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for Identification of Technical Objects
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Abstract —Slowly changing low-dynamic character of signals is
a prominent feature of technical objects working inmodes of
normal operation. The traditional algorithms based @ recurrent
computing procedures lose serviceability because othe
occurrence of singular situations. Results of ideiftcation become
unreliable because of unpredictable surges of errsr Therefore a
new class of more noise-tolerant algorithms has beealeveloped
on the basis of a new mathematical approach of thesymbolical
imitation modelling. It has allowed obtaining a nunber of new
theoretical results in the field of identification and creating
efficient software for systems of automatic controlnd diagnosis
of technical objects.

Keywords — identification,
object, dynamic process

imitation modelling, algorithm,

difficulties in system identification [3], [5] tha&re mostly
related to the necessity of using approximate nmastieal
relations that do not contain the analog opera2)r ihstead
relying on the discrete operator

D(2)= R/ [ [ (z-a)
E “ (@)

= R2)NZ"+&, 12"+ + &).

The vector of parameters of this operafohas to be found
by solving the system of difference equations

Y-&=y. (5)
|. PRINCIPLES OFFORMATION OFIMITATION MODELS Its solution
OF IDENTIFICATION ALGORITHMS
The state of a technical object is described by the =Yty (6)

parameters of its transfer operator

w(p)= Ap)/ [ [(p+by). (1)
k

This operator is an equivalent of object’'s diffaran
equation and represents its symbolical Laplace éanéfgthe
values of parameters of the operator (1) are witménallowed
limits, then it is possible to draw a conclusioattthe object is
in working conditions and is suitable for operatiofhe
problem is that it is impossible to directly measuhese
parameters. The information about them is contaimethe
object’s output signal

W(p) = y(t) =C; -expl, - 1) + C; -expb, 1) +--

m
+Cpg - eXply 1 -t) = Z C; -exp; -1).

i=1

)

The relation between the operator (1) and the si@)ahas
an indirect character. Thus, it is necessary td &n estimate
of the operator (1) using measurements of the ki(fjaat
discrete moments of time

ymT) = chexp( RTm) = chqk,
O= exp[( tm m)].

Formula (3) indicates the discrete character ofnalig
processing, and this circumstance inevitably leatds

®)

is calculated using a numerically unstable algamittior
inverting matrixY. Its elements are formed according to the
formula

Yij =D Ciexplh(i+1)T)=> Cq "
k k

gy =expEhy -T).

(7)

However, after finding the vecto£ (6), it should be
decoded by transforming its parameters into es&@madf
parameters of the analog operator (1). It is necgdsecause
the parameters of the discrete operator (4) havsraad
contents and, in such form, are unsuitable for robreand
diagnosis of a technical object. This decodingifiscdlt since
the relations between the analog and the discrgeators are
essentially nonlinear. The abovementioned diffieslt in
identification of dynamic objects currently havet rimeen
solved, and it is an obstacle for realization otomated
computer control and diagnosis of technical objects

In this paper, the solutions of the following preins are
considered:

1. Development of new mathematical approach for sglvin
theoretical problems of identification of dynamigjects.

2. Development of noise-tolerant computing algorithfos
identification of technical objects on the basis tbfs
approach.

3. Development of imitation models of computing altfoms
of identification that can be conveniently prograean
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4. Development of accompanying
provide high accuracy and performance of identifica
algorithms.

It is offered to create new accurate, high-perforoea
noise-tolerant algorithms for solving systems offedence
equations of identification (6) on the basis of thasic
classical formula (8)

1

yloyT .=
dety’

8)

in which the inverse matrix * is found in the form of
adjugate matrix made of values of minorsrg¥].

imitation models thatinors (determinants with signs) are calculate@in can be

written in lexicographic form from indices of rowand
columns in which the sub-matrix is located in thatrix Y (5):

Dpy +y 5|12
L :pPerm* (Ln) |

(10)
Here the operatopDpv* is introduced, which forms the
matrix of the model. Its rows consist of permutasioof
indices of columns attached to the component of irices
[7]. These permutations are created, in a nonivelgorm,
from elements of an interval of natural number segel.n,

Its determinantety is calculated separately using a directvheren is the order of the sub-matrix. For example, fio 3,

algorithm without the use of recurrent procedutess offered
to use the basic expression

Yii = Z(—l)m “(Yag, *Yog, - Yog, )
P

9)

as the basic computing algorithm for finding theedminant
detY and the determinants of sub-matrice¥ of

Such algorithm has a number of significant advaedaig
comparison with traditional algorithms [1], [3].dbes not rely
on the use of recurrent computing procedures tleabased on
the method of elimination, in which singular siioas can
arise in an unpredictable way. These situations the
principal cause of interruption of computing praceand
occurrence of large errors in the vector (6). Ihat always
possible to prevent such situations by using ttmmmmethod
of pivoting as all elements can be so small, tlnetytare
comparable to round-off noise [2], [4]. Algorithm®)(uses
operation of summation, which can guarantee thatior of
algorithms suitable for realization in parallel nesd of
processing of signals (7) [2], [5]. It allows inaseng the
performance of algorithms by using software methodtead
of perfection of hardware, the possibilities of wohiare
practically already exhausted.

The abovementioned problems can be solved by abiolic
of principles of imitation modeling of algorithmsded on the
basic expression (9). Until now, such algorithmegehaot been
developed because they cannot be realized usidgidraal
methods. For this purpose, it would be necessaget®rate
the full set of all possible permutation from exgsiens (7),
which is practically impossible. For this reasoh,is also
impossible to create software for realization afoaithms of
this class. Since they have a number of essenh@rdages in
comparison with traditional algorithms, interestr ftheir
realization remains. This problem can be solved an
symbolical form by using imitation models (IMs). buch
models, sets of permutations are simulated by pttions
created from the coordinates of elements of therimatf
system of difference equations (7), which are effieto create
from components of ordered numerical sequences[98],It
allows satisfying the main condition of the basienfiula (9) —
avoiding inclusion of repeating components in tlet. $M
generated from coordinates of sub-matrices, forckwhhe

78

the model (10) has the form of an index matrix gnics

1 2 31 [ )
oIy 1 23
+[L; L, Lj] +[1 2 3]
DV *Y = -[L Lg L] - -1 3 2] (11)
-[L L L] -2 1 3|
+[L, Ly Ll +[2 3 1]
+[L; L L] +[83 1 2]
-lLks L, Ll] [-[B 2 1]
so that it is possible to express the model (10) as
oDpv® *Y = lims(S) = xo(pPermr I:)J. (12)

From suchims used for calculation of determinants in the
matrix of minors (8), the description of the reabsmatrix can
always be restored, and its features, which camdssl for
optimization of computing algorithm [3], [6], caneb
determined. Below such feature is used for apptinabf
Vandermonde formula, which is used for finding the
determinant.

In a general case, the function of expansion oérdehant
along any of the rows or columns can be used. s th
particular case, the rule of expansion along thst fiow is
used. This expression can be considered as thealrigf
symbolical IM (11):

pDet* DVp(g) = Y11 Yoo Ya3 = Y11 Yo Y3 = Y15 Ypq - Yag

(13)
_Y12 'Y23 'Y31 +Y13 'Y21 °Y32 _Y13 °Y22 'Y31'

It can also be expressed in the lexicographic form:

{Fox((pPerm* E)}:> {U = iZn]— ]i[Yr,L};
j=1 r=1

Zn; = (D" K = £()).

(14)

Here, mapping the IM into the area of originalsdalized
by replacement of indices afs (12) by the values of the
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process (7), which have been stored in the elen@ntq13).
Using such approach, IMs for
computing algorithms can be created. For exampge M of
algorithm for calculation of determinant of 6-ttrder matrixY
can be generated from IM (11) if thas of the sub-matrices
extracted from the Siand 2° bands, into which the initial
matrix is partitioned, is designated in the follagiform:

(r;72;13) ®oBy; (r 4:75:16) ®0B,. (15)

Here the components of row indices= (1,2,3) and

realization of patalle

Minr, | = gDet* gGr* (n,) = [pDet* pKC(vy) * )
xo|pDet* gKC(vy) * @n) /& o
xo|pDet* gKC(vy) * @N) /&, ...

<olpDets pkC(vy) * Cn) 1 Epy o4
k

=[viva..vid; Z

i=1

(21)

—T

14 Vi:n.

However, for programming the algorithm, it is more
preferable to use compressed form of IM, as theratpe

r, = (4,56) are used. Components of column indices argDet* is formalized and it can be entered into any reamgs
represented by arrayB, and B,, the columns of which are place of graph IM:

formed according to the conditions of Laplace tkeof10]:

B/ JB,' =16 B/[)B,) =2 je120. (16)
For the given example, they are
11 2 4
B=(2 2 - 3 - 5{;
3 4 4 6
4 3 1 1
B,=|5 5 - 5 2. a7)
6 6 6 3

The vectors of values of determinants for two barats be
determined by applying formulas (13) and (14):

w1 = gDet* (515 15) ®oBy|;

;2 :>(/’Det*[(r4;r5;r6)®°Bl ] (18)

The vector of signs is introduced:

3
Zn = ()%, p:(r11+r12+r13)+2(81)i,j - (19)

i=1

The determinant of the initial matrix is found &s product
of (18) and (19), with the use of operation of weiation:
ety = >y, @y, ®n). (20)
In [1], [3], [7], such method has been applied fomy
variant of partitioning of the matrix. As a resuhe IM as a
graph in the form of a branching tree was obtainge,
sections of which are generated frons of local sub-matrices
[5], [7], [9]- They are acted upon by standard tiorw (13) or
(14) for finding determinants of local sub-matricegich is

designated by introduction of operatasDet in graph
sections:

9Gr * (n,v) = [pKC (v,) * @)
<ofoKC () * @) /3]
x o[ngC(vl) *(Ln)/ &, ] .

X O[(/’KC (vy) * (E) / 512....n—1];
k

Vi
i=1

(22)

;T :[VlVZ"'Vk]; =N.

By analyzing (15) and (16), it can be determinext #rrays
B; andB, are formed from components of ordered numerical
sequences of combinative type that are generatedhéy
operatorgKC(v) *1.m (combinations ofn elements fronv).
Thus, graph (21) can be considered as an IM gerieglthe
Laplace theorem for any variant of partitioningtbé initial
matrix into a set of independent fragments — losab-
matrices, for which the values of determinants dam
calculated independently from each other. It mahas such
IM can be used for realization of parallel modes of
identification of technical objects. The IM (22)nche used for
creation of software that can increase the perfaomaof
algorithms of identification [5], [7], [9] withoutesorting to
the use of expensive hardware.

1. OPTIMIZATION OF IMITATION MODELS OFCOMPUTING
ALGORITHMS

It is necessary to take into account that in te@aaf an IM,
in general, arithmetic operations should not bdgpered, as
its symbols are indiceims — the indices of rows and columns
of the initial matrix. However, in some kinds of $Mthis
restriction can be lifted, and the IM can be opzieai by using
elementary arithmetic operations. For examplanftermation
redundancy can be eliminated, and its compresseddan be
created, which is more convenient for creation @beputer
program. Actually, such method of optimization issbd on
the principle of information monitoring, when therg an
exchange of mathematical objects between the spmdice
symbolical images of algorithms and the space dirth
originals, where arithmetic operations used in treal
algorithm are specified. During such exchange, ethisr a
recurrent improvement of algorithm and the corresiig
computer program.

79



Boundary Field Problems and Computer Simulation

2012 /51

Such approach can be used to create an auxiliary
accompanying the basic IM that is expressed indinates of
ims It is done to increase the accuracy of identiitcausing
software methods instead of using expensive haelweaiom
the analysis of basic model (11) and model (21yeterally
follows that the most critical operation in relatito the loss of
accuracy is the operation of calculation of produntrows of
the matrix (11) and in the branches of graph (21)these
operations, there can be numbers with similar aitsolalues,
but opposite signs. For such operations, it is guedfle to
organize computing based on accompanying IM thewemts
the loss of the most valuable information becaukdeast
significant digits leaving the limits of computerepision
during number multiplication. Since increasing ttemputer
precision is costly and unproductive, it is prefdeato solve
this problem using software methods. For formatadnthe
corresponding program, its accompanying IM can reated.
Additionally, a method for deriving analytical deiptions of
computing algorithms of identification can be deyed on its
basis [1], [2].

The products of expressions of the dynamic pro¢@ss
stored in elements of matri¥; in a symbolical form, can be
expressed using components of numerical sequenmeated
by combinative operatorg; (22). StoringY; in the elements
of an interval of natural number sequeriam, wherem is the
number of partial components of the dynamic progésis
used:

Y, =Ja;a elm. (22)
i=1

Here, the symbol of set union represents lexicdgcapum
of powers of discrete poleg = expb, -T) expressed by the

elements of intervals of the sequerik:_m. Elementsg; are

the result of nonlinear transformation of analogepoof
technical object’'s transfer operator (1). Such gfarmation
leads to strong information compression of the whobdel of
identification; therefore, the noise tolerance lgfoasithm can
significantly decrease. Such compression is an itzigle
consequence of computer processing of analog sifpealause
of its discrete character. The analog poles ofojerator (1),
located in the left infinite complex semi-plandla@ge enough
distances from each other and, consequently, vistindt at
the presence of noise, move to a narrow area imighé unit
semi-circle of the complex plane because of therdie
processing (stable instead of diverging dynamicesses are
considered). For this reason, especially if the i
frequency of process (7) =1/T is increased, the distance

between discrete poles can be so small, that thetris
perceived as one multiple pole of operator (4),, dvahce, of
the operator (1). It is obvious that there is dadtion of the
aprioristic information about the object, as thal reechnical
object cannot be made of only resonant frequendgiless, in
computing procedures of identification, there isaggorithmic
uncertainty and the obtained estimates of parametee
unreliable and can be used neither for diagnosisanaontrol.
Excessive overloading of identification model byraaluction
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IGif unnecessary operators on subjective assumpléats to

proliferation of superfluous poles, and the placetmef
object's poles on the complex plane becomes evere mo
uncertain and the algorithmic uncertainty increases

Therefore, the statement that using such model$ wit
unnecessary operators it is possible to obtain tiaddi
information about the object is unreasonable. Is thlation,
in [1], [3], [4], the dangers of introduction ofduoperators in
stochastic models of identification are noted. tesl not
achieve the stated goal; instead it makes the tperaf
decoding the vector (6) impossible.

In this case, additional algorithmic uncertaintyn carise
already at the level of formulation of imitation dw, if the a
priori structure of the operator of object (1) istermined
incorrectly, so that the dimension of the set

m
Y :>Ua1-;ai elm

i=1

(23)

does not correspond to the structure of the operdtobject
(2). In this case, there will be a distortion oftefiing
properties of imitation model, and it will be refted in the
accuracy of identification algorithm. From herdsitpossible
to draw a conclusion about the importance of oation of
imitation model directly in the symbolical area def its
mapping into the area of originals [7], [8].

Here, the problem of formation of auxiliary IM for
algorithm of multiplication of values of dynamicqmess in
the rows of the matrix of model (11) is consider&ilich
model can then be applied in the branches of th@hgiM
(21).

The multipliers ofY; in the rows of the matrix of model
(11) have identical structure because their sumallimows
contain the same number of addends, which is etuab.
They differ by the indices of powers of these adiderwhich
can be expressed by operation of allocation ofetipesvers:

pArang(St)) * o g € G St =i+ . (24)

According to (7), the powers directly depend on the

coordinatesms of elements of matrix (23;;: St; =i+ ] .

It provides a simple way to map the model (11)

1
+[Yn
—[Yn
—[Y2
+[Y,
+[Yi3

Y

3
Y
Yzl
Yool |
Ya]
Yzl
Yal |

S

oDpv® *Y = (25)

into its accompanying IM by summation of coordirgdtes in
the model:
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1 2 3 1 2 3] i i

hofhof hofo ri23

+[L Ly Lg] +[L Ly Lg] +[2 4 6]

-[L Ly L] ® -[L Ly L] -[2 5 2]
¢Dpv® *Y = . 26) ¢Dpv® *Y = = St= . (33
L L L) (26) L L L] 13 3 g| &

+[Ly Ls L] +[ly Ly Ll +[3 5 4]

+Ls L L] +Ls L L] +[4 3 9]

-[Ls Ly L [k Ly L —-[4 4 4]

In model (25), analytical expressions are subsiitut

KT) = Cyop" +C,0, + Ca5, (27)

whereC; are the weight factors representing the coeffisieft
expansion of the operator of the object into the i partial
fractions generated by the operator (1):

G G G
p+b  p+b, p+b;

3
{y(kT) = Zci exp(-h, -(kT)}.

W(p) =
(28)

Here, the problem is considered for the case, whey are
equal to one:

I'+L) .

Y=t vt g T gy (29)

The products in rows (25) can be expressed indira bf a
set of components of product of the sums of powédiscrete
poles:

Q =Y (r, L) -Y(r2,Lp)-Y (13, Ls)

:[i.qkr1+|-1}_[i,qkrz+|—z}(i_ qkr3+L3J. (30)
k=1 k=1

k=1

They are calculated using formulas (13), (14):

{Fox((pPerm* I:)}z {U = iznj ]i[Yr,L(r,i)};
j=1 r=1

Zn, = (D" K; = f(j).

(31)

Since the indices of positions of multipliers (3Btermine
the values of powers of discrete poles, the pastiprinciple
of formation of auxiliary IM can be used. Powerssiements
of Yj can be found by summation of indices in the m¢gae)

St =>r+L, (32)

and the IM of powers can be found by mapping

The signs in that are preserved. This
written in a shorthand form as

mapping can b

oDpv® *Y = pArang Sh * (™ . (34)

Here, the model of powers (33) is placed over every
component of discrete poles, formed from elemehtsterval
of number sequenckém. They coincide with the indices of
poles in the sums (30). Their allocation is desigdaby the
operator
pArang(k) *1.m= (qlk + q2k +ot qu) . (35)

The set of components obtained as the Kroneckedugto
of the sets specified in (35) is designated as

Q =Y(r, L) Y(r2,Lp) Y (13 La)
_ [z qkrlJrLlJ . [Z riﬁLz}'(Z' qkr3+L3}, (36)
k=1 k=1 k=1

or in an expanded form as

[Zm: g; * Arang(r, + Ll)} X [Zm: g * Arang(r, + LZ)}

i=1 i=1

x [i g * Arang(r,, + Lm)l .

i=1

37)

The algorithm for formation of2 is examined in [7], [8]. It
is taken into account that the structure (37) Irr@ls of the
matrix (33) is the same. The set of components 8&und
using the IM fom-ary Cartesian power of intervgl.m), over
the elements of which the indices of powers arequawith
the observance of the positional principle. Theieaset (36)
consists of sets of components formed by operatsiG(v;)
from an interval of natural number sequerae:

Q= gKC(v;) *Lm v, eln. (38)

For example, fon = 3, the result is
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1 12 [+[0 1 2]
PKCD)*13=|2|; pKC(2)*13=|13|, -[0 2 1]
3 23 (39) L 0 2] .
_ St= @34 5 | [pArang(234) * (0,0,05)]
PKC(3) *1.3= (123. +
+[2 0 1]
The set (38) is formed according to the conditibat tthe -[2 2 0O]]
number of elements in all its components is theesamd is 210 1 21 (44)
equal ton. In [1], [4], [9], it is proved that to comply wtitthis +1 ]
condition for formation of components (38), it iscessary to -[0 2 1]
use an algorithm with application of operator oftjianing -1 0 2]},
@Part(v;) * n of numbern into v; parts, and it is necessary “pArang, +L 2 0] (G10205)-
to use permutations of components of these parsitio f2 0 1]
Q= @m" =3 pArang8) * [oKC(v) * @m)} -[2 2 0]
i=1 (40)
0. = pPerm* [(pPart(v»)*n] The initial model becomes simpler and is transfafrimto
I I -

the model (43). It can be checked that, in thelfadloriginals,
it represents an algorithm of finding the determinaf the

Here v is the argument of the operatpkC(v;). énatrix consisting of powers of discrete poles:

The full setQ, obtained using the model (40), can b
represented by the following matrix:

1 1 1

123112223331112233311122233 wnd® =l q, g, a|. (45)
A~|123231231231231312312312312| (41) 2 2 2
0. Y2 O3

123111111112222222233333333

The auxiliary IM of powers (33) can be used for The determinant is calculated using the known

optimization of computing algorithm, and also fariging its Vandermonde formula and is equal to the product of

analytical description. Here, its application foneoof the differences of discrete poles (45), which are desigd as the

components of the set (40) function
Q; = pArang S} * (¢dz05) (42) gDet*Wnd® =FG(@G®); 46)
FG(g®) = _ . - . — .
is considered. (@) =(0—dz) (d —d3)-(d2 —d3)
Symbolical model (33) allows application of such .
arithmetic operations to it, which can be useddjotimization This resuilt can be expressed as
of computing algorithm. For example, from its matrthe - 1
: : = ) +[0 1 2]
common lexicographic multiplier can be extracted: 0 2 1
[+[0 1 2]] Aran -1 0 2 “( )
[0 2 1 PAANGY o g (%% (47)
-0 o0 2
St— (234)0| | H (43) +2 01
+1 2 0] -[2 2 0Q]]
+[2 01 = FG(dy, 0y, Gz) = (Gh — d2) - (0 — Gs) - (02 — Ga)-
|-[2 2 0Q]]
As a result,
which in the area of originals will also provide adequate
common multiplier of powers of discrete poles: pArang SY*G® = (q12q23q34)~ FG@G®) (48)

= (Q1ZQ23Q34)'(Q1 —0z)-(d —3)-(dz —d3)-
The operation of application of the model (33) dam

realized for all components of the set (40). Tleisuit can be
expressed in an expanded form using the formula (13
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Q= (Q12 +Q22 + Q32)'(Q14 +QZ4 +Q34)'(Q16 +Q26 +Q36)
—(Q12 + Q22 + Q32)'(Q15 +Q25 +Q35)'(Q15 + QZS +Q35)
— (0’ + 0% +a5%) (0 + 0% + 45°) - (n° +0,° +05°)
— (P +0.° +05%) (4 + 0" +a5°) (0 +a5*)
+(nt 0yt +as*) (@ + 0% + a4 +a,° + a5°)

- ((114 + Q24 + Q34) : ((114 + Q24 + Q34) : ((114 + %4 + Q34)-

(49)

The application of model (33) to components witaritical
elements, for example, in relation to permutatidosmed
from the componenfq,g,0,) , produces

gPerm* (0y0yd,) = (hthl ; yllaGh 5 GohGh) € Q2. (50)

Over the sum of components of permutations

@ =|JQ = gPemr (qag);
U i (51)

a = (G 5 0% ; GCih)-

the matrix of powers is placed, which gives thdofwing
result:

a* pArang(SY = [(qa,) * pArang(SH]

Ul(a.m * parang(sy]Jl(aaa,) * parang(sy]. 7

The powers of identical elements can be summed ttiad
operation is allowed to be made in the space ofbsjical
IMs. In this case, it is necessary to sum indidesotumns of
the model (33) that stand in the positions of id@hielements.
Indices of such positions of repeating elementsyhich it is
necessary to sum indices, can be determined udieg
operator pKC(v = 2) *1.3= (12,13,23) . As a result, three
transformed IMs of powers are obtained. In thens, signs
related to the parity of permutation, given in basic formula
(9) — the basis of the considered IMs, are preserve

+[4 5]] [+[6 3]]
-[5 4] -[5 4]
-4 5 -[7 2
St (chhdz) = +{6 3} St (GGth) = +%5 4} /
+[5 4] +[7 2]
6 3] -[6 3] (53)
+[1 8]
-1 g
-2 7
St (9,0,0;) = +{2 7}'
+[3 6]
-3 6]]

From these expressions follows that summation oflypcts

of valuesy; in rows of the matrix of model (33) in the field of

originals using the formula (13) will lead to zeresult. In
general, for an arbitrary number of identical elements in
components of (40) andatth order matrixY, the numben of
positions in model (33), in which it is necessargtim indices,
can be determined by components formed by the tpera
@KC(p) * (L.n) . Thus, the studies on the basis of auxiliary IMs
of powers lead to a conclusion that an IM baseéxgression
(40) possesses the properties of filtration, whieh be used
for optimization of the basic IM of the computintg@rithm
created on the basis of the basic formula (9).

Physically such filtration means that the IM of the
algorithm automatically excludes all permutations o
coordinatesms in (9) corresponding to singular matrices.
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