [IIs ee penieHus npuBiIeKaeTcst QyHKIMOHAIBHO-
napaMeTpU4ecKHi MoIXo/1, B OCHOBE KOTOPOTO KOMIIbIOTEPHOE
MOJIEIUPOBAHNE NTPOLECCOB (PYHKIMOHUPOBAHUS UCCIICTYEMbIX
CHCTEM M U3MEHCHHMA HX I1apaMeTpPOB, a TaKKe METOJBbI
ONTUMAJIBHOTO TAapaMETPUYECKOTO0 CHUHTE3a MO0 KPUTEPHSIM
HaJeXKHOCTH. Pa3zpaboraHa cucreMa aBTOMATH3MPOBAHHOTO
NPOEKTUPOBAHUS, MpeJHAa3HAuUeHHas [JI1 pelIeHus 3aj1ay
ONTHUMAJIBbHOTO  MapaMETPUYECKOr0 CHHTE3a  aHaJOrOBBIX
PanuOdIIEKTPOHHBIX CXEM IO KPUTEPHIO HAIEKHOCTH.

1. BBeagenune

IIpoekTupoBaHNE CBOAUTCS K PELICHUIO TPYNIbI 3ajad,
OTHOCAIIMXCS K 3aJayaM aHajin3a WK cuHTe3a. JIro0oi
TEXHUYECKUH OOBEKT MOXHO IIPEACTaBUTH ceOe B BUAE
«nBoWikm»: W=<X,S>, rne X=(x,,...,x,) — IapameTpsl, a
S — crpykrypa obObekra. Kputepmii kadecTBa
(yHKIIMOHUpOBaHHUS O0BEKTa MOXKHO 3a1aTh B BHIE
¢yHKIOHANTA

D =D (W, Q)
rae Q — ycIoBus dKCIDTyaTallul 00BEeKTa.

3amaua CUHTE3a CBOJIUTCS K
ONTHMH3AIMOHHOMN 3aa4l

PELICHUIO

D W, 0) »extr= W2,
W e

rac Q — AOIIYCTUMOC MHOXXCCTBO, B paMKax KOTOPOTO

o o
MOXCT BapbHPOBATbHCA 06’b€KT, WQ — OITHUMAJIbHbIK B

ycmoBusax () OOBeKT. 3amadya CHHTE3a [IOITyCKaeT
€CTECTBEHHYIO JICKOMIIO3UIIMIO Ha MapaMeTPUYECKYIO W

CTPYKTYPHYIO:

extr= X2,89,

SEQS

DX, S, Q) —> extr
Xe QX
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rae 2, — MHOXeCTBO JOIyCTHMbIX napamerpos; ()¢ —
MHOKECTBO JIOMYCTUMBIX CTPYKTYP.

Takum 00pa3oM, CHHTE3 TEXHHYECKHX OOBEKTOB
BKIIIOYaeT JBE OCHOBHBIE dYacTh: (HOPMHpPOBaHHE
CTPYKTYpbI 00BEKTa (CTPYKTYPHBI CHHTE3) M BBIOOD
3Ha4YeHWH BHYTPEHHUX IIapaMeTpoB (MapaMeTpUuecKUi
CHHTE3).

V3BecTHO, YTO mTapaMeTpbl TEXHHYECKHX CHCTEM
MOABEPKEHBI IPOM3BOACTBEHHBIM M 3KCILTyaTallHOHHBIM
M3MEHEHMSIM, OJHAKO TPaJMLUOHHBIE METOABI BHIOOpa
HOMHHAQIIBHBIX 3HAUCHUI mapaMeTpoB
(mapaMeTpu4ecKoro - CHHTE3a), KaK MpaBWIo, He
YYUTHIBAlOT BO3MOXKHBIX OTKJIOHEHHH IapaMeTpoB OT
pacyeTHbIX  3HAYEHHIl. B pesyabrare  aToro
MPOEKTHPYEMbIE CHCTEMBI HE SBISIOTCS ONTHUMAIbHBIMU
C TOYKH 3PEHUS UX TTapaMeTPUIECKOH HaIe)KHOCTH.

B cratee paccMOTpPEeHBI METOABI W AITOPUTMBI ITOWCKA
YHUCIICHHOTO  PEIICHHs  33aayd  [apaMeTPHUYCCKOM
ONTHMHU3AUM CO CTOXAaCTHYECKHM (HaJEKHOCTHBIM)
KpHUTEpHEM, KOTOpbIe MPEICTaBIIOT co00i 0000ImeHme
U pa3BUTHE DPE3yJbTATOB, M3JIOXEHHBIX B pabdorax [1],
[2], [3]. Ha ocHOBe 3TuX anropuTMOB paszpaboTaHa

cucrema aBTOMAaTH3UPOBAHHOTO HaJIe)KHOCTHOTO
npoektupoBanuss PDA. DOta cucrema 1no3BossgeT
OCYIIECTBIAT IIOCTPOEHUE (hyHKITHOHATBHBIX

MaTEMAaTHUYECKHX MOJENEH IPOEKTUPYEMBIX CHCTEM U
paccuuThiBaTh HOMMHAJIBHBIE 3HAUEHHs IapaMETpPOB HMX

3JIEMEHTOB, pu KOTOPBIX obecnieunBaeTcs
MaKCHMalbHas CEpUIHONPUTOJHOCTh WU
mapaMeTpryecKas HaJIS)KHOCTh 00BEKTOB
HMPOEKTHPOBAHUSL.

2. ITocTanoBKa 3a1a4M ONITHMAJILHOI'O
napaMeTpH4ecKOro CHHTe3a

Paccmorpum  Hekoropyro cucremMy S(X), KauecTBO
(YHKIIMOHUPOBAHUS  KOTOPOM  3aBUCHT  3HAYCHHM
apaMeTpoB ee IEeMEHTOB X=(X,,..., X,). Byaem cunrath
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cucTeMy pabOTOCIIOCOOHOH , eclM ee OIpeelsroNe
napameTpsl Y(x) ynoBneTBopstoT ycaoBusam (1):

a<Y(x)<b 3)

rne Y, a u b - m-BeKTOpPHl BBIXOJHBIX MapamMeTPOB
CHCTEMBI U yCIIOBHI paboTOCIOCOOHOCTH, Hampumep, Y
(x) — BBIXO/THAST MOIIHOCTH, Y,(X) -3ana3apiBanue, Y;(x) —
K03(UIUEHT epeadn.

HepaBencrBa (1) BeImenstoT HeKOTOpyio obmacts D B
HPOCTPAHCTBE BHYTPEHHUX I1apaMeTPOB

D={xa<Y(x)<b}, 4)

KoTopyto D Oynem Ha3blBaThb OOJIACTBIO JOMYCTHMBIX
BapHaluil mapaMeTpoB (00NacTBI0 PabOTOCIIOCOOHOCTH)
IPOEKTUPYEMOM CUCTEMBI.

Ha Puc. 1 mpuBeneH mpmmMep Takod obnactu. 3mech
BEJINYUHEI ¢ U b 3a7a10T yCIOBHUS pabOTOCIIOCOOHOCTH.

Y.(x)<b,

Po(X-X,)-probability
density function

yi(x)za

D

W

Puc. 1. O6nacte padotocrnocobHocTu D .

Kak yxe ormeuanoch, mapamMeTpbl TEXHUUYECKUX CHUCTEM
MOJBEPKEHBI CIIy4YaliHbIM MU3MEHEHUAM (M3-3a CTapeHus,
W3HOCA, TEMIIEPATyPHBIX BO3JICHCTBHI) U 3TH U3MEHEHUS

MOTyT OBITH NpEJCTaBI€Hbl B BHAE CIy4alHOro
nporecca:

X(0) ={X,(1),.... X, (D)}

B ob6mem Bume 3amaua ONTHMAIBHOTO  BBIOOpA
napaMeTpoB (IapaMeTpPUYECKOr0 CHHTE3a) MOXET ObITh
NpeACTaBlIeHa B CIeAylomeM Buae.  [I3BecTHHI
XapaKTepPUCTHKM  CIy4alHOro Ipolecca HM3MEHEHUs
mapaMeTpoB 3JIEMEHTOB cuCTeMbl X(f), oOmacts

JOIyCTHMBIX HM3MEHEHHil napamerpoB-D u Tpebyemoe
BpeMs OKCIUlyaTauuud 1, HalWTH TakKoil  BEKTOp
HOMMHAJIBHBIX 3HAYEHWH TapaMeTpoB X, =(X;. ,...,.Xu),
IpH  KOTOPOM  BEPOSTHOCTE 0€30TKa3HOH  paboThI
CHCTEMBI B T€4ECHHE BpeMeHH 1
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P(x,,T) = B{{X,(t)=x,,,.... X, () - x,.] € D,Vt €[0,T]}

JAOCTUTACT MAKCUMYyMa.

Jnst pernennst 3Toi 3amauM HEOOXOAMMO, BO-TICPBBIX,
HAWTH METOJ| BBIYMCICHHS LEJICBOI (YHKIMHM H, BO-
BTOPBIX, BBIOpAaTh METOJ, MO3BOJSIONINI PEIIUTh 3a1auy
IIOUCKA 3KCTPEMYyMa C MUHMMAJIbHBIMU 3aTpaTaMu.

3. Pacyer mapaMeTpu4ecKoOil HaeKHOCTH

[Ipennaraemslii METOJ, pacuera HaJC)KHOCTH,
MOJIyYMBIIUI Ha3BaHUE METOJA KPUTHYECKUX CEUCHH,
OCHOBaH Ha CIIEAYIOUINX UACSX.

W3BectHO, 9TO ImMIOOOW CIy4alHBIA Mpomecc MOXKHO
3agaTh JMOO0 MHOXECTBOM  CIIyJaWHBIX  BENIHUYUH,
TIPE/ICTABISIOMINX €r0 BPEeMEHHBIE CCUCHUS (f-CEUeHHs),
b0 MHOXKECTBOM (YHKUMH  y,(f) B HEKOTOpPOM
(yHKIMOHAEHOM IIPOCTPAHCTBE, IA€ (QYHKUMH (7))
3aBUCAT OT IapaMeTpa (, XapaKTEePU3YIOLIETOo
peali3alyi0 WX BBIOOPOUHYIO (DYHKIMIO CIIy4aifHOTO
mporecca.

BepositHOCTB HaXO0XICHUS

Pyy(Dy)
BBIXO/IHOTO TIapaMeTpa B 00JacTH paboTOCHOCOOHOCTH
D, ={Y/a<Y<b} B MOMEHT BpPEMEHH ! MOXKHO

MPpEACTAaBUTH B CICAYIOIICM BUC

HEKOTOPOTO

P,(Dy)=[ £y,

a
rae  fyy) OnHOMEpHas IUIOTHOCTb — pachpejeneHus

ciydaiiHOro mpotecca Y(?) B MOMEHT BPEMEHHU .

Brigeaum u3 MHOXECTBa BCEX peanu3anuii
HCCIIElyEMOI0 CIIy4ailHOro IIpolecca MHOKECTBO SM
TaKUX peanu3alnii, 3HAYEHHUS KOTOPBIX MPHHAIJIEKAT
YHCI0BOMY MHOXKECTBY D) B MOMEHTHI BPEMEHH 11, 17, ...
t,. 3HayeHHWe BEPOATHOCTHOM Mephl  CIy4yaiHOro
mpouecca Y(¢), COOTBETCTBYIOLIEE 3TOMY MHOMKECTBY
onpenensercs Gopmymoi

b b
PS)=[ | o Gaoos )y dy,, )

—
u"

rne f!l,...,t,u
CJIy‘IaﬁHBIX BCJIMYMH, paCCMaTPpUBACMbIX B CEYCHUAX ll-
st

COBMCCTHas IUIOTHOCTb pacnpe€aciICHUA

it
Ilpu  nmocratouHo  OONBIIOM  YHCIE  /-CEYCHUH,
BbIeneHHbIX Ha [0; T, 3Hauenue P,(S p) MOYHO MPUHSTH

PaBHBIM HCKOMO# BEPOSITHOCTH HAXOXKICHUS
CITyJaifHOTO ITpoIiecca B 00JIaCTH JOIYCTUMBIX 3HAYEHHH
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B TCUYCHHE TpeOyeMoro BpeMeHH 1, T.e. BEpPOSTHOCTH
0e30TKa3HOM paboThl CUCTEMBI.

BocrnonezoBarecs  cooTHomeHHEM (3) IS OLCHKH
MapaMeTpUIecKO HaJAeKHOCTH YPE3BBIYAMHO CIIOXKHO.
OpHAaKo TpPH HAJIOKEHWH OIPEeTIeHHBIX OTpaHWYEeHHH
Ha XapakTep BBIOOPOUHBIX (yHKIMI (peanu3anuii)
yZIaeTcsl MOMY4YUTh CPaBHUTENBHO MPOCThIE U YIOOHbBIE
JUTS TIPAKTHYECKOTO HUCTIOIB30BaHUS PE3yNIbTaTHL.

Bynem cumTath Xapaktep ciay4aiiHOrO mporecca Y(?)
TaKdM, 4TO JJIsl HAXOXIEHHs JII0OOOH €ro peaim3anud B
00JIaCTH JOMYCTHMBIX 3HAYCHHH B TEUCHHE 3aJaHHOTO
BpeMEHH HEOOXOIUMO M JOCTaTOYHO, dTOOBI 9Ta
peanuzarus [pUHAJIeKAIA obnactu
paboTOCIIOCOOHOCTH B OrpaHUYEHHOM (M HEOOJBIIOM)
YHCIIE ~-CEUEHHH Y(?), KOTOpbIE HA30BEM KPUTHUYCCKUMHU.

ITycts ciyyalfHBI mpollecC W3MEHEHHS BBIXOIHOTO
napameTpa CUCTEMBI Y(?) MOXKHO CUUTATh MOHOTOHHBIM.
B srom ciydae, i TOro 9YTOOBI peanm3amisl 3TOTO
mpoliecca y(¢) Haxoauiach B mpenenax [a,b] B TedeHue
BpeMeHH 7, HEOOXOIMMO M JOCTaTOYHO, 4TOOBI OHa
NpUHAIJIekKaTa IHATa30Hy IOMYCTHMBIX M3MEHEHHH B
IPaHUYHBIX cedeHMsiX, T.c npu (=0 u t=T. Torga
YCIIOBUSI HaXOKAEHWS Ipomecca Y(?) B JOIyCTHMBIX
mpezenax B TeueHue BpeMenn 7' OyayT NMeThb BHU:

a < Y(0) <b, a< Y(T) <b,
rae Y(0) n Y(T )- cny4aliHble BeNUYHMHBI, OTYYatOLIHecs
B COOTBETCTBYIONIMX BpPEMEHHBIX CEUYCHHUSAX Ipoliecca

Y.

BepositHOoCTh HeBhIXOHa  Y(?) 3a mpenmensl [a,b] B
TEUCHHE 3a/IaHHOTO BPEMEHH 3aIHIICTCS CIICTYIOMINM
obpazom

P(T) =P{[ a <Y(0)<bIN [asV(T)<b]}

Ecnu u3BecTHa TEHIEHLUS M3MEHEHUs IapaMerpa, TO
HUCKOMYIO BEPOATHOCTb MOKHO OIPENENIUTh, UCIONb3Ys
COOTHOILEHUS

dy
npu — 20,
dt

P(T) = Tfo (n)dy — T Jr(ydy,

D= [ £y~ [ oy, %<,

rae fy(v) ¥ fr(y) omHOMEpHBIE IUIOTHOCTU paclpeaeIeHus
B ceyeHHsIX =0 M t=T COOTBETCTBECHHO.

Baxxnoil 3ajmadell NpPOEKTUPOBAaHUS B psjie CIydaeB
CTaHOBUTCS BEIOOD HOMHHAQJIOB IIapaMeTpOB X,
00€CIeUHBAIOIMX  MAaKCUMyM  CEPUHHONPHUIOJHOCTH
(BbIXOza TOAHBIX). CepuitHONPUIOAHOCTh NPEICTABISCT
co00l BEpOSITHOCTb 3aCTaTb CHCTEMY pabOTOCHOCOOHON
B HayalbHbIH MOMEHT BpEMEHH, T.€. BEPOSTHOCTb
BBITIOJTHEHHUS YCIIOBHiT paboTocrocobHOCTH (1) B MOMEHT
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BpeMeHH ¢=(. IlycTp M3BeCTHa COBMeCTHas IUIOTHOCTB
pacnpesiesieHus] MapamMeTpoB AJIIEMEHTOB CHUCTEMBI p(X),
KOoTOpas  SBJSIETCS  XapaKTEPUCTHKOH  CIy4aifHOro
Iporiecca Bapraluii 3THX apaMeTpoB 1pH =0.

CepuitHonpuronHocts OyIeT 3aBHCETh OT BEIOOpa
HOMUHAJIbHBIX 3HAYEHUH IapaMeTPOB X, U PaBHA

Pix)= | plx-x)dx

(D - obnacte paborocnocoOHOCTH). 3ajaya COCTOMT B
BBIOOPE X; , 00€CTICUMBAIOIINX MAKCUMYM P,(X,).

Vcnonb3yemble Ha TMPAaKTHKE aITOPUTMBI  pacydeTa
[IeJIEBOW (DYHKIIUM OCHOBAaHbI Ha W3BECTHOM METOJIE
craructrdeckux ucnbitanuii (MonTe-Kapio)

I'enepupyetcs ciaydaiiHbIi BEKTOp IapaMeTpoB U. Aajee,
UCTIONB3Ysl HEKOTOPYI0 MOJENb CIy4aifHOro Ipolecca
W3MEHEHUH DapaMeTpoB, MOJEIUPYIOTCS peaau3aluu
3TOro Tmpormecca. B KkadecTBe MOJENHM CIy4ailHOrO
mpolecca U3MEHEHHH apaMeTPOB MOXKHO UCIOIb30BaTh

X="3 5,1, (1)

Te X; CIOy4aiHble KOX(PQPHUIMEHTHI; a {uk(t)}m ie0 -

HeTIpEepbIBHBIC ICTEPMUHNPOBAHHbIC (DYHKITUN BPEMEHH.

Meton Monre-Kapino mno3BossieT annpoKCUMHPOBaTh
P,(x,,T) B BUJe OTHOILIEHUS 4YHUCJIAa PabOTOCIIOCOOHBIX
peanuzanuii (mpuHAAISKAINX 00mactu D)-N, K o0memMy
YHCIIy UCIBITAaHUM - .

N/
p=N

K coxanenmio, o0macte paboTOCHOCOOHOCTH B
MPOCTPAaHCTBE BHYTPEHHHX NapaMeTpoB D 0OBIYHO
Hen3BecTHA. OHA 3a7aeTcsl JUIIb B HESIBHOM BHJE Yepe3
CHUCTEMY YpaBHEHHUH, CBS3BIBAIOLIYI0 BBIXOAHBIE U
BHYTPCHHUE TapaMeTpsl, u YCITOBHS
paboTocnocobHOCTH, 3aJjaHHbIE B TEXHUUYECKOM 3aJlaHUU
Ha mpoektupoBanue. [Ipu HewsBecTHOW obnactu D,
ucnonp3oBaHue wmeroaa Monre-Kapno pans  oueHku
P,(x,,T) npu pa3uyHbIX 3HAUCHUSIX BEKTOPA HOMHUHAJIOB
X, He00X0aMMO N pa3 OCyIIECTBISTh aHAJIN3 CUCTEMBI U
MIPOBEPKY YCIOBUI pabOTOCTIOCOOHOCTH JUI KaXKAOTO
BEKTOpa BBIOMPAEMBIX TapaMeTpoB X,. s moiydeHHs
omeHok P,.(x,T) ¢ mpueMIeMoil TOYHOCTBIO OOBIYHO
HEOOX0IMMO MTPOBOAUTH HECKOJIBKO COTEH UCITBITAHUI.

OnTtuMu3zanus TpedyeT MomydeHHs
P,(x,T) nns OonpIIOro YwMCiIa
mapaMeTpoB X,. CienoBaTensHO,
TaKoro IIOAXOJAa Ha MpaKTHKe
BO3MOKHOCTh YMEHBIICHUS YHCIIA

OLECHOK BEPOATHOCTHU
BAapUAHTOB BCKTOpa
JJIsI CIIOJIb30BaHUA
HGO6XOZ[I/IMO HaTH
PICHBITaHPIﬁ, a TaKXeC
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KOJIMYECTBA  PacyeToB BBIXOJHBIX napamMeTpoB
MIPOEKTUPYEMOM CUCTEMBI.

Hmwke paccmoTpeHa AByxdTalHas Opoueaypa U
COOTBETCTBYIOIINE AITOPUTMBI, MIO3BOJISIIOIIUE
YMEHBUIUTh BBIYUCIUTEIBHBIE 3aTpaTbl Ha pPELICHUE
3aJauyd  ONTHUMAJbHOTO  BBIOOpAa  MapaMeTpoB IO
KPUTEPHIO HAJIE)KHOCTH.

4. MeToabl ONTHMHU3ALUH

IlepBplii  mar CcOCTOMUT B 3aMEHE  HCXOJHOIO
CTOXaCTHYECKOTO KpUTEPHS HEKOTOPBIM
JIETEPMUHUPOBAHHBIM, MIO3BOJISIOLNM HaXOJUTh

pelreHus, O61M3KHMe K ONTUMalbHOMY. PaccMoTpum 1Ba
BapHaHTA TAKON 3aMEHBI.

[lepBeiM  BapuanToM  MOXET  OBITb  KpUTEpuit
MUHMMakcHOro Ttuna. OH NO3BOJIAET HAWTH TaKylo
HOMHHAIIBHYIO TOUKY, KOTOpasi MAaKCUMAaJIbHO yJajeHa OT
rpanui obnacTi paboTOCIIOCOOHOCTH.

BBeneM (yHKIHIO, KOTOPYIO HA30BEM MHHHMAJIbHBIM
3armacoM paboTOCIIOCOOHOCTH:

a, - Y (x)
F(X) =min| ———-1},
i=l,m f
rae Yj(x) - i-d BBIXOIHOM mapamerp, a; - i-1 IPaHMLa
obmactu paborocnocobnoctu (Y(x) < a) mu w; - i-i

BECOBOM K0d(PULIUEHT.

[MoctaBuMm 3amauy BbIOOpa HOMHHAIBHBIX 3HAYCHUH
MapaMeTpoB, NMpPU KOTOPBIX MHHUMAJIbHBIA M3 3aIacoB
paboTOCTIOCOOHOCTH TOCTUTAET MaKCHUMyMa:

X, =argmax F(x).

Jpyroii BapuaHT 3aMEHBI COCTOUT B MCIIOJIb30BAHUU TaK
Ha3bIBAEMOTO METO/Ia PABHBIX IUIOTHOCTEH. DTO METOJ
KoMOMHHpOBaHHOTO Tuma. OH COCTOMT B HaXOXXICHUHU
ONTUMAJIBHOIO AaHAJIUTHYECKOI'O pPELICHHUS Ha YPOBHE
BBIXOJJHOTO MapaMeTpa | MOCIEAYIOMIEro MOMCKa TaKhX
3HaYEHUH BHYTPEHHUX [apaMeTpoB, IPU KOTOPBIX
obecrieunBaeTcsl MaKCUMalbHas OJH30CTh BBIXOJHOTO
napamMeTpa K aHaIUTUIEeCKOMY pelieHuto [1].

Ilocme 3aBepmieHHWs TEPBOrO dTama HEOOXOIUMO
IIPOBEPUTh YAOBJIETBOPSECT JIA IIOJIyYEHHOE PELICHUE
3aJaHHBIM  TpeOoBaHMAM HajgexHOcTH. Ecom mpm

BBIODAaHHOM Ha MEpPBOM JTale BEKTOpe HOMMHAIIOB
BEPOSITHOCTh O€30TKAa3HOH pabOThl OKaKeTcs HIDKE
TpeOyeMoHt, MepexoauM K CIEAyIOUmeMy JTamy. JTOT
3Tal COCTOMUT B IOUCKE PEIICHHUS, ONTUMAIBHOTO MO
CTOXAaCTHUECKOMY KPUTEPHIO.
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WzBecTHO, uTO 3 (HEKTUBHOCTH METOAOB MOUCKOBOI
ONTUMM3AINKM  CYIIECTBEHHO 3aBUCUT OT BBIOOpa
HaYaJlbHOW TOYKM TIOMCKa SKcTpeMyma. HecioxHO
II0Ka3aTh, YTO B PAacCMAaTPUBACMOM Cllydae HAWITy4IlIeH
HadaJIbHOW TOYKOW IMoWcKa OyAeT HOMHHAIBHAS TOYKa,

paccuruTaHHas Ha JTare ONTHUMM3AINH 10
JIETEPMHUHUPOBAHHOMY KPHUTEPHIO.
Kak ormeuanoch BhIIIE, METOALI CTOXACTHYECKOM

ONTHMHU3AINN O0JIAaf0T BBICOKOH BBIYHCIHTEIIHLHON
TPYIOEMKOCTBI0. PaccMOTpUM OIMH M3 BO3MOXHBIX
MyTed COKpallleHHs TPYAOEMKOCTH BBIYMCICHUH, B
OCHOBE KOTOPOTO JIeXAaT HAEH CPaBHHUTEIBHOTO
MOJIETTUPOBAHUS U KOPPETUPOBAHHBIX BBIOOPOK.

B mpouecce monckoBoil ONTUMM3ALMY IS ONIPENEICHUS
HalpaBlIeHUs TMOHCKa He 00s53aTeNbHO BBIYUCIATH
3HaUeHMS [eNneBod (yHKIMM B  KaKAOH  TOYKe
IIPOCTPAHCTBA NOUCKA. JIOCTATOYHO OLIEHUTh Pa3HUILy A
P BeposTHOCTEM B JABYX IOCIENOBAaTEIbHBIX TOYKAX
BBIOOPOYHOr0 mpocTpaHcTBa. Jlucmepcust oueHkn AP
OyJIeT UMEeTh BUJL

o o8] <o (1 oo ) -2{Fs 2ol o[ )
rae R -kodQpPUIUEHT KOPPENSUA MEXIy OLCHKaMH IS
JIByX  CpaBHUBaeMbIX  TOYeK. Eciau  BBIOOpPKH,

UCTIONB3yeMble Il  IOJy4eHHs  OIEHOK, OyayT
HE3aBUCHMBIMH, TO €CTECTBEHHO, 4TO R =0 1 Aucnepcus

oot} a3 a7 =" {1}« {1:].
[Ipu nonoxurensHOM R
o (8P} < o (aP),

T.e. UIs 00ecTiedeHns TOH ke CaMOH TOYHOCTH OIICHKH B
ClTygae KOPPETUPOBAHHBIX BEIOOPOK TpeOyeTcss MEHbIIee
YUCIIO0 MOZEJIUPOBAHUN (pacueroB BBIXOJIHBIX
IapaMeTpoB) CHCTEMBI, 4YeM B IIpH HE3aBUCHMBIX
BBIOOpKAX.

PagukanbHBIM  IyTeM  YMEHBIIEHUS TPYJOEMKOCTH
BBIUMCIIMTEIBHOIO  Ipollecca  IPU  ONTUMAJIBLHOM
MIPOEKTHPOBAHUN C YYETOM TPeOOBAHUH HANEKHOCTH
MOJKET CTaTh UCHOJb30BAHUE COBPEMEHHBIX TEXHOJIOTUI
napajJIeJbHbIX U paclpele/IeHHbIX BBIYMCICHUN.

B cB3M ¢ IIMPOKUM pacrnpoCTPaHEHUEM CETEBBIX
TEXHOJIOTHI BCe OOINBIINN WHTEpPEC NMPHUBIEKAET HOBOE
HarpaBJIeHHE B 00JIaCTH MH(pOPMAIMOHHBIX TEXHOJIOTHA
- pacmpeneneHHas Mojenb — BbluuciacHui.. Crnemyer
OTMETHUTH, YTO OONBIIMHCTBO METOIOB MOJCIHPOBAHUS U
[IOMCKOBOM  ONTHUMH3AaLUM  JIOCTATOYHO  CJIOXHO
HOITAIOTCS pacrapauIeIMBaHuUIoO, UCKITIOUCHHE
COCTaBJIIET METOJ CKAaHUPOBaHUs (MOJHOro nepedopa), a
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taioke Merox Monre-Kapio, wucmomb3yembrid st
pacuera BepOSITHOCTH O€30TKa3HOH paboThI, KOTOPHIE
SBJIAIOTCS ~ MOTCHIHWANBHO  MapauiedbHBIMH.  [Ipu
MPOTPaMMHON peaTi3alid METOJI0B TapaMeTpHIECKOTO
CHHTE3a MPEeACTABIISACTCS Lenecoo0pasHbIM
WCTIOJIb30BaHHE BO3MOXHOCTEH KaK COBPEMEHHBIX
MHOTOIPOIIECCOPHBIX BBIYMCIHUTENBHBIX CHUCTEM, TaK U
pacmpe/ieIeHHBIX MHOTOMAIITMHHBIX KOMILIEKCOB,
CBSI3aHHBIX JIOKAJTBHOW CeThio. Peanmsanus momoOHBIX
AITOPUTMOB ~ Ha  MHOTOINPOILIECCOPHBIX  MAIIMHAX,
paboTaroNMX MO YIPABICHAEM ONEPAITUOHHBIX CHCTEM,
MOJICP>KUBAIOIINX MHOTOIIOTOYHOCTD, IPEICTABISETCS
JOCTaTOYHO TPHBHAIBHOH. B TO ke Bpems, B
pacrpeieieHHbIX TeTepOreHHBIX cpenax, HeoO0XOIUMO
CaMOCTOSITEIIBHO ~PEAIU30BaTh MEXAaHU3MBI 3arpy3Kd
JAHHBIX, CHHXPOHHM3AIIMU MPOLECCOB U OaTaHCHPOBKH
BBIYHMCIIUTEIBHON HArPy3KH MEXKIY KOMIIOHEHTAMH
KOMILIEKCA.

K 3amaue napaMerpuueckodl  onTHUMM3alMM IO
CTOXaCTHYECKUM KPUTEPHSIM MpUMEHHMa TaK
HaspIBacMasl TJIaBHBIA- TIOJYUHEHHBIA (master-slave)
napaaurma napaieabHOro MIPOrpaMMUPOBAHUS.
PacnapamienuBanue 3/1eCh Oazupyercs Ha
JEKOMIIO3ULIMU aJTOPUTMa BBIYUCICHUH M B KayecTBe
€IMHUIIBI napaienu3mMa BBICTYIIaeT 3a/1a4ya

OTHOKPATHOTO pacdera MOJIENU CXeMbI (MOJETHPOBAHUS
CXEMBI), 4TO SIBISETCI  CaMbIM  KPYIHBIM U
BBIYHUCIIUTEIBHO E€MKHUM 6510KOM ajnropuTMa
CTAaTUCTUYECKOTO aHaIM3a U ONTUMU3ALHH.

B Hacrosimiee Bpemsi HadaThl pabGOTHI MO CO3JaHHIO
MapajIeNbHbIX aIrOPUTMOB perieHust 3aj1a4
MapaMeTPHUYECKOTO CHHTE3a 0 KPUTESPHSIM HAICKHOCTH,
B YaCTHOCTH , pa3paboTaH MapaiienbHblii aHaJIOT METOa
cratucTrdeckoro MojaenupoBanus (Monre-Kapio).

5. CucremMa OoNTHMAJIbLHOIO MPOCKTHPOBAHUA

Ha ocHoBe mpuBeJeHHBIX BBIILIE METOJOB U aJrOPUTMOB
pa3paboTana aBTOMAaTH3WPOBAaHHAS cucreMa
IPOEKTHPOBAaHMSA C Y4ETOM TpeOOBaHUHM HAaIeKHOCTH,
nonyunBmasi  Hazpanue CIIOPA. Dra cucrema
IpefHa3HAa4YeHa [UIS peIeHHs 3amad  ONTHMaJIbHOTO
napaMeTpHYeCcKOro CUHTE3a aHAJIOTOBBIX
pPamMOdJIEKTPOHHBIX CXEM C yYeToM TpeOoBaHMit
HanexxHocTH. CIIOPA maeT BO3MOXXKHOCTB pa3pabOTIHKY
HaOJII0aTh, MPEPHIBATh, AUATHOCTUPOBATH, U3MEHSATH H
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BO300HOBJIATH BEIYHCIICHHS B XOJIC MX BBIIOJHEHHUS, YTO
MIPUBOJUT K SKOHOMHUH HE TOJBKO BPEMEHH BBIYUCIICHHUH,
HO W O0IIEero BpeMeH! MpoeKTHpoBaHus. Tak Hampumep,
€CITH TIpolleypa HPOSKTHPOBAHUS, WIM ONTHMH3AINH,
KOTOpasi 10JKHA 00ECIeYUTh BBIIIOJIHEHHE TEXHHUUECKHX
TpeOoBaHUIH, ycrexa HE TIpUHECTA, TO
ABTOMATH3UPOBAHHAS cucreMa MPOEKTHPOBAHUS
[I03BOJSIET HAa OCHOBE aHajiM3a BBIXOJHBIX JaHHBIX
BBIIBUTE  NIPUYMHY  93Toro  Pa3paboTumk  mMeer
BO3MOXHOCTb MIPEeKPaTUTh BBIYUCIICHUS u,
BOCIIOJIG30BABIINCE  3BPHUCTHYECKON  MH(MOpMAaImei,
BOCIIPOM3BEACHHON HAa MOHHUTOPE, IIPOBECTH CIEIYIOIIIE
olepaLuu:

e  MOAUGHUIUPOBATH CTPYKTYPY HPOCKTHPYEMOTO
00BeKTa,

e  0cnabuTh TEXHUYECKHE TpeOOBaHMUS,

® 3MEHHUTh MapaMeTpbl TPOLEAYphl (BECOBBIC
ko3 Pumentsl, Macmrad u T.1.)

e I3MEHHTH  (GOPMYIHMPOBKY  3aJadd  WIH
aJITOPUTMOB.
B  kauectBe MOIynsl NOCTPOCHHMS U aHaIM3a

MaTeMaTHYeCKOH MOJENU IIPOEKTUPYEMOro 00beKTa

HCIONb3YeTCA HIMPOKO pacnpocTpaHeHHast
mozenupytomas cucrema SPICE, koropas mo3Bossier
MOJIENIUPOBATh IIPOLIECCHI (YHKIIMOHUPOBaHHUS

IIMPOKOTO KJlacca aHAJIOTOBBIX CXEM BO BPEMEHHOW U
YaCTOTHOM 00J1aCTsX.

CIIOPA wuchpIThIBaNach Ha PELICHUU Psda CIOKHBIX
3aj7ady, B TOM  4HCJIE, JUII  ONTUMAIBHOTO
MPOEKTHPOBAHUS 10 KPUTEPHUAM CEPHHHOIPUTOTHOCTH U
apaMeTpUYecKoil HaJeKHOCTH WHTErPAIBHBIX CXEM,
(GMIBTPOB M CHCTEM YTIPABICHUS.

6. Ilpumep

Ha puc. 2 npuBeaeHa cxXeMma YCHIHTENS BBICOKOH
9acTOTBL.  TpeOyeTcs  paccuMTaTh  HOMHHAJBHBEIC
3HA4YEHUs I1apaMeTPOB HABECHBIX 3JEMEHTOB, IIpU

KOTOpbIX ¢ BeposTHOCThIO P, >0.9 obecneunBaercs
BBIIIOJTHEHNE YCIIOBUH paboTOCIIOCOOHOCTH:

Koaddumment ycunenust 25+2 nb
ITonoca gactot 800...1800 MI'g
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-12B

_ /4=
-8.5B — an (17
f c12 f C15
Puc. 2 HpI/IHHI/IHI/IaﬂBHaH CX€Ma HIMPOKOIOJIOCHOTO YCUIIUTEIIA BBICOKOM 4aCTOTBI
VcxomHele  3HaueHHWS  HOMHHAQJIOB  BapbUPYEMBIX Tabn. 3.  OnTuMansHBIC 3HAYCHUS HOMHHAIIOB
rapaMeTpoB MIPUBEICHBI B Tab. 1. napametpos (P, = 0.92)
CepuifHOTIPpUTOTHOCTh  MICXOJHOTO ~ BAapHaHTA CXEMBI L1 c4 | co | c10 | C11 C13 Cl4 C17
okazanack paHoi 0.44. 0.012 | 65p [ 85p | 10p | 89p | 2.4p 11p 1.4p
P.=0.444
7. 3akinoueHue
Tabn. 1. VcxoaHsle 3HaYEHNUsI HOMUHAIIOB
BapbUpyeMbIX napameTpos (P.= 0.44) Paccmotpena 3amaua  NOpOEKTHPOBAaHUS — AHAJIOTOBBIX
L1 c4 |co Icio |ci1 [c13 |ci4 |c17 TEXHHYECKUX CHCTEM C YYeTOM 3aKOHOMEpHOCTei
0.01m [0.05p [20.6p [15p [25p [10p [1.5p [1.5p CIy4yaiHbIX BapHalMil MapaMeTpoB HMX 3JIEMEHTOB U
TpeboBaHUH apaMeTpIIecKor HaJIeKHOCTH.
Tlepsbiii  5Tam  ONTHMH3AIMH  OBIUT  TPOBEIEH  C Hp6ezmo>1<em>1 s¢dexTuBHEIE METO/Ibl  ONTUMAILHOTO
UCTIONIb30BaHUEM  KpPHUTEpHs MUHHMAJIbHOTO  3armaca BRIOOpA  HOMHHAIBHBIX — SHAGCHUM — MapaMeTpoB

paboTocriocobHocTH. B pesynbrare Obula JOCTUTHYTA
BepossTHOCTh (.7. 3HaUeHUs] HOMHMHAJIOB BapbUPYEMBIX
mapaMeTpoB IIOCIE TMEpBOrO  dTama ONTHUMH3AIHH
TPUBEICHBI B Ta0OI.2.

Tabn. 2. 3HaueHHS HOMUHAJIOB MAPaMETPOB TIOCIIE
nepBoro srana ontuMuzanyn (P, = 0.7)

L1 C4 | C9 [CI0 | Cl1 |C13 [Cl14 | C17
0.03m | 5.6p [ 82p | 12p [ 82p [ 2.2p | 12p [ 1.5p
CrieytomyM 3tanamM craja ONTHUMM3ALUS 10 KPUTEPHIO
BEPOATHOCTH BBITTOJTHEHHS yCIOBHH
paborococobnoctu. B pesymbrare = moiy4eHB

HOMHHAQJIBHBIC 3HAUCHUS I1apaMeTpOB, IPHBEICHHBIC B
tabn. 3. Ilpm oTHX 3HayYeHUsAX ObUIA JTOCTUTHYTA
BepoaTHOCTD (.92, uTo BBIIE TPEOYEMO.

- 46 -

MIPOEKTHPYEMBIX CHCTEM (ITapaMETPUIECKOTO CHHTE3a).

Ha o0aze NPpESIOKCHHBIX METOAOB U AJITOPUTMOB

paspaborana aBTOMATHU3UPOBaHHAS cucrema
HaJe)xkHOCTHOTO npoekTrpoBaHus CITIOPA
Jumepamypa

[1] A6pamoB  O.B. Ilapamerpuueckuii  CHHTE3

CTOXaCTHYECKUX CHUCTEM C YYeToM TpeOOBaHMI
HajexxHoctd. M: Hayka. 1992.

O.V. Abramov and K.S.Katuyev, “Effective
Methods for Parametric Synthesis of Stochastic
Systems”, Proc. First Asian Control Conference,
Tokyo, vol. 3, pp. 587-589, 1994.

R.Brayton, G.Hachtel and  A.Sangiovanni-
Vincentelli “A survey of Optimization Techniques
for Integrated-Circuit Design”, Proc. IEEFE, vol.69,
no. 10, pp 1334-1362, 1981.

(2]

(3]
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AOBA NOAXOAA K AEKOMMNO3ULUU CITOXHbIX
MEPAPXUYECKU CTOXACTUYECKUX CUCTEM.
HENPEPbLIBHO B3AUMOLOEUCTBYIOLWUE
NMOACUCTEMBbI

Baagumup Peikos
(Mocksa, Poccus)

Ceemaioti namsmu
bopuca Braoumuposuua
T'neoenxo nocsawaio

AHHOTALMS

PaccmarpuBaroTcsi 1Ba NOAXO4a K PpEIICHUIO NpOOJIEeMbl AEKOMIIO3UIMHM TNPOLECCOB (HYHKIMOHUPOBAHHS CIOMKHBIX
HepapXUUYeCKUX CHCTEM, ONMpAloIIMecs Ia YCJIOBUS B3aUMOJAECHCTBUA MEXAYy HX mnojcucreMamu. IlepBbiii monxon,
KOTOpPOMY IIOCBSIIIEHAa MepBas 4acTh pabOThl (HACTOSILAS CTaThs), CBSI3aH C W3YyYEHHEM CHCTEM C HENpepbhIBHO B3a-
HUMOJICHCTBYIOIINMHE TOJCUCTEMaMHi. THUIIMYHBIM MPHMEPOM TaKHX CHCTEM SIBITIOTCSA WH()OPMAIOHHO-BBIYHCIUTEIEHBIC
cetd. TpaIuIIMOHHO TaKWE€ CHCTEMBI UCCIIEAYIOTCS C MOMOIIBI0 MOJIETIeH, ceTell MacCOBOro 0OCITYKMBAHHMSA, JJIsI KOTOPBIX
npoOJieMa TEKOMITO3HIIUH PEeIIaeTcs B paMKax MYJbTHIUIMKATHBHOIO MPEICTABICHHS U CTAIMOHAPHO TO paclpeeIeHus
BEpPOATHOCTEH HX cocTosiHMM. I[lyTem pacmimpeHuss MeTojga AOMOJHUTENFHOM NEepeMEHHOM JoKa3aHa JO0MYyCTHUMOCTb
MYJBTUIUIMKaTUBHOTO MPEACTaBICHHUs Ha CIydyail HepapXUUeCKOW CEeTH C 3aBUCHUMBIMHU JUTUTEIBHOCTAMHU OOCITY>KUBAHMUSA,
XapaKTEepHBIN I CUCTEM NEpelady JaHHBIX.

1. BBEJJEHUE

MHorue coBpeMeHHbIE MPOU3BOJICTBEHHBIE, SKOHOMUYECKHE WH(GOPMAIIMOHHBIE COLMANbHBIE U JIp.
CHUCTEMBl MMEIOT CIIOKHYIO HepapXuueckyro cTpykrypy. [lox cucremoil Oymem moHMMAaTh OOBEKT,
JIOTTYCKAIONIMI pPa3lio’KeHHe Ha 4acTh (MOJCUCTEMBI), COXpaHSIIOIIMe, MO0 KpailHel mepe, 4acCTUYHO
byakuu Bceld cuctembl. CIIOXKHON Ha3bIBAE€TCS CHUCTEMA, IOJCHCTEMBI KOTOPOH JIOMYCKaroT
JanbHEHIIee pa3lIoKEHHE, HEpPa3JIoKHMbIE YacTH CHUCTEMBbl HA3bIBAIOTCA €€ JJIEMEHTAMH, a
MaKCHMAaJIbHOE YHCIIO YPOBHEH Pa3I0KEHUS - PAHTOM CIIOKHON CUCTEMBI.

3aMeTI/IM, 4TO CHCTCMbI JOITYCKArOT, BOO6HIC roBOps, pa3jndHOC PA3JI0KCHUE OTHOCHUTCIBHO
Pa3JIMYHBIX (1)yHKIII/Iﬁ 1 IPOLECCOB B HUX MPOUCXOAAIIHNX.

HaubGonpmuii wHTEpEC ¢ TOYKM 3pEHHS aHAIN3a CUCTEM IMPEICTABISACT HWCCIEAOBAHUE TMOBEICHUS
MPOLIECCOB, MPOTEKAIOIINX B CIOKHBIX HEPAPXUUYECKUX CTPYKTYpax, KOTOPOE B 3HAUUTEILHOM CTETIEHH
3aBHCUT OT PEXKHMa B3aMMOJACUCTBUS ee mojacucteM. CI0XKHOCTh 3TUX MPOIECCOB MOOYKAAET UCKATh
NyTH WX JEKOMIIO3WIuU. B paboTe paccMaTpuBaroTCs ABa MOAXOJA K JEKOMIIO3HIIMU IMPOIECCOB B
CJIOXKHBIX HEPAPXMUYECKHX CTOXACTHUYECKUX CUCTEMaX, CBSA3AHHBIE C PEKMMOM B3aMMOJCHCTBUS HX
MOJACUCTEM, — OJUH M3 HHUX JIOIyCKAEeT JEKOMIIO3HUIIMIO NIPU HEMPEPHIBHOM B3aMMOJCHCTBUU, IPYTOil
UCTOJB3YET UICI0 B3aUMOJICHCTBUS MOJICUCTEM B JAUCKPETHBIE, BOOOIE TOBOPS, CIy4YaiiHble MOMEHTBI
BpeMeHHu. [lepBasi yacTh MOCBSILIEHA CUCTEMAM C HEIPEPHIBHO B3aUMOJACHCTBYIOIUMHU MTOJACUCTEMAMHU
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Ha mpuMepe uHpopMaroHHO-BeuucuTenbHol cetn (MBC). Bo BTOpoii paccMaTpUBarOTCs CUCTEMBI C
JIUCKPETHO B3aUMOICHCTBYIOIIUMHU MOJACUCTEMAMH.

Hccnenyemass 31ech Mojenb mpeaioxkeHa B pabore [1], rme oHa Oblla HCHONB30BaHA IS
nexomnozunmu MUBC, B TOM ymcie B NPEANoONIOKEHUSX, OOECIEeYHBAIOIINX OIMCAHHE MPOIECCOB
(GYHKIIMOHUPOBAHUSI CETU UCKPETHBIM MapKOBCKHUM IpolieccoM. Huxke yTOUHSIOTCS U pa3BUBAIOTCS
pe3ynbTaThl ATOM pabOThl MPUMEHUTEIBHO K CETSM C COOOIICHUSMHU MPOU3BOJIBHO PACIIPENIETICHHOTO
o0bemMa, He M3MEHSIOLIErocsl B IPOLeCcCe MX IMEepeauyd MO CeTH, HO, BO3MOXKHO, HEepeAaroluxcs C
Pa3IUYHBIMUA CKOPOCTAMHU PA3TUYHBIMU KaHAJIAMHU.

Marepuait nepBoi 4acTH MPEACTaBJICH CIeIyoIuM o0pa3oM. B paznene 2 npuBoauTcs KpaTtkuii 0030p
M3BECTHBIX PE3YyJbTaTOB HO JEKOMIIO3ULIMKM CHUCTEM C HENPEpPhIBHO B3aMMOACHCTBYIOIIMMHU
noacucreMamu U Ha mnpumepe MBC mnpemiokeHa MOJeNb HENPEPHIBHO B3aUMOICHCTBYIOMICH
CTOXaCTUYECKON uepapxuueckoil cetu. B pasmenax 3. 4 MeTon JOMONHUTENBHBIX MEPEMEHHBIX
npumeHeH ans uccinenoBanus VBC ¢ He3aBUCHMMBIMEH Ha pPa3iM4YHBIX KaHaJIax MIATEIbHOCTIMHU
nepenadn coodmenunii. OTnpaBisisich OT MONYYEHHBIX PE3YNHTATOB C MOMOIIBIO 3aMEHBI IEPEMEHHBIX
MBI TIepeiiieM K BBIPQXKEHHUIO COOTBETCTBYIOIIMX XapaKTEPUCTHK B TEpMUHAX OOBEMOB (JUIMH) CO-
o0IeHnit U CcKOpocTeil paboThl KaHAJOB € y4yeToM HX pasnuuus. Hakowen, B pazgenax 5, 6
MOJIyYeHHbIE pe3yJbTaThl 0000Ial0TCs Ha ciydyail ceTed, oO0ObeMbl COOOIIEHHH B KOTOPBIX HE
M3MEHSIOTCS TIPH TIepeade Mo CETH, a JUTUTSILHOCTU UX TIepeaadu OMPEACISIOTCS CKOPOCThIO PabOThI
COOTBETCTBYIOLIUX KaHANOB. JJi1 HarJISIIHOCTH Hcnoab3yeTcs Tepmunonorus NBC.

2. HENOPEPBIBHO B3AMMOJENCTBYIOIUUE MOJACUCTEMBL. MATEMATHYECKAS
MOJEJIb

Haubonee sipkuM nmpuMepoM HENpPepbIBHO B3aUMOJCHCTBYIOIIMX CTOXACTUYECKHX CHCTEM SIBIISIFOTCS
coBpemenHble UBC. TexHoNmorus OTKPBITOCTH MpHUBENa K MX OypHOMY pa3BUTHIO U OOBEIUHEHUIO
JIOKaJbHBIX CeTel B TIJIOOANbHBIE, HUMEIOIIUE CIOXKHYIO HEpapXH4YeCKyl0 CTPYKTYpy, MPHUMEpOM
KOTOpOH SIBJISIETCS, B YaCTHOCTH, Internet [2]. BBuay Bce Bo3pacTaronieil Harpy3ku B CETAX MpodiieMa
aHaJln3a uX NPOU3BOAUTEIBLHOCTH IPUOOPETAET Bce OoJiee BaKHOE 3HAUECHHUE.

AnexBaTHbIM amnmaparom uccienoBanusi UBC sBusitoTest cetn MaccoBoro oOcmyxuBanus (CeMO), a
MHOTOYHUCIIEHHBIE 0COOCHHOCTH paboTel MBC (pa3nuyHble MPOTOKOJIBI M CIOCOOBI TEpenadyu |
oOpabotkn uHpOpMammu, ucnoiaszyempie B VMBC) mpuBOgsST K pa3HOOOpPa3HI0 WCMOIb3yEeMbIX
Mozeneil. B wacTHOCTH, T.K. Hamboiee y3KMM MECTOM pabOTBl CETH SIBIAIOTCA KaHAlbl CBS3H,
o0ecrieunBaloIIe pecypcaMu BCIO CE€Th, B TO BPeMsl KaK CEpBEpHI PEIIAIOT JOKAJIbHBIC 3a/1a4H, TO MPH
mozaenupoBann MBC B kauecTBe y3JIOB CETH I1€7€CO00pa3HO paccMaTpuBaTh KaHaJbl, OTBOJS
cepBepam I0JI0KEHHUE HaKoMUTeNed HHPOpMAaIIHH.

OnHuM u3 Hambosee 3PPEKTUBHBIX CIIOCOOOB Mepeaayu COOOIIEHUN SBISETCS PEKUM KOMMYTALUU
[IaKETOB, IIPH KOTOPOM COOOLIEeHHE pa30uBaeTcs Ha 4acTu (MAKEThI), epelaloirecs He3aBUCUMO JIpYT
OT Jpyra Hapsily ¢ IakeTaMH OT JPYrux cooOuleHuid u coOuparomuecss BMecTe npu npueme. Ecre-
CTBEHHOW MOJIENBI0 OpPTraHU3allly MAaKETHOTO peXHMa neperayd MHPOpMaIUK SBISETCS AUCLUIIMHA
pazfeneHust BpeMEeHH. JTa IUCLUILINHA HE TOJBKO CO3[A€T Y MOJIb30BaTEeNIed MIUTFO3UI0 HENIPEPBIBHON
paboTHI B CETH, HO U 00ECIIeUnBaeT olpeiesieHHbIe "Xopolre" cBoiicTBa pabOThl CHCTEMBI.
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Kak mpobnemam monemupoBanuss MBC ¢ nmomompto CeMO, Tak W BOIpocaM aHaiu3a MOCIEeIHUX
MOCBSIIIIEHAa MHOTOYHCIIEHHas nuTeparypa (cm., Hanpumep, [3] - - [7] u ap.). CrnoxxHOCTh aHanm3a
ceTeil moOyKaaeT UCcKaTh MyTH MX JeKomro3uinu. [locTaHoBKa 3a1a4u U TEPBbIE PE3yIbTAThl B 3TOM
HalpaBieHUH mnpuHamiexkar Jxexkcony [8, 9], KOTOpbI mNOKa3adl BO3MOXKHOCTH JIEKOMIIO3HIIMH
HKCIIOHEHIIMAIbHBIX CeTed NMpPU €CTECTBEHHOW IUCHMIIMHE OOCITYyXHBAHHUS B IMOPSAIKE TMOCTY HNEHHS
tpeboBanmii (FIFO) ¢ MapkoBckoii mapuipyTusamuei cooOuieHuii. B nmanpHeimeM 3TOT pesyibTaT
00o001m1ancs B pa3IMyHbIX HANPaBIEHUIX, YTO MPUBEJIO K MCCIeI0BaHUIO ceTell Tuna JkekcoHa U Tak
Ha3piBaeMbix BCMP-ceteit (cm. [10], a Taxke, Hampumep, o03opsl [11, 12]). B stux ceTsx
[peoJaraeTcsi MapKkoBCKasi MapIIpyTU3alusl U HE3aBUCUMOE O0CITy>)KMBaHUE B y3/1aX, YTO HE BCerja
aJIeKBaTHO OTpa)kaeT CHUTYyalMI0 B peaJbHBIX CeTsAX InepeAauu JaHHbIX. Crenyromuid mar B
HanpaeneHnn wucciaeaoanuss CeMO 6w caenan Kemnmm [13], KOTOpBIH pacmiupuia MPUHIIMIIEL
MapIIpYTU3alMHd B CETAX, JOMYCTHB BO3MOKHOCTH allpHOPHOIO 3aJaHUs MaplIpyTa COOOLIEHHS MO
CeTd, W pa3BwI OONIyl0 KOHLENIMIO JEKOMIIO3UIMH, ONHpAloIlylocs Ha 0O0paTUMOCTb
COOTBETCTBYIOLIETO MapKOBCKOro mpouecca. OIHAaKO MCIOJIB3YEMbIM UM ammapar He MO3BOJIMI €My
UCCJIEIOBATh CETU C 3aBUCHMBIMHU JJIUTEIBHOCTAMU NEpeaul COOOLICHUH.

B peansupix UBC anunaa cooOmieHus B Tpolecce ero nepeaayd OT OJHOTO y3i1a K JApyromy He
MEHsIeTCSA. DTO MPHUBOJAUT K HEOOXOJUMOCTH MCCIEAOBAHMS CETEH C 3aBUCHMBIMH JJIUTEIHHOCTAMHU
nepeadn CoOOOLICHUH Ha KaHalaxX.

Jis pemieHust 3TOM 3amauyM B HAcTosed pabore 0000maeTcs KIACCUYECKH METOJl BBEICHUS
JIOTIOJTHUTENIbHBIX TEPEMEHHBIX, KOTOPbIA HCIOJIb3YETCS MPU JOKA3aTEIbCTBE MYJIbTHILUIMKATUBHOTO
MPEICTaBIECHUSI CTAllMOHAPHBIX BEPOSITHOCTEH COCTOSIHHM CIIOKHBIX MEPAPXUUYECKUX CTOXACTHUYECKHUX
ceTeil, paboTaloIMX B PEKUME pa3/IeIeHrs BpEMEHH, KaK B CIIyyae HE3aBHCHMBIX, TaK M 3aBUCHMBIX
JUINTENBHOCTeW Tmepenayn cooOmennid. [lpm sToM MBI He 3aTparmBaeM TOHKHX BOIIPOCOB
CYIIECTBOBAHHUS CTAIlMOHAPHBIX pPACHpENeNeHUil Uid OOIIMX CeTel, KOTOpBIe MPEACTABISIOT CO00i
MPEeIMET CaMOCTOSITENIbHBIX HCCienoBaHui (cM., Hampumep, 0630p [14]). IlomydeHHble pe3yibTaThI
00ecneurBaT JEKOMIIO3UILINIO0 CIOKHBIX HMEPAPXUYECKHX CTOXACTHMUECKUX CHCTEM, pabOTaoUINX B
pEeXHME pa3/ielIeHHs] BpEMEHH.

C TouKM 3peHHus aHaIM3a MPOLECCOB MepeJaud COOOIICHNI CI0XKHAsA HepapXudecKas CUCTEMa MOXKET
OBITh IIpe/ICTaBlICHA B BUJIE CETH, U300paKEHHOM Ha puc. 2.

[Totoku cooOmieHmii B TaKyr CETh O00pa30BaHbI CYMEPIO3UIMEH HE3aBHCHMBIX MOTOKOB OT MHOTHX
HUCTOYHUKOB M COTJACHO TPEACITbHBIM TEOpeMaM JUIsi TMOTOKOB HE3aBUCHUMBIX COOBITUH MOTYT
paccMaTpuBaThCcs KaK IyacCOHOBCKME. Mpbl OyneM mpeanonaratb WX CTAllMOHAPHBIMH  C
MHTEHCUBHOCTSIMU 4, JUIS TIOTOKA OT [-TO UCTOYHMKA B j-bIi. OObeMbI (JUIMHBI) COOOLICHUH st
MPOCTOTHI OyJIeM H3MEpATh B €IMHUIAX 00beMa IMakeTa, a CKOPOCTH MX Nepedayd - B KOJIHUYECTBE
MAKETOB B €IUHHILy BpeMeHH. Torma Bpems 1 mepemadd cOOOMIeHHs OyAeT MPOIMOPIHOHAIBHO €ro
00beMy V' 1 00paTHO MPOMOPIIOHATBFHO CKOPOCTH A COOTBETCTBYIOLIETO KaHANa, a pacrpeesicHue

BpEMEHU Tiepeiauu cooO1eHus B()) cBsI3aHo ¢ pacnpeaeneHieM ero oobema G(x) COOTHOIIEHUEM

(1) B(z)=P{T' <z} =P{V/p <z} =P{V < px} = G(ur).
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I{OHOJ’IHI/ITGHBHBIC MMPCAITOJIOKCHHUA OTHOCHUTCIIbHO O6’b€MOB COO6H.[CHI/II71 nu CKOpOCTeﬁ nux
06CJ'IY)KI/IB3HI/I$[ 6y,Z[YT CACJIaHbI B HaﬂbHeﬁmeM npu UCCICAOBAHUU KOHKPCTHBIX MOI[GJ'ICfI. Ha‘-IHeM C
HUCCIICOOBAHUA IIOBCACHUA I/ISOJII/IpOBaHHOFO y3na C HE3aBUCHUMBIMHU JIUTCIIBHOCTSIMHU nepez[atm
COOOIIIECHHI.

3. HE3ABUCHUMBIE JIJINTEJIbHOCTHU NEPEJAYH COOBIIEHUIA. MOJEJIb Y3JIA

[TycTh B y3€n MOCTYMaOT 7 HE3aBUCHUMBIX MTyaCCOHOBCKHUX MOTOKOB COOOIIEHUI ¢ MHTEHCUBHOCTSMHU
A,, NAUTEIBHOCTU Iepeladd KOTOPBbIX HE3aBUCUMBI U MMEIOT oOlue pacnpeneneHus B;(:),i =Lr.
[Ipennonoxum, uyro ¢yHkuuu pacnpenenenus (PP) B,(-) o0nagaioT IUIOTHOCTSAMU U CPEIHHUMU
3HAYEHUSAMH, KOTOpbIE o00o3Hauum uepes b.() u m’, coorBerctBenno. OGO3HAYMM Yepe3

0, = A;m” 3arpy3Ky KaHala COOOIIEHUAMY THIIA i, a YePe3 P = P, +...+ P, - MOIHYIO €ro 3arpysKy.

B kadecTBe COCTOSIHMIA y371a PacCMOTPHUM JBa Habopa mepeMeHHbIX (n, X), rae Habop n=(ny,...,n,)
MpeJICTaBIsAeT Cco0OM KOoJMWYecTBa COOOMIEHWH pasIWYHBIX THIIOB C OOMMM WX YHUCIOM

n= Zl <i<rn,, a HabOp X = (x;,J =Ln;,i=1,r) ONACHIBACT OCTATOYHBIC UIMTEILHOCTH TIEpEIavn

OKHJIAIOIINX COOOIIEHUH, PacTojOoKEeHNE B MPOW3BOJBHOM (CIydailHOM) Tmopsiake. PaccMoTpum
CIyJaiHBIN MPOIece

X(t)=(n, X), eciau B MOMEHT { CUCTEMa HAXOAMUTCS B COCTOSTHUU (N,X)
U MIPEAIIOI0KUM, YTO TIOTHOCTH (TI0 NMEPEMEHHBIM X;) PACIpEETICHUs €ro BepOITHOCTEH COCTOSHUI

CYHIECTBYIOT (MOXXHO TIOKa3aTh, YTO O3TO HWMEET MECTO TPHU CICIAHHBIX MPEIIOIOKEHHSIX).
CrpaBeniuBa Teopema

Teopema 1. IIpu ycnosuu
) p<l

nporecc X(t) MONOXHUTETHHO BO3BpAaTeH MO Xappucy, a €ro npeaeiabHbIe CTallHOHAPHBIE TUIOTHOCTH
p(n,X) pacripenienenns BeposATHOCTEH COCTOSHUM CYIIECTBYET, U HIMEET BUJI

T

|
(3) pln.x) = (1 - .I‘J}'m H H Ai(1 = Bi(ai;)).

l<i<r1<j<n;
[Tpu 3TOM pacnpeneneHrne BepoITHOCTEW MaKpOCOCTOSIHUIN aeTcs hopMynoit

n!
4) pn) = (1 - ﬂ]ﬁ!ff' A

n!. ..
KOTOPOI OTBEYAET F€OMETPHUYECKOE PACIIPENEIEHNE CYMMAPHOT0 KOJMYECTBA TPEOOBAHHIA B CHCTEME

(5) pn) =(1-=p)p".

-50 -



study

Reliability: Theory & Applications No.1, January 2006

Joxka3arteabeTBo. Ecn nporiece X(t) MOTO0KHUTETHLHO BO3BpATEH MO Xappucy, TO COTJIACHO TEOpUHU
MapKOBCKHX IpoleccoB [15] ero npeneiabHoe pacnpeneaeHue BEpOATHOCTEN COCTOSTHUM CYILIECTBYET, a
CUCTEMY YpPaBHEHHMU PaBHOBECHS JJII HETO MOKHO IMOJYYUTh INPUPABHHUBAs K HYJIO YaCTHBIE MPOU3-
BOJHBIE IO BPEMEHHU B COOTBETCTBYIOLIEH cucTeMme ypaBHeHH Kommoroposa. [locnennss BeiBoAUTCA
OOBIYHBIM METOJOM ITyTeM Mepexojia K Mpeaely B CHCTEME Pa3HOCTHBIX YPaBHEHHM, CBSI3BIBAIOIINX
BEPOSTHOCTU COCTOSIHUH Tpoliecca B OJIM3KHE MOMEHTHI BpEMEHH.

Jnst ynoOcTBa 3amucy 3TUX ypaBHEHUH BBEIEM OIEPAaTOpPhl Ha MPOCTPAHCTBE COCTOSIHUN CHCTEMBI,
OIUCBHIBAIOIINEG X H3MEHEHUS INPU IOCTYIJIEHHM A; TpeOOBaHMA i-r0 THUNA HA j-yIO MO3ULUIO U
OKOHYaHUM 00CIyxuBaHUs Dj TpeOoBaHUs i-r0 THIA HA j-oi mo3unuu. GopmaabHOE OMUCAHHE 3TUX
orepaTropoB 0oyiee TPOMO3AKO, YeM COJEepKATeNbHOE, IMO3TOMY IPHUBEIEM IOCIEAHee, MpUIeM
NPUMEHUTENILHO K OOpaTHBIM OmepaTopaM, KOTOPbIE YYacTBYIOT B 3allMCH COOTBETCTBYIOIIUX
ypaBHeHuii. OnepaTop A,-j'l yJalsieT KOMIIOHEHTY X; U3 Habopa X, oneparop Dij'l no0aBisieT Ha j-oe
MECTO i-r0 Habopa KOMIIOHEHTY X;; CO 3HaUeHUEeM HoJb. C MCIOJIb30BAHIEM BBEIECHHBIX ONEPATOPOB U
0003Ha4YeHUs ¢€; sl Habopa i-asi KOMIIOHEHTa KOTOporo paBHa 1, a Bce octaibHbie (, ypaBHEHUsS JUIS
CTAIlMOHAPHBIX BEPOSITHOCTEH COCTOSHUM TIporiecca X(t) IMEIOT BUJT

1 Jp(n,
Ly oy 20X mx) =
In U].P‘,'_I'

1<i<r 1<j<ng

A :
(6) o IZ Z E;J{ll —e;, _—l,.J'x)h,(.r,JJ -

<i<r1<j<n,

+ Z Z %p(n+e,.i),§]x)
| I

<i<rl<j<m;+1 n -

C CCTCCTBCHHBIMHM M3MCHCHHAMMU JIA ypaBHeHI/Iﬁ Ha TIpaHULC obactu JAUCKPECTHBIX 3HAYCHUN
mpounecca. IIo HCIIPCPBIBHBIM IICPEMCHHBIM O3TU YPAaBHCHHA BBLIINIOJIHAKOTCA BCHOJAY B obiacti HX

mmenenns 0 < x; <o, j=Ln,, j=1,r, BKIOYas rpaHuiy.

st 0OBsICHEHUS TIPUBEICHHON CUCTEMBl YPaBHEHHI 3aMETHM, UTO

a) MPU YBEIWYCHUU pPEATHHOTO BpPEMEHW Ha BEIMYUHY / OCTaTOYHOE BpEeMs KaXIOro W3 7
OKHUJIAIOIIUX TPEOOBAHMI YMEHBIIACTCS HA BEIMYUHY h/n,

0) Mpu TOCTYIUICHMH COOOIIEHUsI i-rO0 TUINA B CHUCTEMYy BpeMs €ro OOCTyXKHUBaHHS C pPaBHOU
BEPOSITHOCTBIO 3aHUMAET JI0OYI0 U3 71; TO3UIIHH,
Y, HaKOHeII,

B) 4TOOBI OAHO M3 (n + 1) COOOIICHHUI TIOKHHYJIO CUCTEMY, OHO JOJDKHO UMETh OCTaTOYHOE BpEeMs
oOcyxuBanus B (k/(n + 1)) - OKPECTHOCTH TOYKH HOJIb.

HenocpencTBeHHONW TPOBEPKON JIETKO YOEAWUTHCS, YTO BBIpaKeHUE (3) YIOBIETBOPSET ATOMY
ypaBHeHHI0. MHTerpupys €ro mno JONOJIHHUTENBHBIM IE€PEMEHHBIM X; IOJIYy4aeM paclpeeieHHe
BeposiTHOCTEH (4) M1 MaKpOCOCTOSIHMM CUCTEMBI, & CYMMHPYS MOTYYUBIIHICS Pe3yNbTaT MO 1j...H,

TaKuM, YTO ZISiSrni =n W pacmpeneneHue (5) i CyMMapHOTO KOJHMYECTBa TpPeOOBaHUH B

CHCTEMC.

UTo06sI MOKa3aTh, YTO yClIOBUE (2) AOCTATOYHO IS TIOJIOKUTEIHHOM BO3BPATHOCTH mpolecca X(t) mo
Xappucy [15] 3ametnm, yto mpomecc X(t) HepasnmoxkuM, Tak Kak coctostHue "0", Hampumep,
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JOCTHKMMO M3 JIFOOOTO JIPYroro C MOJOXKHTEIHHONW BEPOSTHOCTHIO M, HA00OPOT, JTH000E COCTOSIHUE
MOJKHO JIOCTUYb M3 HYJIEBOTO C MOJIOKUTEILHOU BEPOATHOCTHIO. Tak KaK HyJ€BOE COCTOSIHUE SIBIISICTCS
MOJIOKHUTEIFHBIM aTOMOM JUISI 9TOTO Ipoliecca, TO IS JOKa3aTeNbCTBA €r0  IMOJOXKHTEIBHOU
BO3BPAaTHOCTH 1O Xappucy OOCTATOYHO TOKa3aTh KOHEYHOCTH CPEIHEr0 BPEMEHH BO3BpAIICHUS B
HyJeBoe coctosiHue. OTHAKO, TaK KaK BPeMsi BO3BPAIICHHUS CKIIA/IBIBACTCS M3 KOHEYHOTO (CO CpeqHUM
1/4) cBOOOIHOTO TEpUoOaa U MEPHOAa 3aHATOCTH CHUCTEMBI, TO JOCTATOYHO MMOKA3aTh KOHEYHOCTHh B
cpeaHeMm mocnenHero. HakoHer, mepuoja 3aHSATOCTH 3TOW CHUCTEMbI HCCIEIYETCS KIaCCUYeCKUMU
MeToaamu (CM., HarpuMmep, [16]), u ycinoBue (2) obecrieunBaeT KOHEYHOCT €r0 CPETHETO 3HAUCHHUS.

UToOBI MepelTH K COOTBETCTBYIOMIEMY BBIPAKEHUIO BEPOATHOCTEH COCTOSHHUN 4Yepe3 pacrpe/eICHIe
00BeMOB } coOOIIIEHT ¢ yueTOM CKOpPOCTH pabOThl KaHajla BOCTIOIb3yeMcs 3aMeHoi (1), u3 KoTopoii

CJIellyeT, 4TO COOTBETCTBYIONIUE CPEeJHUE 3HAYEHMS CBA3aHBI cooTHomIeHHeM m” =m/ . TlosTomy,
MOJICTABIISAA MOCIIEeIHEE BhIpakeHne B hopmydty (3), morydum

CaeacrBue. B TepMmuHax pacnpeaeneHnii 0oO0bEMOB COOOIICHHUN CTallMOHAPHBIE IUIOTHOCTH
pacrpeneneHus: BEpOATHOCTEN COCTOSSHUN UMEIOT BUL

(7) pln. X}—H—p] H H Al = Gi(pai;))

l<i<r 1<j<ny

C pacmpezieieHueM MaKpOCOCTOsSIHUM Bua (4), rae

/\,‘”I.;
P = ——. p= Z Di

i 2

4. HE3ABUCHUMBIE JIVINTEJIbHOCTHU NEPEJAYYU COOBIIEHUIA. MOJEJIb CETH

[Tepexons k UCCIENIOBAHUIO MOJEIH CETH, OTPAaHUYUMCS UCCIEN0BAHUEM €€ (PparMeHTa, COCTOSALIErO
U3 IByXypOBHEBOU NOJCETH (CM. pHUC. 2) U pACCMOTPUM CHayaJla Cilydail HE3aBUCUMBIX JUIMTEIbHOCTEH

nepejadd COOOWICHMI HA PAasIMYHBIX YPOBHAX CETH ¢ pacmpenenehumsmu B'() u BP'() mis

JUTUTEBHOCTEH Tepeiadn COOOLIeHHI Ha KaHalaX MMepBOro U BTOPOTO YPOBHEH, COOTBETCTBEHHO. J{yist
OTHCAHUs MMPOCTPAHCTBA COCTOSIHUIM CETH MCIOJIb3yeM HabOp MepeMeHHbIX (n,X), TIe n = Y, n?), a

Il,'(l) (1)) Il(z) (2)) (1 )03HaqaeT 15(1(0) COO6IJ_ICHI/II/I, nepeaarommuxcsa I-bIM KaHAJIOM B

j-OM HaIlpaBJICHWX Ha HUXKHEM YPOBHEC, n,-(z) - YHUCJIO COO6H.I€HHI>1 nepeaaronuxcsa Ha BEPpXHEM YPOBHC

H L@ 2
B i -om Hampasiennu, X = (x, x'?), a nepemennsie x,!"= (i) 1 =1, :(/1))’ x= (x?,1=1,n>) OMCHIBAIOT

=(ny =(n; ,l,]=1,l"I/IIl,'j

OCTaTOYHBIC JUTMTEIHHOCTH TIEpeJaun COOOIICHUH Ha pa3HBIX KaHajaX B PacCMaTPUBAEMbIi MOMEHT
BPEMEHH. DTHU MEPEMEHHBIC PACIIONATaIOTCs B MMPOU3BOIBHOM (CIIydyaifHOM) MOPSAKE B CBOMX HAOOpax.
Beenem mpouecc X(t) = (n, X), ecii B MOMEHT t cHCTeMa HAaXOAUTCA B COCTOSAHMHM (N,X) H

MPEJIONOKIM CYIIECTBOBAHNE IUIOTHOCTEH (IO MEPEMEHHBIM x|, x!” PAaCHpPENCNICHHS BEPOSTHOCTEH

ero coctossHuid. CripaBeyivBa Teopema.
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Teopema 2. Eciu nponiecc X(£) MOJT0KUTETHHO BO3BPATEH MO XappuCy, TO OH 00Ja/1aeT MpeaeIbHbIM
pacmpeieieHHeM, BEpPOSITHOCTEH, IIOTHOCTH p(n, X) KOTOPOTrO JOIMYCKAIOT MYJbTUIUTMKATHBHOE
IIPEICTaBIICHUE

(8) pn.x) =[] " xM) x p(n®
1<i<r

‘xlj:l]-

TJI€ pacmpesieliecHuss BEPOATHOCTEH coCcTosHMI y3i10B p(m, X) 3amatorcs ¢opmynoin (3) ¢
COOTBETCTBYIOIIMMH paCIPENEICHISIMA JUTUTEIBHOCTEH Iepeqadyn COOOIIeHH, a WHTEHCHBHOCTHU
MIOTOKOB Ha KaHAITbI HIDKHETO U BEPXHET0 YPOBHEW paBHBI

(9) i =X G#AD N =X+ e A=Y A

J#Fi FEL

CoOTBETCTBYIOIIIEE PACIIPEEICHUE BEPOSTHOCTEH MaKPOCOCTOSIHUM UMEET BU/T
\ ; 1) . 274
(10) pn) =[] p(n;’) x p(n?),
1<i<r

rae pacnpenencHus p(I) omnpenensroTcs dopMmynamu (4) ¢ COOTBETCTBYIOIIMMH HaOOpaMu I YHCIIa
COOOIICHUH U Harpy3KaMH, ONPEIENIIEMBIMI COOTHOIICHHUSIMU

(1) _ (1) B (1) _ (1) 2 (2 B
(11) Pij ’\f'_:' LTI Z ij - i ATmy;
1<j<r

Jloka3aTeabcTBo. Eciu nponece X(t) monoXuTeabHO BO3BpAaTE€H HO Xappucy, TO COTJIAaCHO TEOpUH
MapKOBCKHMX IIPOLIECCOB €ro MPEIENbHOE PACHPEIEICHUE BEPOSITHOCTEH COCTOSIHMM CYLIECTBYET, a
CUCTEMY YpPaBHEHUU CTAlMOHAPHOIO peXUMa Uil MX IUIOTHOCTEH MOXKHO MOJTY4YUTh, IPUPABHUBAS K
HYJIO IPOM3BOJHBIE HO BpEMEHH B cucreMe auddepeHunanbHbIX ypaBHeHuil Koamoroposa.
[Tocnennsas momyyaercs OOBIYHBIM METOAOM IIyTeM MPEACIBHOTO IMEPEexXojla B COOTBETCTBYIOLICH
CHUCTEME pa3HOCTHBIX ypaBHEHHH, CBS3BIBAIOIINX BEPOSTHOCTH COCTOSIHUW IIpolecca B OJIM3KHE
MOMEHTBI BpEMEHH.

s ynoGcTBa 3amucu 3TUX ypaBHEHUH BBEIEM ONEpaTOpbl HA MPOCTPAHCTBE COCTOSHUM CHCTEMBI,
OIMCHIBAIOIINE MX WU3MEHEHHMs NPH IOCTYIJIEHUHM COOOLICHUS THUMNA Ij Ha [-yI0 MO3ULUIO - Aj, 1pu

nepezaue (ij)-COOBIIEH s ¢ /-0l TO3UIMK HIKHErO YPOBHS HA M-yI0 HO3UIMIO BepxHero - T (Im) , u
Jj-COOOIIEHUs ¢ Mm-OW MO3UIUN BEPXHETO Ha /-YIO0 TO3UIUI0 HIKHETO - T;Zl)(ml), U IpU OKOHYAHUU

00ciykMBaHKs TPeOOBaHMUS i-ro TUINA Ha [-0k no3uuuu - D, .

Tak kak B ypaBHeHHMsAX KoiMoropoBa ydacTBYIOT OOpaTHBIE ONEpaTophl, NMPHBEAEM Cpa3zy HX

COACPIKATCIIbHOC OIMUCAHUC!

® QOreparop A_ll YAaJA€T KOMIIOHCHTY xi(j?

. u3 Habopa X,

)

—1
e omeparop (Tflz)(lm)) n00aBIIIeT KOMITOHEHTY xl(,ll

ij
x(2)

Jm 2

CO 3HAYCHUCM HOJIb U YAAJIACT KOMIIOHCHTY

(2)

—1
e omepaTop (Z;ZI)(ml)) N00AB/IACT KOMIOHEHTY x\,) CO 3HAYCHHEM HOMb M yJAajseT
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M

KOMITIOHCHTY xﬂ ,

W, HAaKOHETI,

)

® oreparop D”l I[O63.BJI$ICT KOMITIOHCHTY )Cl( CO 3HA4YCHUECM HOJIb.

C nucnoap30BaHHEM BBCJICHHBIX OIICPATOPOB YpABHCHUS PABHOBCCUS NPUHUMAKOT BUL

B Z dp(n. x) 3 1 JIp(n, x} CAp(n.x) =
il b t)‘e”, n(2 il t)‘rlﬂ.’l
_ Z o 1u{u — e —1,“. ],"”' I(-"E_,IJI‘J n
i g4 Mg
1 o) @ (p02) L@ (2
. 2 N ]] @ o +ey) e (T2 (Im)) X)) (2f7) 4
i,j#Fil,m
2 (1) [(21) 1 (1), (1)
+ ;Z m D 1] ),r (n+ c_';' - l:!_'j_lf . (J’_” ! [mf’]) }(Jh}_'f [.:'_I.Lf) +
Judim U
1 (1
(12) + Z ———pn+e; : D lx).
i ]

CyMMHUpOBaHHE B 3TUX YPAaBHEHUSAX BEACTCS MO BCEM JIOMYCTHUMBIM 3HAYCHUSIM WHJEKCOB i, j, [, m, 9To
o0ecrieurBaeT WX BBHINOJIHEHHWE HA TpaHUIle OO0NAaCTH JUCKPETHBIX 3HauYeHwWil mporecca. I[lo
HENPEPHIBHBIM MIEPEMEHHBIM 3T YPaBHEHHSI BBITIOJIHSIOTCS BCIOIY B 00JaCTH JOMYCTUMBIX 3HAYCHHIMA
MIEPEMEHHBIX, BKIII0YAsi TPAHULLY

(2) ) . |_
. r

Jnst mosicHeHWsT A3THX YpaBHEHHMH o0003Ha4MM dYepe3 | HAOOp W3 €IWHUI] COOTBETCTBYIOMICH
Pa3MEpHOCTH M 3aMETHM, YTO IEePEX0J] B COCTOSTHUE (N, X) 32 MaJIoe BPeMs /i BO3MOKEH CIIEYIOIIMMH
HECOBMECTUMBIMHU CIIOCOOAMHU:

a)

6)

u3 cocrosuus (n,x\"” —(h/n"),x? —(h/n®)1), ecnu 3a 310 BpeMs He TMOCTYNMT HH OJHOTO
COOOIIIEHHUS;

u3 cocrosuus (n-e'’, A

gl U,x) IpH TOCTYIUICHUH (C TUIOTHOCTBIO PaCIpeIeliCHHsT BEPOSTHOCTEH

b’ (x}) coolmmennus Tima (i) ¢ AMTETLHOCTBIO EPSIAYH X, ,
) o .

3aHUMacT J'IIO6YIO us3 I’l il

KOTOPOE C PAaBHON BEPOSTHOCTBIO

HOSI/IHI/II/I Cp€au MEPEMCHHBIX X;

)

1
w3 coctostaus (n+ e — fiz),(];;12>(lm)) X),IpU Tepexojie COOOILICHHs C TIEPBOTO YPOBHS Ha

)

BTOPOH, MPH 9TOM, JUIMTENBHOCTh X;; COOOLICHHs, TIEpeaada KOTOPOro 3aKaHYMBAETCS, TOJDKHA

HaXOJIUTHCS B hi(n® +1)-
OKPECTHOCTH HYyIIs, a BpeMs €ro Iepefayd Ha KaHaje BTOPOrO YPOBHS TpHOOpeTaeT (C

IUIOTHOCTBIO pacripeenenus Bepostaoctell b\”(x'))) smauenne x\)), npu 5ToM Ha creayromem

Jm 2
(2)

KaHaJje OHO 3aiiMeT C paBHOﬁ BCPOATHOCTBIO J'IIO6YIO nu3 I’lj HO3HHHI>1;
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@ _

M (72D B
r) w3 cocrosHus (n+e;” —¢; ’(Til (ml)) X), TIpU Tepexoje COOOIIeHHs CO BTOPOTO YPOBHS Ha
NEPBBIM, MPU 3TOM JUIMTEIBHOCTh COOOIICHHMs, Tepefada KOTOPOro 3aKaHYMBAETCs, JOJDKHA

HaXOJIUThCS B hi(n® +1)-

M
OKPECTHOCTH HyJIsl, @ BpEMsl €r0 Mepe/iavy Ha CIIeIyIoeM KaHaie npuodperaer 3Hayenue x,; (C
M

s (D
IUIOTHOCTBIO paCHpCaACIICHUS BEPOATHOCTCU bjj (xjﬂ

©
Vi

) ¥ 3aiiMET C PaBHOM BEPOSTHOCTHIO JTIOOYIO U3

n’ TO3UIIUN B CBOEM HaOOpeE;

1) wu3 cocrosmus (n+e'’,D.'X), Ipu OKOHYAHHHM Tiepefaud COOOIIEHHsS, HPU ITOM IJIHTEILHOCTH

i > il
COO6H.[€HI/I$I, rnepeaada KOTOporo 3aKaH4uBacTCA, 1OJDKHA HAXOAHUTHCA B h/(l’ll(l) + 1)- OKPECTHOCTH

HYJIS.

HenocpencTtBeHHON TPOBEPKOW MOXKHO YOEOUTHCS, YTO BhIpakeHue (8), rae pacrpeaenacHus
BEPOSATHOCTEH COCTOSHUI y3710B p(n,X) 3amarorcs ¢opmyioi (3), a MHTEHCHUBHOCTH TOTOKOB Ha
KaHaJbl HIDKHETO M BEPXHET0 YPOBHEW — BBIPAXKEHUAMHU (9), yIOBIETBOPSAIOT STOMY YPABHEHHUIO.

Pacripenenenne  BepositHOocTel — MakpococtostHuM  (10)  amsg OTOW  CHUCTEMBI  TTOJIyYaeTcs
HMHTErPUPOBAHUEM IO JOTOJTHUTEIbHBIM IIEPEMEHHBIM xé.ll),x,.(f).
[TommyueHHOE MYJBTUIUIMKATUBHOE MPEJICTABIEHUE DACIPENEICHUsI BEPOSITHOCTEH COCTOSHUN CeTH
o0ecriedynBaeT ee JIeKOMMo3uluio. [Ipu 3ToM, MOMUMO MpPOYEro, TH COOTHOUICHUS JIEMOHCTPUPYIOT
HEYYBCTBUTEILHOCTh PaCIpE/ICICHHS BEPOSITHOCTEH MaKpOCOCTOSIHUN MOJENH K BUAY (QYHKIMHA pac-
IIpeIeJIeHUs ATUTENbHOCTEN epeau cOOOIIEHNH.

Kak n B CJIydac U30JIMPOBAHHOTIO y3Jia, CIPABCIIJIMBO CICICTBUC

CaencrBue. Ilpu 3amaHHbBIX pacrpeneneHusx O0OBEMOB COOOMICHHH M Pa3IMYHBIX CKOPOCTSIM HX
nepeIayn B KaHaIax BBIPAKSHUE IS TNIOTHOCTEH pacrpeeNieHHs BEPOSTHOCTEH COCTOSIHUI Tpoliecca
no-npexkHeMy wumeer Buj (8), Ile IUIOTHOCTH pPACHpEACTICHUS BEPOSTHOCTEH COCTOSHUM Y3JI0B
3anarotcst Ghopmyson (7), a pacrnpenesieHne BEpOSATHOCTEH MakpococTostHUM coBmamaet ¢ (10) mpwm
Harpy3Kax, 3aJaBaeMbIX BBIPQKEHUSIMU

(1) /\'r-l-"m,- )
(13) iy =~ = mys

In 1<j<r )

Jl0KAa3aTeIbCTBO MOITYYaCTCs! POCTOH 3aMeHoii B cooTHomennH (3) pynkuuii B (x) Ha G, (u"x).

Taxum 006pa3oM, TPy CIICTAHHBIX MPEIOIOKESHHUSIX CETh JI0MYCKAST JCKOMIIO3HUITHIO.

B peanbHBIX ceTSx CBsI3U MPEATNON0KEHUE O HE3aBUCUMOCTH JUTUTEIHHOCTEH Mepeaun COOOIMEeH s Ha
OTJIeJIbHBIX KaHaJIaX HEeCTECTBEHHO, TaK KaK MepeaaeTcs OJHO U TO K€ COOOIIeHne, XOTs, BOZMOKHO,
C Ppa3IMYHOM CKOPOCTHIO pa3HbIMH KaHallaMd. PaccMOTpuM, TO3TOMY BOIPOC O BO3MOXKHOCTH
JIEKOMITO3UIIMN CETH B MPEIOI0KEHUN, YTO 00bEM COOOIIEHUsI HE MEHSETCS TIPU €ro TMepeaaye, XoTs
BO3MOXKHBI ~ Pa3JIMYHbIE CKOPOCTH €ro TMepelJadyd pa3IuvHbIMH  KaHaimamu. YTOOBl BBECTH
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COOTBETCTBYIOIIME O003HAYCHUS, aHAIM3 CETH HAYHEM C M3YUYCHHS MPOCTOH TaHIEM-CHUCTEMBI C
HEU3MEHHBIMHA 00beMaMM COOOIIIEHUIA.

5. HEU3MEHHBIE OB bEMbBI COOBIIEHUMN. TAHAEM-CUCTEMA

PaccMoTpuM cucTeMy, (QYHKIMOHHPYIOILYIO B PEKUME pasfieieHus BPEMEHH U COCTOANIYIO M3 JBYX
T0C/IeNI0BATENbHO COSTMHEHHBIX KaHaloB, paboTaomux co ckopoctamu 4 u 4'”, cooTBeTcTBEHHO,

Ha KOTOPYIO MOCTYIIaeT MPOCTEHIINIA TTOTOK COOOIICHUI WHTEHCUBHOCTH A, 00BEMBI J KOTOPBIX pac-
npejaeneHsl mo 3akoHy G(-) ¢ 3aJaHHBIMH IJIOTHOCTBIO pacnpesiesieHus g(-) U CpeHUM 3HAYCHHUEM 7

(puc. 3).

[Ipennonaraercsi, 4To 0OBEMBI COOOIIEHUI HE MEHSIOTCS MPH WX TMepenade, a IUTEIBHOCTH UX
nepeadn BBIPAXKAOTCS depe3 uX o0beMbl Gopmyior (1), Tak 4TO pacrpeneneHus UIMTETbHOCTEH
nepeayu U UX IIOTHOCTH CBSI3aHbl COOTHOLIEHUSIMU

G = 7 G
(14) : il
=) = BO)

&

”T

Jis mocTpoeHHss MapKOBCKOTO Ipoliecca MPU OMHUCAHUM MPOCTPAHCTBA COCTOSHUM CHCTEMBI HaM
notpedyercs mHMOpMAIMs HE TOJBKO OO0 OCTATOYHBIX, HO TaKke W 00 MCXOMHBIX IMUTEILHOCTIX
nepeadn cooOIeHuH, HaxoMamxcsl Ha nepBoil ¢aze. [losToMmy i onMcaHusi COCTOSTHUSI CUCTEMBI
rcrosb3yercst Habop (n,x,y), rae mepemennbie n = (n'", n?) yrkassiBarot uncio cooGiueHuit Ha epBoii
¥ BTOpPOH (azax o0OCITyKHBaHMS, COOTBETCTBEHHO, IIEPEMEHHBIE X =(x,,i=1,n"),(x,,i=1,n?)

03HAYal0T OCTATOYHbIE JUIMTEJILHOCTH IIEpejaud COOOLIeHui Ha mepBoi M BTOpOH (as3ax, COOTBET-
CTBEHHO, M HEPEMEHHBIE Yy = (y,,i=1,n") O0OO3HAYaOT MCXOAHBIE UIMTEJILHOCTH IEpeaadu

cooOIeHnl, Haxoadmuxcs Ha mepBoil ¢ase. Ilpu 3ToM mepeMeHHble XU X,, pacHONararwTcsi B
IPOU3BOJIBHOM (CIy4allHOM) IHOpsAKE, OIHAKO MOPAJOK pAacCIONIOKEHHUs MEPEMEHHBIX X, U ),

coBnagaer. Beenem panee mpouecc X(t) cootHomenuem X(t) = (n,X,y), €cii B MOMEHT t cHCcTeMa
HaxOJUTCS B COCTOSSHUHM (N,X,y) H TPEANOJIOKHM, YTO IUIOTHOCTH (TI0 TEpEeMEHHBIM X, V)
pacrmpeeneHus BEpOSITHOCTEH ero COCTOsHUM cymiecTByIoT. [ mpomecca X(t) cripaBensiBa Teopema.

Teopema 3. [Ipu ycnoBuu, uto nporecc X(t) MOJ0KUTETHHO BO3BpATEH M0 Xappucy, ero mpeieabHbIe
IUIOTHOCTH  pAacHpeeNieHus] BeposSTHOCTEH cocTOsSHUM p(n,X,y) CYLIECTBYIOT U JOIYCKAloT,
MYJIBTUIUIMKATUBHOE ITPEJICTaBICHUE

(15) pn.x.y) = (1=p))(1=p2) I AOWwi—z1)g(uMy:) [ A (l = ('r'[f"m"'z.:'))-

1<<i<ny 1<j<ns

rac
Am Am
M

2 = )
= (2)

T P
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u O(x) ectb O -dpynkuusa: O(x)=0 npu x <0 u O(x)=0 npu x > 0.

Hoxka3zareabcTBo. Eciiu mporiece X(t) mMoI0OKHUTENFHO BO3BPATEH MO XappuCy, TO COTVIACHO TEOPHH
MapKOBCKHX IpouieccoB [15] ero mpenenbHoe pacnpezeneHie BeposITHOCTEW COCTOSTHUM CyIIEeCTBYET, a
CHUCTEMY YpaBHEHUH Ui €ro TNIOTHOCTEHW MOXKHO MOTY4YUTh, MPUPABHUBAS K HYJIIO YaCTHBIE MPOU3BO/I-
HbIE IO BPEMEHHU B COOTBETCTBYIOIMX ypaBHeHUsIX KonmMoroposa. [locieanue momny4aroTcsi 0ObIYHBIM
METOJIOM IyTeM IEepexoja K Mpeaeny B CUCTEME Pa3HOCTHBIX YpaBHEHHM, CBSI3bIBAIOIINX TUIOTHOCTH
pacnpeieNieHust BEpOSITHOCTEH COCTOSIHHIA TpoIecca B OJIM3KHUE MOMEHTHI BpEMEHHU.

Jis  ynpoumieHWsl 3amMcH 3TOW CHCTEMBI ypaBHEHUH HCIIONIb3yeM, Kak M paHee, OIepaTopbl
npeoOpa3oBaHus cocTosiHUM A;, Tj;, Dj, COOTBETCTBYIOLIHE NOCTYILUIEHUIO COOOILEHNUS, €0 MEPEXOY €
nepBoil  (a3pl Ha BTOPYIO M OKOHYAaHHIO oOOcCiyxuBaHus. JleiicTBue 3TUX ONEpaTopoB B
paccMaTpuBaeMoOM cilydae OTJIMYaeTCsl OT omucaHHOro panee. Omepatop A; n1o0aBisieT mepeMeHHbIE

X,;U Y, OIHOBPEMEHHO, omeparop 7Tj NEHCTBYeT Ha I'PaHMIE NPU JOCTHKEHMHM IEPEMEHHOH X,
3Ha4eHUs HOJIb, TIPH 3TOM OH yAAJSET ee, MoMelas Ha MO3ULIMI0 (2j) 3HaueHHEe CKOPOCTU Ieperadyu
COOOLICHHS X, ;, COOTBETCTBYIOLIEE 3HAYCHUIO ), C COXPAHEHHEM €ro 00bema, T.€. B COOTBETCTBHH C
coornomenuem: u"y, = ux, ;» Omeparop D; yHauser MNEPEeMCHHYI0 X,; IO JIOCTHXCHHU €O

3HA4eHHUs HOJIb. 3aMETUM, YTO B YPAaBHEHHUSAX PABHOBECHS, KOTOPbIE COOTBETCTBYIOT OOPATHBIM
ypaBHeHUsIM KonmoropoBa, y4acTBYIOT OOpaTHbIE ONepaTOphl IEPEXO/I0B.

Tenepr 0o0nacTe 3HaueHU npouecca X(t) U COOTBETCTBEHHO 00JIACTh ONPENENICHUSI ITUX ypaBHEHHM
UMeeT BUJ

U TpU MOCTYIUIEHMM TpeOOBaHMs IIPOLIECC OKa3blBae€TCs Ha TIpaHMLEe X,;,=),, i=1,n, 4To B

YPAaBHEHUSAX PAaBHOBECHs JOJDKHO OTPaXaTbCsA CIEHUANBHBIMM T'PaHWYHBIMU ycClIoBUAMH. OnHAKoO ¢
NOMOIIBIO O -(pyHKIUH /lupaka Mbl BBeIeM 3TU I'PaHUUYHBIE YCIOBHS B OOIIYIO CUCTEMY YpaBHEHHM.

3amMeTHM, KpoMe€ TOro, YTO TaK KakK JOMOJHUTEIbHBIMU TEPEMEHHBIMU SIBISIOTCA JUIMTEIBLHOCTH
nepenayu cooOIeHuH, TO AJis TOro 4TOObl BBIMHMCATH YPAaBHEHHUS Cpa3y B TEPMHUHAX paclpeesieHUs
00BEMOB cO00IIIEHUI MBI BOCTIONB3yeMcs popmynoi (14) amst CBS3U COOTBETCTBYIOMIMX TNIOTHOCTEH.

C y4eToM BBEJCHHBIX ONEPATOPOB M CIEIaHHBIX 3aMEUaHUil CUCTeMa YpaBHEHUH JJi1 CTallMOHAPHBIX
TUTOTHOCTEH pactpeneneHnst BEpoITHOCTe! nporiecca X(t) MpUHUMAET BHT

1 Z Ipn,x.y) | Z dpn.x. y)

dr1i n'? Dy, FAp(n, X, y) =

1<i<ns

:F Z ;J(n—e|._—lf'(x.y)]_f;[,rf"3';,:,]5[;,:,—.r|,}+

1<i<nil)

(16) 1 T
+———a 3 > plnte —enT;(xy)) +

1 (2)
(D + 1)nt=

<i<ny 1550,
1

1
+ T | Z pn+ex D (xy))

<j<n2
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HJ’ISI IIOACHCHUA OTUX ypaBHeHI/Iﬁ 3aMCTUM, KaK U pPaHCEC, 4YTO IICPEX0a B COCTOSAHHUC (H,X,y) 3a MaJoc
BpEMA h BO3MOKEH CJICAYIONIUMH HECOBMECTHUMBIMU crocodamu:

a)

6)

u3 cocrosuus (n,x\" —(h/n"),x? —(h/n®)l,y), ecnmu 3a 310 BpeMs He TOCTYNHUT HH OJHOTO

COOOIIEHHS;

u3 cocrosuus (n-e'’,47'(x,y)) TpH mHOCTyIIeHMM (C BEpOATHOCTBIO Ah) COOOLIEHHUS
JUIMTENBHOCTH nepeaun y, (¢ mwiotocthio b (v, ) = g(u"y.)), coBnanaroiee B 3TOT MOMEHT ¢
OCTAaTOYHOMN JUTMTENBHOCTBIO X,;, KOTOPOE C PAaBHOM BEPOATHOCTHIO 3aHUMaeT mobyro uz n'”
no3uuuii Hadopa ( x;, );

u3 cocrosnms (n+e, —e,,7; 'X,y), IpH Iepexoje COOBIIEHHs ¢ TIepBOii (hasbl Ha BTOPYIO, IIPH STOM
JUIMTENBHOCTh COOONIEHHsS X, Tlepefada KOTOPOTO 3aKaH4YMBAETCS, JOJUKHA HAXOIUTHCSA B
h/(n" +1) -oKpecTHOCTH HyIls, a OCTATOYHOE BpeMs Tepenayl cooOIIeHHs Ha BTOPOil (ase X, ;
npuHEMaeT 3Hauenne x,, = (u'’/u®)y,, npu sTom Ha crenyiomeit dase oHO 3aiiMeT ¢ paBHOM

@) o3uIwHii;

BEPOSATHOCTHIO JTIOOYIO U3 71
u3 coctosHus (n+e,,D ' (X,y)), IpH OKOHYAHUH TIepeadd COOOLIEHHUs, TIPH 3TOM JUTHTEIBHOCTh
co00IIeH s, epeada KOTOPOro 3aKaHUMBAEeTCs, N0JKHA HaxomuThess B //(n® +1) - okpecTHOCTH

HYJIAL.

HenocpenctBeHHo# TIpoBEpKO# JIETKO yOETUTHCS, YTO TUIOTHOCTh pacipeneiaeHus: BepostHocTeit (15)
yIOBIIETBOPSIET YpaBHEHHIO (16), Ipu 3TOM HEOOXOAMMO YUUTHIBATH CBS3b MEXKIY paclpeleIeHUSIMUA
JUTUTEIILHOCTEH mepeaun cooOIIeHN Ha pa3nTudHbIX (a3ax, 1aBaeMyto cooTHoIeHueM (14).

3ameTnM, uTO BbIpakeHHe (15) MMeeT MyJbTUIUIMKAaTHBHYIO (opMy, B KOTOpOW TpaH3UTHBIM
COOOILEHHUSM COOTBETCTBYET INIOTHOCTD

pn,x.y)=1(1-p) H AO(y; — xi)glpyi),

1<i<n

a BBIXOAINIUM — IINIOTHOCTH

pn.x) = (1-p) H Al = Glpx;)) -

1<j<n

Pacnipenenenue BEpOATHOCTEH MAKpPOCOCTOSHHUWA IS  ATOM CUCTEMBI, KOTOpPOE IMOJIy4aeTcs
MHTETPUPOBAHUEM COOTHOIICHUH (15) O mepeMeHHBIM X, y, UMEET BUJ

ny . nz

plny,ng) = (1= p1)(1 = p2)py’ pi®,

KOTOPBIA ~ TaKXe TOKa3bIBa€T BO3MOXKHOCTh  JCKOMIIO3WUIIMM  COOTBETCTBYIOIICH CETH H
HEYYBCTBUTEILHOCTh CTAI[MOHAPHBIX BEPOATHOCTEH MAaKPOCOCTOSHHUM K BUAY PaclpeieieHus 00beMOB
COOOIIIEHU.
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He TpyaHO mHpOBEpUTH, YTO /i TaHAEM-CHCTEMBI, Tepefaiomeii 7 IIOTOKOB COOOIIEHMH ¢
MHTEHCHBHOCTAMHU A, M pacnpejeneHusmMu oobemoB G,(-),i =1,7 co ckopoctamu u, 4 na nepsoit
¥ BTOPOi1 (ha3aX COXPAHSAIOTCS AaHANOTHYHEIE YTBEPIKICHHS O MyJIbTHILTHKATHBHOM IPE/ICTABICHHH €€

CTAIllMOHAPHBIX BEPOATHOCTEH COCTOSHUM, TPUYEM TPAH3UTHBIM COOOIIEHUSIM COOTBETCTBYET
IJIOTHOCTh

(17) pnx.y) = (1 —,r)] H H MOy — x) g ™My,

el 2 i<ng

a BBIXOJSIIMM, KaK M B CIyyae HE3aBHCHMBIX JUIMTEIBHOCTEH MEpenadd, - IUIOTHOCTh, 3ajaBacMast
dbopmysoii (7).

6. HEU3MEHHBIE OB bEMBI COOBIIEHUI. MOJIEJIb CETH

Ha ocHOBaHWH IOJlyYeHHBIX PE3yJIbTATOB HCCIEAyeM Teleph IMOBEICHHE IBYXYPOBHEBOI CEeTH B
ciydae, Korja o0beMbl COOOIICHNH POU3BOIBHO pacnpeneneHsl ¢ PP G, (x) wist cooOueHnit Tumna

(ij), HO He U3MEHSIOTCS IPU UX Iepeade Mo Pa3InYHbIM KaHajgaMm ceTH. [ uccienoBanus 3Tol Mo-
JIeNM pacIIMpUM IPOCTPAHCTBO COCTOSIHMM CHUCTEMBI, BBEJICHHOE a pasneine 4, JONOJHUTEIbHBIMU

NepeMEeHHBIMU y=(y;1), ylz)), YKa3bIBAIOIIMMH HCXOJHBIE JUTUTEIbHOCTH Tepeaud COOOIICHHH,

HaXOJSIIUXCS Ha TIEPBOM U BTOPOM YpoBHsX ceTu. O6o3HauuMm uepes X(7) mponecc X(t)=(n, X, V),
€CJIM B MOMEHT t CMCTEeMa HaXOJUTCS B COCTOSHUU (N, X, Y) M MPEINOJOKHUM, YTO IJIOTHOCTH (1O

TIepPEMECHHBIM x,(ll), (2),)/;“, y /2)) pacnpeneiaeHus] BEPOATHOCTEH €ro COCTOSIHMM cymiecTByroT. g

nporecca X(t) cnpaBennBa TeopemMa

Teopema 4. Ilpu ycnoBuu, uto mpouecc X(t) MOJOKUTEIHHO BO3BpaTE€H MO XappuCy, MpeaeibHbIe
CTallMOHAPHbIE TUJIOTHOCTH pACIpEACNICHUs BEPOATHOCTEH €ro cOoCTOsSHUM p(n,X,y) CYLIECTBYIOT U
MPEICTaBUMBI B BUJIE IPOU3BEACHUS

(18) pln.x) = H ;}[11',1:'.7{',] .}-':-I'] x p(n'™ xP y ),
1<i<s

IJie TUIOTHOCTH PACIPENEICHUS] BEPOSITHOCTEH COCTOSIHUH Y3JIOB CETH Ul TPAH3UTHBIX p(N,X,y)H
BBIXOSIIUX p(n,X,y) 3anatorces Gopmynamu (17), (7) co 3HaAUCHUSIMU MHTEHCHBHOCTEH COOOIICHMUIA,

onpenensieMbiMu  popmynamMu  (9), W pacupene’eHUSAMH UIMTCIBHOCTEH WX TMepefadd -
COOTHOIICHUSMH.

B (x) = Gi;(n"x).  j#i.

LX)

’\.FJ (1)

” v "r ,:‘_ {Z ’\Je

/\, J.,./

B:rll(.i‘) _ (‘;r HI."J.

Aji \
B (x) = 3 —5Gi(n(2)2).

JFE N
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Joka3zareabcTBo. Eciiu mpouece X(t) mosioKUTENbHO BO3BpPAaTeH HO XappHCy, TO COIVIACHO TEOPHH
MapKOBCKHX IPOLIECCOB €ro MpeesIbHbIE BEPOSITHOCTU COCTOSIHUMN CYIIECTBYIOT, & CUCTEMA YPaBHEHUI
JUISl MX TUIOTHOCTEH MOIy4yaeTcsl, Kak U paHee, U3 cUcTeMbl ypaBHeHH Koamoroposa.

Jlnst  ymoOcTBa 3amucH  3TOW CHCTEMbl YpPaBHGHHWW HCIIOJIB3yeM, KakK M paHee, OIepaTopsl
npeoOpa3oBaHusl COCTOSIHUN CHCTEMBI, COOTBETCTBYIOIIME MOCTYIUICHAIO COOOIIEHUA A, Tepeaye

UX C OJHOTO YPOBHS Ha [JpYyrou YZJ.(IZ)(lm), U OKOHYaHHWIO oOcmyxuBanusa D, . JelictBue 3THX

OIIepaToOpOB B pacCMaTPUBAEMOM CIIydae OTIMYAETCS OT HPEABIAYIINX U O0bEeIUHSICT UX ONHCAHHE B

paszenax 4 u 5. Omepatop A, 100aBISeT KOMIOHEHTBI Xi',)\ B HaGOpBI (X,y) OIHOBPEMEHHO,

1

onepatop 7T,'”(Im) nefictByeT Ha rpaHMue OGIACTH ONpENEIEHHMS NpOLecca, NMPH OOpAIICHHH

KOMIIOHCHTBI X, B HOIIb, yJaIsieT ¢¢ U NPHCBAUBACT KOMIIOHCHTE xﬁfn) 3HaueHHe BPEMEHH Iepeiauu
COOOIIEHHs, COOTBETCTBYIONIEE 3HAUCHUIO yjj?

coornomennem 4!y = ¥, '} onHoBpemenHo ynamss nocneauioo, oneparop T,°"(ml) neiictByer

C COXpaHCHHUEM €TO 061>eMa, T.C. B COOTBCTCTBHUHU C

AQHAJIOTUYHO TIPH TEpexojie COOOMIEHUS] CO BTOPOTO Ha IEPBBIM ypOBEHb, HAaKOHEI[ omepartop D,

)

yJIaNIsIleT KOMIIOHEHTY X' CO 3Ha4eHHeM HOJIb.

3aMmeTuM, KpoMe TOro, 4To ypaBHeHHs. KoaMoroposa UMeEIOT MECTO B 00J1aCTH IO CTUMBIX 3HAYCHHH
nporecca, KOTopasi B pacCMaTpUBaeMOM ClIyyae UMEeT BU/JL

Ha rpanunax sroii obinactu

(2} ] —_—(2)

(2) ) . —_—
Tim = Yjmr M= L.n; Jj=1r

COOTBETCTBYIOUIMX TOCTYIJICHHIO COOOIIEHWH M WX TMEpexo] C OJHOTO YpPOBHS Ha JpYyToii,
OJIHOBPEMEHHO H3MEHSAIOTCS J[B€ KOOPAMHATHI IPOLEcca, YTO HEOOXOAMMO YUYUTHIBATH C MOMOIIBIO
CHEIMATbHBIX TPAaHUYHBIX ycioBuil. OJHAKO, UCHONB3Ys, Kak M paHee, O - (GyHKuM Jlupaka, Ml
BKJIFOYMM 3TH TPAaHUYHbBIE YCIIOBHUS B OOIYIO0 CUCTEMY YpaBHEHHIA.

3amMeTHM, KpOME TOro, YTO B MPUBOAMMBIX HUXKE YpaBHEHMSIX YUUTbIBaeTcs cCBs3b (1) Mexnay
pacmpeneneHusIMi 00BEMOB COOOIICHHI W JUITMTENBHOCTAMH uX mepenaud. C HCIOIB30BaHUEM
BBEJICHHBIX ONEPAaTOpPOB M € YYETOM CHACJIAHHBIX 3aMEUaHUN YpaBHEHUS paBHOBECHUS JUIA
CTAIMOHAPHBIX TUIOTHOCTEH BEPOSATHOCTEH mporiecca X(?) UMEIOT BUT
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1 dpn.x.y ] dpn.x.y) )
—Zl—uif_ II:_YJ—f_,I 7}'[_ I__,I‘ + Ap(n,x,y) =
il T t)'jla'_,l!’ v Jum ( -Il_jm
A ( . b (D er (1) (1)
=3 Shpn — el A (% 3))gas (s v o (wiy) — ay))
igd Tj
1 [ (2) (12 ol oo (2 2)
(19) FY o) o (157 0m) T el - )
ig#FELlm LTy i
1 . (2 Vo 21 \ 1 - \
t z m;}[ll } Q_'J;_' - Q_IJ;_L' (1‘_’!_['(!!{!_]) (Xy]]ﬂ(ffvlrj’; - .{'L:f} }
Sy (n?

| 1) .
@Y ——pn+e;’. D;'x).
il T + 1

ApryMeHTanus OTHOCUTEIBHO BBIBOJA 3THX YPaBHEHHMM aHAJIOTMYHA W3JI0KEHHOHN B pazfenax 4, 5, u
MBI ee omyckaeM. HemocpencTBeHHOH TMPOBEpKOW MOXKHO YyOemuThcs, 4TO BbIpakenue (18)
YIIOBIIETBOPSIET 3TOW CUCTEME YPABHEHUN.

Pacnpenenenue BepoATHOCTEM MAaKpPOCOCTOSIHUM [IJIi 3TOM CHUCTEMBbI TMOJIYy4YaeTcs, Kak U paHee,
WHTETPUPOBAHUEM TIO TepeMeHHBIM (X,y) u umeer Buxa (10), coBmamaromuii ¢ pacmnpeneieHueM
BEPOSTHOCTEH JIJISl CHCTEMBI C HE3aBUCHUMBIMH JTUTEILHOCTSIMU TEPEIadll COOOIICHUH.

[lepexon K BbIpaXEHUAM Ul paclpesieieHus BEpOATHOCTEH depe3 paclpeneneHus o00beMOB
COOOIIIEHUH OCYIECTBIAETCA, KaK U paHee, MPOCTOM 3aMEHOM NepeMEeHHBIX.

OTOT pe3ynbTaT MOMHUMO BO3MOKHOCTH JEKOMIO3UIMU CETHU MOKAa3bIBAET TAKXKe, YTO IAUCIHIUIMHA
pasneneHuss BpeMEHH 00ecredrBaeT  HEYyBCTBUTEIBHOCTh  CTAI[HOHAPHOTO  PacHpeesIeHuUs
BEPOSITHOCTE MAaKpOCOCTOSIHUM CUCTEMBI HE TOJIBKO K BHJly 3aKOHOB PacIpeAesieHUs JUIMTEIbHOCTEH
00CITy’)KMBaHHUs, HO TaKXKe, B HEKOTOPOM CMBICIIE, K CTPYKTYPE MPOILECCOB 0OCTYKUBAHUS.

7. BAKVIIOYEHUE

B crarbe, xoTOpas sBisieTCs MEpPBOHM 4acTbiO PabOThI, MOCBALIEHHOM NpobiemaM JAeKOMIO3UIMU
CJIOKHBIX CHCTEM, IPUBOAMUTCSA 0000IIEHNE MYJIbTUIUIMKATUBHOTO MIPEICTABICHUS Ul CTallMOHAPHBIX
BEPOSITHOCTEH COCTOSIHMH CETH MacCOBOTO OOCTYyKMBAaHUS Ha Cilydail 3aBHCHMBIX UIMTEIBHOCTEH
nepefayy CooOIIEHUH MO KaHajgaM, KOTOPBIH B JAEHCTBUTEIBHOCTH MMEET MECTO B PEaJbHBIX CETSIX
nepefadyn JaHHbIX. FIMEHHO: Mpe/ronaraercs, 4To COOOIIEHHsI UMEIOT clIydaiiHble 00beMbI, KOTOpBIE,
OJIHAKO, OCTAl0TCS HEU3MEHHBIMU B IIPOLIECCE UX MEPENauy 110 CETH, a JUIMTEIBbHOCTH UX NEepelayd Ha
pasIMYHBIX KaHalaX 3aBHCAT OT CKOPOCTH IOCIEIHMX M IPONOPLUOHAIBHBI 3TUM OObEeMaM.
[Toryuennsie pe3yJIbTaThl MO3BOJISIOT paccuuTBIBAaTh pas3ian4HbIC XapaKTEePUCTUKU
IIPOU3BOAUTEIBHOCTH CETEN B IPOLIECCE X IMPOCKTUPOBAHMS.
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GENERALIZED BIRTH & DEATH PROCESSES
AS DEGRADATION MODELS

Vladimir RkaV, (Moscow, Russia)
Abstract

To model degradation processes in technical and biological objects generalized birth and death processes
are introduced and studied.

1 Introduction and Motivation

Traditional studies of technical and biological objects reliability mainly deals with their reliability function
and steady state probabilities for renewable systems. Nevertheless, because there are no infinitely long leaving
objects and any repair is possible only from the state of partial failure, the modelling of degradation process
during a life period of an object 1s a mostly interesting topic. From the mathematical point of view the
degradation during object’s life period can be described by the Birth & Death (B& D) type process with
absorbing state. For this process the conditional state probability distribution given object’s life period is a
mostly interesting characteristic.

During last years an intensive attention to the aging and degradation models for technical and biological
objects has been attracted. The organization of special scientific conferences devoted to this topics testifies
it. The aging and degradation models suppose the study of the systems with gradual failures for which multi-
state reliability models were elaborated (for the history and bibliography see, for example, [1]). In [2] - [5] the
model of complex hierarchical system was proposed and the methods for its steady state and time dependent
characteristics investigation was done. Controllable fault tolerance reliability systems were considered in [6] -
[8]. In the present paper a generalized B & D process as a model for degradation and aging process for technical
and biological ohjects is proposed. Conditional state probabilities given ohject’s life period and their limiting
values when t — oc are caleulated. The variation of the model parameters allows to consider various problems
of aging and degradation control. Some simple example illustrate our approach.

2 A General Degradation Model

Most of up-to-date complex technical systems also as biological objects with sufficiently high organization
during their life period pass over different states of evolution and existence. From reliability point of view
these states can be divided into three groups: the states of normal functioning, the dangerous (degradation)
states and the failure states, see fig.1, at which the states are denoted by the letter s, normal, degradation and
failure states are joined into the sets N, D, and F respectively, and possible transitions are shown with arrows.

s s+ e} / s’
— 6@
AN

Fig. 1. The structure of the degradation process.

In the simplest case if the nature of the degradation process allows to completely order the states to admit
the transition possibilities only to neighboring states it can be modelled by the process of B& D type.

1The paper was partially supported by the RFFI Grant No. 04-07-90115.
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3 Generalized Birth & Death Process

3.1 Definition. Basic Equalities

Suppose that the states of the object are completely ordered, its transitions only into neighboring states are
possible, and their intensities depend on the time spend in the present state. Consider firstly the general
case of the process with denumerable set of states E = {1,2,...}. To describe the object behavior by a
Markov process let us introduce an enlarged states space & = E x [0,0¢) and consider two dimensional
process Z(t) = {15(t), X(¢)}, where the first component S(t) € E shows the object’s state, and the second
one X (t) € [0,o¢) denotes the time spent in the state since the last entrance into it. Denote by a;(z) and
8;(x) (i € E) the transition intensities from the state i to the states i + 1 and i — 1 accordingly under the
condition that the time spent at the state ¢ equals to x.

Remark. If the stay time at the state i is considered as a minimum of two independent random variables
(r.v): time A; till to transition into the “next” state i + 1 and time B; till to transition into the “previous”
state i — 1 with cumulative distribution functions (c.d.t.) A;(x), B;(z), probability density functions (p.d.t.)
a;(x), bi(x), and mean values a; = [[1 — A;(xdx)], b; = [[1 — B;(z)]dz, then the introduced process can be
considered as a special case of semi-Markov process (SMP) [9], with conditional transition p.d.f.’s a;(z) 5;(x),

a;(z) bi(x)

a;(x) = T-A@G) Bi(z) = 5.0

The c.d.f. of the stay time at the state i for this process equals
Qi(z) =1- (1 - Ai(=z))(1 - Bi(z)),

and the elements of semi-Markov matrix are

T T

Q.Mm=fa~;(uJ(1—Bitu>)cfu-, Qﬁ_ur)=fb.b(-u.u1—.4z-(u>>du.

0 0

Nevertheless, the given formalization open the new possibilities for the investigations and moreover in the
degradation models we are studying the conditional probability state distribution on given life period, that did
not investigated previously.

Denote by m;(f, z) the p.d.f. of the process Z(t) at time ¢,
mi(t,x)de = P{S(t) =4, v < X(t) < z + dz}.
These tunctions satisfy to the Kolmogorov's system of differential equations

omi(t, x) N am; (t, z)

Y e = —(ay(z) + Bi(x))m; (£, x), DS <t<oo, icE (1)
with the initial and boundary conditions
¢
m(£,0) = d(t) + [ ma(t, x)Ba(x)dr,
0
t ¢ (2)
m(t,0) = [moi(t,w)osoq(z)de + [ @ (t, ) By (2)d, icE.
0 0

In the following we will suppose the process to be non reducible, non degenerated, i.e. it is defined over all
time axis. Sufficient condition for non reducibility is

a;b; >0 foralli € E.

To avoid degeneration of the process it is needed, first of all, to eliminate instant states. For this we suppose
that the process possesses the regularity property,

Ai(0) <1,  B;(0)<1 forallicFE.

Nevertheless, the absence of instant states does not yet guarantee non-degeneration of the process because of
the possibility of jumps accumulating during the finite time interval, so that the process “can go to infinity”
for the finite time interval. One of possible conditions for the non-reducible SMP without instant states to be
non-degenerated is the recurrence of its embedded Markov chain [9]. But this conditions are hardly checked
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for general random walk in terms of its parameters. Therefore, we will use more strong, nevertheless very
applicable sufficient condition for the process non-degenerateness. It is the condition of strong regularity: there

exist constants ¢ > 0 and € > 0 such, that
PlAi>c}=1-Ai(c) >e, and P{Bi>c}l=1-Bilc)>e¢ forall i< F.
The proot of sufficiency ot the strong regularity of SMP for its non-degenerateness can be found, for example,
in [10], [11].
For the non reducible, non degenerated generalized B & D process the Kolmogorov's system of equations (1)

with initial and boundary conditions (2) has a unique solution over all time axis. To find it we use the method
of characteristics. Accordingly to [14] the characteristics of this system satisfied to the system of equations

drr;

dt=dr = ————m—uw—-——, i F.
T e g
Thus, two first integrals for the system (1) are
t—x=0Cq, ﬂ—i(t';r) = (.

(1—-A(z))(1 - B(x))
This means that at the line t — » = u the tunections m;(f,z) (¢ € E') have the form
mi(t,x) = gi(t —x)(1 = Ai(2))(1l — Bi(z)), O=x=t<occ, 1FE, (3)

where the functions g;(#) in accordance with the initial and boundary conditions (2) satisfy to the system of

equations
¢

qi(t) = &) —|—fgg(t— z)(1 — Ao (x)b2(x))dz,
0
t
gi(t) = [gia(t —=x)a;1(x))(1 - B 1(x))dz+ (4)
0

t
+ [gir(t —2)(1 — A1 (z)biyr(2))dr, i=2,3,....
0

The form of these equations shows that their solution should find in terms of its Laplace transforms (LT"s).
Theretore by passing to the L1"s with respect to both wvariables into relations (3) atter the change of the
integration order one can get

oo t
Ti(s,v) = fe_s“/e_”?r(t,;r) de dt = gi(s)yi(s +v), (5)
0 0
where @;(s) are the LT of the functions ¢:(f), and the functions 4;(s) are
(o) = e - ) - B
0
From the other side by passing to the LT s with respect to variable t in the system (4) one get
gi(s) = [ e~ gDt = 1+ aa(s)ia(s),
. N . (6)
gi(s) = [e™™git)dt = gi1(s)dim1(s) + Giyr(s)iyi(s), i=23...
0

where the functions é (s) and 1;7-'2-(5) are given by the relations

$i(s) = fefsxfb;[l‘](l — Bi(x))dz, Vi(s) = f(l — Ai(2))b;(2))dz, icE.
0 0
The relations (6) can be presented as a system of equations with respect to unknown functions g;(s)
{ . gi1(s) — Ga(s)ia(s) = 1. -
—gi—1(s)di-1(s) + gi(s) — gix1(s)ipa(s) = 0, i=23....

The closed form solution of this system in general case even in the simplest case of usual B& D process does
not possible.

In the case of finite number n + 1 of states in the above system one should put :g;n+1(s) =0.

In spite of the above equations does not possible to solve in closed form they provide calculation different
characteristics of the process. Consider some of them.
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3.2 Stationary probability distribution
For calculation of the process Z(f) macro-states stationary probabilities

t t
= fl'1m mi(t lim /?r (t,z)dx = llm /g1 (t—x)(1 — A;(z))(1 — B;(x))dx
0 0

we use the connection between asymptotic behavior of functions at infinity and their LT’s at zero. Letting
F(0) = ~ and taking into account that accordingly to (5) ;(s) = 7;(s5,0), we find

lim m; () = lim s7;(s) = 7 lim sg;(s).
t—oo s—0 T s—0
Thus, for the problem solution it is necessary to calculate the values

g; = lim sg;(s),
s—0
for what we use recursive relations (6). By multiplying equalities in these relations by s, and by passing to
limit when s — 0 from these recursive relations we get

g1 = yaiba, (8)
g = Gi—10i1+ giv1tic, i=23...,

where the following notations ¢; = ¢;(0), ¥; = ?;[0) were used. Taking into account that ¢; +; = 1, rewrite

the last expressions in the form

gi(®i + i) = gi10i1 + giv1¥ie, i=2,3...,
that can be transformed to the following ones
Gidi — gim1ip1 = gic1@i—1 — gily, i=2,3....

Now put 1 = 0 (because this value does noe defined) and remark that from (8) it follows gi1¢1 — gt = 0.
Then from the last recursive relation we find

Gi®i — Gig1¥ip1 = 11 — gaa =0, i=2,3....

The last relation allows to calculate recursively coeflicients g; in the form

i1 Pi-1
gi = ——gi-1= ... = - | 91
Wi Wy
Therefore, the stationary probabilities equal
. D1 . .
m = 7:Gig1, where Gi=1, G;= H —, = 2.3..... (9)
1<j<i
With the help of normalizing condition 3, _p m; we find
-1
g=1 Y G (10)

Thus, the convergence of the series

2 1l Do (i1)

1 oo 1<5<i

is the condition for the stationary regime existence. The same result can be obtained by methods of the SMP
theory [9]. We formulate these results as a Theorem.

Theorem 1. For the generalized B & D process stationary regime eristence it is sufficient the convergence
of the series (11). In this case the stationary probabilities are given by the formulas (9, 10). v

Moreover, from the form of stationary probabilities it follows the next important corollary
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Corollary. The macro-states stationary probabilities of generalized B & D process are insensitive to the
shape of distributions A;(x), B;(xr) and depend on r.v. A;, B; and their distributions only by means of
probabilities of jumps embedded random walk up and down and mean time of the process stay in the given

state,
0 =P{A; < B}, v, =P{A; > B}, and ~; = E[min A;, B;]. V] (12)

For the process with finite number of states n 4+ 1 in the Kolmogorov’s system of equations (1) one should
put a,41(x) = 0. In this case the stationary probabilities have the same form (9), but the normalizing constant

(10) should be changed by
-1

g1 = Z 1 G

1<i<n+1
In the case of exponential distributions A;(z) = 1 — e~ and B;(z) = 1 — e~ one get

[ N .1'3.;

= _— 'L_: T e—
a; + 5 : a; + 3

and the substitution of these expressions into the formulas (9) reduce their to the stationary probabilities of
the usual B & D process.

3.3 Distribution of the process states on life period

For many phenomenons especially for degradation processes more appropriate is absorbing process model. For
the generalized B& D process with absorbing state n + 1 in the Kolmogorov's system of equations (1) one

should put a,,41(x) = G,-1(z) = 0. In this case the equation for the function 7, 1(¢) takes the form
3Tri1+l(t~‘r) (i:)ﬂﬂ_'_]_(f-.l.') -
- + — =0, 13
ot oz i (13)
with the initial and boundarv condition
t
K n,+1 (¢, 0 /ﬁ?l )di‘- (1“1)
0

Thus, all functions 7;(t,2) (i = T,n) have the same solution (3) as before. But the function 7, {(f, x) is a
constant over the characteristics, which are determined by the equations

dm
_Lﬂ =dt = dr.

Tn4+1

This means that
'-’Tn+].(t|i'c) = Qn+1(t — ),

and from the boundary conditions (14) it follows that

t

gn+l /gn f—l' )[1—.8 [T.‘)]d?.‘
0

The solution 7, (#) of the system of equations (1, 13, 14) gives the probability of the object stay in some
state jointly with its life period T,

m(t)=P{S(t) =i, t<T}, i=12...,n

For the degradation problems investigation more useful and adequate characteristic is the conditional state
probability distribution on given object’s life period

mi(t) =P{St)=ilt<T}, i=1,2,..., n.
From the above it follows that for 7;(¢) the following representation is true

“z[f)
R(t)

) =P{St)=ilt<T}=
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where R(#) is the reliability (survival) function of the object, for which the following representation takes place

For the LT of the function 7, 41 (f) one can find

- = 1. 1. ~
"Tn-%—l(s] = ﬂ-ﬂ+1(s‘0) = ;gr1+1(5) = ;gﬂ(s)fpﬂ (s). (15]

Therefore, for the LT }-:l’(s) of the reliability function R(t) =1 — m,1(t) one has

B(S) = 2 — 25,()Fn(s) = 21— 5 () ().
s s s

‘We will calculate the probability distribution of the object states conditionally given life period in terms
of their LT"s. It follows from the relation (5) that the LT’s 7;(s) = 7:(s,0) of the macro-states probabilities
m;(t) have the form

i(s) = Gi(s)(s). (16)
From the initial and boundary conditions it follows that the functions g§;(s) satisfy to the system of equations
(T)yfori=1,2,...,n and B
Gn+1(8) = Gn(s)Pn(s).
The solution of these equations can be done in terms of Kramer’s rule, and it can help to find the limits of the
conditional probability states given life period.

To calculate their we should evaluate the asymptotic behavior of the functions 7;(f) (i = 1,2,...,n) and
R(t) when t — oco. We will do that with the help of their LT. Denote by A(s) the determinant of the matrix
of coefficients of n first equations of the system (7) and by A;(s) the determinant of the same matrix in which
i-th column is changed by the vector-column of the equation right side (vector e,,). Then taking into account

-

the expression (16) and the solution of the system (7) in terms of the Kramer's rule we get

- b (s) = bn(s)An (s
ﬂ'ﬂ+1[5] — ‘.-ﬁ.s_ _gﬂ(s) — ‘_‘n(s‘_ﬁ(;)z( )

{ Tils) = H9as) =HHFEL  (i=Tn),

Theorem 2. Asymptotical behavior of the functions m;(t) and R(t) when t — o¢ coincide and is determined
by the mazrimal non-zero root 81 of the characteristic equation A(s) = 0. This provide the eristence of the limit

9t

7

= lim 7 () — S0
t—oo R(s1)

Proof. Since the functions 7;(s) are analytical in right half-plain, then accordingly to the inverse LT
formula the behavior of their originals are determined by their singularities in the left half-plane [16]. Denote
by s; the maximal non-zero root of the characteristic equation A(s) = 0, and suppose that in it neighboring
the function A(s) has a pole of the first order. Then the asymptotic behavior of the functions ;(t) when
t — oo are determined by the value s1 of maximal root of the characteristic equation, and the coeflicients in it
are determined by the residuals of the funetions 7;(s) at this point. Therefore to find the limit of the functions
m;(t) it is necessary to compare the asymptotic behavior of the functions 7;(¢) and R(t) and to show that their
agymptotic behavior when ¢ — oc are coincide.

From the relation (15) for the function 7,,+1(s) it follows that it can be represented in the form

s 0uls)A(s) B Ag(s)
Gu(s)dn(s) = —AG ST Ae

ﬁ—ﬂ+l(s] =

I

with some coefficient B and some function Ag(s). Let us show that the coefficient B equals to one, B = 1.
Really, from the definition it follows that
T f'in (0)

B= lg:% Sﬁn-f—l(s) = !E}Bén[s]gu(s) = C.Bn,gn.(o) = rpﬂm-

Consider the matrix ¥/(s) of coefficients of the n first equations of the system (7), denote by W/ (s) the matrix,
obtained from this one by changing its last column by the right hand side equation vector (vector £,), put
T = 0'(0), T =¥ (0) and consider the matrix

! I !
U — @?3‘D?1 -
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Since elements of matrix ¥’ are the transition probabilities of absorbing random walk, that is ¢; + 1 =
then the sum of rows of the matrix ¥’ without its last elements are equal to the zero row. Because the matrix
! differs from ¥’ only with the last column, thus the sum of rows of the matrix ¥’ — ¢, !, without elements
of its last column are also zero row. Consider now the elements of the last column. At the first place in it is an
element —,,, at the before last one is an element —1),,, and at the last one is an element 1 = @,, + 1. Thus,
the rows of the matrix ¥’ — ¢, lI'jl are linearly dependent, and, therefore, its determinant equals to zero. It

tollows from this fact that ¢, A, (0) = A(0) and consequently B = % = 1. At least it follows from that

that LT }?\’[5) of the reliability function R(f) is presented in the form

~ Ag(s
R(s) = ;((S)).

Thus, the asymptotic behavior of the reliability function R(?) when t — o¢ also as all others tunctions m;(#)
is determined by the maximal root s; of the characteristic equation A(s) = 0. In this case the coeflicients in
asymptotic representation of the functions m;(t) and R(t) when t — oo are the residuals of the functions 7;(s)
and F(s) at the point s = 51,

Ai(s)  yls1)A(sy)

A = lim (s — s1)i(s) = lim (s — s1)7i(s) O
s—+8q sa—+31 / 1

Apt = lim (s — s1)R(s) = lim (s—sl)i‘q([:;] ";([:1)].
s— 81 s—s1 / 1

Therefore, when t — o there exists the limit

i(t) omils) _ mils1)  qils)Ai(s1) _ An

<

= R{t) s=si R(s)  R(s1) Ap(s1)  Am’

o

4 An Example

To illustrate the above results let us consider a system with only three states, which can be considered as
an example of the aggregated states model (see [5], [12]), where all states of each group: normal functioning
N, degradation D, and failure F' are joined into one. Suppose for the simplicity that the failures arise in
accordance with the Poisson flow, but the repair times are generally distributed with c.d.f. B(z) and the
hazard rate 3(x). Moreover suppose that the direct transition from normal state into the failure state are also
possible with intensity +. The marked transition graph for the process at the figure 2 is presented.

7 RN

o——o— o
B(x)
N D F

Fig. 2. The marked transition graph of the process with aggregated states.

In accordance with given transition graph the Kolmogorov’s system of differential equations for system
states probabilities has the form

! t
draltl = (A y)ma(t) + Df,:a(x)m(t,x)dr,
0m(:.rn + am_—,t;t.z) = —(v+ F(z))mpl(t, x), )
drr:;'(f) = TN (f) —+ 'U"'TD(fw ;I!)

with the initial and the boundary conditions

Tp(t,0) = Amn(t), (18)
an(0) = 1, 7p(0,0) = mp(0) = 0.
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The reliability function of the system is

t
Rt)y=1—mp(t)=1— ] [yon (w) +vrp(u)] du, (19)
0

where the functions 7y (f) and wp(f, x) are the solutions of the two first equations of the system (17) and

i
?TD(T-)=/ wn(t, z) de. (20)
0

The solution of the second equation from the system (17) accordingly to (3) can be given in the form
mp(t,z) = gp(t —x)e” " (1 - B(x)),
where the function gp(#) is determined from the boundary condition (18). It gives
mpl(t,z) = Aoy (t — z)e " (1 — B(z)). (21)

Substitution of this solution into the first equation of the system (17) gives the following equation

¢
—(A+ )TN (t) + A/.;'B(;r)ﬁ_;\r(t —x)e” " (1 — B(x))dz. (22)
0

dmy (1) _
dt

The best method for its solution is a LT approach. In the terms of LT with the initial condition (18) an
equation (22) after the usual order of integration changing takes the form

ST (S) —1= —()\—F "Ir')i':l'_r\.'[s) + }\E(S +.f))ﬁ'_.\.'(3),

where 5(5) = [e *'b(x)dx is a LT of the p.d.f.b(z). It follows from here that the solution of the last equation

has a form .
Fa(s) = [S+ﬁr+/\[1—5[s+r}))} . (23)

Next, the calculation of the LT 7p(s) of the function wp(), given by the equality (20) after substitution into
it of the expression (23) gives

Tpl(s) = / / Tplt, rdxdt—/ / Ay (t—z)e™ (1 — B(x))dzdt =
B A (s)(1 —b(s+rz]) B l—b('H—r/)) (24)
B s+ v B (s +v)(s+ ,r—l—)\(l—b(s—b—r/)]-

At least tor the LT 7p(s) of the function mp(t) from the last of equations (17) one can find

N (s + 1)+ Av(l — b(s +1))
ST = ) = . 25
stp(s) =7 (s) +vip(s) = P Y Y yprey (25)

Therefore, for the LT of the reliability function (19) we get

~ 1 1 (s + v) +)uf(1—5[s+rf)]
R(s) = ——mp(s)=—|[1- = =
s s (s+v)(s+~v+A1—-b(s+v)))
_ s4v +)\(1—5{s+u)) (26)
(s+v)(s+v+A1- b(s + ) .
From the last expression one can find the mean life time of the object
m;:=ﬁ’(0)= v+ A1 —5b(v)) (27)

vy +A(1L=b())

For calculation of the limiting values of the conditional state probabilities on life period we use the above
procedure, which is based on the connection between asymptotic behavior of the functions mn (t)., 7p(t), R(t)
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at infinity and their LT at the neighboring of the maximal non-zeros root of the system characteristic equation
A(s) =0. In the considered case the characteristic equation has a form

Als) = (s+v)(s +7+ A1 —b(s +v))) = 0. (28)
One of its roots is s = —1. The second root is determined by the equation

(s +~v+ Al —5(5—!—1}])) =0

or
F S+
bls+v))=1+ T -. (29)
Since the function 5(8 +v]) is a quite monotone one [15], i.e. monotonically decreases, concave upward, takes
the value 1 at the point s = —r and b(r)) < 1+ 3, then the equation (29) has a unique negative root, and his

value depend on the sign of the difference v —v. If 4 = v the root of this equation, which we denote by s, is
less than —v, s7 < —r. On the other hand if 4 < v the root of this equation s; is grater than —v, s; > —u.
Therefore, when + = v the maximal root of the equation (29) is —v, and therefore,

Tt TN
W= tl—l}& ™ (f) = fl—l}-{}: p;;(ij) - sl—i~n—1v }':::(F:]) N
. V+s 1
= lim — = :
s—=—v stu4+Al—bs+v)) Ll+Amp
_ - . Tplt) . Tp(s)
T = lim @p(t) = lim = lim ——= =
D t—oo D( ) t—oo R(f) s——1 R(S)
—  lim M1 —b(s+v) _Amp (30)

s=—v s+ v+ A1 —b(s +v)) S 14 amp’

1.e. if the death intensity from the normal state is grater than the death intensity resulting by degradation,
then the limiting distribution of the conditional state probabilities is determined by the parameter p = AMng.

From another side, under condition v < v the greatest root of the characteristic equation (28) is the root
of the equation (29), and consequently

_ . _ . Tl'_r\r(f) . ’.':l"_.'\r(s)
TN o= 1 an(t) = 1 =1 = =
N s (D) Pl R(t) ey R(s)
. s+ s1+v
= lim = = = ;
s=st g+ v+ A1 —b(s+ 1)) s1+v+ A1 —b{sy +v))
_ L . mplt) . Tp(s)
T = lim 7p(t) = lim —— = lim —— =
D t—oo D( ) t—co R(f) s— 81 R(S)
— lim AL —b(s+v) _ ML —b(s1 +v)) (31)

§—s1 5—!—1}—4—)\[1—5(5—!—1})) sl—l—u—l—)\(l—fv)(sl—l-u)).

Therefore, if the death intensity from the normal state is less than the same as a degradation result, then the
limiting distribution of the conditional probabilities is strongly depend on the value sy of the equation ([?])
root. Note that in the case if direct transitions from the normal state to the failure state are impossible, i.e.
when v = 0 the second case takes place.

5 Conclusion

Generalized Birth & Death Processes, which are special class of Semi-Markov Processes are introduced for mod-
elling the degradation processes. The special parametrization of the processes allows to give more convenient
presentation of the results. The special attention is focused to the conditional state probabilities given life
cyele, which are the mostly interesting for the degradation processes.
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REMINISCENCE
ABOUT B.V. GNEDENKO

Igor Ushakov,
(San Diego, USA)

I would like to begin a series of stories with the case, which
characterizes Boris Vladimirovich Gnedenko not only as a
brilliant scientist and outstanding teacher whom some of us
knew him personally and other — from his books and papers, but
also as wonderful personality — principal and brave.

B. V. Gnedenko at his working table at home.
(The end of 70th.)

Feat nobody has known about

At the banquet after Doctoral dissertation of A.D. Solovyev,
Andrei Nikolaevich Kolmogorov pronounced a toast in honor
of B.V. Gnedenko: “I wish to drink this glass of wine for Boris
Vladimirovich who is not only a leader of the Reliability
School. I wish to drink for him as for a brave citizen”. It was a
very unusual speech for Kolmogorov, who was always far from
“official” words even with a slight color of the so-called
“Soviet patriotism”. I decided that something unusual was
behind those words, and being unable to silence my curiosity,
sat next to Kolmogorov and asked Andrei Nikolaevich what he
meant under “brave citizen”.

Kolmogorov answered, as usually very short and abruptly: The
matter is, Igor Alexeevich, that Boris in that terrible 1937"
saved life to some person...” It was said in such a way that |
understood that Kolmogorov by some reason did not like give
more detailed explanations...

& %k ok

Boris Vladimirovich and myself were tied not only by personal
contacts. We had a lot of mutual duties: I was his deputy at
journal “Reliability and Quality Control”, where he was Editor-
in-Chief; I was his deputy in Central Consulting Center on
Reliability and Quality, where he was Scientific Chair; we have
been working together at Editorial board of journal
“Engineering Cybernetics (he was a Chair of section “Queuing
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Theory and Reliability” and I was Scientific Secretary of the
journal); we were members of Editorial Council at “Soviet
Radio” publishing House and an at couple of Scientific
Councils for Doctoral degrees.

Boris Gnedenko and Igor Ushakov discussing current editorial business. (The end
of 70th.)

Thus, at least two-three times a week, I met with Boris
Vladimirovich at his home. Those meetings with him were
unforgettable: Turgenev-like leisurely conversations “about
nothing” with a beautiful classical music on background, and as
a result — all business question have been solved!

Maybe, it is kind of a nostalgia born by age, though maybe it is
a part of reality: sometimes I believe that such kind of personal
contacts have gone forever...

& k%

Once I came in the evening to Boris Vladimirovich but he was
late: something kept him at the University.  Natalya
Konstantinovna, his wife, served a tea, and we were sitting and
talking. As usual, a dining table was full of various homemade
jams and cookies. Drinking the tea, I told her about the
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question I asked Kolmogorov at the banquet and asked her what
could that mean.

She told me that in 1937 somebody wrote an anonymous
slanderous report on Kolmogorov, saying that he led anti-Soviet
propaganda among his pupils. However, KGB pretended to
play a “clean” game: they needed confirmation made by
somebody in person. Their choice was Boris Gnedenko — the
beloved pupil and best personal friend of Kolmogorov.

Gnedenko has been arrested and has been kept in a Lubyanka
torture-chamber (Lubyanka was the Head Quarter of the KGB)
several months. They did not give him to sleep, directing in his
face extremely bright light that made him unconscious and
psychically degraded. Nevertheless, Gnedenko did not sign
any papers against Kolmogorov they gave him. At last, he was
released. Acquisitions against Kolmogorov had been fallen as
inconsistent. ..

Natalya Konstantinovna told me: “Igor, please don’t tell
anybody about it: nor Andrei, neither Boris like to remember all
this. In addition they don’t like exposing their personal
relations to the public”.

Sure, I would never wrote about it if Boris Vladimirovich did
not tell this himself during one of his visit to the USA in 1991,
when I arrange his invitation through George Washington
University. He was interviewed for journal «Statistical

. 3
Science» .

Then once more I heard this story from Gnedenko when he
visited American telephone company MCI where I then worked
as a consultant.

Once we sat with Gnedenko alone, at my apartment in
Washington and had a conversation “about life”.
Unfortunately, I guessed too late to turn on a tape recorder...
Boris Vladimirovich patiently waited when I change tapes.
Though I missed his story about his imprisoning, the remaining
part of that conversation was extremely interesting. Boris
Vladimirovich told me about his first meeting with his future
wife, about Kolmogorov, his teacher, and about his pupils —
Mikhalevich, Kovalenko, Korolyuk, Skorokhod and others. I
remember that I complained that I was not his pupil, and he
responded with his soft humor: “However, you are unique inn
my experience: you are the only one to whom I was the
defender at both scientific defenses — at candidate and
doctoral”.

We talked a lot about music and fine art, about our visit to the
National Gallery in Washington, where we were recently with
him and his son, Dimitri (he accompanied his father in his visits
to the USA).

Last time I saw Boris Vladimirovich three months before he
died... I was in Moscow and visited him several times. |
brought him our first book published in the USA -
“Probabilistic Reliability Engineering”.

3
Statistical Science, 1992, Vol.7, No.2, pp.273-283: N.Singpurwalla & R. Smith “A
Conversation with Boris Vladimirovich Gnedenko”.
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I had a movie camera with me and Gnedenko asked me to
record “a letter to Tanya”, my wife who helped us in
preparation of the manuscript. Then he signed a copy for her:
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“To Tanya Ushakov with gratitude for support and patience,
which you showed during the book preparation. Yours Boris
Gnedenko”.

It was written by a trembling hand of a deeply ill man who,
nevertheless, did not forget to about Good and Love for others.

He never saw our second book, “Statistical Reliability
Engineering”...
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BOCMNOMUHAHUA

O BOPUCE BNAOUMUPOBUYE N’MEOEHKO

Hrops Ymakos,
(Can-Huero, CIIA)

51 xoren OBl HauaTh HEOOJBIIYIO CEPUI0 BOCIHOMHHAHHN C
UcTOpHHU, KoTopas xapakrepusyer bopuca Bmamummposmda
I'HemeHKO HE TOINBKO Kak  ONecTAIIero y4eHOro W
3aMedaTe]qbHOro IeJarora, KOTOpOro MHOTHE 3HAIOT MO €ro
MHOTOYHCIICHHBIM KHHTAM U CTaThsM, HO U KaK yJIWBHTEIbHYIO
JMYHOCTH — IPUHIUIHATBHYIO M CMENYIO0.

B.B. 'Henenko 3a cBOMM MUCBMEHHBIM cTOJIOM (KoHel 70-X).

HO}lBl/ll", 0 KOTOPOM MAJI0 KTO 3HaeT

Ha ©Oanmkere mocime 3ammTBl JOKTOPCKOH —AHCCEPTAIUU
AnekcannpoM  JImurpueBnuem  ConoBbeBBIM,  AHapei
Hukonaesnu Kommoropos BcTanm M HpPOM3HEC TOCT 3a
T'menenko:  «S1 Xouy BBIINTH 3TOT OOKan BHHA 3a bBopuca
BnagumupoBuua, KOTOpBII HE TONBKO JMAEP  IIKOJBI
HaJIe)KHOCTH B Hallell cTpaHe. Sl Xody BBINUTH 3a HErO Kak 3a
cMenoro rpaxnaHuHay. IlonoOHas peub OblLIa JOBOJIBHO
HeoObryHa A1 Kommoroposa, KoTopblii Beera ObLT AaleKk OT
OpHIMAIBHBIX peYel ¢ OKPacKoW B JyXe «COBETCKOro
natpuotusma».  Hemnoro 3Has Anxzgpes HukonaeBuya, s
pEIINI, dYTO 4YTO-TO HEOOBIYHOE KpPOeTCS 3a TaKWMH €ro
CJIOBaMH. He Oynoyun B COCTOSHUHM CHEp)XaTb CBOE
TMOOOMBITCTBO, 51 Tozcen K KonMoropoBy ® cHpocui, dTo
03HAYalOT €ro CJI0Ba O «CMEJIOM TIpaxkJaHuHe». Kommoropos
OTBETWJ, KaK BCErJla OTPBIBHCTO U KOPOTKO: «A JEI0 B TOM,
Urops Anekceeud, uro bopuc B y:xacHoMm 1937-m cniac xu3Hb
OJHOTO YeJOBEKa ...». JTO OBUIO CKa3aHO TaK, YTO S MOHII,
yro Amxzapeii HuxomaeBuu He CKIOHEH IIycKaTbCs B
JanbHEHIINe OObSICHEHUS.

V Hac ¢ BOpI/ICOM BJIaZ[PIMI/IpoBI/I‘{CM ObUIM OYECHb TECHBIE
JINYHBbIE KOHTAKTBl. MBI OBLIH IIPOYHO 3aBsA3aHbl Ha MNOIIPUIIC
TaK Ha3bIBaeMOM 06H.IeCTBeHHOﬁ paGOTBIZ s1 OBLI €ro 3aMOM B
JKypHaJie «HanexxHocTs U KOHTPOJIb KaueCTBa», rac OH OBLIT

-75 -

I'maBHBIM penakTopoM; s ObUI €ro 3aMoM Kabunere
HaIeKHOCTH WM  KadecTBa, riae OH Obmr  HaydneiM
PykoBomuTenemM; MBI BMeCTe OBUIH WICHAMH PEIKOJUICTUH

JKypHaJa «TexHuyeckas  KHOEpHETHKa» (oH OBLI
pykoBomuTenem  pasmena  «HamexHocTH M MaccoBoe
obcmyxuBaHue», a s ObUl  OTBETCTBEHHBIM CEKpETapeM

XKypHana); Mbl 00a ObutH wieHaMu PencoBera H3maTesbCTBa
«Pazno u cBA3bY», a TaKXKe 3aceald B OXHOM U TOM e Y4eHOM
CoBeTe 1o 3aIuTe JOKTOPCKHUX JHCCEPTAIINH.

Tax 4TO MBI BUIEIUCH C HAM JIBa, 2 TO U TPU pa3a Ha Helele y
HEro JoMa. OTH BCTpeY JUIs MeHs He3a0bIBaeMbl: B HECKOJIBKO,
s Obl CKazal, IO-TYPreHEBCKH HETOPOIUIMBOM MaHepe MBI
pa3roBapHBalli, Ka3aloch Obl HH O YeM; €ro KaOWHET ObLI
HANMOCH HErPOMKHMH YapYIOIIMMH 3ByKaMH  KJIACCHYECKOM

My3BbIKA... Bedep mOpoOXoauia He3aMeTHO M 0e30 BCSIKOro
HampsDKEHUS, a B pe3ylbTaTeé — BCe [ela OKa3bIBAJHCh
cleJaHHBIMU !

Bopuc Bnaaumupoid 1 aBTop 3a 00CYKACHHEM OYEPEIHBIX PEIAKIIHOHHBIX JIeJT
B (poro koHIa 70-X).

MoskeT OBITh, BO MHE TOBOPUT HOCTaJIbIHs, MOPOKACHHAS
BO3PAcTOM, a MOJKET, 9TO U YaCTh HAllel HbIHELIHEN peanbHON
KM3HM: HMHOTJA MHE KaXeTCs, YTO TaKoro poja JHMYHbIE
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KOHTAKTBhl KaHYJIX B BE€YHOCTH B HAIIEM CYCTHOM H BE€YHO
CrieniameM Kyaa-To Mupe...

Opnaxas! s npumen kK bopucy BragumupoBudy, korma TOT
eme He BepHyJcs ¢ kadenpsl. Hatanus KoncrantuHOBHA, ero
JKeHa, HAKpbLIA Ha CTOJ, KaK BCEr/la, yCTABUB €r0 Pa3iIUYHbIMU
JIOMAIIHUMU BapeHbAMH U NEYEHbSIMH, U Mbl CEJIM YaeBHUYATb.
3a yaeMm s pacckasan Hatamuu KoncTanTuHOBHE 0 MoeM
Borpoce KoiMoropoBy u o ero orsere U CIpocuil, He 3HaeT JIL
OHa, YTO 3TO MOTJIO OBI 3HAYUTE.

OHa pacckazaja MHE, 4YTO B 37-M KTO-TO Hamucal
KJIEBETHHUYECKOE aHOHMMHOe THCchMO Ha KommMoropoma, rmie
CO00IIATOCH, YTO TOT BEJET AaHTHCOBETCKYIO TIPOTIAraHIy Cpean
crynentoB. uorna HKBJI nenano Bua, 4To OHM HWIparT «B
YUCTYI0 UTPY»: OHH COOMpalM MOATBEPXKACHHS (PAKTOB» OT
JIO/IeH M3 OKPY)KEHHs OKJIEeBETaHHOro. Mx BbIOOp manm Ha
Bopuca BrmagumupoBuua — mro0MMOro yd4eHWKa U JIpyra
Konmoroposga.

T'HemeHkO OBUT apecTOBaH M €ro MPOJACPKATH B 3aCTCHKaX
HKB/I Heckosbko mecsiieB. OHM HE JaBaiud €My cHathb IO
HECKOJIBKO THEH Kpsidy, CBETHJIM B IJIa3a SIPKUMH IOIHUTEPaMH,
YTO JOBOAMIO €ro 10 6ecco3HaTelIbHOro cocrosuus. OaHaKo,
Bopuc BnagumupoBud He ToAm#cat HA OJTHOW MOJICOBBIBAEMOM
emy Oymaru, kommpomerupyromeir Kommoroposa. B konie
KOHIIOB, €r0 BBIHY)KACHBI OBLIM BBIIYCTUTb, & OOBHHEHHS
npotuB KojaMoropoBa ObIIIH CHATBI KaK HECOCTOSITEBHBIC.

Haranusa KoHcranTrHOBHA cka3ana MHE: «lrops, moxarmyicra,
He pacckasbiBaliTe 00 3ToM HuKoMmy: HH AHzpeil, Hu bopuc He
Mo0AT BcmoMuHATH 00 3TOM. K TOMy e OHM He JI00ST
a¢uImupoBaTh HA MyOIHKE CBOUX OTHOLICHUH JAPYT C APYTOMY.

KoneuHo, 51 6bI HUKOT/IA U HE Hamucan 00 3ToM, eciu 661 bopuc
BrnagumupoBud He pacckasan 000 BCeM BIIEPBBIE caM BO BPeMsI
cBoero Busuta B CIIIA B 1991 rony, korma s ycTpoun emy
npuriameHue uepe3 YHuBepcureT JIk. Bammuerrona, B
KOTOPOM B TO BpeMs npenojasail. MHTepBblo ¢ HHUM

oIryOIIMKOBaHO B XKypHase «Statistical Science» .

3arem eme pa3 s cabluan 3Ty uctoputo ot  bopuca
BrnagumupoBuya, Korjga OH HOCETHII ¢ BUBUTOM aMEPUKaHCKYIO
TEJIEKOMMYHHUKALMOHHYIO KoMMaHuio OM-Cu-Al, ¢ KOTOpoi st
TOTJ[a COTPYAHMYAI.

OpHaXb! MBI OCTAJINCh Y MEHS JoMa B BammHrTone omHu u
Pa3TOBOPWIINCE, YTO HA3bIBACTCA, «3a XKU3HB». K coskaieHHIo,
s JIOTaJajcsl BKIIOUUTh MArHUTO(OH MO3JHO: «TIOPEMHYIO
ucroputo» s mpomyctun. Ho ocrambHas uacte Oecegsl — U
OYeHb HHTEpPECHas — IIomaja Ha IUICHKY. Bopuc
BnagumupoBuu pacckasplBall O CBOEH BCTpeue CO CBOEH
Oyaylei »*eHoW, O MepBBIX I'ojlaX UX COBMECTHOH >KU3HH, O
POXIIEHUU CBIHOBEH, 0 cBoel apyxOe ¢ KommoroposbiM, o
cBoux yueHukax B.C. Muxanesuue, .H. Kosanenko, B.C.
Kopomroke, A.B. Ckopoxome u npyrux. S momHm0, dYTO
MOXKAJIeNl, YTO HUKOTAa He ObUI €ro YYEeHHKOM, aH YTO OH
OTBETHJI ¢ MATKHM toMopoM: «Hy, Urops (mociennue roasl oH
Has3bIBaJI MEHS INPOCTO 10 MMEHM), BBl y MeHs Ha ocobom

4
Statistical Science, 1992, Vol.7, No.2, pp.273-283: N.Singpurwalla & R. Smith “A
Conversation with Boris Vladimirovich Gnedenko”.
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MecTe: s Belb HU y KOro, kpome Bac, He ObUT ONIOHEHTOM
JIBaXK/1bl — Ha KaHIUJIATCKON U Ha JOKTOPCKOM JUCCEepTaLUAX».

Mpbl MHOTO TOBOPUIUM O My3bIKE, O JKHBOIUCH, O HalleM
HesllaBHEM noceuieHud HannonaneHO# ranepen B BammHrrone
¢ HUM U ¢ JmutpueM (Bo Bpems oboux Bu3uToB B CIIA oH
COIPOBOXK/IAJI OTLIA).

Ilocnennuit pa3 s Bunen bopuca BraguMupoBuda Mecsna 3a
TpU 10 ero cmeprtu. S mpuexan B MOCKBY U BO BpeMms
npeObIBaHUSI TaM HECKOJbKO pa3 3ae3kayl k ['Hemenkam. 51
MIpUBE3 €My HECKOJIBKO IK3EMIUIIPOB TOJHKO UTO BBIMIEAIICH B
CIIIA mepBoii W3 HanmWCaHHBIX HaMH BMECTE KHHT —
«Probabilistic Reliability Engineering».

Bopuc BnagumupoBud ObUT 04eHb cl1al, HO Kak BCerna,
panymeH. OH ObUT paJ KHUTE, CIIPAILIMBAI, KaK Jejia Co
CIIeTyroIel Halle KHATON

VY wmens Obuta ¢ coboii kuHokamepa. Korma s cauman Bopuca
BnanumupoBuya, TO OH MONPOCKI MEHS 3alucaTh IMUCbMO JUIs
Tanu, Moe# KeHbl, KOTOpas MoMorajia HaMm ¢ O(pOpMIICHHEM
kaUTH. [ToTOM OH moanuMcan e OAuH U3 IK3EMIUIIPOB:
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“Tane VYmakoBoil ¢ OJaromapHOCTbIO 3a TOIICPKKY H
TeprieHHe, KOTopble Bbl NposBUIM NpU MOJATOTOBKE PYKOIHUCH.
Bam bopuc 'Henenko». 310 ObUIO HaMMCaHO JporKallel pyKon
o4eHb OOJILHOTO YeToBeKa, KOTOPHIA Te He MEeHee, HUKOT/a He
3a0bIBa fenaTh Jlo6po ¥ mposBIATH CBOO JIFOOOBB K APYTHM.

OH TaKk HUKOT/Ia ¥ HE YBUIENl BTOPO HAIeil KHATH —
“Statistical Reliability Engineering”...
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KH. B. KORDONSKY: RECOLLECTIONS AND

SHORT REVIEW OF SCIENTIFIC RESULTS

Ilya Gertsbakh,
(Beer Sheva, Israel)

Professor Khaim B. Kordonsky was my Ph.D. advisor, my teacher and
also my personal friend. I was lucky that during many years I had the unique
opportunity to work with that fine man of outstanding intellectual courage
combined in him with extreme modesty and personal charm. The notes below
1s my tribute to his memory.

1. Aircraft Fatigue Life.

Being the leading AEROFLOT expert in aircraft fatigue problems, Kh.B.
Kordonsky was often faced with extremely difficult real-life problems. One
such problem was aircraft life prediction after a fatal fatigue failure.

In the mid 1960’s, one aircraft of the type IL-14 (if I am not mistaken)
suffered a catastrophe as a result of fatique break of the wing. In total,
AEROFLOT had several hundred similar aircraft in active use. According
to the existing rules, the entire fleet of the IL-14 was grounded and the wings
were inspected to reveal the presence (or the absence) of fatigue cracks in
the wings. The data gathered after this inspection had the following form:

i, flight time T; hours; d;,i = 1,..., 240, (1)

where o; = 1 if the crack was present, and 0 - otherwise.

In this messy situation, experienced practitioners were absolutely unable
to say anything about the lifetime of fatigue crack, neither theoretically nor
by commonsense since the exact time of crack appearance was unknown.

The approach suggested by Kh.B. Kordonsky was elegant and novel for
those days when the statisticians did not know how to process censored and
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grouped data. Suppose that the random time 7 of fatigue crack develop-
ment has the cumulative distribution function F[(t — a)/b], of location-scale
type, which included both lognormal and Weibull distributions, two principal
models used to describe fatigue life.

Then the likelihood of the i — th event described in (1), equals

Ly = [F((T; = a)/b)]" - 1 = F(T; = a) /b)), 2)
and the overall likelihood is expressed as

240

Lik = [[ L. (3)

The estimates of the parameters were obtained in a standard way by
solving the set of equations

Alog Lik/0a = 0, dlog Lik/db = 0. (4)

Having estimates of a and b, the lifetime prediction for a particular time
in the air became a routine calculation. A crucial point in that method
was establishing the uniqueness of the solution of the equations (4). In [1]
published in the leading Soviet journal in 1970, it was proved that under
mild conditions (at not all d; are zero or 1) the unique solution always exists.

2. Aviation Schedule

In the period 1965 - 1971 Prof. Kordonsky was the chief scientist and
senior manager of an ambitious project on constructing computerized central
aviation schedule for AEROFLOT. This schedule was the main document of
the Ministry of Civil Aviation (MCA) which determined the transportation
and commercial activities of a giant AEROFLOT company having a fleet
of more than 600 aircraft and servicing more than 200 airports. When I
compare contemporary computers with those available in the USSR in the
sixties I realize that only a person of outstanding intellectual courage could
accept and carry out this challenging job. Amazingly, the first computerized
schedule was composed and implemented in AEROFLOT already in 1971
and continued for 16 years until the collapse of the Soviet Union.

When our work on scheduling started, the MCA schedule was composed
manually by a small group of experts specializing in that work for many years.
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To us composing the schedule looked like playing a giant game of patience
with an unclear set of rules ranging from absolutely strict to quite "soft”.
These rules included partial optimization of the fleet size, safety regulations in
airports and in airspace, and many other written and unwritten instructions.
Nobody of the experts was ready and willing (nor possibly able) to explain
to us what and why he was doing what he did, which rule was to be followed
and which may be violated.

Needless to say, that neither Kh. Kordonsky himself nor any one else
in his group had any idea how to compose the schedule. ”You will able to
formalize the scheduling process for a computer only when you will able to
do it manually” he said to us. So we went to the Scheduling Department
of MCA in Moscow and closely watched two three-week sessions of schedule
composing. These sessions took part every six months. Our team included
several very smart and devoted young people who returned to Riga after these
sessions with numerous observations and ideas. For several months all our
group, including Kh. Kordonsky himself, participated in absolutely exciting
brainstorming sessions which eventually allowed us to understand and to
formalize the principal heuristics which governed the process of schedule
composing. The total absence of pressure of the ”boss” upon his subordinates
was the key element to the success of our work and characteristic of Prof.
Kordonsky.

Without going into too many technical details, the basic principles of
scheduling were the following. First, it was necessary to optimize the fleet
size for each local company in the limits of its fleet and to produce trip-
chains which served as a raw material for further work. The second principle
was that the schedule should be composed sequentially, using a greedy-type
algorithm. The crucial feature of this algorithm was determining the pri-
orities among the trip-chains. At that point Kh.B. Kordonsky suggested
using probability - based priority rules, a totally novel idea in scheduling. All
trip-chains were evaluated according to the probability of positioning the
trip-chain without violating basic safety and commercial rules. Afterwards,
the trip-chains were ordered in the ascending order of these probabilities and
the highest priority for their actual scheduling was given to the trip-chain
with the smallest probability. The combination of greedy algorithm with
probabilistic priorities were later used in many other areas of scheduling, for
instance job-shop scheduling [7].

All the above principles were implemented in software and by the winter
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of 1967 the first successful trials were made on a computer URAL-4 which
was located in the giant hall of an old neglected Russian Orthodox church
in Riga. (Let me mention that URAL-4 was a second generation computer
with ROM 4K).

In 1970 our group was able to produce a schedule which was in some
aspects even better than the existing one made manually. In that year,
following the death of the head of Scheduling Department in the MCA from
cancer (the name of this outstanding man was Sharkevich) and the inability of
his subordinates to proceed without him, the MCA asked for our help. The
first computerized schedule was composed for the winter yvears 1971-1972.
Later on, schedules were made yearly and their size increased considerably:.

3. Time Scales

In the period 1988-1999, Kh. B. Kordonsky worked on the problem of
lifetime scales in reliability, see [2]-[5]. Traditionally, the approach to system
failure analysis is based on assuming a certain failure model derived from
a hypothetical scheme of damage accumulation. As a rule, this process is
considered in one, "most appropriate” time scale. For example, the number
of loading cycles is the intrinsic time scale for fatigue-type failure.

It is widely recognized today that this intrinsic time can be chosen (and
observed) in several ways. For example, two times scales prevail in aircraft
reliability analysis: the total flight time and the total number of operation
cycles (landings and takeoffs). This fact was the motivation and the starting
point for Kordonsky’s research in multiple time scales. Once there are at
least two observable principal time scales (say for a car - the mileage and the
time in use), it is always possible to introduce a family of new time scales by
considering a weighted sum of the principal time scales. Proceeding along
this line, Kh. Kordonsky suggested an ingenious definition of the "best” time
scale [2]: the best time scale is defined to be that time scale which provides the
minimal value of the coefficient of variation of the time to failure. Suppose T’
and L are the two principal time scales. Each individual object "lives” in two
time scales simultaneously. Its "life history” is represented by a trajectory in
the [T, L] -plane. It is called by Kordonsky operational characteristics (OC).
As a first approximation, the OC’s are straight lines whose slope reflects
the individual damage accumulation rates in both scales. The notion of the
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OC was used also by Lawless and Cao [6]. It is very strange that many
people worked in the field of reliability but no one before Kh.B. Kordonsky
paid attention to the choice of the most relevant time scale for lifetime data
analysis.

To illustrate the importance of multiple time scales; let us consider a
hypothetical example from the field of preventive maintenance. Let for a
certain device T' be the scale of operation hours and L be the scale of
operation cycles. 25% of all objects have the OC with a slope L/T = 5 and
fail when the number of operation hours reaches 1000 hrs (and therefore the
number of cycles reaches 5000). 50% of all devices have an OC with a slope
L/T =1 and fail when 7" = 3000 hrs. The rest 25% of objects have an OC
with a slope 0.25 and fail at 7" = 5000 hrs. So, if we observe failures in each
scale separately, we see a discrete distribution with probability mass 0.25, 0.5
and 0.25 in the points 1000, 3000 and 5000, respectively.

Now suppose we want to carry out a preventive renewal (PR) of the
system for a cost of $1000 and suppose also that no failures are permitted.
Then obviously we will carry out the PR just before 1000 hours or 1000
cycles, according the scale we use. Then we would pay $1000 each thousand
hours, and the cost per unit time will be $1/hr. Is it possible to do better ?
At first glance, there is no way to do better. But now look at the both scales
together. We immediately observe that the system fails when the value of
L + T reaches 6000, on every OC. The new time scale K = T + L is the
"best” one according to Kordonsky’s definition since the c.v. in this scale
equals zero. Now let us carry out the PR just before the K-time reaches
6000. Simple calculations show that now our cost per unit time will be equal
0.25 - 1000/1000 + 0.5 - 1000/3000 + 0.25 - 1000/5000 = 0.47. There is a
reduction of costs by a factor of two !

[1] Artamanovsky, A.V. and Kh.B. Kordonsky. 1970. Estimate of maximum
likelihood for simplest grouped data. Theory Prob. Appl., 15, 128-132.

[2] Kordonsky, Kh. and I. Gertsbakh. 1993. Choice of the best time scale
for the reliability analysis. Furopean Journal of Operational Research, 65,
235-246.

[3] Kordonsky, Kh. and I. Gertsbakh. 1995. System state monitoring and
lifetime scales -1, II. Reliability Engineering and System safety, 47, 1-14, 49,
149-154.
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A CONVERSATION
WITH B.V.GNEDENKO

Nozer Singpurwalla, (Washington, USA)
Richard Smith,’ (Raleigh, USA)

Abstract.

This material is a brief presentation of the interview with B.V.
Gnedenko that took place in Washington on May 25, 1991. Apart from
Gnedenko himself, present were Nozer Singpurwalla, Richard Smith,
Gnedenko's son Dimitri, and Distinguished Visiting Professor at the
George Washington University Igor Ushakov from Moscow.

At the beginning there are materials that has been abstracted by N.
Singpurwalla and R. Smith from tributes paid to Gnedenko on his 50th,
60th and 70th birthdays.

In 1937, under the influence of Khinchin and Kolmogorov,
Gnedenko became interested in limit theorems for sums of
independent random variables. In the subsequent years, drawing
upon results of de Finetti, Kolmogorov and Levy, for the class
of infinitely divisible distributions, he derived a series of results
in the above topic that are now regarded as his most important
contributions to the theory of probability. Gnedenko's research
into limit theorems were summed up in a (1949) monograph
with Kolmogorov, entitled “Limit Distributions for Sums of
Independent Random Variables”. This monograph was awarded
the Chebyshev prize in 1951 and was translated into many
languages: English, German, Polish, Hungarian and Chinese, to
name a few. This monograph resolved the classic problems of
limit theorems for sums of independent random variables,
begun by Chebyshev, Lyapunov and Markov.

During 1940-1943, he published several papers on limit
distributions for the maximum term of a series of random
variables, where he obtained the most definitive results on the
necessary conditions of convergence and the domains of
attraction of each of the possible limit laws. His work was the
first mathematically rigorous treatment of the fundamental limit
theorems of extreme value theory. In its influence on the
probabilistic theory of extremes, the paper set the agenda for
the next 30 years.

In 1941 he published a paper, "Geiger-Muller Counters," in the
Journal of Experimental and Theoretical Physics. This paper is
a landmark in what is now known as the theory of reliability.
Gnedenko's contributions to the development of this subject and
his role in evolution of the Soviet school of reliability are cov-
ered by Professor Igor Ushakov's postscript at the end of this
interview.

5

N.D. Singpurwalla is Professor of Operations Research and Statistics at The George Wash-
ington University (USA).
R.L. Smith is Professor of Statistics at the University of North Carolina (USA).
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In 1950, Gnedenko's interest turned to problems in
mathematical statistics. Kolmogorov and Smirnov had proved
the first theorems establishing the limit distributions for the
maximum deviation of an empirical distribution function from
the theoretical and for the maximum difference of empirical
distributions from two independent samples. Gnedenko
succeeded in developing effective methods for obtaining the
exact distributions in the case of finite samples in these and
other related problems. This cycle of his work received world-
wide recognition, because it served as a basis for compiling
tables, which are valuable in applied statistics. During the
sixties, Gnedenko's interests turned to a new series of
problems, namely those of the theory of queues and the theory
of reliability. His books on these topics, “Mathematical
Methods in the Theory of Reliability”, with Yu.K. Belyaev and
A.D. Solovyev, and “Elements of Queuing Theory”, with LN.
Kovalenko, are familiar to anyone having an interest in these
subjects.

Besides being an enthusiastic research mathematician,
Gnedenko is also a brilliant teacher and popularizer of
mathematics. His textbook “A4 Course on Probability Theory”
has been used with universal success, both in the Soviet Union
and abroad; it has been translated into all the major languages
of the world. The history and philosophy of mathematics is
another sphere of interest of Gnedenko. In 1946, he published
his popular “Essays on the History of Mathematics in Russia”,
the only book of its kind to appear in print at that time. For his
service to the development of mathematical science, his
passionate support of the mathematization of science, and his
years of pedagogical work. Boris Vladimirovich Gnedenko was
awarded the order of the Friendship of Nations on his 70th
birthday.

THE INTERVIEW

Smith: Professor Gnedenko, could we please begin by asking
you tell us something about your early life?

Gnedenko: With great pleasure. I was born in Simbirsk, a city
on the Volga River. When I was 3, the family moved to Kazan.
My father hoped to study at Moscow University, but the First
World War intervened, and he lost any chance of studying at
the university.

Singpurwalla: Professor Gnedenko, did your father or mother
have any influence on your development as a mathematician?

Gnedenko: They influenced me in different ways. My father
wanted me to be a medical doctor. However, I showed interest
in mathematics. At my 7th year at school, I began to study
mathematics on my own, solving mathematical problems from
economics books. My father encouraged me. I graduated at 15
and wanted to go to a technical institute, though I was told that
I should wait for 2 years because one should be 17 to go to a
university.

Smith: Was it unusual to finish school as young as age 15?

Gnedenko: Yes. I entered a private gymnasium when I was
6. This was a very good school, but I was there only for half a
year. After the revolution, private schools were closed and I
went to a public school, which was not very good. In 1923 we
moved to Galich, because my father had been advised to
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change climates for medical reasons. There I was put in the
same class as my brother, who was 2 years older than me. So,
I graduated 2 years earlier than usual.

Smith: So what did you do then?

Gnedenko: I went to the University of Saratov in 1927. I was
given the opportunity to go there by personal permission of
Lunacharsky (Anatoly Lunacharsky was Minister of Culture
and Education of the USSR in the 1920s). He signed a letter to
permit me to enter the university. It was not simple to get that
letter. Many people at the university thought he was my uncle!
The very first lectures there were wonderful for me, and were a
great foundation for the future. There was a very good
professor of mathematics by the name of Vladimir Goldebier.
He had a big influence on the students. I graduated after 3 years
study.

Smith: Were your studies entirely in mathematics, or did they
include other subjects?

Gnedenko: Only in mathematics. There were lectures in
psychology and philosophy as well, but these were too formal
for me.

Singpurwalla: But mathematics is very formal too.

Gnedenko: Oh no! In mathematics the important thing is the
ideas, and only then the formalism.

Smith: What did you do after the graduation?

Gnedenko: One of the professors from Saratov University
was invited to head a department at the Ivanovo Textile
Institute. He asked me to join him, and I spent 4 years there. I
gave lectures to the mathematics students, who, by the way,
were older than I. Once I substituted two professors who were
ill. During about a month, I was lecturing every day from the
early morning to the late night. There I began to solve some
mathematical problems arising in the textile industry, and this
stimulated my interest in mathematics.

Singpurwalla: I notice that your first publications were about
machine failures, written at the Textile Institute.

Gnedenko: Yes, they concerned mathematical and statistical
problems of machines operation. After 4 years, I decided to
continue my education. Solving some practical problems, I
found that I was close to using stochastic processes to address
these questions. About that time Kolmogorov and Khinchin
were giving their first lectures on the topic. In 1934 I went to
Moscow for 2 months and met Kolmogorov and Khinchin.
After I told Khinchin that I would like to study in Moscow, he
suggested me to be his student. After half a year, Kolmogorov
told me that he also wanted to take me as a student. So after that
I had two advisers: Kolmogorov and Khinchin.

Smith: What were they like?

Gnedenko: Very different. Khinchin was a wonderful lecturer.
His language was very literal, very exact. After 5 minutes,
students could understand all his ideas. Although he did not say
loud, you could follow his every word. Kolmogorov was quite
different. He did not like to lecture, and presented his material
in a very difficult manner. The students said that they would
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not want to hear even the proof of Pythagoras' Theorem if
Kolmogorov would present it! However, every week he
lectured on mathematical statistics and always presented new
insight. Once I went to Khinchin and complained that I could
not understand more than 50% of Kolmogorov's lecture.
Khinchin replied, "But that is wonderful! I could never

m

understand more than 30%!

Smith: I suppose Khinchin was older than Kolmogorov. Was
Khinchin head of the department?

Gnedenko: Yes. Kolmogorov was professor of mathematical
analysis, and gave lectures in calculus and the theory of
functions as well as probability and statistics. They had a very
good relationship.

I did my first mathematical work in 1935. Luzin in
1915 had posed a problem concerned with the existence of an
orthogonal function system. When Khinchin went to Saratov as
a visiting professor, I visited him there. He posed to me the
following problem: Do there exist two characteristic functions,
which agree on an interval and differ elsewhere? Khinchin
believed the answer was no, but I knew something about quasi-
analytic functions and thought such characteristic functions had
to exist. However, I could not find an example. After 2 days we
met again and Khinchin asked me, if I had solved the problem.
I returned to my room and could not eat or drink. I went to
sleep and woke up with the solution in my head. I had found an
example of two characteristic functions, which satisfied the
conditions. After this I began to study infinite divisibility.

Coming to Moscow to work with Kolmogorov, I
submitted two papers on limit laws. In December 1937, I was
called up to the military service, but after only 2 weeks I was
arrested and put in prison for 6 months!

Singpurwalla: Why were you put in prison?

Gnedenko: Three people made a report that I was a member
of a counter-revolutionary organization headed by
Kolmogorov.

Singpurwalla: What was this organization?

Gnedenko: There was no such organization, however it was
1937...

Ushakov: It was a time when enormous numbers of honest
people were arrested on absurd manufactured charges.

Gnedenko: In the prison, once I was interrogated for 8 days
in a row practically without sleep. Eventually, I decided to
write a letter to “outside”. I had a pencil but no paper, so I
stuck cigarette papers together and wrote two tiny notices, one
to my parents and another to the public procurator. A warden
helped me and sent the letters to the addressees. Both letters
reached their destinations, and then my parents started
working to publicize my case. After another 2 months, I was
released.

Smith: So how long were you in prison altogether?

Gnedenko: Six months. When I was released, Kolmogorov and
Khinchin made my rehabilitation in the department possible, in
spite of the opposition of some of the faculty. At that time,
many of the professors were arrested, including almost all the
specialists in mechanics.
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Singpurwalla: You said that one of the reasons you were
arrested was that you were a member of a counter-
revolutionary organization. Does that make you a Czarist?

Gnedenko: It was enough if a single person would denounce
you as a counter-revolutionary. If I would confirm anything
against Kolmogorov, that would have been enough to arrest
him.

Singpurwalla: And were you a counter-revolutionary?
Gnedenko (smiling): Yes, naturally.

Ushakov: All Russians are counter-revolutionary in some
sense.

Singpurwalla: Oh, I see: it's only a question of which
revolution. . .

Ushakov: Probably, my translation of the last Gnedenko’s
speech was not good enough. I should explain Professor
Gnedenko's last remark. If during these 6 months in prison, he
had had agreed with a slightest accusation against Kolmogorov,
it would have been enough for his arrest. And arrested people
had disappeared forever...

Singpurwalla: When you went back to Moscow, was this
when you started your work on extreme values?

Gnedenko: Yes, in 1940.
Singpurwalla: What got you interested?

Gnedenko: I was reading a paper about the strength of
materials when I realized that the use of extreme values in this
area should be useful. I finished my paper in 1941, before the
war. It was intended for a special edition dedicated to
Kolmogorov works. However, with the war starting it was not
printed. In 1942 Kolmogorov suggested sending the paper to
an American journal “Annals of Mathematics”, and it was
published in 1943. At that time, my country had good
relationship with the United States.

Smith: So this was by special invitation from the American
journal?

Gnedenko: Yes. Another of my interests started in 1936 or
1937. At that time every student had to write a paper in history
or philosophy. Under Professor Yanovskaya, I wrote a 200-
page manuscript on the history of mathematics in Russia.
However, after I handed in the manuscript I forgot about it.

In October 1941, the Nazi troops were within 10-20
kilometers of Moscow, and all people were mobilized for
fortification labor. However, I was turned down when the
officers realized that I was in prison. So, I went back to my
university work and wrote a paper on the law of the iterated
logarithm. By this time, Moscow University had been
evacuated to Ashkhabad, and afterwards to Sverdlovsk. In
Sverdlovsk I began working with industry on quality control.

Singpurwalla: Why was the paper you mentioned above
published in French?
Why not in Russian?
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Gnedenko: The Bulletin of Moscow University required one
copy in Russian and another in French, English or German. I
gave it in Russian and French. The Russian version was not
published, but the French one was.

Singpurwalla: Besides Russian and English, do you also speak
French?

Gnedenko: I thought my French is better than my English.
Singpurwalla: And German?
Gnedenko: About the same as French.

Singpurwalla: Can I ask you more about Kolmogorov? He was
trained in Germany, wasn't he?

Gnedenko: He was in Germany for a short time, in Gottingen.
Then he went to France and met Maurice Frechet. He said that
he had two teachers in probability, Khinchin and Frechet.

Singpurwalla: And where was Khinchin trained, in Russia?

Gnedenko: Only in Russia. He was a student of Luzin, and his
early work was on the theory of functions.

Smith: We have talked about your work in infinite divisibility
and extreme values. At what stage did you complete your
doctorate?

Gnedenko: In 1941, my work on infinitely divisible
distributions. At the thesis defense, my opponents were
Bernstein, Kolmogorov and Khinchin.

Singpurwalla: Who had the biggest influence on your
scientific life?

Gnedenko: 1 think four professors. First, Boev, whom I
worked with in Ivanovo. Second, Goldebier. But most of all.
Khinchin and Kolmogorov.

Singpurwalla: What about your book with Kolmogorov? Did
you have a long scientific relationship with him?

Gnedenko: It was not only a scientific relationship. We were
also friends. Kolmogorov proposed that I address him on a
first-name basis. All my life, after 1934, 1 was close to
Kolmogorov. After being in prison, I lived for some weeks in
Kolmogorov's home. Then I began thinking about the book. I
discussed it with Kolmogorov, but started writing it only in
1945, when I moved to the Ukraine.

Smith: So it was originally your idea to write the book?

Gnedenko: Kolmogorov  read manuscript  and

supplemented it.

my

Smith: But you initiated it?

Gnedenko: I prepared the plan and a first draft. However,
many good ideas in it were due to Kolmogorov.

Singpurwalla: Professor Gnedenko, you were talking about
your students. Who were the best of them?
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Gnedenko: In 1945 I left Moscow for the Ukraine. I spent 4
years in Lvov, and 11 in Kiev. There I got students interested in
mathematical statistics. In Kiev I had some very good students,
Skorokhod, Korolyuk. Kovalenko and many others.

Smith: Who were the best from this period?

Gnedenko: I think I started the probability school in the
Ukraine. I wanted to give the same emphasis to statistics, but
young people prefer probability. I think this is wrong.
Mathematical statistics is very important.

Singpurwalla: For me too, for all of us! But let me come back
to the question: who is your best students?

Gnedenko (laughing): No one was best! Now my scientific
grandson, Sylvestrov, a student of Skorokhod, has a great
interest in problems of mathematical statistics. He organized
laboratory in computational statistics.

Singpurwalla: Where is he?

Gnedenko: In Kiev. I think the best of my students were
Skorokhod, Kovalenko, and Domas Szasz. There was also a
wonderful mathematician from Egypt, Hossain Fahid.

Smith: Tell us about your well-known textbook “Theory of
Probability”.

Gnedenko: I started working on my textbook in 1946. It was
published in 1949 in Moscow and Kiev. The second edition
was published in 1954, and afterwards there were many
editions in different countries.

Smith: I think there is now a sixth edition?

Gnedenko: The sixth edition is only in Russian, not in

Englishé. This edition is revised. There is an essay on history
of the probability theory, and some new scientific material.

In 1944, T met Professor Yanovskaya again, and she
advised me to publish my manuscript on history.

Smith: This is the one you wrote back in 19377

Gnedenko: Yes. It was “History of Mathematics in Russia” — a
small book of 200 pages.

In Kiev I begin a seminar on queuing theory with
both theoretical and applied directions. I began writing the
first book on queuing theory, and later took Kovalenko as co-
author.

Smith: so with this book, as with the one with Kolmogorov,
you wrote the first version?

Gnedenko: Yes, but I think that now Kovalenko has more
expertise in these field than I am. From 1957, I worked with
engineers to organize a computer center in the Ukrainian
Academy. This is now a big center of cybernetics.

Singpurwalla: Professor Gnedenko, have you had a lot of
administrative responsibility?

6
The 6th edition was translated by I. Ushakov and published in 1997 by Gordon and Breach
Science Publication.
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Gnedenko: I don't like administration.
Singpurwalla: But you have done a lot of it?

Gnedenko: For many years I was director of the Institute of
Mathematics of the Ukrainian Academy of Sciences.

Singpurwalla: And now you are the Chair of the Department
of Probability Theory in Moscow University? Is that an
administrative position?

Gnedenko: Not much. I prefer scientific work, lecturing and
writing. 1 enjoy working with students. I have had over a
hundred doctoral students, of whom 30 are professors in my
country and abroad, and seven of them have the title of
Academician. They include Skorokhod, Korolyuk,
Mikhalevich, Grigelionis, Kovalenko and Yustchenko.

Smith: Professor Gnedenko, in 1960 you moved from Kiev to
Moscow. Several years later you published a famous
monograph on reliability with Belyaev and Solovyev. How
did you start working with them?

Gnedenko: In Kiev I was working with a group of engineers
on medical diagnosis by computer. We had one case in which
a heart-lung monitoring computer system failed and the
patient died. After that I became interested in problems of
reliability. In 1959 Belyaev came from Moscow to visit me.

Singpurwalla: Was Belyaev your pupil?

Gnedenko: No, he was Kolmogorov's. In August 1960 I
moved to Moscow, and in 1963 we began writing our book
“Mathematical Methods in Reliability Theory”.

Smith: Yourself and Belyaev?
Gnedenko: And Solovyev.
Singpurwalla: Was Solovyev your pupil?

Gnedenko: No, he was a student of Gelfond, a good specialist
in complex analysis and number theory. In 1964 we finished the
first draft, and in 1965 it was published in Russian. From 1961
to 1968 I was working on queuing theory and reliability theory.
In 1968 I shifted my interest to limit theorems for sums of a
random number of random variables. This was motivated by
problems in physics, economics and reliability. I first solved a
practical problem and then solved theoretical problems. For me,
that is the usual way.

Singpurwalla: You mean, solve a practical problem first and
then develop the theory?

Gnedenko: Yes. After this, about 1981, my interest turned to
the history of probability. I wrote a little brochure on the
subject.

Smith: Professor Gnedenko, you are still very active and writ-
ing a number of books. Could you tell us about some of the
others?

Gnedenko: For the past several years I have written one book a
year.
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Singpurwalla: For how many hours do you work every day?
Gnedenko: Now, very few. About four hours a day.

Singpurwalla: I see your son disagrees with you. (Laughter.)
He says more than four.

Dimitri Gnedenko: From five or six in the morning, and
during the whole day, he is thinking or writing.

Gnedenko: This year, I wrote a new book for students. It is
about what a mathematician is. At the beginning, I discussed
the place of mathematics in our life. The second chapter gave
some examples of mathematical problems with simplified
solutions. The third chapter is about applications of
mathematics. At the end, I discuss history of science,
philosophical aspects, and methodology of teaching. Without
creativity, good teaching is impossible. This year I have also
written a short book for school children on mathematics and
life.

Smith: What are your plans for future books?

Gnedenko: 1 have big plans. More than I am capable to
complete, I am afraid. Now I am working on three books. The
first is about limit distributions for the sum of a random number
of random variables. However, there are some unsolved
problems. The manuscript is half completed, though I hope to
finish it this year. The second book on reliability will be written

with Ushakov7. Let me explain why such a book is needed. The
book “Mathematical Methods in Reliability Theory” was
written not for engineers. It is a mathematical book and too
difficult for engineers.

Smith: So the book with Ushakov will be more elementary?

Gnedenko: Yes. More elementary and more practical. The
style of each chapter would be like this: it begins with
description of the problem, focusing on its practical aspects,
and then we are going to give the solution of the mathematical
problem almost without proofs and, finally, discuss the practi-
cal applications. After this 1 present a mathematical
supplement.

The third book is also begun, and I want to finish it
quickly. It is a textbook on random processes with contributions
from Belyaev, Dimitrov and Yanev from Bulgaria, and myself.

I have plans for two more books. The first is a book
of memoirs of my life.

Singpurwalla: So, perhaps we should not be conducting this
interview and should wait for the memoirs?

Gnedenko: In my life I have met many remarkable people. 1
worked in Moscow with many outstanding mathematicians,
almost all of who are now dead. It is necessary to conserve
memories about these people.

Smith: [ am sure it is a book that many people will be very
interested to read.

Probabilistic Reliability Engineering by B.V.Gnedenko and I.A. Ushakov. John Wiley & Sons,
New York, 1995
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Gnedenko: The second book I plan is for school children “4
Journey to the Terra Mathematica”. The third is a textbook on
mathematical statistics. I want to give an informal description
of the methods. Here in the U.S.A., there are many good books,
but they are too formal, with a lot of theoretical results without
application. I think a practical book should also give an idea of
the mathematical conception.

Singpurwalla: You have written many books. What is the
motivation for writing so many books?

Gnedenko: I do not now what to answer.

Singpurwalla: Do you like writing books?

Gnedenko: I write quickly, and it is a pleasure for me.
Singpurwalla: Do you use a word processor or computer?
Gnedenko: No, no I use a typewriter.

Singpurwalla: Do you write one draft or many?
Gnedenko: Usually, one draft.

Singpurwalla: One draft only? No errors in the first draft?

Gnedenko: It is necessary first to think and only then to write.

There is another reason why I write so many books.
On January 1%, I will be 80 years old. Eighty is not a good age
to delay anything for tomorrow. I have some ideas, I have to
express them. Without this I cannot rest.

Singpurwalla: Professor Gnedenko, in Moscow you have an

institute- where a number of applied statisticians and
probabilists collaborate with engineers. Can you say something
about the interaction between engineers and mathematicians? Is
it good? Is it active?

Gnedenko: In 1961, after my return to Moscow, some
engineers and I organized a seminar on reliability at Moscow
University. In a year that seminar became very popular and a
number of engineers attended it. The Council of the seminar
included two engineers, Sorin and Shor, and a very good
economist, Shukhgalter. All three are dead now.

It was a very successful seminar with 800 participants,
including engineers, academicians and mathematicians. Many
people came from other cities for public consultations, we gave
cycles of lectures for engineers. However, the last 5 years, the
Gorbachev’s years, were very bad for the seminar.

Singpurwalla: Why?

Gnedenko: Now the interest in quality control and reliability is
low. Now I think our industry works only at 60% efficiency.
The volume of production is the priority, and quality and
reliability are not asked about. This is very bad.

Singpurvalla: Professor Gnedenko, you said that you met a lot
of mathematicians in your life. Did you meet de Finetti?

Singpurwalla means Moscow Consulting Center on Reliability and Quality (the so-called
“Chamber of Reliability”).
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Gnedenko: Yes, in Italy. I remember him with a great pleasure.
We had a discussion about subjective probability.

Singpurvalla: And what do you think of it?

Gnedenko: I think he was wrong. Science must not be
personalized. Science must be objective. Personality is very
important for the development of science, but science itself
must be objective. I had many discussions about this subject
with de Finetti, and with Professor Savage. He was very learned
and modest. I think de Finetti and Savage were most important
in that area.

Smith: De Finetti's books on the theory of probability were
translated into English; were they translated into Russian?

Gnedenko: No.

Singpurvalla: Professor Gnedenko, since you have objection
against subjective probability, you must have objection against
Bayesian statistics also?

Gnedenko: I think every method has its possibilities and its
limitations.

Singpurvalla: I agree.

Gnedenko: And the Bayes method has limitations. But in
practice, dealing with serious problems, we should try all
possible methods. 1 think the Bayes method has good
possibilities and this method must be developed, but it is not the
only one.

Singpurvalla: So you think that the Bayesian methods with
objective probability are acceptable, but Bayesian methods with
subjective probability are not?

Gnedenko: It is always necessary to state the assumptions.
Subjective probabilities, if necessary, can be made objective.

Singpurwalla: Are there Bayesians in the Soviet Union?
Belyaev has been writing Bayesian papers.

Gnedenko: Yes. Many Russian statisticians use Bayesian
methods. It is impossible not to use them. These methods are
important.

Singpurwalla: Have you used them?

Gnedenko: Yes. | have given my students Bayesian lectures.
Singpurwalla: I'd like to make a comment. When we started
this interview, you said that your father wanted you to be a
doctor, but you became a mathematician. Your son is a
mathematician. Did you advise him to be mathematician?
Gnedenko: He understands applications in psychology very
well. It is impossible to do good work in mathematics without

applications.

Singpurwalla: So, Dimitri, maybe you can answer this ques-
tion. Did your father have an influence on you?

Dimitri Gnedenko: Yes, of course.
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Singpurwalla: And does he continue to have an influence?

Dimitri Gnedenko: Yes. He was my first and most important
teacher. But I had others of course. Professor Solovyev in
probability theory and Professor Zhuravlev in mechanics. But
first and foremost is my father.

Singpurwalla: Have you and your father written a paper
together?

Dimitri Gnedenko: Yes, we have some articles written
together, and we plan further articles and books.

Singpurwalla: On reliability?
Dimitri Gnedenko: Not only on reliability.

Singpurwalla: If you write a book on reliability, make sure it
is Bayesian!

Smith: How would you view the present state of statistics in
the Soviet Union?

Gnedenko: There are good statisticians. Kagan was very good,
but he is now in the U.S.A. Zhurbenko worked in statistics, in
time series, but he is more of a probabilist than a statistician.
There are many others, for example Orlov.

Smith: What about Chibisov? He is well known in the West.

Gnedenko: But his work is closer to probability. Statistics is
secondary for him.

Smith: Is there much applied statistics in the Soviet Union?

Gnedenko: I don't know good applied statisticians. However,
without statistics it is impossible to make progress in
demography, in experimental science, in industry, in economics
and so on.

Smith: Professor Gnedenko, we would like to thank you for
talking to us. We hope you enjoy your visit to the United
States.

Singpurwalla: Well, Professor Gnedenko and Dimitri, thank
you for making your time available. We hope you like
Washington.

Gnedenko: Thank you very much.

POSTSCRIPT

The following material has been provided by Professor Igor
Ushakov, who has been a personal friend of Gnedenko over
the last 30 years and has assisted him in many activities of
the Committee of Standards of the USSR.

Professor Gnedenko is not only an outstanding mathematician
and excellent teacher, he is also
an energetic participant in different kinds of public activities. |
would like to say a few words about aspects
of his personality that have not been covered in the interview.
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In the early sixties, Professor Gnedenko established a program
of seminars in reliability at the Moscow State University. It
brought together people from academia and industry that were
working on different aspects of reliability and quality control,
and gave birth to many a specialist in reliability in the USSR.
Later on, he and Ya.M. Sorin established the Consulting
Center in Reliability and Quality Control at the State
Committee of Standards. That Center located at the Moscow
Polytechnic Museum, a traditional center of enlightenment
and intelligentsia.

Gnedenko became the Scientific Head of the Center.
He attracted for collaboration tens of Doctors of Sciences and
Professors, who gave everyday consultations on practical
reliability problems for engineers and presented weekly cycles
of lectures on Reliability Theory. That Center — a unique
Public Consulting Center — had been existing more than a
quarter of century. Doubtless, that Center gave a birth to what
we are calling now as “the Soviet School on Reliability”.
npocymecTBoBai Oonee gerBeptd Beka. Namely, Gnedenko
was the person who had an ability to join applied
mathematicians and engineers into a common
This Center has been in operation for more than a quarter of a
century, and was responsible for developing what one may
call the Soviet School of Reliability.

Professor Gnedenko's scientific generosity is reflected in the
fact that he has been an adviser to more than 100 Ph.D.'s, many
of whom have become members of the All-Union and
Republican Academies of Sciences.

An incident not known to a wide circle of people, and briefly
touched upon in the interview, pertains to the episode of his
imprisonment. Neither Gnedenko nor Kolmogorov talked about
it. I have known about this side of Boris Vladimirovich life
from his wife, Natalya Konstantinovna. Telling me the story,
she added: "Igor, please never say this to anybody, because
Boris and Andrei don't like to advertise this and show the public
their deep feelings for each other." Now Gnedenko told about
that time himself.

Gnedenko is a real representative of the Russian intelligentsia.
He reads a lot of fine literature, and knows much poetry. In his
library, you can find a great number of art albums with
reproductions from all over the world art museums. He does
not like the modern art but he is very tolerant to those who do.
This tolerance is one of his main virtues. His collection of
musical recordings is tremendous. He likes "classical classics":
Bach, Mozart, Beethoven, Tchaikovsky, and Rachmaninoff.
There is also a collection of Orthodox Russian Church liturgy.
And of course splendid Russian romances.

Professor Gnedenko is an excellent storyteller: soft spoken and
artistic. At the same time, he also possesses a wonderful ability
to listen to others. All that makes a relationship with him
comfortable and simple for anybody. A combination of
scientific renown and human qualities makes Professor
Gnedenko one of the foremost academicians of recent time.

Photo below: Gnedenko in Washington
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Bammnrrone, CIIA. Kpome B.B. T'Hepenko mpucytctBoBaimu mpod.
Hozep CunrnmypBamna u Puuapn Cwmurt, cein I'Hemenko, Jmutpwmii, a
taxke npod. Yuusepcuteta [x. Bamunrrona Urop Yirakos.

B Hauane npuBoauTCs cnpaska, noaroroiaeHHas H. Cunrmypsasioi u
P. CmutoMm Ha Gase crateil, omy6aMKoBaHHBIX Ho ciy4dato S50-, 60- u 70-
nerus b.B. I'nenenko.

B 1937 nmon Bnusamem XwHumHa M Kommoroposa, ['HeneHko
HayajJ MHTEPECOBATHCS HPEICIbHBIMH TEOPEMAMHU I CYyMM
cirydaiiHpIX BeauduH. Onupaschk Ha pe3ynabTaTsl ge DuHeTTH,
KommoropoBa n JleBn mmst kimacca Ge3rpaHHYHO JETUMBIX
pacnpeneneHuii, OH JOKa3aJl PsAA BaKHBIX TEOpEM, KOTOpPHIE
paccMaTpHUBAIOTCS KaK ero HauOoJiee BXKHBII BKJIAJL B TCOPUIO
BEPOATHOCTEH. WccnenoBanus T'HEACHKO, Kacaroluecs
HpENeNbHBIX TeOpeM, OBUIM TOJBITOXKEHBI MM B MOHOTpaduu
«Ipedenvhnvie  pacnpedenenus  OnA  CYMM — HE3ABUCUMbIX
CIVYAlHbIX 6enuyun», HaMuCcaHHOU B 1949 1. B coaBTOpPCTBE C
A.H. KonmoropossiM. Ota MoHorpapus ObUla YHOCTOCHA
IMpemun YeObmméBa B 1951 r. u mepeBejeHa HA MHOTHUE SI3BIKH
MHpa. OTa KHHUra 3aKpbula KJIACCHUUYECKYI0 Ipobiemy
HOpelebHBIX TEOpEM Ui CyMM HE3aBHCHMBIX CIIydaifHbIX
BEJIMYMH, H3y4yeHHe KOoTopoi Hauvanu YeObués, JlsanyHoB u
Mapxkos.

B 1940-1943 romax oH OmyOJMKOBal HECKOJBKO CTaTe o
HpeNeIbHBIX  PaclpeAeIeHUsAX MaKCHUMaJIbHOTO  4YJIeHa
BBIOOPKH, B KOTOPBIX OH IIONYYMJI HEOOXOAMMBIC YCIIOBHS
CXOIMMOCTH M Hamel oOO0JacTH CXOOMMOCTH JUIi BCeX
BO3MOXHBIX TIPEACNBHBIX PACIpPEACICHU. OTH €ro paboTh
ObM  HEpBBHIMH  (DyHZAMEHTANbHBIMH HCCICIOBAHUAMH B
obmacTd MpelelbHBIX TEOpPeM, B TEOPHUHM 3KCTPEMAbHBIX
3HAUCHUH, OHU MOCIY)XUIH HMILyJIBCOM JUIf IOCIHEIYIOIIHX
paboT B 3TOi 0061IacTH Ha MPOTHKEHUH Hocneayromux 30 net.

B 1941 r. on omy6nukoBan paboty «O cuemuukax [ eiieepa-
Mionnepay» B akaneMuueckoM JKypHane sKCnepumMeHmansHou u
meopemu4eckoll u3uku. ITa ero cTaThs CTajga KpaeyrojabHbIM

9
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KaMHEM TOTO, YTO CeWYac Ha3bIBAeTCsS TEOPHEW HaJEKHOCTH.
(Bxiiag 'HeieHKO B pa3BUTHE 9TOI TeOpuH U pouib ['HeeHKO B
CTAQHOBJICHUM COBETCKOM IIKOJIBI HAJEKHOCTH OTpPaXCHHI B
MOCJIECIIOBUH, MOJTrOTOBICHHOM MpPO(peccopoM  YIIAaKOBBIM
3aKIIIOUUTEIBHON YaCTH 3TOr0 HHTEPBBIO).

B 1950 r. Buumanue ['HesieHko Obl10 oOparieHo K npodiiemam
craructukd.  KommoropoB m CMHpHOB J0Ka3anu IepBbIe
TEOpeMbl ~ OTHOCHTEJILHO  IpENeNbHbIX  paclpeaesieHui
MaKCHMAJIGHOTO OTKJIOHEHHS SMIHPUYECKOTO PaCIpeesICHHs
OT TEOPETHUYECKOT0, a TaKK€ OTKJIOHEHHH HSMIHMPUIECKUX
pacrpeieNieHHii JByX HE3aBUCHMBIX BBIOOPOK, B3STHIX U3
O/JIHOM M TOW € TeHEepalbHOW COBOKYITHOCTH. [ HeleHKO
paspabotan 3(PQEeKTUBHBIE METOAbI HAXOXKICHUS TOUYHBIX
pactipeielieHui Uil KOHEUHBIX BBIOOPOK, a TAKIKE PELIMI PSI
CBSI3aHHBIX C ITUM mOpoOiieM. DTOT HMKI PabOT MOIyYHI
MHpPOBOE IPU3HAHME, IIOCKOJIBKY OHH JIETJIM B OCHOBY
pa3paboTku TaONML, TaK BAKHBIX JUI 3aJad HPUKIATHON
cratuctuku. B 60-¢ rompl ['HEIEHKO 3aHSJICS HOBBIMH
npobiemamu, CBSI3aHHBIMH ¢ Teopuei MacCOBOT'O
o0ciTy>KUBaHUsI U Teopuel HajexHocTH. Ero KHUrm mo stum
npobnemam  «Mamemamuyeckue — Memoovl 6  meopuu
naoexcrnocmu» B coaBtopctBe ¢ O.K. benseBsim u Al
CosloBbeBBIM, U «Bgedenue 6  meopuio  Macco8o2o
obcnyacusanus» B coaBropctBe ¢ M.H. KoBajsieHko 3HaAKOMBI
KaXIOMY, KTO HMeeT OTHOIICHHE K TaHHOW MpoOJieMaTHKe.

Kpome Toro, yro I'HeieHKO NpeKpacHbIi MaTreMaTuk, OH K
TOMY K€ 3aMEYaTeNJbHBIH IpEenofaBaTeslb M IOMyJIAPU3ATOP
MareMaTHkd. Ero yueGHumk «Kypc Teopum BeposTHOCTEH»
MOJTB30BAJICSL U TOJIB3YeTCS HEM3MEHHBIM YCIIEXOM Kak B €ro
CTpaHe, Tak M 3a pyOexoM. DTa KHUra Obula IepeBeJcHA Ha
BCC OCHOBHBIC f3bIKM Mupa. Mcropus u dunocodckue
mpoOseMbl MaTeMaTHKH SIBIAIOTCS  eme oaHoW  cdepoit
unTepecoB I'HemeHko. B 1946 r. on omyOnukoBan cBou
HIUPOKO M3BECTHBIE «(Ouepku No uUCmMopuu Mamemamuky 6
Poccuu».

3a pa3BUTHE MAaTEeMaTHUKH U MEIarorniyeckyro AesTeIbHOCTh, K
70-netuto co nHS poxaeHust bopuc BrnagumupoBuu Obul
yaocroeH opaena Jpyxost Haponos.

HUHTEPBbIO

Cwmur: IIpodeccop ['HeneHko, T03BONBTE HAYATh C BOIIPOCOB O
Barueit sxu3Hu.

I'nenenxo: Konewno. f pomuncst B CumOupcke, ropoje Ha
Oeperax Bonrum. Korma Mue Obuto 3 roja, BCs cembs
nepeexana B Kaszanp. Moil oren coOupancs NOCTYNUTb B
MockoBckuii YHHBepcuTeT, HO Hadanachk IlepBas Mupobas
BOHA, U €r0 MEUThl PYXHYJIH.

CunrnypBajia: [Ipodeccop I'nepenko, mosiusiim i Bamn
oTell ¥ MaTh Ha Bamt BEIGop cTaTh MateMaTukom?

I'menenko: Koneuno. Moit orer; XoTen, 4ToOBI s CTall
BpayoM, HO s TPOSIBIISII MHTEpEC K MaTeMaTHke. B cempmom
KJIacCe S Hayal CaMOCTOSTEIBHO 3aHMMATHCS MaTEMAaTHKOM,
pemas 3agadyd M3 KHUTHM 10 OSKOHOMHKE. Moii orenn
MoJ/IepXKaln Moe yBieueHHe. S KOHUMJ HIKOJIy, KOTJa MHeE
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ObUIO BCero 15 jeT u XoTen MOHTH yYHUThCS B TEXHHYECKHIH
UHCTUTYT, OJHAKO MEHS He IPHUHSIM, CKa3aB, 4To B BY3ml
MPUHUMAIOT TOJIBKO T€X, KOMY HCIIOJIHUIOCH 17.

Cmut: BpUlO 1M 3TO HEOOBIYHBIM, 3aKOHUYHMTh IIKOIY B
Bo3pacre 15 ner?

I'nenenko: Ja. 51 Hayan y4uTbCs B 4YAaCTHOH TMMHA3MH,
Koraa MHe Obulo 6 sier. DTo ObUIa XOpoIluas MIKOJIA, HO s
npoyumicss B Hed Bcero moarona. Ilocnme peBosrouuu Bce
YaCTHbIE LIKOJIbI ObUIM 3aKPBITHI U 51 IOLIEN YYUTHCS B OOIILYIO
HIKOJTy, KOTOpas oOKa3anach He W3 jydymux. B 1923 cembs
mepeexaia B [amu4, TOCKOJNBKY MOEMYy OTIy Bpadd
PEKOMEHI0BAJI CMEHUTH KJIMMAT. TaM MEHs ONpeAesiii B
OJIMH KJIACC C MOUM OpaToM, KOTOPBIH ObUT Ha 2 TOJa CTapiie
MeHs. [103TOMyY-TO S ¥ 3aKOHYMJI IIKOJTy Ha JIBa TO/la PaHbIIIE,
YEeM OCTaJIbHBIC MOU CBEPCTHHKH.

Cmut: Yro xe Bol nenanu morom?

I'nenenxo: S mocrymun B 1927 1. B CapartoBckuit
YHuBepcuter, Onarojaps IMYHOMY paspemieHuro or A.B.
Jlynagapckoro, KOTOpBIi ObUT TOrza MUHUCTPOM KYJIBTYpPHI H
BBICIIETO0  00pa3oBaHMSI. OH mojmucan IHCBMO  C
X0JaTaliCTBOM O MOEM 3auHCIICHHU B YHHBEpCHUTET. MHOTHE B
YHHUBEPCUTETE JyMallH, YTO OH MOif msiis!

[lepBble K& JICKIMM TPOM3BENM Ha MEHS HEU3IIaauMoe
BIICYATIICHUE U OKa3aJuCh XOPOUINM (I)yHI[aMeHTOM JUIsL
Oynymero. Tam Obu1 04eHb Xopommii podeccop — Biagnmup
Tonbaebuep, KOTOPBIH OKazaJl Ha MeHsS OOJbBIIOE BIIHMSHHE.
3aKOHUYMI YHUBEPCUTET 5 3a 3 roja.

Cmur: Bwr
npeaMeTs?

Y4YUIIA TOJIBKO MAaTE€MaTuKy HWIW W OPYyrue

I'nepenko: Tonbko MateMaTHKy. Tam ObUIH ellie JICKIUH IO
HCHUXOJOTUH U (UI0COpUU, HO OHU Ka3alUCh MHE depecuyp
(hopMasTbHBIMH.

CunrnypBaia: Ho matemarika ToXe OYeHb (OpMajbHas
JACLMIUTMHA.

I'nenenxo: O Her! B maremarnke riiaBHOE — 3TO HJes, a YKe
MOTOM - (hOpPMaJIH3M.

CMmuT: YUTO BBI A€TaNIK TIOCIIE OKOHYAHUS YHUBEpCHUTETA?

I'nenenko: OmuH w3 mpodeccopoB  CapaToBCKOTO
yHHUBepcuTeTa ObII TpHUITIAIICH 3aBenoBaTh Kadempoil B
ViBaHOBCKMI TEKCTHIBHBI HHCTUTYT. OH HPEUIOKUI MHE
HoexaTh C HUM, U 5 IpoBed TaM 4 rozja. S uumTan jgekuuu mo
MaTeMaTUKe CTyJEeHTaM, KOTOpble, KCTaTH, BCe OBbLIM CTaplie
MeHs. OnHaXIbl MHE IPHUIIIOCH 3aMeINaTh JBYX 3a00IEBIIUX
npodeccopoB. B TeueHHe NPUONU3HMTENBHO Mecsla s YUTAI
JIEKLIMK Ka)KABIHA JIeHb C PaHHEro yTpa J10 IO3JHEro Beyepa...
Torma ke s Haual pelaTb HEKOTOpble IPOOJIEMBI,
BO3HUKABIINE B TEKCTHJILHOH IPOMBIIIIEHHOCTH. OTO elle
GoJIbIIIe CTUMYITPOBAIIO MOH HHTEPEC K MaTeMaTHKe.

CunrnypBajia: S oOpaTun BHHMaHHe, 4TO Bamm mnepsbie
myOJIMKAINK, KacaBIINeCsS OTKAa30B CTAHKOB, ObLIM HAIMCAHbBI
B TeKCTHIILHOM HHCTUTYTE.
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I'nenenxo: J[la, oHum ObutM cBs3aHbl ¢ npoOiemamu
(yHKIMOHMpOBaHUs cTaHKOB. Ilocie ueTsIpex JieT paboTsl, s
PELII MPOJODKUTE CBOe 0Opa3zoBaHue. Pemras mpakTudeckue
npobneMsl, s OOHapyXWJ, 4YTO OHH TpeOyroT 3HAHUA
cinyuaiiHelx npoueccoB. Kak pa3 B 310 Bpems Koamoropos u
XUHYMH JaBald CBOU IIEPBbIC JIEKLUM IO 3TOMY IpeaMmeTy. B
1934 r. 1 nmoexan Ha 2 Mecsana B MoCKBY, T¢ BCTPETHICS C
KonmoroposeiM u XunuuseiM. Korza XuHUMH y3Hal, 4TO 5
xoTen Obl yuuTbcd B MoOCKBe, OH NpPEAJOKUI MHE CTaTh €ro
acnupanToM.  Uepes moaroga Moelt yueObl, Komamoropos
TaKOKe MPEATIOKHI MHE ObITh €ro AacHHpaHTOM. Tax
MONMYYHJIOCh, YTO y MeHs OblIo cpasy JBa HayYHBIX
pyxosoauTens — XuH4uH 1 Koamoropos.

Cmurt: Kakumu oHHM OBUTH MTperojaBaTeisaiMu’?

I'nenenxo: OueHb pa3HBIMH. XWHUYMH OBUI IPEKpacHEHIIUH
nektop. OH m3naran Bce Ha XOPOIIEM JIMTEPATypHOM S3bBIKE,
oueHb 4eTko. Yepe3 Kakux-HHOYAb 5 MHHYT CTYJCHTHI yKe
[OHUMAJIM BCE OCHOBHBIC HJEH TOTO, YTO OH H3Jaraer. XOTs
OH TOBOPHJI OYEHb HErPOMKO, BCE JIETKO YJIABIMBAIN KaXJ0e
ero cmoBo. Kommoropo ke Ob1  mpAMOH  ero
MIPOTHUBOIONOKHOCTEI0. OH He JIOOMI 4YMTaTh JIEKLUH, €ro
MpeCTaBlICHHe Marepuasla ObUIO  CIO0XKHBIM. CryneHTsl
OIyTHIM, YTO OHH HE XOTeIM Obl CIBIIATh  Jaxe
nokaszarenbctBo Teopemsr ITudaropa u3 ycr Koamoroposa!
OnHako, Ha KaXIOW CBOEH €KEHEIEIbHOM JICKIIMU 110
MaTeMaTH4ecKol  CTAaTUCTUKE OH  M3Jlaral HOBblE U
uHTepecHelmue Bemy. OHaXAbl B pa3sroBope ¢ XUHUYMHBIM, 5
3aMeTwiI, 4ro mMmoHuMaro eaa ju 50% TOro, 4ro TOBOPHUT
KonmoropoB Ha neknmy, Ha 4ro XWHYMH 3aMeTWl: «S He
rmoanMaio u 30%...»

Cmut: MHe kaxercs, 40 XuHYHH ObL1 cTapie Konmoroposa?
XuHuuH ObLI 3aBeyIOmUM Kadeapoi?

I'nenenxo: Ha. Konmoropos ObU1 npogeccopom
MaTeMaTH4YeCKOro  aHajau3a, 4uTal  JuddepeHuraibHoe
UCYHCIIEHNE W Teopuio (QYHKIMH, a Takke TCOPHIO

BepOﬂTHOCTeﬁ U MaTeéMaTH4€CKyr0 CTaTUCTUKY. YV HuX ¢

XUHYMHBIM OBLIH NPEKpPACHBIC OTHOILLICHUS.

CBoto nepByto pabdoty st caenan B 1935 r. Jlysun eme B 1915 .
MOCTaBMJ 3ajlauy, Kacalollylocs CYIECTBOBAHHSI CHCTEM
oproroHajbHbIXx ¢GyHkiuid. Korma XwuHuuMH mnpHexan B
CaparoBckuil YHUBEPCUTET NOYUTATD JIEKIIUH, sI HABECTUII €r0,
1 oH copMyIHpOBaT MHE ClemyIoIyto 3anady: Cywecmeyem
U napa QyHKyuil, coenadarowux Ha HeKOMopoM unmepeaie u
Pasauunbix 6cl00y 6He Heeo? XWHUYMH IIPEANONIArall, 9YTO OTBET
OTpHUIaTeNeH, HO 1 yXe OBbUI 3HAKOM C KBa3HaHAJTUTHYECKHMHU
(yHKIMSAMU M HOAO3pEBaN, YTO MOAOOHBIC (YHKIUM MOTYT
cymectBoBaTh. OpHAKO s HE MOT HAWTH IpHMepa TaKUX
¢ynkuuil. Yepes na qHA XUHYUH, BCTPETHB MEHS, CIIPOCHUIL,
PELINI JIU 5 eTo 3a7ady. S BepHycs B OOLIEXKUTHE U HE MOT HU
IUTb, HU €cTh — 51 ObUI MOIJIONLIEH 3ajaueil. S ser cnark, a Ha
YTPO MPOCHYJICS ¢ TOTOBBIM pemieHneMm! MMeHHO mocie 3Toro
s CTaJl 3aHUMAThCs POOJIEeMO Oe3rpaHNyHOM JeTMMOCTH.

IMpuexaB B MockBy s pabotsl ¢ KoiaMoropoeM, s yxe
MOATOTOBMII IIB€ CTaThbU O NPEACNBHBIX paclpeleleHusx. B
nekabpel937 s ObUT PU3BAH B apMHUIO, HO CITYCTS JIBE HEIEIU
OBLT apecTOBaH ¥ POBEI B TIOPbME 6 MecseB!

CunrnypsaJuia: A 3a uto Bac nocagunu B Troppmy?
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I'nenenxo: Kakux-To Tpm dYenoBeka HamWcalnd Ha MEHS
JOHOC, YTO s ABJIAKOCH YJICHOM KOHTppeBOJ'IIOHPIOHHOﬁ
OpraHM3anuy, BosriasisieMoil Kommoropossim.

CunrnypsaJjuia: 1 4ro, Takas OpraHusarys Cymecrsonaia?

I'nepenxo: He Obuto Hukakoil opranusamuu. [Ipocto ObLI
1937 rox...

YmakoB: D710 6bUIO BpeMsl, KOI/la OTPOMHOE YHCIIO YECTHBIX
monelt  Obulo  apectoBaHo  Ha  0aze  abcypaHBIX
c(habpHUKOBaHHBIX OOBUHEHHIA.

I'nenenxo: B TioppMe MeHS OfHaX/IBI TOTIpAIIUBAIN 8 THEH
MOJIpsi/, TMPAKTHYECKH HE JaBas cliaTh. S| pems Hamucartb
«Ha BOJIIO». Y MeHs ObLI OIpbhI30K KapaHZalla, HO He ObLIO
Ooymaru. Toraa s ckjiens HECKOJIBKO JIMCTOYKOB MAMUPOCHOM
OyMmMarm W Hammcan JIBE MAaJIOCCHBKHX 3alMCOYKH, OIHY —
CBOMM pOJIUTENISAM, a JAPYryl — mpokypopy. Hamsupatens
TalikoM IOMOI MHE IepenpaBuTh obe 3amucku. Kakum-To
4yZIOM 4epe3 JiBa Mecsla I0CJe 3TOr0 MOHMM POAUTEINSIM
YQJI0Ch BBITALIUTH MEHS U3 TIOPHMBI.

Cmurt: CKoJbKO BBl IPOOBUIN B TIOpbME B O0ILEH CIIOKHOCTU?

I'nenenxo: Illects MecsiieB. Korma s BepHyscs J0MOI,
KonmoropoB m XuHYMH cienand Bce BO3MOXHOE, UYTOOBI
BEpPHYTh MeHs Ha Kadelpy, XOTS HEKOTOpPbIe 4WICHbBI Ka(eapsl
OBUIN KaTErOpUYECKH MPOTHB. B TO BpeMst MHOTHE mpodeccopa
OBUIH apeCTOBAHBI...

CunrnypBasuia: Bpl cka3zanu, 4Tto OZHUM U3 OOBHUHEHHIA
npotuB  Bac  Obmo  TO, urto B ObumM  wieHOM
KOHTPPEBOIIOIMOHHON OpraHu3aluu. 10 3HA4YMiI0, 4TO BEI
ObL1M 3a Haps?

I'nemenko: Torma ObLIO JOCTATOYHO, YTOOBI KTO-TO OOBSBHI
Bac konrppeBomononepom. Ecnu Obl 51 ckazan XOTbh 4TO-
HuOy b npotuB Konmoroposa, 5Toro 0b110 ObI JOCTATOUHO IS
€ro apecTa.

Cunrnypsasia: A Obumi gu Bbr Ha
KOHTPPEBOIIOIOHEPOM?

caMOM  1cjie

I'nenenko: (cmesicy): Hy, ecrecTBenHo!

YmakoB: B  HekoTopoMm
KOHTPPEBOIIOI[OHEPEL. ..

CMBICTIE ~BCE pYyCCKHE —

Cunrnypsamna: O, s noHumaro! Bompoc Toabko HpoTUB
KaKOH PEeBOJIIOLMH. ..

YmakoB: HasepHoe, MoH nepeBoj TOro, 4ro TIOBOPUI
I'Hemenko, ObLI HEZOCTATOYHO YETKHM. S TMOSCHIO €ro
nocinennee 3ameuyanue. Ecnu Ob1 ['HeeHKO BO Bpemsi CBOero
HIECTUMECSYHOTO 3aKJIIOYCHUs B TIOPbME MOATBEP M XOTs ObI
Masieiiee o6BuHeHue mpotuB KomnmMoroposa, 3Toro ObLIO
JIOCTaTOYHO JIJISl TOTO, YTOOBI TOTO apecToBaTh. A B TO BpeMs
apecTOBaHHBIC JIFOAM HaBCeTa NCYe3allu. ..

Cunrnypsajiia: [locie Bamero Bo3Bpamiennss Bol Hauamm
Bamy paGoTy Hajg pacmpemeNeHHSAMH — 3KCTPEMAalbHBIX

BCJIIMYMH?

I'nenenxo: Jla, s Hayan paboty Hajg 3tuM B 1940 1.
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Cunrnypsaiuia: Yro asunocs a1 Bac Tomuxom?

I'nenenko: S npountan craTbl0 O IPOYHOCTH MATEPHAIOB U
MOHSJI, YTO TEOPHSI IKCTPEMAIBbHBIX BEIMYMH MOXKET OKa3aThCs
MOJE3HOM. SI 3aKOHUMI CTaTbl0 Ha 3Ty TEMBl IEpell caMoi

BOMHOM. Ona pomkHa Oblla OBITH ONMYOIMKOBaHA B
crenuanbHOM — cOopHuKe, mHocBsimieHHOM — Koimoroposy.
OnHako W3-3a HauaBIIeHcs BOIHBI cTaThd He Obuia

onybnukoBana. B 1942 r. Konmoropos npeioxui mnociarb
CTaThl0 B aMEPUKAHCKUU XypHan “Annals of Mathematics”,
rme oH u Obuia omyOnmukoBaHa B 1943. K tomy BpemeHH
OTHOIICHHUS MEKy HAIUMHU CTPAaHAMH YTy UIIHITHCh.

Cwmut: D10 OBUIO NPUIIIALIEHHE CO CTOPOHBI AMEPUKAHCKOTO
KypHana?

I'nenenxo: [la. Jlpyroe HampaBlIeHHE MOUX HWHTEPECOB
BO3HMKJIO B 1936 mmm 1937 rogax. B To Bpems kaxaomy
CTYAGHTY  JaBajlM  3aJaHMe  MOJATrOTOBUTH  padoTy,
HOCBSIIEHHYI0 ucTopuu 1win ¢unocoduu. Ilog pykoBoncTsom
npodeccopa SIHOBCKOI s Hammcan pykonuch crpaHul B 200
06 uctopun MaremaTHku B Poccun. OnHako, ciaB 3aiaHue, s
3a0bUI IIPO HEro.

B oxtsa6pe 1941 r. Hemenkue Boiicka Obutn B 10-20
KWIOMeTpaXx oOT MOCKBB, W BCeX MOOWIM30BaId Ha
000poHHBIE (OpTUPHUKALMOHHBIE paboThl. I TOXe OBbLI
IOCNIaH, HO OQHIep, IMOJ Hayajlo KOTOPOTo s MONal, y3Hal,
9TO 5 MOOBIBAN B 3aKIIOYEHUU M OTOCIAT MEHS 00paTHO, Kak
HeOJlaroHaJe)KHOTO. S BEepHYJCS B YHHBEPCHTET M BOT TOTZAa
Hamucas paboTy O 3aKOHE MOBTOpHOro Jjorapupma. B 3to
BpeMsi MOCKOBCKUI YHUBEPCUTET 3BaKyHpOBaJld CHadalaa B
Anixaban, a notom B CepanoBck. B CepisioBcke st Havyan
COTPYIHMYATH HA MPOMBIIUICHHBIX MPEIIPUITUAX, 3aHUMAsCh
rpo0ieMaMu KOHTPOJISI Ka4eCTBa.

Cunrnypsajna: Ilouemy craThst, KOTOpylo Bbl ymomsHyiu,

Obuta omyOnMKoBaHa Ha (PaHIy3CKOM s3bIKE, a HE Ha
pycckom?
T'nenenxko:  broanemenv  Mockoecko2o Yuusepcumema

TpeOOoBa NPEICTABIATH OJHY KOIUIO HA PYCCKOM, a BTOPYIO Ha
(hpaHIly3cKOM, AHIVIMHCKOM WM HeMelkoM. S| mpexcrtaBmi
pycckuid W (paHIy3cKHil ~BapHaHTB, HO IIOYEMY-TO
OITyOJIMKOBAJIN TOJBKO (DPAHILY3CKYIO BEPCHIO.

CuHrnypsajuia: 3Ha4uT, KpOME PyCCKOTO M aHTJIMHCKOTO BBI
3HaeTe elle U Gppaniry3cKuii?

I'nenenko: $ monaraio, 4to MOW ()paHIy3CKHil Jydie, yem
AHTJIHACKUH.

CuHrnypsajuia: A HeMeIKuii?
I'nenenxo: IIpuMepHO, Kak U GpaHIly3CKUH.

CunrnmypBayuia: Mory s 3agaTh eme  BOIPOC
Konmoroposa? Own yuwmics B ['epmanun, He Tak nu?

po

I'nenenxo: OH xoporkmii mepmox Obul B ['epmanum, B
I'errunrene. [lotom oH Obut Bo ®PpaHium, rae BCTPETHI
Mopuca @peme. OH Bcerza roBOpui, YTO Y HETO JBa yUUTEIS
10 TeOpUH BeposiTHOCTEH — XuHunH u Openre.

Cunrnypsanna: A rae yunncs Xunuud? B Poccun?
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I'nenenxo: Toabko B Poccun. OH Obu1 yyenukom Jlysuna. Ero
nepBbie pabOThl OBUTH B 00JIACTH TEOPUH (HYHKITHH.

Cmut: Bbl pacckasbiBanu 0 paboTax IO Oe3rpaHUYHO
JISNIUMBIM ~ paclpesieieHussM U [0 paclpeAeiIeHUsIM
9KCTpeMalbHbIX BennyuH. Ha kakoit craguu Bel cienanu cBoro
JIOKTOPCKYIO IUCCepTaLfio?

I'nenenko: S 3amumancs B 1941 r. no 6e3rpaHuYHO JEIUMBIM
3aKOHAM pachpeneicHus. MOHMMH — ONIOHCHTaMH  OBUIH
Bepnmreitn, Konmoropos 1 XuHuuH.

Cunrnypsasna: Kro okasan Haubonbliee BiusHue Ha Bac B
Barreit Hay4Hoi# cyap6e?

I'nenenko: S mymaro, 4To 4eThIpe CIEAYIOUIMX IMpodeccopa.
Ilepssiit — boes, ¢ xoTopeIM s pabotan B [1BaHOBO, BTOpOI —
Tonpnebuep. Ho, xoHeuHO, HauOOJbIICe BIMSHHE Ha BCIO
MO0 HAYYHYIO JACATCIIbHOCTh OKa3aln XWHYUH U KOHMOFOpOB.

Cunrnypsajuia:  Pacckaxute mpo Bamy kHury c
KonmoroposeiM. Bl y Bac ¢ HEUM ObUIM TecHble HayuHbIC
OTHOIIEHUA?

I'nenenko: OTo ObUIM HE TOJBKO HAay4yHblE OTHOLIEHUS. MBI
ObUTH OOJIBIIUMH APY3bSIMH, OH JaXKe MPEIIONKHII MHE TIEpEeHTH
Ha "TbI", XOTs ObLT mouTH Ha 10 set crapiue MeHs. Bcro Moro
JKU3Hb, HaunHas ¢ 1934 r. mMel Obutn odeHb Onm3ku. Korma st
BBIIIE] W3 TIOPBMBI, S HECKOJIbKO HEJIeNb JXWI B CEMbE
KonmoropoBeix. MIMeHHO Torma s Hawan aymaTrh O KHHTE,
obcyxknan ee miaH ¢ KonmmoropossiM. Ho mucats s ee Hauan
TOJNbKO B 1945 1., Korza yexan Ha YKpauHy.

Cvut: 3Haunt, 3TO0 ObUla Bama wunges
HAMUCAaHUs KHUTH?

OTHOCHUTEIIBHO

I'nenenko: Koamoropos npounTan pykonuch U cAenal MHOTO
CYILECTBEHHBIX JOIOIHEHUH

Cmurt: Ho nannuarusa 6su1a Bama?

I'nenenxo: S cocraBwi miaH W chenajd MEPBBIH YepHOBOM
BapuaHT, HO Oyaromapss KojMoropoBy, B KHHIE MOSBHIOCH
MHOTO HOBBIX HIEH.

Cunrnypsayia: Ilpodeccop I'Henenko, Bwl rosopumm o
Bamux yuenukax. Ko myummii u3 aux?

I'nenenko: B 1945 g nepeexan u3 MockBbl Ha Ykpauny. S
nposeln 4 roza Bo JIkBoBe u 11 mer B Kuese. 3gech y MeHs
ObLIM  y4YEHHKH,  MHTEPECOBABIIHECS  MaTeMaTHYeCKOM
cratucTukoi. B Kuese y MeHs ObLIu OU€Hb XOPOIIHE YICHUKU
— Cxopoxona, Kopountok, KoBanenko u gpyrue.

Cwmur: U kTo ke Bce-Taku ObUT JIYYIIMM B TOT HEpHOA?

I'nenenxo: Torma Mpl HayajdM CO3/aBaTh BEPOSTHOCTHYIO
IIKOJy Ha YKpauHe. 5] XoTel cienath ynop Ha CTaTUCTHKY, HO
MOJIOACKDb TPEAIIOUNTAIa BEPOSTHOCTHBIC METOAbI. XOTs MHE
Ka)XeTCS, YTO HAIPACHO: MaTeMaTH4ecKas CTaTHCTHUKAa OYCHb
Ba)kKHa.
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Cunrnypsania: MHe TOXKE TaK KaXercs, BCE Mbl
noanepxusaeM Bac B atom... Ho Bce ke BepHeMCs K BOIIpOCY:
KTO Barmmu sryumme yyeHuku?

I'nenenko (cmesich): Jla HeT Jydmux, OHM BCE JJISI MEHSA
myumue! Bor ceifuac Mol «Hay4HbIi BHYK» CHIBBECTpOB,
yueHuk CKopoxona, MpOSABIAET OIPOMHBIH HHTEpec K
MareMaTHdeckod  cratuctuke. OH  Jaxke  OpraHu30Bajl
J1a00PaTOPHIO BHIUMCIIUTENbHOM CTATUCTUKH.

Cunrnypsasiaa: I'ne on ceifuac?

I'nenenxo: B Kuese. SI mgymaro, 4to cpenu Iydmdx CBOHMX
yaeHUKoB s ObI Beimenmn Ckopoxona, Kosanenko u Jlomaca
Caca u3 Benrpun. Bput y MeHs 1 IpeKkpacHbI MaTeMaTHK U3
Erunra — Xyceitn @axun.

Cmut: Pacckaxure HaM o Bamem 3HamMeHHTOM y4eOHHKe
«Kypc Teopun BeposITHOCTEN».

I'nenenxo: S Havan paGoraTh Haja KHUrow B 1946 rony. Ona
Obuta omyoOnukoBana B 1949 B Mockee u Kuese. Btopoe
M3JaHie BHIIUIO B 1954, a MOTOM HOLUIM MHOTOYMCIIEHHBIE
W3JaHUS B PAa3HBIX CTPaHAaX.

Cwmur: Ceifyac yxe BBIIUIO IIECTOE U3AaHue?

I'nenenko: Z[a, €CTh TOJIBKO PYCCKO€ H3J1aHHuEC, a AHTJIHACKOTO

1 o
elie Her OTO pacHIUpeHHBIH BapHaHT: B HEM IOMUMO
HEKOTOPBIX HOBBIX PE3YJIbTAaTOB MOMELIEHO HNPUIIOKEHUE C
HUCTOPUUYECKHM OYEPKOM Pa3BUTHSI TEOPHH BEPOATHOCTEH.

B 1944 rony s Bctpermn mpodeccopa SIHOBCKYHO M OHa
IIOCOBETOBAJIa MHE HaIleyaTaTh Ty MOIO CTYAEHUYECKYIO padoTy
I10 UICTOPHUU MaTEMAaTUKHU.

Cmut: D10 Ta pabora, koTopyro Bel Hanucanu B 19377

I'nmenenxo: Ma, ato «Mcmopus mamemamuxu 6 Poccuu» -
HeOombInast kHwkuLa Ha 200 cTrpaHuyex.

B KueBe s Hayan CeMHHap MO TEOPHH MAaccOBOTO
00CIIy)KHBaHHs, KOTOPBIH HMMEN KaK TEOPETUYECKYI0, TaK H
HPAaKTHYECKYI0 HAIpPaBICHHOCTb. $I Hayal MHcaTh IEPBYIO
KHUTY 10 O5TOH Teme, a moske KOBaJeHKO CTal MOUM
COaBTOPOM.

CMHUT: 3HaUUT, KaKk U B Clly4ae ¢ KHUIOH, HanMcaHHO! Bamu B
coaBTopcTBe ¢ KonMoroposelM, ImiepBas Bepcus OblIa
HanucaHa Bamu?

I'nenenxo: [la, Ho 51 tymato, uto KoBaneHko ceifyac ropasnio
Jy4dIIUH 9KCrepT B 3Toi obnacty, ueM 1. C 1957, 1 paboran B
BoruncnurensHom Llentpe Ykpaunckoit AH, kotopslit Teneps
paspoccs B orpoMHbIi MTHCTUTYT KHOEpHETHKU.

CunrnypBasna: Ilpodeccop I'nenmenko,
aJIMHHVCTPATUBHBIX 00s3aHHOCTEH?

y Bac wmHoro

I'nenenxo: 5 He 000 aIMUHUCTPUPOBATD.

0
The 6th edition was translated by I. Ushakov and published in 1997 by Gordon and Breach
Science Publication.
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Cunrnypsaia: Ho y Bac MHOTrO Takux o6s3aHHOCTEH?

I'nenenxo: Mmuoro ner s Obim aupexTopoM HMHCTHTyTa
MaTeMaTUKu YkpauHckoid AH.

Cunrnypsayuia: 11 temeps Bel 3aBenyrommii kadenpoit
Teopuu  BepositHocredr  MIY?  Dro  Bemb  Toxe
aIMUHUCTPATHBHAS JOJDKHOCTH?

I'menenxo: He coceM. Ho s mnpennmounTaro HaydHyro
paboTy, YTCHHE JICKUMi U HalicaHue KHUI. MHe HpaBUTCS
paboraTh co cTyaeHTamMH. Y MeHS ObUIO OOJbIIe COTHH
acIUpaHTOB, U3 KOTOphIX 30 cramm yxke mpodeccopamu B
MOeii cTpaHe U 3a pyOexoM, a HEKOTOPBIC — YK€ aKaJeMUKH,
cpenu Hux Cxopoxon, Kopoirok, Muxanesuy, ['purenmonuc,
Koganenko u Omenko.

Cwmur: IIpodeccop I'nenenxo, B 1960 rony BBl Iepeexanu u3
KueBa B MockBy. Uepe3 Heckonbko JieT Bl omy0OnmkoBamu
Bamy 3HaMEHUTYI0 KHUTY B COaBTOPCTBE C beisieBbIM u
ConoBbeBbM. Kak Bbl Hauanu paborats ¢ HUMU?

I'nenenxo: B KueBe st coTpyaHHYai ¢ rpynmnon MHXEHEPOB,
3aHHMABIIKMXCS BOMPOCAMH KOMIBIOTEPHOW MEIMIIMHCKOM
JIHATHOCTUKH. (0)11: P 91133 crucTemMa KOMITBIOTEPHOTO
MOHHTOPHHIAa CEPICYHO-IErOYHOU MACSATEIBHOCTH OTKa3aja,
BCJICJICTBHE YE€ro MalUeHT ckoH4aics. [locie atoro ciaydas s
3aHsJICS BONpocaMH HaJexxHocTH. B 1959 romy 3 Mocksbl
mpuexay HaBeCTUTh MeHsl berses.

Cunrnypsania: benses Bamr yueHux?

I'nepenxo: Her, on yuenux Konamoroposa. B 1963 romy mbl
HaJaJli MHCaTh HAIly KHUTY «Mamemamuueckue memoosl 6
meopuu Ha0eHCHOCIMUY.

Cwmur: Bri ¢ benseBpiM?
T'nenenxko: U ¢ Con0BbEBBIM.
Cunrnypsajia: A ConosbeB Bam yueHnk?

I'nenenxo: Her, ero yuurenem Obu1 I'enbdonn, npekpacHbIi
CIELHAINCT B TCOPUH QYHKINI KOMIUIEKCHOTO TIEPEMEHHOTO H
Teopun umcen. B 1964 romy MBI 3aKOHYMIM  YEPHOBOU
BapuaHTt, a B 1965 xuura 6puta omy6nukoBana. C 1961 mo 1968
rofpl s paboTan Haja TeopHedl MaccoBOro OOCIYXHBAaHHUS H
Teopuelt HagexxHocTr. B 1968 s mepekimodniics Ha peesibHbIe
TEOPEMBI U1 CIIy9aifHOTO dHCla CIy4YalHbIX BEIHYHH.
MortuBanuei mocimyKuiu npodaeMbl, BOSHUKABIINE B (U3UKE,
OSKOHOMHUKE M HAJEKHOCTU. S CHayana pelm HECKOJIbKO
MPaKTHUECKUX Npo0sieM, a MOTOM IepelieN K TeOPeTHYECKUM
o0ocHOBaHUAM. JlJis1 MEHsl 3TOT MyTh MPEICTaBISETCS BECbMa
€CTECTBEHHBIM.

Cunrnypsajiiia: Brl uMeere B BHIY, YTO CHayaja periacte
NpaKTHYECKyr  3aiady, a  I[I0TOM  pa3padaTbiBacTe
COOTBETCTBYIOIIYIO TEOPUIO?

I'nepenxo: Jla. A rae-to B 1981 romy s onaTh BEpHYJICS K
HCTOPHU TEOPUH BEPOSTHOCTEH, M s HAmUcal HeOOIBIIYIo
OpoluIopy Ha ATy TEMY.
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Cmut: Ilpodeccop I'Hemenko, BBl Bce eIe YAUBHTEIHHO
aKTHUBHBI M IHUIIETE MHOrO KHHMT. Morau Obl Ber paccka3aTtb
HaM o Jpyrux Bammx kuurax?

I'nenenxo: B mocnenHue rozst st NIy IPUMEPHO KHUTY B TOJI.
Ckonpko 4YacoB B JieHb Bbl pabotaere

Cunrnypsajuia:
KaXIbIl JeHb?

I'nenenxo: Ceiiuac yxe He TaK MHOTO, 4aca 4 B JICHb.

CunrnypsaJjuia: S Buxy, 4ro Bam cbiH He coriaceH ¢ Bamu.
(Cwmeertcsi.) OH TOBOPHT, UTO OOJIBIIIE.

Jmurpmii I'nexenko: OH paboTaeT 4acoB 5-6 yTpoM, a IIOTOM
OCTaBILHUICS IeHb 00yMBIBACT TO, UTO OyJET JeaTh 3aBTpa.

I'nenenko: B »TOM TOmy s Hammcan HOBYIO KHUTY JUIf
CTYZICHTOB O TOM, KTO Takoi maremaTuk. CHavana s 00Cyau
MECTO MaTEMAaTHMKU B Hallel >XU3HU, MOTOM Jajd HECKOJIBKO
MPUMEPOB MAaTEeMaTHYECKUX NPOOJIeM C HX YIPOIIEHHBIM
pelieHueM, a IOoJ KOHEI[ Jajl IpUMEpPhl HECKOJBKHUX
MPUKJIAJHBIX MpobieM. B kauecTBe 3akioueHus — HEOOJIBIIONH
ucropuueckuid 00630op. Eme Hanucana neGosblas Oporopa
JIUIS IIIKOJIBHUKOB O MaTeMaTHKeE.

Cwmut: Kakue HOBbIe KHUTH BBI mmanupyere?

I'nenenxo: [lnaHel y MEHS TpaHIHO3HBIE, 1a OOKOCH, YTO OHU
HeBbIMOTHUMEBL.  Ceiuac s mummry T1pu kHurn. OnpHa O
MPEACTbHBIX  PACHPECICHUAX CYMM CIIy4ailHOTO 4Hclia
CIy4YalHBIX BEJIMYHH. OnHako 31eCh €CTh eme psn
HEpEIICHHBIX  MPOo0JeM, pYKONMCh JIMIIb  HANOJOBHHY
3aBeplICHa, XOTS S HAACIOCh 3aKOHYHUTh €€ B ITOM TOIY.
Bropylo KHHMIYy 10 HaJeKHOCTH MbI [HIIEM BMECTe C

ViakoBeiM Bot no4yeMy OSTa KHHUIA Ba)XHa: KHUIa
«Mamemamuueckue memoovl 8 meopuu HAOEHCHOCMUY
HarmMcaHa HE Ul UHXKXEHEPOB, 3TO MaTeMaTHYE€CKasi KHUra, IJIs1
HH>XECHEPOB OHA CJIMIIKOM CJIOKHA.

Cmut: 3Ha4uT, KHUra, KOTOPYH BbI mumiete ¢ YIIakoBBIM,
Oornee aeMeHTapHa?

I'nenenxo: Jla, Gojee sieMeHTapHas W 0Gojee MPAKTHYCCKH
nanpasieHa. CTWIb HamMCaHWs TPUMEPHO TaKoi: aaercs
CoJIepKaTeIbHOE ~ OMHCAaHHE MPOOJIEeMBI, OOBICHSICTCS —ee
MPaKTHYECKOe 3HAYEHHWE, MOTOM JACTCS MaTeMaTHYeCcKOe
pemeHHe HpaKTI/I‘{eCKI/I 663 JIOKA3aTCJIbCTB, 4 BCJA MAaTEMaTHUKa
BBIHOCHUTCS B HpI/IHO)KCHI/Ie B KOHIIC KHUTHU.

TpeThst KHMTa, KOTOPYIO s TaKke Hadal, S XO4uy 3aKOHYUTh
OBICTPO: 3TO Y4eOHMK IO CIIy4aliHBIM IPOLECCaM C yd4acTUEM
bensesa u Jlumutposa ¢ SHeBbiM u3 bonrapun.

A TUTaHUPYIO €€ ABE€ KHUT'U, OJJHA U3 HUX — MOU MEMYaphl.
CnHrnypBaJma: 3Ha‘IHT, MbI HEMHOI'O IIOCHECHIMIN C

HHTEPBBIO, HY)XHO OBUIO MOJOXKIAaTh MyOiaukaiuu Barmx
BOCITOMHUHAHUH?

11
Probabilistic Reliability Engineering by B.V. Gnedenko and I.A. Ushakov. John Wiley &

Sons, New York, 1995
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I'nenenko: S Bctpeyan B cBOeH )KM3HM MHOTO 3aME4aTeNIbHBIX
moneit. S paboran B MI'Y ¢ BBIIAIONMMHUCS MaTeMaTHKaMH,
MHOTHX U3 KOTOpPBIX YK€ HET ¢ HaMmu. I[IpocTo HEeoOXoauMO
COXPAHUTH MaMSITh O HUX.

Cwmur: Sl yBepeH, 4To 3Ta KHUTa OyAeT HHTEPECHAa MHOTHM.

I'nenenxo: Crenyromas 3alylaHUpPOBaHHAs KHHra — JUIs
LIKOJBHUKOB: «[lymewecmeue 6 cmpany Mamemamukay.
HakoHnen, TpeTbs KHHra — 3TO Y4EOHHK MO MaTeMaTHYeCKOU
CTaTUCTHKE, B KOTOPOM sI XOTel Obl JaTh HeopMalbHOE
onucanue MatemMaTuaeckux meroaoB. B CIIIA u3maeTcs MHOTO
XOPOIIUX KHUT, HO TOYTH BCE€ OHHU (POpMalIbHBI, ¢ Maccoi
pe3ysbTaToB 0e3 Kakux-JIHOOo TpHioxeHui. S mymaro, 4To
NPaKTUYECKH TIOJIe3HOM Obl1a OBl KHUra, B KOTOPOH
H3JIarajrch Obl CaMU MaTeMaTHUYECKUE HICH.

Cunrnypsajna: Bel Hanmucanu MHoro kuur. UYro sBisiercs
OCHOBHOM MOTHUBaIMel 1711 TOro, 4ToOBI MUCATh TaK MHOTO?

I'nenenko: S He 3HAIO, YTO U OTBETHTh...

Cunrnypsasna: Bam HpaBuTcs nucatb KHUTU?
I'nenenxo: /[la, s nuury GbICTPO U HOJTyYalo yIOBOJILCTBHE.
CunrnypsaJjia: Bel ucrionsiyere kommnbroTep?
I'nenenxo: Her, s nevararo Ha MalInHKe.

Cunrnypsajia: Bbl nuiiere oJuH 4E€pHOBOI BapHaHT WiIn
paboTaeTe HaJl pyKOIHCHIO JOIT0?

I'nepenxo: OGBIYHO 5 MUITY Cpa3y OKOHYATENbHBIH BApUAHT.
Cunrnypsaina: Beero onun? U Hukakux omu6ok?

I'nenenko: HpOCTO CHaydajla HaJ0 IoAyMarb, a IOTOM YK€
nusjarathb Ha 6yMare.

Eure ogHa npuymHa, IoYeMy s MUILY TaK MHOTO KHHUT. [lepBoro
staBapst MHe cTykHeT 80 ser. 80 — He camblii XOpoIIUii BO3pacT,
9TO0BI YTO-HHOYOb OTKIAABIBATE HA 3aBTpa. Y MEHS €CTh
uiew, W S JOJDKEH HUX BbICKaszaTh. be3 3Toro s He Mory
YyBCTBOBATb Ce0sl CIIOKOWHO.

Cunrnypsaiia: IIpodeccop I'nenenxo, B Mockse y Bac ectp

UHCTUTYT , B KOTOpPOM OOJBIIOE YHMCIO HPHKIAJHBIX
BEPOATHOCTHUKOB M CTAaTUCTUKOB  COTPYJHUYAIOT C
umxeHepamu. He mormum nu Bl pacckasats HaMm 00 ux
B3auMojeictBuu?  XOpomo 1M OHO  HOJy4aeTcs?
IponyxTuBHO MU 0HO?

I'nenenxo: B 1961 rony, xorna s BepHyics B MOCKBY, Mbl
BMECT€ C  HECKOJbKMMH  HMHXEHepaMH  OpraHH30Balld
peryispHbIii ceMuHap 10 HajaexHocTd B MI'Y. 3a rox stor
CeMHMHAap CTaJl O4YeHb IOMYJSIPHBIM CpeId HHXKEHEPOB,
KoTopele ero mnocemand. B CoBer cemHuHapa BXOJIMIN
nmxernepsl .M. Copun u S1.B. llop, a Taxxke sxonomuct JI.51.
IyxraneTep. Beex Tpoux yxe HeT.

Singpurwalla means Moscow Consulting Center on Reliability and Quality (the so-called
“Chamber of Reliability”).
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D10 ObUI BeCbMa YCIICHIHBIH CEMHUHAp, €ro IMOCEIAI0 OKOJIO
800  demoBeK,  BKIIOYas ~ MHXEHEPOB,  IPHUKIAJHBIX
MaTEeMaTUKOB M IpenojaBaTelel By30B. MHOrue mnpueskaiu
U3 JApPYyrux TOpOJOB Ha OOIIECTBEHHbIE KOHCYIbTAllUU H
JIEKIIUM, KOTOPbIE YUTATH CHELHANIUCTBI-9HTy3HacThl. OIHaKO
nocnenHue 5 ser mpu opOaueBe, HACTYNUIH IUIOXHE AN
CeMHUHapa BpeMEHa.

Cunrnypsasia: [Touemy?

I'nenenko: MHTEepec k Haie)KHOCTH U KadecTBY ynain. Ceifuac,
s IyMalo, POMBIIUICHHOCTE pabdoraer Bcero Ha 60% cBoei
MoIIHOCTH. Bce ronsrcs 3a 00beMOM NPOIYKIWH, HAKTO HE
HHTEpeCyeTcsl €€ HaJe)KHOCTBIO M KadeCTBOM. OTO OYCHBb
IUIOXO.

Cunrnypsaiia: Bsl roBopuiy, uto Bbl BcTpeuanu MHOrux
MaTeMaTHUKOB B )KU3HU. Bcrpeuanuck yiu Bol ¢ Jle ®unertu?

I'nenenxo: Jla, xorna g e3auin B Mramuro. I BcmomuHaro sty
BCTpedy C OOJIbIIMM yIOBOJILCTBHEM. MbI GeceoBali C HUM O
CyOBEKTHUBHBIX BEPOSITHOCTSIX.

Cunrnypsaiia: U uro Bel tymaere 06 sTom?

I'nenenxo: S nymaro, yto oH OblT HempaB. Hayka He noimmkHa
OImUpaThCs Ha CYyOBEKTHBHOE, OHA JOJDKHA OBITH OOBEKTHBHA.
JIMYHOCTD BakHA B Pa3BUTHU HAyKH, HO HayKa HE J0JKHA OBITh
cyObekTHBHOH. I MHOrO roBopmi Ha 3Ty Temy u c /[le
Ounertn, u ¢ CIBHIKEM, KOTOPHIH OUCHb OOpa30BAHHBIA U
OYeHb CKpOMHBIN dyenmoBek. S aymaro, uro [le Punertn mu
CaBUIXK caMble TJIaBHBIE CIICIUAIUCTHI B 9TOI 001acTH.

Cwmurt: beina mu nepeBefeHa kuura Jle GuHeTTn Ha pycCKHiA?
I'nenenxo: Her.

Cunrnypsaina: Ilpodeccop I'menenko, mockonsky Bbr ne
nmobute CyObeKTHUBHBIE BEPOSTHOCTH, W3 3TOr0  MOXKHO

caenath BBIBOJ, uTOo Bbl He mobute u baiiecoBckyro
CTaTUCTUKY?
I'nenenxo: 51 gymaro, 9TO KaXAblii METOJ MMEET CBOU

BO3MOJKHOCTHU U CBOH OTPaHHYEHHS.
Cunrnypsania: Cornaces ¢ Bamu.

T'nHenenko: W DBaiiecoBckre METOALI HMEIOT CBOH
OTPaHWYCHHUS. IIpm pemeHnn mNpakTHYECKUX 3aAad MBI
JIOJDKHBI TIPOOOBATh BCE BO3MOXKHBIE METOABL S nymato, 4to
BaiiecoBckue MeTOIbl MMEIOT pPsAJ NPEUMYLIECTB U JOJIKHBI
pa3BuBatbcsi. Ho He TOIBKO OHU OJTHHU.

CunrnypBajia: 3Hauut, Bl cumraere, urto bBaifecoBckue
METOJbl ¢ OOBEKTUBHBIMH BEPOSTHOCTAMH IIPUEMIIEMBI, a C
CyObEKTHUBHBIMH - HET?

I'nenenko: Bcerma HyHO (OpMYyIHMpPOBAaTH HOIMYIIEHHS, C
KoTopeIMH  Bel  paboraere. Ecin  HeoOxomumo, TO
CyOBEeKTHBHBIE BEPOSATHOCTH MOTYT pPacCMaTpUBAThCA Kak
0OBEKTHBHEIE.

Cunrnypsayia:  Ecte y Bac B cTpaHe mIpuBep:KeHIBI
BaitecoBckux MeTonoB? benseB nucain ctaTby Ha 3Ty TEMY.
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I'nenenxo: Jla, MHOrme HamM CTaTUCTUKA  HCIOJIB3YIOT
BaiiecoBckue Metonpl. He HMCIoNb30BaTh MX HEBO3MOXKHO —
OHHU BKHBI.

Cunrnypsajuia: A Bl ux ucnonssyere?

I'nenenko: Jla, s ynraro baiiecoBckue METObI B CBOMX Kypcax
JUISL CTYJIEHTOB.

CunrnypsaJuia: I xoren Obl clienaTth HECKOIBKO 3aMEYaHHH.
Korna MBI Hayanu 3To HHTEPBBIO, BEI ckasanm, uTo Bamr otery
XOTeN BHAETh Bac moxropom, HO BEI cramum MaTeMaTHKOM.
Barr ceiH — MaTematuk. Oto ObuT Bain coBer emy?

I'nenenko: Ho oH moHuMMaeT M NPUIIOXKEHHs, HalpHMeEp, B
ncuxonoruu. Ilo-moeMy, HEBO3MOKHO CENaTh XOPOUIYIO
MaTeMaTHYECKyI0 paboTy, eClIM HEeT MPUIOKEHHUH.

Cunrnypsasna: Toraa, Imutpuii, Mmoxer, Bel oTBeTute Ha
HECKOJIBKO BorpocoB. Okasai iu Ha Bac Bausuue Bam oren?

Jmutpuii 'nenenxo: [la, 6e3ycinoBHo.

CunrnypsaJjia: U npomomxaer oka3slBaTh?

JAmutpuii I'nenenxo: /la. OH Mol mepBBId M caMbIii BasKHBIN
yuurenb. KoHeyHO, y MeHsA ecTb W JApyrue, HaupuMmep
TIpodeccop CosnoBbeB B TEOpHH BEpoOsITHOCTEH W mpodeccop
KypasneB B mexanuke. Ho mepBblii W caMblil TJIaBHBIA MOW

Y4UTEIb — 3TO MO OTell.

Cunrnypsayuia: Ilucanu 1u Ber ¢ Bamum  otmom

COBMECTHBIE CTAThH?

Jdmutpuii I'menenko: [la, y Hac eCTh HECKOJNBKO OOIIMX
CTaTel, U Mbl INIAHUPYEM €Il CTATbU U KHUTH.

Cunrnypsanna: ITo nagexxuoctu?
JAmutpuii 'nenenko: He Tonbko 1o HaeKHOCTH.

CunrnypBasia:  Ecim  Oynere  mucarth
HaJIeKHOCTH, He 3a0yapTe baitecoBckue MeTo bt !

KHHUTY o

Cwmut: Kax Ov1 BeI ommicany cocTostHUe paboT IO CTaTHCTHKE
B Bameii ctpane?

I'nenenko: Y Hac ecTep XOpoIIMEe CTAaTUCTHKH. bBpul odeHb
xopouuit — Karan, Ho ceituac on B CHIA. Xyp6enko paboraet
HaJ CTAaTUCTHKOH BPEMEHHBIX PsJOB, HO BCE K€ OH OOJIbIIE
BEPOATHOCTHHUK. MHuoro JApyrux Xopoummx CTaTHUCTHUKOB,
Hanpumep, Opios.

Cmut: A uro Hacuer YubOucosa? OH XOpOLIO M3BECTEH Ha
3amnaje.

I'nenenxo: Ho Bce ke oH OmKe K BEPOATHOCTHHUKAM,
CTaTUCTUKA IS HETO BTOpHUYHA.

CMuT: A MHOTO y Bac MPHUKJIAIHBIX CTATUCTHKOB?

I'nenenko: S He 3HAIO XOpOWIMX MPUKIATHUKOB. KoHeuHo Ge3
HUX HUKAKOH mporpecc B AeMorpaduu, NpUKIaIHbIX HayKax, B
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MPOMBIIUICHHOCTH, 3KOHOMHUKE M IPYTHX O0JACTAX IPOCTO
HEBO3MOJKEH.

Cwmurt: IIpodeccop I'HeneHKo, MBI XOTHM HoOIarogaputh Bac
3a NPEeNOCTABICHHYI0 BO3MOXKHOCTH IOOECeNoBaTh C HAaMHU.
Msl Haneemcs, uto Bam Busut B Coenunennsie lItaTer Oyner
MIPUSATHBIM.

Cunrnypsaiiaa: IIpodeccop 'nenenko u Amutpuii, cnacu6o
Bam 3a Bam Busut xk HaMm. Mbl Hajgeemcsd, yto BammHrron
Bam nonpasurcs.

T'uenenko: Boibmoe Bam criacu6o.

ITocaeciioBue

JTO0T MaTepuas mnpegocTaBieH mnpodeccopom HWropem
YmakoBbIM, KOTOpbIH sBAsercs Oamskum apyrom B.B.
I'negenxo oxoso 30 JjieT M HoMoraeT eMy BO MHOTHX cepax
odmecTBeHHOI akTuBHOCTH B KomuTeTre CTanmaprTos.

Ipodeccop TI'HeneHKO SBISETCS HE TONBKO BBIAAIOIIMMCS
MaTeMaTHKOM U HPEKPACHBIM JICKTOPOM, OH TAaK)KE aKTHBHBII
00IIEeCTBEHHBIN esiTellb. MHE XOTeNnochk OBl CKa3aTh HECKOIBKO
CIIOB O TEX CTOPOHAX €ro ACSITENbHOCTH, KOTOpbIC HE ObLIH B
MIOJTHOM Mepe 3aTPOHYTHl B HHTEPBBIO.

B nawane 60-x b.B. I'neneHko opraHu3oBaj CeMUHap IO
HagexxHocth B MIY. Drtor cemuHap  0OBEIMHHI
CHELUAIMCTOB M3  IPOMBIIUICHHOCTH W  MaTEMaTHKOB,
KOTOPBIC 3aHUMAJIUCh PA3IMYHBIMU aCTIEKTAaMU HAJIS)KHOCTH U
KayecTBa. JTOT CEMHHAp JaJl MYTEBKY B JKHM3Hb JAECATKAM
CHELUAIUCTOB MO HaAeKHOCTH. CIycTs HEKOTOpOE BpeMs
SlxoB Muxaiinosuu Copun opranuzosan Kabuner xauecTBa u
HajexXHocTH  l'occTaHpapra, KOTOpBI — pasMelnaincs B
[Monurexnuueckom My3ee MoCKBbL, OBIBIIMM  Bceria
TPaJULMOHHBIM ~ LIEHTOM  HAY4YHOIO U KYJIBTYpPHOrO
MIPOCBEIICHUS. B.B. I'Henenko cran Hay4YHBIM
pykoBoautenem otoro  KabGunera ©  npuBieKk s
COTPYJHHYECTBA JIECATKHA JOKTOPOB ¥ KaHAWIATOB HayK,
KOTOpBIE JaBalld €XEJHEBHbIE KOHCYJIbTALMH WH)KEHEepaM I10
MPAaKTHYECKUM  BOMPOCaM  HAAEKHOCTH W YHTAIH
©XKCHEJIENIbHbIC IUKIBI JIEKIUH 110 TEOpUH HaJle)KHOCTH.
KabuHeT HaIeKHOCTH M KayeCcTBa — OTOT YHHKaJbHBIH
001I1eCTBEHHBII KOHCYJIbTallHOHHBII LIEHTP -
MPOCYIIECTBOBAJ 00JIce YSTBEPTH Beka. MOXHO CKas3aTh, 4TO
0e3 COMHEHUS 3Ta OOIIECTBCHHAsl OpraHU3alus MOPOIMIa TO,
YTO CTaJIW Ha3bIBaTh COBETCKOW IIIKOJIOH HAJIEKHOCTH.
HNmenno B.B. I'HeneHko ObLT TeM, KTO cymen OOBEAMHUTH
BCEX B TECHYIO IPYIIY HAYYHBIX €ANHOMBIIICHHUKOB.

Hayunas menpocts b.B. I'HefieHKO OTpaskeHa yxe B TOM, UTO
oH BocnuTan 6osee 100 kKaHAUAATOB HAYK, U3 KOTOPBIX MHOTHUE
cTanu npodeccopaMu U aKaJeMHUKaMH.

OnavH M3 MaJIOM3BECTHBIX IIMPOKOMY KpYTy JIIOAEH SMU30/10B
U3 )KU3HKU ['HEJICHKO OBbUT 3aTPOHYT B MHTEPBBIO. DTO MCTOPHS
c apecTom B.B. T'Henenko o OOBUHEHUIO B
KOHTPPEBOJIOMMOHHON festensHOocTH. Hwm I'Hemenko, Hu
Kosnmoropos Hukoraa 06 3ToM He ToBopuin. S y3Haim 00 3ToM
MHOTO JIET Ha3aj OT keHbl bopuca Bmagnvuposnua — Hatanun
KoncrantunoBubl.  PacckazaB MHe 00 5TOM, OHA Kasaja:
"Urops, TONBKO, TOXalyicra, HUKOMY 00 3TO He
pacckasbiBaiire, Hu bopuc, au Anapeit Hukonaesnd He mo0saT
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apumupoBaTh UX TIMyOOKHE JIMYHBIE B3aMMOOTHOIICHUS".
Tlockoneky Bopuc Bragumuposuu cam mnosepan o0 3TOM BO
BpeMsI HHTEPBBIO, U S CMOT CKa3aTh TEIeph 00 ITOM.

b.B. T'HeneHko  HUCTUHHBIH  NpPEACTAaBUTENb  PYCCKOM
uHTemMrenu.  OH  YWTaeT MacCy  XyA0)KECTBEHHOM
JIUTEepaTypbl, XOpOIIO 3HaeT mo33u. B ero nomamneit

OUOIMOTEKEe OFPOMHOE YHCIIO aTbOOMOB C PENPOAYKIUSIMHU K3
pa3nu4HbIX My3eeB Mupa. OH He JIOOUTENb COBPEMEHHOTO
HCKYCCTBa, HO BIIOJIHE TEPIUMO K TAKOW )KUBOIIUCH OTHOCHUTCSI.
Boo01ie TepnuMocTh K 4y:KOMY MHEHHIO, K B3[JISIIAM JAPYTHX —
OJlHA M3 OCHOBHBIX ero 4epT. OH JIIOOUT «KIACCHYECKYIO
kimaccuky»: baxa. Monapra, berxosena, YaiikoBckoro,

PaxmannHoBa. Y Hero Xxopomasi KOJUIEKIUS PYCCKOM
LEPKOBHOM My3blkd. M, KOHEYHO ke, coOpaHue MPEKPACHBIX
PYCCKHX POMaHCOB...

bopuc BnaguMupoBud NpeKpacHbIl paccKa3uuk, y HEro
IUIaBHAsl, APTUCTUYHAS peub. B TO ke BpeMsi OH yJUBHUTEIBLHO
BHUMATENBHBIN Cilylnarens. Bce 3To fenaer OTHOIEHUS ¢ HUM
IOPOCTBIMH U TPHUATHBIMH U1 BCEX, KTO €ro 3HaeT. OTO
codeTaHHe BbICOHAiillero MpodeccHoHaIu3Ma M BBICOKHX
JIUYHBIX KauyecTB JenaeT mpodeccopa I'HemeHko BecbMa
3aMETHOM (Urypoil cpeanm ydYeHbIX M [EJaroroB Hallero
BPEMEHHI

®oto BHU3Y: b.B. 'nenenxo B Bammurrone (CILIA), 1991 rox.
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