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Chapter 1

Introduction

Orthogonal functions are used in many different fields thanks to their properties suit-
able for finite precision computation. In this thesis, we will introduce the methods
for continuous-time dynamical system identification and signal compression with the
use of the generalized Laguerre functions. In the second chapter, we will show the
definitions and basic properties of the generalized Laguerre polynomials and functions.
The third chapter is devoted to the proposed method for system identification with
the generalized Laguerre functions. After some motivational examples of continuous-
time approach the least squares method for continuous-time identification will be
described. Then the method for system identification with the Laguerre functions will
be introduced. The proposed method was presented in [1, 2, 3] and in the upcoming
publication from the conference ICNAAM 2016 “Continuous Time Models Identifica-
tion with Laguerre Functions”, which will be published in 2017. In the fourth chapter
the question of the optimal choice of the generalization parameter « and the time-scale
parameter p will be studied. It will be shown that increasing the value of time scale
parameter p results in faster convergence to zero and increasing the value of a re-
sults in a more slowly starting weight function under which the generalized Laguerre
polynomials are developed. In the fifth chapter we will take a look on the model
reduction of the large-scale identified systems. The described identification method
often produces systems with orders much higher than those of the original systems.
We have to reduce the order of the model. In the sixth chapter the proposed identi-
fication method and the least squares method will be compared on the examples of
the system identification. Seventh chapter will deal with the signal compression using
the discrete cosine transform and discrete Laguerre transform. The basic definitions
will be shown and the described transforms will be compared on the examples of the
signal compression. The generalized discrete Laguerre transform will be proposed and



compared with standard discrete Laguerre transform and discrete cosine transform.
The work from seventh chapter was presented in [4, 5]. The contribution of this thesis
is the introduction of the generalized Laguerre functions into the systems and signals
modeling field. The usage of the generalized Laguerre function instead of the simple
Laguerre functions in these fields and searching for the optimal parameters a and
p is quite a new topic. There are some articles, mostly in the field of theoretical
mathematics, which deal with the generalized Laguerre functions, but these functions
definitely deserve more attention in the practical applications.

In the next chapter we will start with the basic definitions of generalized Laguerre
polynomials and functions.



Chapter 2

Laguerre functions and their
applications

2.1 Laguerre polynomials and functions

Historically, the Laguerre polynomials were introduced by Edmond Laguerre as poly-
nomial solutions of the Laguerre differential equation in 1879 [6]; since then, they
have been widely applied on various problems in mathematics, physics, and electrical
engineering.

In the following, some basic definitions will be presented. The generalized Laguerre
polynomials 1\ (t) are the solution of the differential equation

ty' +(a+1—-t)y +ny=0, necNyac (—1,00). (2.1)

For o = 0 the generalized Laguerre polynomials are often called simple Laguerre
polynomials in the literature. The above differential equation (2.1) can be converted
into the Sturm-Liouville form by multiplying t®e~*

d

dt
Thus, the extensive theory concerning the Sturm-Liouville systems (see [7]) can be
used for analyzing the properties of the solutions of the above equation, i.e., the
generalized Laguerre polynomials.
One of the most important properties of the orthogonal polynomials is that they
satisfy the 3-term recurrence relation; the generalized Laguerre polynomials then sat-
isfy the following formulas:

(n+ DI 01) = 2n+1+a — I () — (n+ )l (1), (2.3)

(to+e™ty) = ntvety. (2.2)
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@) =l (1) = (n+ o)\ (1). (2.4)

n

The above-shown relations are very important for practical computation.
Further, relevant literature refers to the simple Laguerre polynomials; these can
be obtained simply by putting o = 0:

L(t) =19 (). (2.5)

( )The orthonormalized Laguerre polynomials are denoted as the Laguerre functions
Ly (t):

Fn+1) _
L) = | =——————e /2221 (3, 2.6
D0 =\ oy ) (2.6
The special case for a« =0 is

LO) = e 310(1). (2.7)

These functions are often called the simple Laguerre functions (SLF).
The time-scale parameter p can be introduced into the definition of the Laguerre
polynomials and functions, see [§]

t—oz€2pt dr B o
19(t,p) = 12(2pt) = o %(6 e, (2.8)
L (t,p) = me PH(2pt)*PIE (¢, p). (2.9)

The choice of the time-scale parameter p and the generalization parameter « is
crucial for the quality of the approximation of the system with the finite series of the
Laguerre functions, this problem will be discussed below.



Chapter 3

The generalized Laguerre functions
for continuous-time system
identification

3.1 Identification of continuous-time system from
sampled data

Let us assume a continuous time linear dynamical system described by the linear
differential equation with constant coefficients. Let u(t) be the input signal and y(¢)
the output signal.

A(p)y(t) = B(p)u(t) + e(t), (3.1)
y(t) = F(p)u(t) +&£(t), &(t) = A(lp)e(t), (3.2)
Fie)= iég - bozf’:n:a?;imz ++ jaim’ =m (3:3)
p is the time-domain differentiation operator, i.e
pe(t) = 2. (3.4)

and the additive terms e(t), £(t) represents the noise.

Given this description, the identification problem is to determine a suitable model
structure for (3.2) and then estimate the parameters that characterize this structure,
based on the sampled input and output data ZV = {u(ty), y(tx) }2_,.



3.2 Description of the GLF method

The history of using the Laguerre orthonormal functions in system modeling and iden-
tification since their introduction in [9, 10] and [11] is rather long, with many papers
documenting the differing theoretical approaches. In [12] the Laguerre functions were
applied for the identification of the finite expansion of the transfer function. The ap-
proach in [12] was further developed in [13] with the use of the Kautz functions and in
[14] with the generalized orthonormal basis functions. In [15] it was proved that nth
order transfer function can be expanded into the ratio of two linear combinations of
n Laguerre functions and the coefficients of these combinations were identified. This
was an alternative approach to the transfer function approximated by a finite sum of
orthonormal basis functions in [12], [13] and [14]. In [16] the signal transformation
using finitely-supported filter kernels generated from Laguerre basis functions was pro-
posed in order to avoid the calculation with infinite integral during the expansion of
observation signals with Laguerre basis functions. In this section we will present new
method for identification of the dynamical systems based on the transform of their
inputs and outputs instead of the expansion of the transfer functions. The inputs and
outputs will be expanded into the generalized Laguerre functions basis.

Let us assume that the input and output signals are square-integrable in the

Lebesgue sense, i.e.,
u(t),y(t) € L0, 00). (3.5)

Thus, we can expand the input and output signals into the generalized Laguerre
function series L (¢, p)

2pI'(n+1)

L&(t,p) =

e P (2pt)* I (t, p), (3.6)

with the time-scale parameter p and the generalization parameter «

ult) = 3" Ul p) L 1, 57)
y(t) =Y Yi(as, pa) LE2 (8, pa). (3.8)

The generalized Laguerre functions are orthonormal in the [0, 00), and therefore
the coeflicients U, (a1, p1), Ya(ae, p2) can be expressed as

Un(oq,p1) = /000 z(t) L (t, py)dt, (3.9)
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Yo (ag,pe) = /000 y(t) L) (t, po)dt. (3.10)

For the Laplace images of the input and output of the system (3.2), we have the
equation

L0} = 507l (3.11)

where £ is the symbol of the Laplace transform. Additional computation then yields

S

ZY 0427292)5{[1 2) (t p2

n=0

A(s) ZUn a1, P1 ﬁ{L o (t,p1)} (3.12)
n=0

For the Laplace transform of the generalized Laguerre function, we have the iden-
tity

. Py (s)
L{LD(t,p)} = ®(n, a,p)w—nﬂw, (3.13)
®(n,a,p) = /(2p) T (n+ DI(n + a + 1), (3.14)

n

_ mZ:OAgza%z ; (n —Z m> gnm=iyi (3.15)

(=)™2p)"T'(m+ /2 + 1)
m!(n —m)!IT'(m+a+1)
The above expression for the Laplace transform of the generalized Laguerre func-

tions is another form of the identity derived in [17]. By additional editing of the
previously introduced formula (3.12) we obtain

Ale)

n,m

(3.16)

> P (s)
ZYn(OQapQ)CD(n? a27p2)(8+p2)n+1+a2/2 -
B(s) & Pi™(s)
= A(s) nZOUn(@lapl)q)(”a@lapl)(s+p1)n+1+a1/2' (3‘17>



This expression comprises only the powers of s; thus, it is sufficient to equate the
coefficients of the same powers of s in order to get the coefficients of the polynomials
A(s), B(s), namely to obtain the unknown transfer function F(s) as a fraction of two
polynomials from the time progression of the input and output signals.

For practical computation, we can obtain only a finite number of terms Ny, Ny in
the Fourier expansion series for the input and output signals:

Ny
UN, (t) = Z Un(alapl)Lg'Lal)(tapl)a (318)
n=0
N2
N, (1) =D Yol po) L2 (¢, pa). (3.19)
n=0
It is also possible to measure the input and output signals only for the finite time 7"
T
Ul(aq,p1) = / w(t) LY (¢, py)dt, (3.20)
0
T
Vianps) = [ wOLE e pa)i. (321)
0
We can write the above equation (3.17) in the form
N2 (a2)
P (s)
Y, > ~
% n (Oé2>p2) (TL; Oé2ap2) (8 +p2)n+1+a2/2
B(s) S~ g7 P (s)
~ U ) . (3.22
A(S) % n (alapl) (TL, Oélapl) (8 +p1)n+1+a1/2 ( )
After multiplying both sides of the equation by the term
(S +p2)N2+1+a2/2(8 _|_p1)N1+1+oz1/2 (323)

and performing some computation, we obtain the following approximation of the trans-
fer function:

3 (s +p1)N1+1+a1/2
F(s,Ni, Ny, T) =~ (s +p2>N2+1+a2/2*

a2 Vil (2, pa) (1, 0z, o) PA™) (5) (5 + p) ™"
MU (aq, p1)®(n, ag, pr) P (s) (s 4 pr) M

(3.24)
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The following limit holds

lim lim lim F(s, Ny, Ny, T) = F(s). (3.25)

N1—00 Na—00 T—00

The order of the above-approximated system (3.24) is
N = Ny + Ny + 1+ max(ay/2, as/2). (3.26)

The quality of the approximation depends on the numbers of the Laguerre functions
N1, N2 in the truncated expansions of the input and output signals, on the time-scale
parameters pp, po, and on the choice of the generalization parameters a; and «as. The
difference § between the order of the numerator and the denominator in the transfer
function approximation (3.24) is

Gy — g

b= (3.27)

This can lead us to the non-integer transfer function approximation when the difference
a9 — v is not an even integer. In the next chapter we will show how to choose the
optimal parameter a and the time-scale parameter p in the case of approximating the
given signal

x(t) € Ls[0, 00) (3.28)

by the truncated series of the GLF

e (t) =Y Xulo,p)LS(t, p). (3.29)

11



Chapter 4

Optimal parameters for the
truncated GLF expansion

The choice of the optimal parameter a and the time-scale parameter p during the
approximation of the given signal z:(¢) € Ly[0, 00) by the truncated series of the GLF
was studied in [17]. In this section we will present the results that will be used for the
experiments with system identification in the chapter below.

Increasing the value of time-scale parameter p results in faster convergence to zero.
Increasing the value of «v results in a more slowly starting weight function under which
the generalized Laguerre polynomials are developed. In turn, this leads to more slowly
starting generalized Laguerre functions. Thus, with «, the center of energy of these
functions can be shifted in time. Equivalently, a larger value for « results in more
emphasis on the lower frequency components of the functions at the expense of the
higher frequency components.

For functions z(t) € Ly(R™) we have that

(x(t), t2"(t)) = —(x(t), 2 (1)) — (2'(2), t2'(1)). (4.1)

This gives us

a? a+1 p

1
F(a,p) = %m_l — Tmo + éml + 2—pm2, (42)

where the moments m_; to mgy are defined as



my = (z(t),tx(t)), (4.5)
my = (2'(t), t2'(t)). (4.6)

Setting the derivative F'(«, p) with respect to p equal to zero yields a good time-scale
parameter p for a given order of generalization «

a?m_1+dmy

play =Y (4.7)
Setting the derivatives of F'(«, p) with respect to a and p both equal to zero yields one

unique solution for a good time-scale parameter p and good order of generalization a

p= \/ URUE (4.8)

|mim_; —m3|’

a= m712p. (4.9)

The described procedure does not require complete knowledge of z(t), only a few

specific measurements of the function need to be known, and is thus useful in practical

situations with experimental data. According to [17], the obtained time-scale param-

eter p and the order of generalization a are the best that can be found when only the
basic measurements of the function x(t) are available.
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Chapter 5

Model reduction for GLF
approximations

The described approximation method often produces systems with orders much higher
than those of the original systems; we can therefore reduce the order of the model.

The representation of the transfer function (3.3) of the given system can be trans-
formed into state space representation:

_ drzit) = Az (t) + Bu(t),
Z a { y(t) = Cx(t) + Du(t). (5.1)

The equations above can be written in the following simple notation for the SISO LTT

system:

We have to find the approximation 2 of >

> = Hfé p] ero, 53

where K < N. This can be achieved via various methods, see [18, 19]. In this work,
we will use the balanced truncation of the system based on omitting the part of the
system corresponding to the N — K smallest Hankel singular values in the Singular
value decomposition of (5.2). This model reduction scheme is well grounded in theory
and it is commonly used in practical computations. It was introduced in [20, 21] to
the systems and control literature.

14



Chapter 6

Examples of system identification
with GLF

6.1 Experiments with systems generated in Mat-
lab

The MATLAB program was used to enable the practical implementation of the idea
defined above. In the first section we will demonstrate the system identification with
dynamical system which were generated in MATLAB. The input signals for the iden-
tification were chosen as u(t) = e~* = L (£,1/2), u(t) = te~* and u(t) = et cos(t).
In the figures, the step input response of the reduced approximated systems of the
order K with the simple Laguerre functions, with the generalized Laguerre functions
and with LS method with SVF given by L(s) = Wis shown. The n is given by the
order of the original system, A is chosen larger than the guessed bandwidth (half of
the sampling rate f), see [22]. The corresponding relative RMS errors (rRMSE)

RMS(y(t) —y(t))
rRMSE = * 100% 6.1
RMS (D) oY
and graphs of relative approximation errors
y(tr) — 9(te) (6.2)

y(tx)

are displayed, where y(t) is step input response of the original system and g(t) is step
input response of the approximated systems. The optimal parameters o and p are
chosen for the GLF approximation according to the above chapter. The dominant

15



Hankel singular values of the approximated systems of the order N are visualized on
a logarithmic scale. The number of dominant Hankel singular values can help us to
find the order of the original system and to appropriately choose the order K of the
reduced system. In this reduced version of Ph.D. thesis an example of one system is
presented.

16



The 1% system is a first order dynamical system with one real pole:

F(s) !

:53—1—1’

u(t) = e .

Hankel Singular Values

4
Order

(6

Figure 6.1.1: Hankel singular values of the GLF approximation of the 1% system

Step input response

Figure 6.1.2: Step input response and relative

N=7, K=1, rRMSE LS=0.45846%, rRMSE SLF=1.546%, rRMSE GLF=0.34308%
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6.2 Experiments with real-life systems

For the experiments with real life data the universal modules FM2016 for realiza-
tion of physical models of differential equations were made. The universal modules
FM2016 were developed with the help of Czech Science Foundation under the project
16-08549S. Every equation is made from several modules. The universal module de-
sign was made. The parts of differential equations were modeled by plugging different
components into the universal module. The universal module design is shown in the
following figures. The input signals for identification were chosen as u(t) = 10e~%
and u(t) = 10e % cos(t). In the figures, the step input response of the reduced ap-
proximated systems of the order K with the simple Laguerre functions, with the
generalized Laguerre functions and with LS method with SVF. The rRMSE is shown
and the graphs of the approximation error and Hankel singular values for the GLF
approximation are displayed. In this reduced version of Ph.D. thesis an example of
one system is presented.

18



The 10*" system is a second order dynamical system with two real poles:

0.5

Fs) = 01025 + 102675 7 1)

u(t) = 10e . (6.4)

Hankel Singular Values
10 T T T T T T T T

Order

Figure 6.2.1: Hankel singular values of the GLF approximation of the 10" system

N=10, K=2, rRMSE LS=1.2992%, rRMSE SLF=1.71%, rRMSE GLF=1.207% 04 Relative approximation error
’, b —aa—) == == == == - o - o - o
045 ] 0.08} ,
0.41 q 0.06 | 4

0.35F , 0.04} 1
Q
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Figure 6.2.2: Step input response and relative approximation error of the 10*" system
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Chapter 7

DLT for data compression

7.1 Discrete Laguerre and cosine transforms

In this chapter we will give the short introduction of the discrete orthogonal trans-
forms. The comparison between the discrete Laguerre and cosine transforms (DLT,
DCT) when applied on the data compression task will be presented. The impact of
the choice of the optimal generalization parameter a during the discrete Laguerre
transform with GLF basis functions will be presented.

The DCT was introduced in 1974 into electrical engineering literature by N. Ahmed,
T. Natarajan and K.R. Rao in their article [23]. It is the real version of the discrete
Fourier transform. Nowadays DCT and its modifications like the modified discrete
cosine transform are the cores of many algorithms for data compression and signal
processing. For example, DCT is used in the JPG and MP3 algorithms for image and
sound processing. The main idea behind the use of the orthogonal transforms for data
compression is their so-called “energy compaction property”, see [24]. It means that
the most of the information is stored in the first few Fourier coefficients of the Fourier
series for the original data.

A classical method for generating discrete orthogonal transforms is to start with an
orthonormal set of polynomials and then use the Gauss-Jacobi procedure to generate
the transform matrix. Using this procedure one can derive new transforms.

We will present short overview of the discrete orthogonal transforms, see [25] for
more details. The coefficients of the discrete orthogonal transform of the following
vector z € RV*! are defined by the following expression

en =Y [win(te)]z, (7.1)

k=0
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where ¢, (t) is set of orthogonal functions and ¢, are roots of the following equation

dni(te) =0, k=0,1,... N. (7.2)

Coefficients wy, are weights of the Gauss quadrature theory, see [26] for the deriva-
tion of the weights w;. The discrete orthogonal transform can be written in the
following matrix form

¢ = Bz, (7.3)
where
c=[coer ... en]t, (7.4)
z=[22...25]". (7.5)
The matrix B is given by
wodo(to) wido(t1) ... wndo(tn)
B wo¢:1(to) w1¢:1(t1) - IUN¢:1 (tn) (7.6)
wodn(to) widn(ti) ... wnén(tn)

Matrix B can be written as a product of two matrices

B=aTWw, (7.7)

where

P = : A : . (7.8)

¢0(;5N) Qﬁl(.tN) ¢N(.tN)

Matrix W is diagonal matrix with the weights wj in the main diagonal, i.e.

0 wp ... 0
w=1| . ] (7.9)
0 0 WN
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The inverse discrete orthogonal transform is given by the generalized Fourier series of
the following form

N
2= Cnbnlt)- (7.10)
n=0
The above expression can be written in the matrix form
z = Pc. (7.11)

Vectors {¢,(t,)}Y_, form orthogonal basis in RN i.e.

> " Wi (t) Gn(t) = Smn- (7.12)

The above equation can be written in the following matrix form
OB = Iy, (7.13)

with the unity matrix Iy1.

The DCT uses as basis functions ¢, the Chebyshev polynomials. Although there
are many articles about the Laguerre polynomials and functions, the transform simi-
lar to DCT based on the Laguerre orthonormal functions wasn’t introduced till 1995
when the article [26] appeared. In that article the DLT was defined with the help of
Gauss-Laguerre integration in the similar way as the other finite orthonormal trans-
forms. It was suggested, that this transform could lead to the better results in the
data compression tasks than the DCT. It means that the DLT have the same energy
compaction property as the DCT. This will work especially for the vectors, that de-
cay exponentially to zero, i.e., that have the similar behavior as the Laguerre basis
functions.

In [26] the coefficients wy (7.9) were derived for simple Laguerre functions basis
transform, i.e.

wy = — 2+2 L . k=0,1,...,N, (7.14)

an1 L (te, p) LD, (1, p)

where ), are roots of LS\O,ZLl(t, p) and ay are the coefficients of the terms 2%V in LS\O,) (t,p),

aN+2 1
=— . 7.15
AN+1 N—f-? ( )
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The following recurrence equations hold (see (2.3) and (2.4))

2Lyl (,p) = (N + 1LY (t,p) = (N + 1LY (8, p) = (7.16)
= (2pt — N)LY, (£, p) + (N + 2) LY., (t, p). (7.17)

We can consider that ¢ are roots of LE\?)H(ta p), SO

(2pty — N)LY,, (t, p) = 0. (7.18)
It means that /
2pti L) (tp) = (N + 2) LY, 5 (1, ). (7.19)

The above expression (7.14) for the weights wy can be written in the following form

opt
wy, = Dok (7.20)

(N + 2LV (0, 1)

Note that the derived weights wj for DLT are the Gauss-Laguerre weights of the
Gauss-Laguerre quadrature rule, see [27].

We can derive similar formula for generalized Laguerre functions basis. We can
take the definition of the Gauss-Laguerre quadrature weights for generalized Laguerre
polynomials basis (2.8) from [27], i.e.

T(a+ N +2)t
wy = (a J(ra) Dk . (7.21)
(N + DIN + 2)*[[y 5 (p, t)]? (2pty ) *e 2Pt

When we replace the generalized Laguerre polynomials (2.8) by the generalized
Laguerre functions (2.9) in the above equation we can get the sought formula for the
Gauss-Laguerre weights, i.e.

opt
wy = Pl (7.22)

(N +2)(a+ N+ 2)[L, (p, 1)]2

Note that, when
a=0 (7.23)

the above formula reduces to the formula for the simple Laguerre function basis (7.20),
which was derived in [26].

Since 1995 the DLT was used in the modeling only few times. The article [28]
was published in 1995 after the original article about DLT. In [28] there was shown
the application of the DLT to the speech coding. The DLT was compared to DCT
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in the classic speech coding algorithm [29]. It was shown, that it outperforms the
DCT at low bitrates. In 2000 and 2001 the DLT was applied to the digital image
watermarking by M.S.A. Gilani and A.N. Skodras in their articles [30, 31] and [32].
It was shown that the image quality is better with the use of the DLT instead of the
classical approach with the DCT.

In the next section we will show the examples of the data compression with DLT
similar to the examples of the data compression in the article [26]. We will demonstrate
that with the proper choice of the generalization parameter o we can achieve even
better results than in the [26]. We will use DLTopt: DLT based on the generalized
Laguerre functions with the optimal choice of the parameter «, see (4.9) with the
given time-scale parameter p = % The examples of the data compression using DCT,
DLT, DLTopt will be presented.

7.2 Examples of the data compression using DCT
and DLT

Now the following data compression task for z € R¥*! will be presented. Let’s consider
the generalized Fourier series for the vector z, i.e.,

N
z = Z Cn¢n>
n=0

where {c;.} are the Fourier coefficients for some orthonormal basis {¢,,} of R¥*!. Now
consider the truncated expansion for some K < N, i.e.,

K
zZ= Z Crn®n-
n=0

The vector reconstruction 2 is the approximation of the vector z. This move from
the vector z to the vector Z is often called the compression of the vector z or simply
the reduction of the model.

In the following there are the pictures of the vector of length 32 reconstruction for
K = 12,16, 28 using the discrete cosine basis (DCT), simple Laguerre functions basis
(DLT) and generalized Laguerre functions basis (DLTopt) with the optimal choice of
the parameter a. The graphs and tables of the relative compression error (rCE)

zZ — 2’”2

rCE = |
2|2

are shown with K = 12,16, 20, 24, 28. All the experiments were done in MATLAB.

(7.24)
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The 1. vector is sampled exponentially damped sine function. The results for this
vector with DCT and DLT basis were presented in [26], p. 11.

2= e O3 D gin(k+ 1), k=0,1,...
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Figure 7.2.1: Reconstruction

Reconstruction of the original vector
T T

(b) Reconstruction for K = 16

of the 1. vector

Relative compression error

35

0.7 T T T 0.14 T T T T T T T
Original vector — = —DCT basis rCE
0.6} — * — DCT basis reconstruction |4 © - DLTO basis rCE
© - DLTO basis reconstruction 0.121 ~ O DLTopt basis rCE|q
0.5F4 DLTopt basis reconstruction|{
x
4 0.1 N 4
N
N
i N
o~ 0.08[ AN 1
=
N 1 I AN
= N
= 0.06 - X 4
4 ~
~
~
~
) 0.041 S ]
o ~
4 I x
| 0.02- ° ~_ R q
o ~
35 12 14 16 18 20 22 24 26 28
K

(a) Reconstruction for K = 28

(b) Relative compression error
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Chapter 8

Conclusion and future work

In this thesis the generalized Laguerre function were introduced and presented as useful
tool in the identification and modeling field. The idea that the optimal choice of the
time-scale parameter p and the generalization parameter o can bring better results
than the usage of the simple Laguerre functions was presented in the two fields.

The GLF method for identification of continuous-time dynamical systems from
sampled data was introduced in the chapter 3. The method for the optimal choice
of the optimal time-scale parameter p and the generalization parameter a for the
truncated GLF expansion was presented in the chapter 4. The GLF method was
compared with SLF method and least squares SVF method on the continuous-time
dynamical systems. The application of the generalized Laguerre functions in GLF
method with appropriate choice of the parameters o and p can bring better results than
the usage of the simple Laguerre functions in the SLF method and it is comparable
with the traditional least squares SVF method. The number of dominant Hankel
singular values in the GLF approximated system gives the idea of the order of the
identified system. The results of the application of the generalized Laguerre functions
were published in [1, 2, 3].

The introduction of discrete orthogonal transform using the generalized Laguerre
functions was made in the chapter 7 It was shown not only that DLT can outperform
the traditional approach with DCT but also that DLT with optimal choice of the
generalization parameter o DLTopt can bring even better results. The work with
DLT and DLTopt was published in [4, 5].

In the future work we will focus on the more precise choice of the optimal parame-
ters a and p in approximation of the transfer function (3.24) without the substitution
of a by the nearest even number. The substitution of the of the nearest even number is
a must when we want to avoid the non-integer transfer function approximation (3.24).

26



The possible non-integer transfer function approximations with the optimal choice of
parameters a and p will be examined. The fractional order transfer function can be

described by the following formula, see [33]
agDy(t) + a1 Dy (t) + ... + a, D*y(t) = (8.1)
= boDPmu(t) + by DP=1u(t) + ... + by DPou(t), (8.2)
where D7 is fractional derivative

o
DVf(t) =limh Y (~1) (7)f(t — jh). (8.3)

h—0
i=0 J
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Abstract: This thesis deals with the use of the Laguerre functions in system identi-
fication and modeling. After the short introduction the definition of the Laguerre
polynomials and functions is given. The method for system identification of the
continuous-time dynamical systems from discrete sampled data with generalized La-
guerre functions is introduced and compared with the least squares method. The
choice of the optimal parameters p and « for finite Fourier series with generalized La-
guerre functions is discussed. The proposed identification method is compared with
the least squares method on the examples. The discrete Laguerre transform with sim-
ple and generalized Laguerre functions is introduced. The application of the discrete
Laguerre transform on the data compression is shown on the examples. It is pointed
out that the discrete Laguerre transform can give better results than discrete cosine
transform in the task of the data compression.

Keywords: generalized Laguerre function, compression, polynomial, identification,
modeling

Abstrakt: Tato préace se zabyva pouzitim zobecnénych Laguerrovych funkci pro mod-
elovani a identifikaci dynamickych systému. Po kratkém tvodu je uvedena definice
zobecnénych Laguerrovych polynomu a funkci a nékteré jejich vlastnosti. Je zavedena
metoda pro identifikaci spojitych dynamickych systému z diskrétnich nasamplovanych
dat s pouzitim zobecnénych Laguerrovych funkci a porovnana s metodou nejmensich
¢tvercu. Je diskutovana volba optimalnich parametru p a « pro konecéné Fourierovy
fady se zobecnénymi Laguerrovymi funkcemi. Na piikladech je porovnana navrzena
identifikacni metoda s metodou nejmensich ¢tvercu. Je zavedena diskrétni Laguer-
rova transformace a jeji rozsiteni s pouzitim zobecnénych Laguerrovych funkci. Na
prikladech je predvedena aplikace diskrétni Laguerrovy transformace na kompresi dat.
Je ukézéano, ze pouziti diskrétni Laguerrovy transformace muze vést k lepsim vysledku
pii kompresi dat nez tradi¢ni postup s vyuzitim diskrétni kosinové transformace.

Klicova slova: zobecnénd Laguerrova funkce, komprese, polynom, identifikace, mode-
lovani

T[OJMA, M. Application of generalized Laguerre functions to system identification and
modeling - short version. Brno: Vysoké uceni technické v Brné, Fakulta elektrotech-
niky a komunikacnich technologii, 2017. 34 s. Vedouci dizertaéni prace prof. Ing.
Pavel Jura, CSc..

32



Short curriculum vitae of the author

Name:
Date of birth:
Address:

Education

2010—-today:

2008-2010:

2005—-2008:

Mgr. Martin Tuma
20.1.1986

Hlavni 21, Vojkovice, 66701

Doctoral degree study, Faculty of Electrical Engineering and Com-
munication, Brno University of Technology

Mgr.(Msc) in Numerical Mathematics, Faculty of Mathematics
and Physics, Charles University in Prague

Be.(Bsc) in General Mathematics, Faculty of Mathematics and
Physics, Charles University in Prague

Work experience

2013—-today:

2011-2012:

2008-2010:

Publications

Ph.D. student, Central European Institute of Technology - Brno
University of Technology (CEITEC BUT)

OPVK CRR project assistant, Brno University of technology

Member of the research team Theory of Krylov subspace methods
and its relationship to other mathematical disciplines, Academy
of Sciences of the Czech Republic

e M. Tuma, “Reduction of a linear dynamical system and the problem of moments,”

in STUDENT EEICT PROCEEDINGS OF THE 17th CONFERENCE, vol. 3,

pp. 396-400, 2011

e M. Tuma, “Od problemu momentu k modernim iteracnim metodam,” in 32. mezi-
narodni konference HISTORIE MATEMATIKY, vol. 1, pp. 271-274, 2011

33



M. Tuma, “Interdisciplinary approach with the problem of moments,” in Sbornik
prispevku Mezinarodni Masarykovy konference pro doktorandy a mlade vedecke pra-
covniky, vol. 1, pp. 1701-1705, 2011

M. Tuma, “The problem of moments and its connections,” in Seminar of numerical
analysis - Modeling and Simulation of Challenging Engineering Problems, vol. 1,
pp. 112-114, 2011

M. Tuma, “Laguerre functions in electrical engineering,” in Student EEICT pro-
ceedings of the 18th conference, pp. 303-307, 2012

M. Tuma and P. Jura, “Application of laguerre functions to system modeling,” in
MENDEL 2013, pp. 403-408, 2013

M. Tuma, “Application of laguerre functions to data compression,” in GRANT
Journal, vol. 1, pp. 54-57, 2013

M. Tuma, “The choice of the optimal parameter in the data compression task using
generalized laguerre functions,” in GRANT Journal, vol. 2, pp. 67-69, 2013

M. Tuma and P. Jura, “Dynamical system identification with the generalized la-
guerre functions,” in 2015 7th International Congress on Ultra Modern Telecommu-
nications and Control Systems and Workshops (ICUMT), pp. 220-225, Oct 2015

34



