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Abstract: Well-known methods of joint estimation of the state and parameters (quasilinearization, invariant imbedding,
extended Kalman filter and others like them) expand the vector of the state of the system by including equations for parameters
in the model. Such a task of joint estimation of the state and parameter is nonlinear even for linear systems. For Linear Structure
Models (LSModels), an analytical method is proposed for the transition to an auxiliary model in which the parameter vector is
expanded by initial states and the task of identifying parameter and initial states becomes linear. With the help of an auxiliary
state vector, the initial dynamic model is reduced to an auxiliary model with residual. In this case, the auxiliary model does not
contain derivatives of the measured elements of the initial dynamic model, but contains filtered measured elements. The proof
of the identity of solutions according to the initial and auxiliary models is given. An Iterative algorithm of identification of
order, parameters and state estimation is proposed. An analytical example of solving the problem of joint estimation of
parameters and state for the heat equation is given and its software implementation in the MATLAB is discussed in detail. Next,
another auxiliary model is proposed. If the first implies that the order of the differential equation is unknown but only limited by
a certain value, then the second model has a given order. Now there can be two types of auxiliary models to it. An example of a
nonlinear initial model is given.
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1. Introduction auxiliary model:

The article proposes a method for simultaneous ; ;
identification of parameters, determination of the model arz(t) — a1x(to) + az / x(7)dr + a3 / g(r)dT = 0.
equation order and evaluation of the state of nonlinear to to

dynamical systems.

Well-known methods of joint estimation of the state and
parameter (quasilinearization [1, 2], invariant imbedding [3- - N )
6], extended Kalman filter [7, 8] and others like them [9, 1S devoted to generalizing this simple idea.

10]) expand the vector of the state of the system by including For Linear Structure Models (LSModels) [11, 12], an
equations for parameters in the model. Such a task of joint analytical method is proposed for the transition to an auxiliary

estimation of the state and parameter is nonlinear even for ~model in which the parameter vector is expanded by initial
linear systems. states and the task of identifying parameter and initial states

The idea of the auxiliary model is very simple. Let the initial becomes linear. ] o
LSModel have the form: In the first part of the article, for estimating the state of
ai1x(t) + asx(t) + asg(t) = 0 : the system was used numerical differentiation. Hereinafter we
will show how to replace differentiation with integration with

Thus, we got another parameter a1 (o) that contains the
initial conditions, and the problem remains linear. This article

Integrating the equation of the model, we obtain the
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measurement filtering elements. (t) — residual;
The method of projection onto the plane of guarantors [13] axs — LSModel parameters;
from the first part of the article has also gained traction. Now fx(t,y,9) — LSModel elements, depending on input g(t),
the projection is performed onto the span of filtered guarantors.  output y(¢) and on an independent variable t€ t;
S—s
S—s d .
/5 )(t7yvg) = Wfk(tyyvg) - Correspondlng

derivatives of fi(t,y,g) with respect to independent
variable t€ t;

t — is an observation interval.

I’d like to note that the order of LSModel equation (1) is
not fixed, because any of the parameters ajs can be zero. The
order is only limited by the value S, which we can assign at

2. Auxiliary Linear Structure Model

Let’s consider the following Linear Structure Model
(LSModel) with residual

Z Z aksfk t Y, 9) = e(t), (1) our discretion.
k=1s=1 Following [11-15], let’s introduce an auxiliary vector z(t)
where with the following components:
z1(t)=e(t),
0 S
z(t)=2 (1) — azai(t) — X anfe(t, v, 9),
| & 2)
: 1) K
zs(t)=zg 1 (t)—cs—121(t)— > ak,s—1fu(t,y, 9)-
k=1
Let’s show that z(t) satisfies the equation of auziliary LSModel in vector form
d
in this case, the residual e(¢) satisfies the equation
Z e (1) = e(t). (4)
Where C'is a matrix with arbitrary coefficients c,, looking as follows:
ca 10 0
Co 0 1 0
C¢= N " ;
cs-1 0 0 -+ 1
¢cs 0 0 -~ 0

z(t) = [2z1(t)...zs(t)]’ is the introduced auxiliary column-vector;
ap = [agy...axs ] is a column-vector of parameters at fj and its derivatives.
Having substituted the first component z; (t)=e(¢) into equation (2) for the second component z»(t) we get

zo(t)=eM (t)—cre(t Zaklfk

and now the obtained component z5(t) into the third one

K
()= (t)—cre(t Zaklfk Y mene(t) =Y ana fi(H)=¢) (£) —ere ™M (8) —coe(t ZZakéfﬁ K
k=1

k=1s=1

and so on and the obtained (S—1)-th into the S-th.

As aresult, we get
K S—1

ZS(t):6(571)(t)*013(572)(t)* —cg_1e(t ZZaksf(S 1= 9) (t).

k=1 s=1
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Let’s differentiate the obtained expression

d
dt

From (4) it follows that

and from (3) it follows that

K S-1
k=1 s=1
As a result
d s(y=e(t)+ +§j
—z cse(t a
s S kst

what proves our statement.

By direct substitution it is easy to make sure that a Cauchy
problem solution for the LSModel in vector form (3) with
initial conditions

Z(O) = [210...2’50]/
can be written as an auxiliary LSModel in matrixz form:

K

2(t) = @(t) - 2(0) + >_ Ri(t) - ax, (5)

k=1

where matrices ®(¢) and Ry (t) are solutions of the following
Cauchy problems:

d
S(t) = CB(1), B(0) = E, (6)
*Rk( )= CRi(t) + fr(H)E, Ri(0) =0, (7)

dt

(k=1,...,K);

where E is a unit matrix. The size of all matrices is SxS.

S S—1
@) — eV () —

is an equation of a linear filter of LSModel element f,is_s) (t),
that’s why it’s possible to choose the order S and arbitrary
coefficients c; of this and other equations based on
conditions of filtration of input functions f,gs_s) (t) into output
functions 7 15(t).

It’'s not by chance that the transformations of
elements f,gs_s)(t) of the initial LSModel to elements
of the auxiliary LSModel 7415(t) were called FR-
transformations.

In a new notation:

K
—z5(t)=e (t)—cre® D () —...—cs_1e(t) V) .=
k=

c—cs-1 r,(ﬁs(t)

S—1
ars fE70 (1),
1

1s=

Let’s remark that the equations of these problems depend
only on functions fj(¢) and do not depend on their derivatives.

Let’s remember that z;(¢)=e(t), then the first row
of solution 2(t) (5) can be noted in the form of
the auziliary LSModel with residual:

Z ¢15 250 + Z Z Tk, 15 aké - e(t) (8)

k=1s=1

where

¢15(t) are elements of the first row of the matrix ® (),

115 (t) are elements of the first rows of the matrices Ry (t).

The initial and the auxiliary LSModels with residual are
equivalent from the parameter identification point of view,
in other words, all solutions of the parameter identification
problem obtained using the auxiliary LSModel are solutions
to the initial problem and vice versa.

Let’s remark that all Cauchy Problems (6,7) and the
residual relation (4) have free parameters {c;: s=1, ..., S} and,
therefore, an additional problem of their selection may be set.

For example, the equation for the first element of the sth
column of the matrix Ry (¢):

— cs Tk71s(t)=f15378) (t)

reas@®)=FR( £ (), et)=FR(e(t)).

Based on the above, the following algorithm may be

proposed.

2.1. Iterative Algorithm of Identification of Order,
Parameters and State Estimation

Step 0 : Select initial LSModels (1) and auxiliary
LSModels with residual (8) and obtain the initial observation
data:
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f;[f” (t,y,9), tet

Step 1: Solve Cauchy problems for the calculation of
matrices ®(t) (6) and Rx(¢) (7) on the observation interval ¢.

Step 2 : Solve the problem of identification via the auxiliary
LSModel with residual (8), i.e. calculate

k=1,..., K.

250, Qks k=1,...,K; s=1,..., 5.

Step 3 : Calculate 2(t) (5), d/dt z(t) (3).

If the residual e(t)=z1(¢) or other circumstances meet the
identification criterion,

finish the calculations.

If it is possible, again calculate components f,gz] (t) from
),

Go to Step 1 and continue calculations on the basis of the
newly calculated components f,El] (t) of the state vector of the
initial LSModel. Here [¢] is an iteration number.

End of iterative algorithm.

I’d like to note that all iterations are calculated without
additional measurements on the basis of the smoothing effect

(filtering) of the functions f,gi] (t).

2.2. Properties of FR-transformations

Let’s prove the properties of solutions of Cauchy Problems
for the matrices ¢ and Ry, that make their calculation process
much easier.

Let’s consider the sth columns ¢ (t), 71 s(¢) and e, of the
matrices ®(t), Ry (t) and the identity matrix E. The following
relations are true for these columns:

€s—1 = Cesa

$s-1(t) = Chs(t),

Tk’sfl(t) = C’I’kys(t).

The validity of the first relation can be verified by direct
substitution.

To prove the second one, let’s write the Cauchy Problem for
the (s—1)th column

@ gu1(1) = OB (1), 0 1(0)=e

and, having pre-multiplied all equations by the matrix C, we
get

906, 1(1) = C0pa1(1), Chu1(0)=Cr .

And, taking the proved relations into account, we get

d

Z.(0) = Cou(0), 8.(0)=e,

i.e. the Cauchy Problem for the sth column.

Let’s write the Cauchy Problem for the (s—1)th column of
the matrix Ry (¢) in a similar way:

d
%Tk,sq(t) =Crp-1(t) + fu(t) es—1, Tr,s—1(0)=0;

having pre-multiplied all equations by the matrix C, we get

d
ﬁCrkys,l(t) = CC’I‘k’Sfl(t) + ka(t) €s_1,

C’I‘k’s_l (O)ZC 0.
Taking the proved relations into account, we get

Lria(t) = Croat) + i), Tica(0)=0
i.e. the Cauchy Problem for the sth column.

So, to solve the Cauchy Problems for the matrices ® and
Ry, it’s necessary to solve the Cauchy Problems for the last
columns of these matrices and to calculate the other columns
according to relations. Such calculation process organization
results in much faster obtaining of solutions.

For example, from the properties it follows that the solution
of the Cauchy Problem

d 010 100 000
ZRO=| 00 1 |R@+f(1)] 0 1 0 |, R(0)=| 00 0
000 001 000
looks like
rs T2 T
RZ 0 T3 T2
0 0 T3
where
t t t
ry(t)= / F)dr, ra(t)= [ra(r)dr, 11(t)= [ra(r)dr

2.3. Analytical example

In this example, I’d like to demonstrate the basic principle of
object parameters identification using an auxiliary LSModel,
which consists in the fact that the general solution of the
problem for the main and auxiliary models coincide.

For this purpose let’s consider the object going throughout
the entire article and the measurements obtained in
experiment #1 g(x,t)=0.2 and w(z,t)=t+x(z—1)/2, only
this time we’ll take another model:

ay we(z,t) + ag Wy (x,t) + az w(z, t) = g(z,t).

Let’s calculate wy(x,t)=1 and wg,(x,t)=1 and having
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substituted them into the equation we get
a1-1+ az-1+ az(t+a(x—1)/2) =0.2.

Obviously, the parameter identification problem has an
ambiguous general solution: a;+a=0.2, a3=0.

I’'d like to draw your attention to the fact that in an
ambiguous solution, some parameters may be determined
unambiguously [12].

It is also interesting that having taken another model of our
object we got a3=0. This fact confirms that the previous model
with fewer elements is adequate, what has a certain physical
meaning.

Now we will analytically solve this problem with the help
of an auxiliary LSModel.

Let’s fix =0 then w(0,t)=t, w4;(0,t)=const and

al0]=10 o) [0

LSModel (1) is as follows:
a3 w(0,t) + azw(0,t) + b1(t) =0,

where b=aw4(0,t)—g(0,1).

In notation of equation (1) f1(¢)=w(0,t), f2(t)=1, K=2,
SZQ, ajl=ap, ajp=as, agle, aggzb.

For the sake of the simplicity of calculations here, let

01202:0,

then the auxiliary vector z(t) (2) will have the following
components

z1(t) =0,

z2(t) = —a1w(0, 1),

and the auxiliary LSModel in vector form (3) will appear as
follows:

] +w(0,1) [Z;] +1 m

and the auxiliary LSModel in matrix form (5) will appear as follows:

[26] =0 (5] o [i] o 3]

Here ®(t), R1(t), Ra(t) are the solutions of three Cauchy problems:

d 0 1

d

dt 0 0 0

d

Thus, we’ve got the auxiliary LSModel with residual (8):

Zo(t)= {O O} o(t), B(0)=

01 10
dtR2(t)_[O O}Rﬁ{o 1

o 1)

orfy iJns [0 8 mo-[3 2]

!

$11(£)21(0) + P12()22(0) + .. + 71y (Hay +115(t)as + iy ()b = 0.

It is easy to show that
1 ¢

@(t){o 1], Rl(t){ )

then the auxiliary LSModel will be as follows:

t?/2 t3/6

t2/2}’ Rz(t){(t) t

121(0) + t 22(0) +t*/2a1 + t3/6 a3z +t/2b = 0.

The general solution of the identification problem is as
follows:

21 (O)ZO, 22(0)20, a1 +b=0, az=0.

Let me remind that 2(f)=—ay w(0,¢), consequently
d/dt z3(t)=—a1 w(0,t), and from the model in vector form
it follows that d/dt z5(t)=w(0,t) a3 + 1 b=b.

Then wy(0,t)=—b/a;, and from the obtained general
solution b=—ay, in the result w (0, t)=1.

And so with the help of an auxiliary model, we calculated
the general solution and derivative w;(0,¢) without resorting
to differentiation of measurements, but only by solving Cauchy
problems.

Now let’s fix ¢=0 then w(z,0)=z(x—1)/2,
we(x,0)=const and LSModel (1) is as follows:

ag Wye (2,0) + agw(z,0) +d1(z) =0,
where d=ajw¢(x,0)—g(z,0).
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In notation of equation (1) f1(z)=w(z,0), f2(x)=1, K=2,

S:3, aji1=as, a12:0, ai13=as, 1121:0, (122:0, a23:d. 21 (33) = 07
To simplify calculations here, let z2(z) = —azw(z,0),
z3(x) = —aswy(x,0),

c1=cop=c3=0, and the auxiliary LSModel in vector form (3) will appear as

then the auxiliary vector z(z) (2) will have the following follows:
components

d [ 21(x) | 0 1 0f]z(x) as 0
e zo(xz) =10 0 1]||z(z)|+w(x,0)] 0|+1]0],
v | 23() | 0 0 0f]z2(x) as d
and the auxiliary LSModel in matrix form (5) will appear as follows:
[ 21(z) ] z1(0) a9 0
zo(x) [ =P(x) | 22(0) | +R1(z) | O | +Ra(x) |0
| z3(z) | z3(0) a3 d

Here ®(z), R1(x), R2(x) are the solutions of three Cauchy problems:

p 0 1 0 1 00
d—(b(x): 0 0 1|®x), @0)=l0 1 0];
v 0 0 0 00 1
p 01 0 1 00
- (@)=[0 0 1|Ri(z)+w(z,0]0 1 0], R(0)=0;
z 00 0 00 1
p 010 1 0 0
deQ(IC): 0 0 1 RQ(CL’)+ 0 1 0 ,RQ(O):O
v 0 0 0 00 1

Thus, we’ve got the auxiliary LSModel with residual (8):

b11(2)21(0) + d12(2)22(0) + P13(2)23(0) + ... + 71y (x)ag + riz(z)as + riz(z)d = 0.

It is easy to show that

[1 = 2%2 r %2 23/6
(z)=| 0 1 = , Ro(z)=| 0 =z x%/2 |,
0 0 1 00 =

23/6—%/4  xY24—23/12  2°/120—2%/48
Ri(z)=| 0 x3/6—2%/4 rY/24—23/12 |,
0 0 x3/6—1%/4

then the auxiliary LSModel will be as follows:

121(0) + 2 22(0) + (2%/2) 23(0) + ... + (2%/6—2%/4)ag + (25/120—z*/48)as + (23/6)d = 0.

The general solution of the identification problem is as follows:

21(0):0, 22(0)20, zg(O)/Q—a2/4=0,a2+d=0, a3=0.

Let me remind that z3(z)=—ag ws(z, 0), and from the model in matrix form it follows that

z3(x) = ¢s3(x) 23(0)—&—7"%1(:13) a2+7‘§3($) a3—|—7“§3(x) d=as/2 4+ xd=ay/2 — xay,
then

wy(x,0)=—25(x)/ag = x—1/2.
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From z3(x)=—agw,(z,0) it also follows that
d/dx z3(x)=—az Wy (z,0), and from the model in vector
form it follows that

%23(.%'):11}(1‘7 0)asz + 1d=d.
then wg,(x,0)=—d/a2, and from the obtained general
solution d=—ag, in the result w,, (x, 0)=1.

Let me remind that for t=0 d=ayw:(z,0)—g(x,0), and
g(x,t)=0.2, and now we have calculated that d=—a3. And
earlier for x=0 we have calculated that w,(0,¢)=1. Having
substituted all calculations into the expression for d we’ll get
in the end —as=a;—0.2 or a;+a>=0.2.

Similarly, when =0 b=a2w;;(0,t)—g(0,t) and b=—ay
and when t=0 w4 (z, 0)=1.

This time —a1=a2—0.2 or a;+ax=0.2.

The total result of our calculations ai+a2=0.2, a3=0
completely coincides with the general solution of the
identification problem according to the basic model.

I’d like to draw your attention to the fact that despite the
fact that the general solution was ambiguous, we got exact
expressions for derivatives w; (0, t), wy(x,0), Wy (2, 0). This
is not surprising, because the essence of the general solution
is that all models included in this solution have indiscernible
(identical) states.

In particular, this is why the normal solution obtained
using the least squares method has gained such popularity
in cybernetics, although it often does not give the correct
parameters, but being one of the solutions included in the
general solution, it allows you to assess the state of the object
correctly.

2.4. Example of Program

In contrast to the analytical example, let’s take the previous
model of our object to build the program:

ai wt(z7t) + az wxm(xat) + as g(l’,t) =0.

Let me remind you that experiment #3 guaranteed
identification (see part 1). However, now having fixed t=t;
we get

g(z,t;) = sin(z) sin(t;),

g¢(x,t;) = sin(x) cos(t;),

31=13; j2=15;
wi=w; wi_t=w_t;
while 1, Iteration=Iteration+l

for j=j1:3j2,

G (2, ;) = —sin(x) sin(t;).

It is evident that now gi(x,t;) and gu.(x,t;) are
linearly dependent and experiment #3 does not guarantee
identification.  Therefore, we will make a program for
experiment #4 in which

g(z,t) = sin(zx) sin(t) + 0.8,

and then

gt(x,t;) = sin(x) cos(t;) + 0.8,

Gzz(Z,15) = —sin(x) sin(t;).

Now ¢;(x,t;) and g,.(x,t;) are linear independent and
experiment #4 guarantees identification.

Simulation of the object measurements, as before, occupies
the beginning of the program. The full text of the program is
given in the appendix, hereinafter we will consider only the
main aspects.

Step 0 : Select initial LSModels (1) and auxiliary LSModels
with residual (8) and obtain the initial observation data.

The algorithm proposed in the analytical example was based
on the fact that wy(x,t;) and w4 (x;,t) are constants, what
simplified all calculations, but is incorrect in the general case.

Therefore, as before, we will calculate w,(x, t;) according
to formulas of central difference derivatives at every step of the
outer loop of iterations 7 :

wi (2, ;)= (w (@, 1) —w (@, ;1)) /(tj1—tj-1)

and the initial LSModel will be as follows:

3
SN a0 @ ) = e(aty),

k=1 s=1
here il
fi=w (@, t;), a11=0, a12=0, aiz=ay;
fo=wl(z, 1), asi=as, a0=0, a=0;
f3=g(x,t;), a31=0, a32=0, asz3=as.

In this example, we fixed ¢; in order to calculate the
first derivative w,(x, t;), and not the second wg,(x;,t) when
fixing x;.

The outer loop of iterations begins with the operators

% 69
% 70
s 71
% 72

000000000000
$29999999000 73

3 74

Operators % 69 specify the interval [t;, , ¢;,] over which further calculations will be performed.

Operators $ 71 set initial values for
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wﬁumj): wi=w; and wykzj): wi_t=w_t;
The outer loop of iterations ends with the operators

end; %$for tj
it = input ('Continue? Y/N [Y]: ', ’'s’');

end;
break;

if isempty (it), it='Y’";
if it=='n’ || it=='N’, end;
if jJ2-j1>1 && jl>=1 && j2<=st ,

for 3 = jl+1 j2-1,

for i = 1 : sx,
wi_t(i,3)=(wi(i,J+1)-wi(i,J-1))...
/(E(3+1) -t (3-1));

end;
end;
Jl1=91+1;
else
disp (’Continuation
break;

end;

j2=32-1;

is not possible.’);

end $for Iteration

After the interval [t;,,¢;,] (operator $161) is exhausted,
a question is asked whether to continue the outer loop of
iterations and, if the answer is positive, new values w;(z, tj)
(operators $1 68-173) are calculated and the interval narrows
by one on both sides (operators $174), as the derivative is

for i=1:2;
and ends with the operator

end; %for i

calculated on a reduced interval. If the interval [¢;,,¢;,] is not
sufficient (operator $167), a message is displayed (operator
%$176) and calculations are terminated (operator $177).

In the inner loop of iterations, which begins with the
operator

two internal iterations of the algorithm, which we discuss throughout the article, are performed.
Iterative algorithm of identification of order, parameters and state estimation:
Step 1: Solve Cauchy problems for the calculation of the matrices ®(x,t;) (6) and Ry (x,t;) (7) on the observation

interval [z, ¢;], begins with comments

o° o°

% Step 1
% CAUCHY PROBLEMS

and contains operators necessary to solve all Cauchy Problems,
except the Cauchy Problem for the matrix ®(z, t;), which does
not depend on iterable variables and is solved in zero iteration
once (operators $ 61-63).

To solve the Cauchy Problems, M-function ode45 is taken
as the most universal, although the choice must be made in
accordance with the peculiarity of the problem being solved.
To use it, you need a separate file named, for example,

function[dR]=0YuK_R2 (xr, R)
global x J wi C

dR = C+xR + [ 0; 0;
end

spline (x,wi(:,3),xr) 1;

o° o

80
81
OYuK_R2 (to calculate the matrix Rp(z)) containing M-
function, which is also called OYuK_R2, and calculates the
derivative d/dx Ra(x) of the Cauchy Problem being solved.
To calculate derivatives of the matrices Ry (x,t;) cubic
spline approximation (M-function spline) is used, what makes
it possible to work with a given opt accuracy and with uneven
readings of measured signals, that spring up, in particular,
when anomalous measurements are removed (see part 1).

o oo oP

SN
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The necessary information is passed to the functions via
shared variables global. The matrix C also sets the order
of the auxiliary model.

The Cauchy Problems are solved for the third columns,
for example, R2_3 of the matrix Ry(x,t;). M-function

[xR2,R2_3]=0ded45 (@OYUK_R2,x, [0;0;0],0pt) ;
R2_3=R2_3";
R2_2=C*R2_3; R2_1=C«R2_2;

Other necessary Cauchy Problems are solved in a similar
way.

Step 2 : Solve the problem of identification via the auxiliary
LSModel with residual (8), begins with comments

%% Step 2

and contains three ways to calculate initial conditions and
parameters. Every method ends with the display of solutions
and singular numbers. By this I want to draw your attention to
the need for a singular analysis. The use of the auxiliary model
is just the beginning, because the general solution according
to the initial model and the general solution according to the
auxiliary model coincide. The choice of an unambiguous
correct solution occurs at this step and here you need to use
everything that was written earlier.

%% PROJECTION on the FR—guarantors
[Qpr, Tprl=...

gr ([Phi R4_3(1,:)”
Ppr=Qpr’ * [Phi R];
[Upr, Spr,Vpr]=svd (Ppr(1:5,:),0);
z0a_pr=-Vpr(:,6)’ /Vpr (6, 6)
singular_value_pr=diag(Spr)’

oo
i)

R3_1(1,:)"1);

o
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ode45 returns an array of dimension sxx3, and for further
calculations 3xsx is needed. Therefore, the result is
transposed Phi_3=Phi_ 3’ and then the previous columns of
the matrix ®(z) are calculated by multiplying by the matrix C:

o0 o o
o O
~ o U

We have already discussed two methods: SVD and
MIXED LS & TLS, but, as you understand, it is both
possible and necessary to apply many others.

Below we’ll discuss PROJECTION on the FR-GUARANTORS

method.

n part 1 of this article, the method of projection onto the
hyperplane of guarantors was presented. In it, the elements of
the model were projected onto the span of guarantors.

Now the auxiliary model includes elements of the first
row ¢1 of the matrix & and F'R-transformed elements of the
initial model 1, 1, =F R( ,gs_s)), and, therefore the projection
should be carried out onto the span of the first row of the matrix
® and F R-transformed guarantors (span{@is, 7k 15 })-

This is how calculations using this method look in the
program:

%116
%117
%118
%119
%120
%121
%122
%123

Step2 ends with the choice of a method whose calculated initial conditions and parameters will participate in further

calculations:
%% CHOICE OF METHOD

Oa=z0a_svd; disp(’SVD’);
0a=z0a_mix; disp('MIXED LS & TLS');
a=z0a_pr; disp ('PROJECTION') ;

N o° o°
O N N

o\
o

The choice is made in the program by removing the $ note sign. The current selection is displayed on the screen.

%124
%125
%126
%127
%128

The

PROJECTION on the FR-GUARANTORS method is chosen here.
Step 3: Calculate z(z) (5), d/dx z(x) (3), begins with comment

%% Step 3

and contains operators for calculation of z(z)
z0=z0a(1:3); a=z0a(4:6);
z=Phi_1%xz0(1)+Phi_2%z0(2)+Phi_3%xz0(3) ...
+R1_3*a(l) +R2_1%a(2) +R3_3*a(3);

and d/dz z(x)

%129

%130
%131
%132
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dz=Cxz;

dz (1, :)=dz (1, :)+a(2)*xwi(:,3)";
dz (3, :)=dz(3,:) ...
+a(l)~wi_t(:,3) " +a(3)*g(:,3)";

Let me remind that
Z1 ($, tj) = e(x, tj),
zo(x,t;) = 24 (x,

T

z3(x,t5) = 257

tj) — Clzl(m,t]’) — agw[i](z,tj),
,tj) — CQZl(Z,t]').

%139
%140
%141
%142

and assuming that e(z, t;)=0, then its derivative e(*) (z, tj):zgl) (z,t;)~0 too, and hence

wil(z,t))=—20(2, 1)) /as,  wi(@,t;)=—2s(2,1;)/as,

wih (@, t))=—Lz5(2, t;) /as.
In the program it looks like this

wi(:,3)=-2(2,:)"/a(2);
wi_x(:,3)=-2(3,:)"/al(2);
wi_xx(:,3)=-dz(3,:)"/a(2);

%136
%137
%143

To check the assumptions about the smallness of e(z, t;), the program calculates the T-norm of z; (, ¢;)

zlmax=max (abs (z (1, :)))

Next, plots of the calculated model states are displayed on
the screen (operators $145-158) and the internal iteration is
repeated one more time.

In practice, of course, the need for repetition should
proceed from the convergence of the algorithm, which can be
controlled by T-norm of the residual, or other considerations
based on the specifics of the identification problem.

The proposed auxiliary model assumes that the order of the
differential equation of the initial model is unknown, but is
limited by the value S. The class of models (1) is very wide,

%134

so the convergence of the identification algorithm cannot be
guaranteed.

Hereinafter I want to consider another auxiliary model,
for fixed-order equations S, which leads to a simple
iteration wli =W (wll),

3. Auxiliary Linear Structure Model 2

Let’s consider the following Linear Structure Model [15]

S S S K& (S—s)
w0+ apsw ™™ 1)+ Zlaksfk (t,w, g)=0,
s k=1s=

w(t) = w(t) + Aw(t),

=1

where
— ays are LSModel parameters;

- fr(t,w, g) are LSModel elements, depending on input g=g(t), output w=w(t) and on independent variable ¢ (t<t);

S—s
R

—w(t) output measurements w(t);
—t is an observation interval.

t,w, g) are (S—s)-derivatives of function f (¢, w, g) with respect to ¢;

Let’s introduce a state vector z(t) with the following components:

z1(t)=w(t)
)

K
2l)=4"(t) — awwl) — 3 anfiltwg).
. k=1
: o K
zg(t)=2g,(t) — aos—1w(t) — > ars—1fr(t,w,g).
k=1
Then it’s possible to write the initial model as where
d K agp1 10 --- 0
() = Az(t) + > arfr(t,w,g), a2 0 1 -+ 0 ar
h=1 A= , AR =
GO’S_l 0 0 1 ars

aos 00 --- 0
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Having added ¢z (t)—cw(t)=0, e¢=]c;...cs]" to the left
side of the equation and denoted w(t)=fy(t) we get the
following auxiliary LSModel in vector form:

K
d - i
ﬁz( )=Cz(t)+ Y _ax - fult,wl’, g),
where
C1 1 0 0
Co 0 1 0
C=1: : : )
cs—1 0 0 --- 1
cs 0O 0 --- 0

c¢=|cy...cg| are free auxiliary LSModel parameters;

Gr=lay1...ars] are auxiliary LSModel parameters;

wll(t) is the ith estimation of w(t) and the primary
measurement of w(t) is wl% (£)=w(t)+Aw(t).

Notice that when c+do=a¢, adr=ar (k=1...K) and
wl’ (#)=w(t) the auxiliary LSModel and the initial LSModel
are equivalent in parameters and state.

As before, let’s write the solution of the Cauchy Problem
via the auxiliary LSModel in vector form (2) with initial
conditions z(O):[z% zg%]/ as the auxiliary LSModel in
matrix form:

K

2(t) = ol1(t) 2(0) + > R () ar,

k=0

where the matrices ®[l(t) and jo] (t) are solutions of the
following Cauchy Problems:

d

01 @) = cell(), ol (0)=k;

iR[Z]( t) =

= 9)E. R (0)=0;

CRI(t) + fio(t, w!?,
where F is an identity matrix.

All matrixes have (Sx.S)-dimension and all vectors have
S-dimension.

Let’s introduce two auxiliary LSModels: with the residual

e[f] (t) and with the basic model element w!’(¢):

ell(t)

s K S

2GR0 20 303 rihe(t) e = wl(e) +
s=1 k=0 s=1

and with the residual e[gi] (t) and with the basic model

element w(t):

= @(t) + eb (¢),

ngm zg0+z r,[jlls Yatks

k=0 s=1

where ¢[1il (t) are elements of the first row of the matrix ®%(¢),

TL]M (t) are elements of the first rows of the matrices Rg] (t).

The first auxiliary LSModel with residual is equivalent to

21(8) = wll(8) + el (8),

and now, minimizing e[ g (t) as aresidual, we are going to move
21(t) to wll(t) in the ﬁrst model.
The second auxiliary LSModel with residual is equivalent to
z1(t)

= @(t) + ey (¢),
7]

and minimizing e;" (¢) as a residual and taking

wi () = 27)

for the next iteration we will get

wl () = (1) + €5 (1),

or

) = —Aw(t)

in the second model.

Thus, the uncertainty in the LSModel became a residual in
the auxiliary LSModel.

Let’s take w!% (¢):=10(t), cl¥:=¢.

Let’s solve the corresponding Cauchy Problems and obtain
matrices ®[(t) and R,[j] (t).

Let’s solve the Identification Problem via one of auxiliary
LSModels with residual and find zgg and ag]s.

Let’s substitute the found matrices and parameters into the
right part of solution of the Cauchy Problem of the auxiliary
LSModel in matrix form and let’s define the value 2[%(t) as
follows:

21 (2):=®l(t) 210 +ZR’]
and calculate
iz[i](t): 1l () + ka P 9) am
dt v k

k=0

from the equation of the auxiliary LSModel in vector form.
Then for the next iteration let’s take

wlit ()= 2 ).

To assess the convergence of the identification process, the
t-norm of the residual

! @)1= max [w (1) — wl(p))
tet
may be used and may be calculated
Awl (t):= o (t) — wlil(t).
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We may change the value of the matrix Ci*1] by taking,
for example cli+U=al’ and we may not change C¥!, what is
more practical from the point of view of solution of Cauchy
Problems for the matrices ®%l(#) and Rg] (t).

Oleg Yu. Kopysov: Identification of Physical Dynamical Processes Via Linear Structure Models (Part 2)

3.1. Example of Nonlinear LSModel

Let’s consider a nonlinear model from part 1:

1w (Z,t) + awey (T,t) + azw(z,t)... + B (wz(mvt))2 + B2 g(z,t) = 0.

Let’s fix t=t;, then the initial LSModel will be as follows:

wm(a:,tj) + ap2 w(ﬁ,t]’)... “+ a9 wt(x,tj) + a99 wi(x,tj) + as2 g(.’l),tj) =0,

here

age=a3 /g, a12=ay/as, azn=p1/az, azz=P/az,
the others ajs=0.

The state vector z(z, ¢;) has the following components:

Zl(ﬂ?,tj) = w(m7tj)7

z(x,t;) = 2V (2, 1)) — ao w(z, t;) = we(2,t;),

because ag;=0.
The auxiliary LSModel in vector form will be as follows:

C1

d
%z(m’ tj) - {62

ao2

(1)} z(z,t;) + {C}Ol] w(x,t;) ... + {&O

12} wi(x, t;) + {&22] w(x,t;) + {

here Gg1=—c; (because ag1=0), Gga=ag2—Cz2, G12=012, A2=022, A32=032 .

Step 0:
Let’s take w!% (z, t;):=10(z, t;).

[0]

Let’s calculate w; 8

(x,t;) and wy

(x,t;) according to formulas of central-difference derivatives:

wEO] (ZL’Z'7 tj)IZ(’UNJ(IEZ‘, tj+1)—’Lz}(.’Ei7 tjfl))/(tijl—tj,l), wg[EO] (1'7;, tj)::(zl)(xi+1, tj)—w(xi,h tj))/(xi%»l_xifl)

Let’s solve the Cauchy Problem:

dx | p22(x)

C2 0

and calculate

11 (z) —_|a
L $21(z) | C2
Step 1:

Let’s solve the Cauchy Problem:

d [7*0712(:1:)}

% 7“0,22(11?)

and calculate

ron(z) | _ fa
roo1(x) | | e
and the Cauchy Problem:

d |:7"1’12(1'):|

% 7“1,22(-’17)

and the Cauchy Problem:

) ). (58

o o] e+

[ ) [ra]

$22(0) | ~ {(1)] ;

) [0

[w[ﬂ((;,w] ’ [:EZZESH - [3} ;
o) [romte)]

ey 250 -
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1
0

C1
C2

4
dx

and the Cauchy Problem:

4
dx

Tz,lz(m)}

72,22(Z)

|
-

I
I

72,22()

1
0

7’3,12(-’1?)
7“3.,22(93)

7’3,12(-’11)
73,22 (-’L')

C1
C2

7’2,12(93)] n

34

[(M(E,m){’ {

|\

0

[ Lomn | [

| 73,22(0)

|=ls]

I’d like to note that all Cauchy Problems are linear with constant coefficients, despite the fact that the equation of the initial

model is nonlinear.

In particular, this circumstance makes it possible to solve analytical examples very easily, even for nonlinear models.

Step 2:

Let’s solve the Identification Problem via one of auxiliary LSModels with residual and find z

(&)

11 (x) Z% + ¢12(x) 250 —To11

or

(.’L') c1— ’/‘0,12(1‘) ca...+ To,lg(.'l,‘)

Li] and ag}s:

aly +7110(2) ab} 7o 1a(@) Al 4 3 12(@) al) = Wl (z, t)

¢11(.’17) Z%% + ¢12(z) Zgg — 7‘0’11(1) C1 — 7‘(]712(.’17) Cc... + 7’()712(.’15) G,[Og + 7’1712(.’15) G,[lg + 7’2712(.’15) a[;% —+ 7"3’12(2) agg = ’LT)({L‘7 t]').

Step 3:
Now we can calculate

i b R ] E R S < P e S
e [l [ ol

elit1] (z):= zg"] (m)_w[i] (x,t;), He[z‘+1] (@)|]¢:= f?g} |e[z‘+1] ()]
and can take

wli+]

wl (z,t;):=

Goto Step 1.

The reader is invited to perform the calculation of the
analytical example and create a program independently. And
the main thing is to check the program and theory for a
complete match. I warn you right away that most likely there
will be errors both in the theoretical part and in the program.
But a match will mean that the program is ready for use.

I hope that I have corrected my mistakes. If you find any,
would you, please, take the trouble to write to the mail. I will
be pleased that you have read my article carefully.

4. Conclusion

The auxiliary model method itself is analytical, but its
software implementation has a lot of options that depend on:
1. measurement filtering method (matrix C' and S model
order);
2. method of solving the Cauchy Problem;
3. approximation method and measurement frequency;

el (@):= 2 (@) —wld (z, t)), ||e

[i+1]

[i+1]

(z)

(@)||¢:= max e
TET

(@, ;)= 22 (@), Awl (@, t,):= (. ;) — wlit (2, t).

4. method for solving the auxiliary problem of parameter
and initial state identification.
All this gives good opportunities to adjust the program to
the conditions of the problem you are facing.

In this part of the article examples are given in which only
the problems of organizing calculations using the auxiliary
model method are discussed. But do not forget about the
problems described in two previous parts of the article, which
have now become the problem of identification of the auxiliary
LSModel parameters.

Abbreviations

LSModel
LSModels
M-function

Linear Structure Model
Linear Structure Model Class
MATLAB function
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Appendix: MATLAB Program

These program files were transferred to the article by copying from the MATLAB editor. You can copy each file back to the
MATLAB editor without changing anything. The line numbers on the right are comments of the MATLAB language and do not
affect the operation of the program. After copying to the MATLAB editor, you will see the line numbers on the left, they must
match the numbers on the right. Next, you need to save the file with the appropriate name.

File OYuK (main program)

clear; clf; format short e $ 1
opt=odeset ('RelTol’, 27 (-24)); e 2
s 3

global x t j wiwi_t g g_t C 3 4
$ 5

%% HEAT EQUATION %% 6
%% 0.8 w_t(x,t) - 0.6 w_xx(x,t) = g(x,t) $% 7
% 8

Experiment=4 55555555555 %%555%5%5%5%%%5%5%%5%5%%% 9
hx=2"(-3); x1=0; xf=6; % 10
ht=2"(-2); tl=-1xht; tf=6+ht; % 11
% 12

=(x1:hx:xf); sx=size(x,2); e 13

=(tl:ht:tf); st=size(t,2); s 14

% 15

gO0=zeros (sx,st); g0_t=zeros (sx,st); % 16
wO=zeros (sx, st) ; wO_t=zeros (sx,st); s 17
w0_x=zeros (sx,st); wlO_xx=zeros(sx,st); $ 18
FO=zeros (sx*st, 3); % 19
m=0; teta=-atan(4/3) s 20
for i=1l:sx, for j=l:st, s 21
g0 (i, j)=sin(x(i))*sin(t (3))-0.8%t (J); % 22
g0_t (i, J)=sin(x(i))*cos(t(j))-0.8; 3 23
w0 (i, J)=sin(x (1)) *sin(t (J)+teta)-t(j)"2/2; % 24
wO_t (i, 3j)=sin(x(i))*cos(t(j)+teta)-t(3J); s 25
wO_x (i, J)=cos(x(i))*sin(t (Jj)+teta); % 26
w0_xx (i, jJ)=-sin(x (1)) *sin(t (J)+teta); o 27
m=m+1; ¢ 28
FO(m, :)=[wO_t (i,3J) wO_xx(i,3) g0(i,3)1; % 29
end; end; s 30
% 31

[U0,S0,V0]=svd(F0,0); a0=-Vvo0 ( ) /VO0(3,3); % 32
% 33

deviation=0.01 s 34
w=wO+deviationxrandn ([sx,st]); 2 35
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g=90;

g0=g0(:,2:st-1); g0_t=g0_t(:,2:st-1);
wO=w0 (:,2:st-1); wO_t=wO_t (:,2:st-1);
wO_x =wO_x(:,2:8t-1);
wO_xx=wl_xx(:,2:st-1);

Iteration=0;
w_t=zeros((sx), (st-2));

g_t=zeros((sx), (st-2));
for i=1:sx, for j=2:st-1,

w_t (i, 3-1)=(w(i, 3+1)-w(i,J-1))...
/(e (3+1) -t (3-1));
g_t(i,3-1)=(g(i,J+1)-g(i,3-1)) ...
/(e (3+1) -t (3-1));

end; end;

t=t (2:st-1);
g=g(:,2:st-1); w=w(:,2:st-1);
st=st-2;

cl=-1; c2=-2"2; c¢3=0;
C=[ cl 1 0; c2 0 1; ¢c3 00 ];

[xP,Phi_3]=0ded45 (QOYuK_Phi,x, [0;0;1],0pt);
Phi_3=Phi_3’;

Phi_2=C*Phi_3; Phi_1=C*Phi_2;
Phi=[Phi_1(1,:)’ Phi_2(1,:)" Phi_3(1,:)"1;

wi_x =zeros(sx,st);
wi_xx=zeros(sx,st);

J1=13; j2=15;
wi=w; wi_t=w_t;

while 1, Iteration=Iteration+l
for j=7j1:3j2,

fprintf (f $s%d%s%1.3f\n’, "t (', 3,')=",t(3));
for i=1:2;

%% Step 1

%% CAUCHY PROBLEMS

[xR1,R1_3]=0ded5 (@OYuK_R1,x,[0;0;0],0pt);
R1_3=R1_3’;

[xR2,R2_3]=0ded45 (@OYuK_R2,x, [0;0;0]1,0pt) ;
R2_3=R2_3';
R2_2=C*R2_3; R2_1=CxR2_2;

[xR3,R3_3]=0de45 (@OYuK_R3,x, [0;0;0],0pt) ;
R3_3=R3_3";
R3_2=C*R3_3; R3_1=C*R3_2;

o o0 o° o° o° o° o

oe

N 0 O A A A N N A A A AN A AN N A A N N A A O N A N o o o° o

oe

o° o o o°

oe

o o0 A O A A0 O O A A o° o o o
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[xR4,R4_3]=0ded45 (@OYuK_R4,x, [0;0;0]1,0pt) ;

R4_3=R4_3';
R=[R1_3(1,:)" R2_1(1,:)" R3_3(1,:)" 1;

if 1, clf; plot([Phi R]); pause(2); end;

o\

% Step 2

SVD

Ux,Sx,Vx]=svd([Phi R],0);
Oa_svd=-Vx(:,6)’/Vx(6,6)
ingular_value=diag(Sx)’

W N — o°
o\

o\
o\

o

MIXED LS & TLS

Q,Tl=qr ([Phi R3_3(1,:)"1);
1=T(1:4,1:4)"(-1);

P=Q’*[R1_3(1,:)" R2_1(1,:)"1;

[Up, Sp,Vpl=svd(P(5:st,:),0);
b=-T1xP (1:4, :)*Vp(:,2);

z0a_mix=[b (1) b(2) b(3) Vp(:,2)" b4)]’;
z0a_mix=-z0a_mix’ /z0a_mix (6)
singular_value_mix=diag(Sp)"’

H — o°

%% PROJECTION on the FR-guarantors
[Qpr, Tprl=...

gr ([Phi R4_3(1,:)" R3_1(1,:)"1);
Ppr=Qpr’ * [Phi R];

[Upr, Spr,Vpr]=svd (Ppr(1:5,:),0);
z0a_pr=-Vpr(:,6)’ /Vpr(6,6)
singular_value_pr=diag (Spr)’

% CHOICE OF METHOD

z0a=z0a_svd; disp(’SVD’);
%$z0a=z0a_mix; disp('MIXED LS & TLS’);
Oa=z0a_pr; disp (' PROJECTION’) ;

%% Step 3

z0=z0a(1:3); a=z0a(4:06);

z=Phi 1%z0(1)+Phi 2%xz0(2)+Phi_ 3%xz0(3)...
+R1_3%a(l) +R2_1%a(2) +R3_3*a(3);

zlmax=max (abs (z (1, :)))

wi(:,3)=-2(2,:)"/a(2);
wi_x(:,3)=-2(3,:)"/a(2);

dz=Cx*z;

dz (1, :)=dz (1, :)+a(2)*wi(:,3)";
dz (3, :)=dz(3,:)...
+a(l)*wi_t(:, )" +a(3)*g(:,3)";
wi_xx(:,3)=-dz(3,:)"/a(2);

clf; xtj=[' (x,’,num2str(t (3),3),")"1;
subplot (221);
plot(x,wi(:,3),"r’,’LineWidth’,2);
title (["{\bfw " {[1]}}" xt] 1);

subplot (222) ;
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plot(x,wi_t(:,3),’c’,’LineWidth’,2); %150
title ([ {\bfw_t " {[1i]1}}" xtj 1); %151
subplot (223); %152
plot (x,wi_x(:,73),’'m’,’Linewidth’,2); %153
title ([ {\bfw {[1]}_x}" xtj 1); %154
subplot (224); %155
plot(x,wi_xx(:,73),’b’,"LineWidth’, 2); %156
title ([ {\bfw ™ {[1]}_{xx}}" xtJ 1); %157
pause (3) ; %158
%159
end; %$for i 55555555555 %%%5%5%%5%5%%%%%%%%%160
end; %$for tj $161
%162
it = input (’Continue? Y/N [Y]: ', ’'s’); %163
if isempty(it), it='Y’; end; %164
if it=='n’ || it=='N’, break; end; $165
%166
if J2-31>1 && jl>=1 && j2<=st , %167
for j = J1+41 : j2-1, %168
for i = 1 : sx, %169
wi_t (i, J)=(wi(i,J+1)-wi(i,J-1))... %170
/(£ (3+1) -t (3-1)) ; $171
end; $172
end; $173
J1=314+1; Jj2=j2-1; %174
else %175
disp (’Continuation is not possible.’); %176
break; $177
end; %178
end %$for Iteration 5555555 5%5%5%5%5%5%5%5%5%5%5%%%%179
File OYuK_Phi for calculation of the 3rd column of ®(z,t;)
function[dPhi]=0YuK_Phi (x_p,Phi) %1
global C %2
dPhi = C«Phi; %3
end 5555555555555 %5%55%5%5%555%5%5%5%5%5%5%55%5%5%5%5%%%4
File OYuK R1 for calculation of the 3rd column of R (x,t;)
function[dR]=0YuK_RI1 (xr, R) $1
global x J wi_t C %2
dR = CxR + [ 0; 0; spline(x,wi_t(:,73),xr) 1; %3
end 555555555 55%5555555%5%5%5555%5%5%5%5%5%55%5%5%5%5%%%4

File OYuK R2 for calculation of the 3rd column of Ry (x,t;)

function[dR]=0YuK_R2 (xr, R) $1
global x J wi C %2
dR = C+R + [ 0; 0; spline(x,wi(:,J),xxr) 1; %3
0 0000000000000000000000000000000000000000
end 5555555555555 %55%5%%55%%%55%5%5%%5%5%5%%%5%5%5%%%5%4
File OYuK R3 for calculation of the 3rd column of R3(x,t;)
function[dR]=0YuK_R3 (xr, R) $1
global x j g C %2
dR = C+R + [ 0; 0; spline(x,g9(:,3),xx) 1; %3
0 0000000000000000000000000000000000000000
end 555555555555 %55%5%%555%%%555%%%55%5%%%55%5%%%%4
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File OYuK R4 for calculation of the 3rd column of Ry(z,t;)

function[dR]=0YuK_R4 (xr, R)
global x Jj g_t C

dR = CxR + [ 0; 0; spline(x,g_t(:,73),xxr) 1;
end
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