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Informational methods for analyzing and managing systems under uncertainty are studied.
The expediency of use of information uncertainty in tasks of identification of control
objects and synthesis of regulatory systems is justified. For the numerical evaluation of
information uncertainty, an amount of disinformation is used as Bongard’s negative useful
information. Such information uncertainty can serve as a criterion for the adequacy of a
mathematical model of a control object. Information assessment of the modeling accuracy
is applicable to any method of identification and allows a researcher to compare the
accuracy of models that differ from each other by the method of obtaining (analytical or
experimental), nature (deterministic or stochastic models), specific implementation (physical
or mathematical models). In the course of parametric identification, an optimization
problem of finding a minimum of information uncertainty in the parameter space of a
mathematical model can be solved. The information uncertainty criterion provides
verification of the statistical hypothesis about the adequacy of a particular model. If the
criterion value exceeds a certain critical value, the adequacy hypothesis must be rejected.
To calculate the critical values of the information adequacy criterion, a statistical experiment
was performed. Using the Monte Carlo method, the probability distribution of the
information criterion was investigated. A sufficiently smooth empirical criterion distribution
function was constructed. The distribution of the information criterion has a pronounced
asymmetry and a small positive kurtosis. It is revealed that this distribution is best
approximated by the Generalized Extreme Value Distribution law. The critical value can
be defined as a quantile of the level of 0.01 or 0.05 for this distribution.
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Statement of the problem

As known, the synthesis of control systems
begins with the process of obtaining a mathematical
model of a controllable object. Meanwhile,
developers are encountering the problem of
incomplete correspondence of models with an
identified object. Thus, during system synthesis, the
models remain uncertain.

The sources of model uncertainty are:

— incomplete knowledge of the physical and
chemical processes occurring in the object;

— assumptions and simplifications, taken during
a model formation;

— noises, interferences and measurement errors
taking place in experimental researches of objects;

— parameters changes in the object over time.

Another problem is the quality assessment of
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the obtained model. To solve this problem, additional
researches are carried out, listed in the report [1].

Verification is the process of determining that
a model implementation accurately represents the
developer’s conceptual description of the model and
its solution.

Validation is the process of determining the
degree to which a model is an accurate representation
of the real world from the perspective of the intended
uses of a model.

Both verification and validation are processes
that accumulate evidence of a model’s correctness
or accuracy for a specific scenario; thus, they cannot
prove that a model is correct and accurate for all
possible scenarios, but, rather, it can provide evidence
that a model is sufficiently accurate for its intended
use.
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Adequacy is the decision that the model fidelity
is sufficient for its intended use.

Fidelity is the difference between simulation
and experimental outcomes.

Analysis of recent research and publications

Conceptual model validity, model verification,
operational validity, and data validity were discussed
by Robert G. Sargent [2]. Four different approaches
to determining model validity are described, a
graphical paradigm that relates verification and
validation to the model development process is
presented, and various validation techniques are
defined.

In the article [3], the analytical expressions are
obtained to determine the dynamic characteristics
of controllable objects by the parameters of closed
systems transient function. However, the automation
of such process is extremely difficult.

In the work [4], the peculiarities of the
controllable object identification by measures of
Toolbox PID Tuner in the MATLAB environment
are considered. There is stated that automatic
identification does not always give satisfactory results.

A.N. Trunov [5] gives an overview of the works
devoted to the general patterns of selection criteria
search for settling the adequacy. There is an
indication of a single expression of adequacy
assessment absence, which makes possible taking into
account several factors of influence and suggesting
expressions for their calculation. It is proposed to
use a criterion that is inversely proportional to the
standard deviation of a model from experimental
values.

The dispersion methods for adequacy
assessment are widely known. E.P. Chernogorov [6]
states that the system model allows a researcher to
model some general population. The experiment
provides a separate implementation of this general
population. The model also provides an
implementation of a general population, reproducing
the experimental conditions. The adequacy
assessment lies in checking statistical hypotheses
about the belonging of these realizations to the same
general population.

It should be noted that the dispersion criteria
of the adequacy, like Fisher criterion [7], are
applicable only in the case of a normal distribution
of model variables, which doesn’t always take place
in practice.

Objective

The purpose of this work is to substantiate the
criterion of information uncertainty application to
assess the adequacy of models obtained in the course
of identifying controllable objects.

Informational uncertainty

The philosophical category of “uncertainty” is
in the focus of many scientists’ attention. The authors
of the article [8] consider uncertainty as a concept
expressing a certain phenomenon associated with a
subject-object relation. This makes it possible to
distinguish four aspects of the study of the uncertainty
concept. Uncertainty is a concept that can display:
the properties of an object, the conditions of
interaction between an object and a subject, the
features of subjective perception, the features of
interaction of new knowledge with current
knowledge. So uncertainty is a category that reflects
the absence of any (material or ideal) orderliness.

For control systems that are the subject of our
research, in work [9], questions of quantitative
estimation of orderliness and related concepts of
complexity, organization, and entropy are considered.
According to [9], ranking can be viewed as a
characteristic of order — the absence of a difference
in relation to something taken as the standard of
order.

We consider a multidimensional parallelepiped
in the parameter space of a system used in interval
systems theory as such standard. We will consider
such n-dimensional parallelepiped as a target area,
a vector X, directed from the origin of coordinates
to the target area as a standard of order, and a system
in such a state as ranked. The difference measure of
the system parameters real vector X={x1,x2,...,xn}
from order standard X, characterizes the disorder
v.

Uncertainty takes different meanings in different
situations and at different times. If m situations are
possible, the probabilities of which are p,,p,,...,Pm,
then the ensemble gives a complete characteristic of
disorder at each moment of time

[371,372,...,31}
PisPrssP )

A generalized ranking characteristic is the
organization of the system, which, like ranking, is

more convenient to estimate through the opposite
value — disorder:

(1)

— 1 d m —
O:UaBUsiUpjf(V), (2)

where U is the symbol of generalization of the
disorder characteristics, respectively, for m situations,
d elements of a system and 1 time intervals; f is a
function by which weighting of the disorder is
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performed by the existence factor of its occurring in
relation to a certain functioning of the system
indicator; p;, s;, o, are the weights of j-th situation,
i-th element and B-th time interval, respectively.

Taking formula (2) as a basis, we can derive a
set of relations that can be used as an estimate of
uncertainty. To simplify, let’s take d=1 and I=1. We
perform the operation of generalization by m
situations with weighting by probabilities included
in the ensemble (1):

0= ij logIlg,,

j=

(3)

where Ily; is some numerical characteristic of
differences X from X, , called the disorder
parameter.

Taking a j-th situation disorder probability

H?j =P; as a parameter, we obtain Shannon’s
informational entropy formula:

6=H=—ijlogpj. (4)
i

Mathematical model of a system under
investigation due to inevitable inaccuracies gives
distribution Q={q;} instead of real distribution P={p;}.

Taking H\?j =q;, we obtain Bongard’s uncertainty

formula [10]:

O0=N(p/q)=-)_p,logq;. (5)
J

According to Bongard, useful information
stored in the distribution Q={q;}, regarding the
problem with a probability of response P={p;}, is:

4;
IH=H—N(p/q)=ZpJ. logp—. (6)
; .

J

Unlike the amount of information according
to Shannon’s classical theory, useful information can
have both positive and negative meaning. Due to
inaccuracies of a system’s mathematical description,
we should talk about the misinformation:

p.
D=N(p/q)—H=ijlogq—’. (7)

J J

Thus, the uncertainty estimate brought by the
model is disorganization according to formula (3),
in which Ily;=p;/q;. We will call the amount of
misinformation (7) the information uncertainty.

Obviously, the largest value of misinformation
occurs when H=0. Dividing the information
uncertainty (7) by its maximum possible value, we
obtain the relative information uncertainty:

p.
2P, logqu > p; logp,
J j j

= = =l— J .
supD —ijlogqj ijlogqj
J ]

n (8)

Ways to use informational uncertainty in
identification tasks

Information uncertainty in the form (7) can
be used as a criterion for the adequacy of
mathematical models. Accurate assessment of
modeling accuracy is possible with any method that
makes it possible to compare models with different
characteristics (analytical or experimental), character
(deterministic or stochastic models), implementation
of realizations (physical or mathematical models).
A mathematical model cannot be defined as minimal
uncertainty.

Relative information uncertainty in the form
(8) can be used as a criterion for the adequacy of
models obtained by other methods. Moreover, there
is both the possibility of comparing several models
and choosing the most adequate, taking the least
amount of misinformation, as well as examining the
adequacy of a particular model’s statistical hypothesis.

Here is the way to determine whether the model
is adequate. Let us assume that there is some object,
a state of which is characterized by the variable y
(output value of the object). As a result of
experimental researches, which used the method of
a passive experiment, for instance, a statistical
sampling of the object’s values was obtained. The
estimate of probabilities p;is a ratio of a sample’s
number of v; implementations, falling within a j-th
separation interval of a range of y value, to the sample
size n.

Let there also be a mathematical model of such
an object, for which model value of the output

variable ¥ can be calculated, and by methods of

information theory or mathematical statistics, a
distribution Q={q;} can be found.

We hypothesize that a mathematical model is
adequate to an object. To examine the hypothesis,
we need to calculate a criterion of information
uncertainty value for model in the form (7), for which
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we use statistics

1 \'
S=—) v.log—-.
nzj: ! gnqj )

The resulting criterion value is compared with
its critical value. If the calculated value is greater
than critical, the adequacy hypothesis is rejected.

To calculate critical values, it is necessary to
know the adequacy criterion distribution law. The
distribution law can be determined by the statistical
computer simulation method, described in [11].

The calculating power of modern computers
allows us to solve many problems using a statistical
experiment. Regulatory document P 50.1.037—
2002 [12] recommends: if the probability distribution
law is used to describe the sample F(x,0) and
estimates of its parameters are found, and to test a
complex hypothesis H,: F(x)e{F(x,0),0eQ} a
researcher doesn’t know the statistical distribution
of the corresponding criterion, it is rational to use
the methodology of statistical laws computer analysis,
which is well proven in modeling distributions of
criteria statistics.

To do so, by the law F(x,0) there should be
modeled N statistical samples of the same volume n
as a sample, for which an examination of the
hypothesis H,: F(x)e{F(x,0),6Q} is needed. Next,
for each of the N samples, it is necessary to calculate
the same parameters of the law estimates, and then
S statistics of the studied criterion value. As a result,
statistics values sampling S,,S,,...,Sy will be obtained
with the distribution law G(Sn*H,) for examined
hypothesis H,. For this sample, with a sufficiently
large N, a quite smooth empirical distribution
function of G(Sn”“H,) can be built, which can be
directly used to conclude whether the hypothesis H,
can be accepted. Simulated distribution deviations
from the theoretical one at N=2000 usually have an
order of H~+0.015. If necessary, it is possible to
build an approximate analytical model,
approximating G(Sn”*H,), and to make afterward a
decision about the examined hypothesis, based on
this model.

The information criterion of the probability
distribution values research was carried out by the
Monte Carlo method. A sample of random v; values
was generated, for which the value of the S statistics
was determined, and this was repeated 3000 times.
This is a number greater than N=2000, recommended
in [12]. For a sample of criterion values obtained
this way, the distribution of criterion values histogram
was built. The critical value was defined as 0.01-

quantile.

The information criterion distribution has a
pronounced asymmetry and a small positive kurtosis.
Lognormal Distribution, Gamma Distribution,
Weibull Distribution, Generalized Extreme Value
Distribution can give such a picture. Compliance
with all these distributions was verified using the
information criterion. The calculation results showed
that the Generalized Extreme Value Distribution
provides the best approximation. However, as shown
by additional researches, in the small values of
information uncertainty criterion region, these
distributions density curves differ from the normal
distribution curve a little bit, and the quantile level
of 0.05 for these distributions is almost equal. This
gives grounds to state that at a trust level of 90%, it
is permissible to use value tables of the normal
distribution function to determine the critical values
of the information adequacy criterion.

Conclusions

The use of the informative uncertainty criteria
in the tasks of identification has been proposed in
this paper. As a criterion for informational
uncertainty, it was proposed to use the amount of
misinformation brought by the mathematical model.
The formulas for calculating such a criterion were
given. The ways of using the criterion in the course
of solving identification problems are shown.
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BUKOPUCTAHHSA THOOPMALIIITHOI
HEBU3HAYEHOCTI B 3ATAYAX ITEHTU®IKAILIIT

Manxo I'.1., Qucmoxaemos €.11.

Busuaromucs inghopmauitini memoou ananizy ma ynpagninHs
cucmemamu 8 ymogax Hegusnaverocmi. O0rpyHmoeano 0oyinbHicmo
BUKOPUCMAHHS IHOPMAYIUHOI HesU3HaueHOCmI 6 3ada4ax i0eHmu-
ixauii 06 ’ekmie ynpaeninHs i cunme3sy cucmem peeyaiosanis. /s
4UCA06020 OUIHIBAHHS THOOPMAYIUHOI HeeU3HaAYeHOCMI eUKOpUC-
moeyemuCsl KiAbKicmo 0e3iHgopmayii Ik HeeamueHoi KopucHoi iHgop-
mayii boneapoa. Taka ingpopmauitina HesusHauenicmo modxce cay-
eyeamu sk Kpumepii adekeamHocmi mamemamu4Hoi modeni
00°’ekma ynpaeninua. Ingopmayiina ouinroeanHs mounocmi mooe-
AHBAHHS MOXCce 6ymu 3acmocoeana npu 6y0b-sKomy memodi iden-
muchikayii i 0036015€ NOPIGHIO6AMU MOUHICMb MOOeaell, W0 8i0pi3Hs-
romobcsi 00Ha 6i0 00HOI MemodoM OMPUMAHHS (AHAAIMUYHUM abO
eKcnepumMeHmanbHum), xapakmepom (demepminoeari abo cmoxac-
muyHi mModeni), KOHKpemHow0 peanizauiero (Qizuuni abo mamema-
muyHi modeni). B xodi napamempuuroi idenmudhixauii moice eupi-
Wy8amucsi ONMUMI3ayidHa 3a0a4a NOWLYKY MiHIMyMY iH@opmayii-
HOI HeGU3HA4eHOCMI 8 NPOCMOpPI napamempie Mamemamu4Hoi Mo-
deni. Kpumepiii inghopmauitinoi Hesusnauenocmi 3abe3neyye nepe-
GIDKY CMAmMuCmMu4Hoi einomesu Npo a0eK8amHicmb KOHKPemHOI
modeni. HdKkujo 3nHauenHs Kpumepilo nepesuujye oeske Kpumuiute
3HAueHHs, 2inome3a npo adeKeamuicms NOBUHHA Oymu GiOKUHYmMA.
st po3paxyHKy KpumuvHUX 3Ha4eHv iHOPMAayiliHoeo Kpumepiro
adexeamuocmi 6ye 30ilcHeHUll cmamucmu4Hull excnepumerm. 3
suxopucmarusim memody Moume-Kapao 6yn0 docaioxncero po3nodin
timogipHocmell inghopmayitinoeo kpumepito. byra nobydosana do-
cums enadka emnipudHa QyHkuis posnodiny kpumepiro. Posnodin
iHghopmauitinoeo Kpumepito Mae supascery acumempiro i Hegeau-
Kuil nosumusHuil excyec. Buseneno, wo yeil po3nodin HaukKpauum
yyHom anpokcumyemocs 3axkonom Generalized Extreme Value
Distribution. Kpumuune 3nauenus modice 6ymu 6U3Ha4eHO K K8aH-
muas piens 0,01 abo 0,05 yvboeo po3nodiny.

KnwoyoBi cioBa: anekBaTHiCTh, KOMIT'IOTEpHE
MOIeTBaHHS, 3aKOH pO3MOAiNy, imeHTudikalis,
inbopmaniitnuit kpurepiit, wmeron MoHTe-Kapio,

KOHTPOJIbOBaHU I 00’€KT, CTATUCTUYHA TiNoTe3a, HEBU3HAUECHICTb.

HCITOJIb30BAHUE MH®OPMAITMOHHO
HEOITPEJEJTEHHOCTH B 3AJTAYAX
WIEHTAPUKALINU

Manxo I''H., Yucmoxaemos E.II.

H3zyuaromes ungopmayuonHvie memoodsl aHaru3a u ynpas-
AeHUs cucmemamu 8 ycaogusx Heonpedeaennocmu. O6ocHoeaHa
1e1eco06PazHOCMb UCHOAb308AHUS UHPOPMAYUOHHOU HeonpedeneH-
Hocmu 6 3adauax udeHmugukayuu 06seKmos ynpasieHus u CuH-
me3a cucmem peeyauposanus. Jlis uucio6oi oyeHKu uHgopmayu-
OHHOU HeonpedeseHHOCU UCNOAb3YeMCsl KOAUYeCmeo 0e3uHgpopma-
Yuu KaxK ompuyamenvroll noaesnoi ungopmayuu bouneapoa. Takas
UHGDOPMAYUOHHAS HEONPEeOeAeHHOCHIb MOJCem CAYICUMD 6 Kaye-
cmee Kpumepusi a0eK8amHoCHy MameMamu4ecKol Modeau 00sex -
ma ynpaenenusi. Hugopmayuonnas oyenka movyHocmu modeaupo-
BaHUS NPUMEHUMA NPU AH060M Memoode udeHmugukayuu u no3eo-
Aslem CPAGHUEAMb MOYHOCHb MOOeAeli, OMAUMAIWUXCA Opye Om
dpyea memoodom noAyueHuUs (AHANUMUYECKUM Ul KCNePUMEHMAlb-
HbIM), Xapakmepom (OemepMUHUPOBAHHble UAU CIMOXACMUYecKue
Modenu), KOHKpemHoU pearusayuell (Qusuqeckue uau mamemamu-
ueckue modeau). B xode napamempuueckoil uoenmugpuxayuu mo-
Jcem peuampcs ONMUMU3AYUOHHAS 300a4a NOUCKA MUHUMYMA UH-
@POpMayUOHHOI HeonpedeseHHOCMU 6 NPOCMPAHCMEe NAPAMEmMpPo8
Mamemamueckoll modeau. Kpumepuii ungpopmayuontoti Heonpe-
deneHHOCMU 00ecneyugaem nPogepKy CMamucmu4ecKol eunomesb
00 adexkeamHocmu KoHKpemHot modeau. Ecau 3nauenue kpumepus
npeevluiaem HeKOmopoe Kpumu4eckoe 3Ha4eHue, eunomesa 00 adex-
eamuocmu doadxcHa 6bime omeepeHyma. /s pactema Kpumuuec-
KUX 3HQYeHUl UHQPOPMAYUOHHO20 Kpumepusi adeKeamuocmu Gbia
npoeeder cmamucmuueckuti sxcnepumenm. C Ucnonb308anuem me-
moda Monme-Kapao 6b10 uccaedosaro pacnpedeneHie 6eposmHo-
cmeil uH@opmayuorHo2o kpumepus. bviia nocmpoena docmamou-
HO enadkas smnupuxeckas (DYHKYuUs pacnpedesenus Kpumepus.
Pacnpedenenue ungopmayuonroeo Kpumepus umeem ebipaiceHHyo
acumMmempuro u HeboAbUol NOA0JICUMENbHbIL dKcyecc. Boisgaeno,
4mo Mo pacnpedenenue HAuAYHuUmM 00pazom annpoKCUMupyemcs
3axonom Generalized Extreme Value Distribution. Kpumuueckoe
3HaYeHue modxcem Obimb onpedeneHo Kaxk Keawmuab ypoeus 0,01
uau 0,05 smoeo pacnpedenenus.

KnioueBble ciaoBa: afeKBaTHOCTb, KOMITbIOTEpHOE
MOJICJTMPOBaHUE, 3aKOH pacIpeieieHus, UIeHTUDUKAIUS,
nHpOpPMaUMOHHBIN KpuTepuit, meton MonTte-Kapio,
KOHTPOJIMPYEMBI OOGBEKT, CTaTHUCTUUYEeCKas TUIMOTe3a,
HEOTPeIeIeHHOCTb.
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Informational methods for analyzing and managing systems
under uncertainty are studied. The expediency of use of information
uncertainty in tasks of identification of control objects and synthesis
of regulatory systems is justified. For the numerical evaluation of
information uncertainty, an amount of disinformation is used as
Bongard’s negative useful information. Such information uncertainty
can serve as a criterion for the adequacy of a mathematical model of
a control object. Information assessment of the modeling accuracy is
applicable to any method of identification and allows a researcher to
compare the accuracy of models that differ from each other by the
method of obtaining (analytical or experimental), nature (deterministic
or stochastic models), specific implementation (physical or
mathematical models). In the course of parametric identification, an
optimization problem of finding a minimum of information uncertainty
in the parameter space of a mathematical model can be solved. The
information uncertainty criterion provides verification of the statistical
hypothesis about the adequacy of a particular model. If the criterion
value exceeds a certain critical value, the adequacy hypothesis must
be rejected. To calculate the critical values of the information
adequacy criterion, a statistical experiment was performed. Using
the Monte Carlo method, the probability distribution of the information
criterion was investigated. A sufficiently smooth empirical criterion
distribution function was constructed. The distribution of the
information criterion has a pronounced asymmetry and a small positive
kurtosis. It is revealed that this distribution is best approximated by
the Generalized Extreme Value Distribution law. The critical value
can be defined as a quantile of the level of 0.01 or 0.05 for this
distribution.

Keywords: adequacy, computer modeling, distribution law,
identification, information criterion, Monte Carlo method, con-
trol object, statistical hypothesis, uncertainty.
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