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AHHOTAIIUA

B pabGore mnpencraBieH WHTErpalbHBIM IIECTUPA3PSAIHBIA  BEKTOPHBIN
dazoppamarenb, paspaboranHeii  mo 0,18 Mxm  KMOII-TexHonorumu.
MakcuManbHas U cpeaHeKkBaapaTudyHasi (a30BbIe OIMIMOKUA B JUANa30HE pabouux
yactor 2,8-3,2 I'Tu ne nmpeBbimaroT 1,5 u 0,9 rpamgyca coorBerctBeHHO. Jljist
MUHUMH3AIUU BIMSHUAA pa3dbpoca MapaMeTpoB TEXHOJIOTHYECKOro Ipoliecca
pa3paboTaH U peanrn30BaH aJrOpUTM ONpeIeTICHUs YIPABISIOMINX HAMPSHKEHUN Ha
OCHOBE MHTEPIOJIMPOBAHUS HW3MEPEHHBIX 3aBUCUMOCTEH MoOmynst U (a3bl
kod¢duImMeHTa nepeaadn OT yIpaBISIONINX HATIPSIKEHUI.

ABSTRACT

The paper presents an unbalanced transformerless 6-bit vector-sum phase
shifter in a standard 0.18 um CMOS technology. Maximum and RMS phase errors
in 2.8-3.2 GHz band are below 1.5 and 0.9 degree respectively. Calibration
algorithm for determining the control voltages is developed and implemented based
on interpolation of the measured dependences of the magnitude and phase of the
transmission coefficient on the control voltages to minimize the influence of the

technological parameters variation.

KuroueBble cjioBa: BeKTOpHbIN (ha3oBpaiaTenb; kaauoposka; KMOII-
TEXHOJIOT U

Keywords: vector-sum phase shifter; calibration; CMOS technology.
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INTRODUCTION

Active phase arrays are widely used in radar and communication. A typical array
of this kind comprises up to several thousand transceivers built according to the
simplified block diagram shown in Fig. 1. The transmitting path consists of an
attenuator (ATT), a phase shifter (PHS) and a power amplifier (PA). The receiving
path consists of a low-noise amplifier (LNA), a phase shifter and an attenuator.
Circulators or RF switches (SW) separate the receiving and transmitting paths. So, a
phase shifter is a core element of a transceiver and is used to change the phase of the

input RF signal according to the external digital control signal.

PHS SW PA

A SW (_)\(

ATT SW |« LNA

Y

A A
Y

A

A

T Tme

Fig. 1. Block diagram of a transceiver

There are different types of phase shifters [1], such as vector-sum, reflective,
transmission line based and switched, the latter being the most popular commercial
solution. However, such phase shifters feature high losses and phase errors due to
technological parameters variation while the phase error is the key characteristic.

Vector-sum phase shifters have been the subject of close attention in recent
years [2]-[4] because of their ability to be post-calibrated thus reducing the effect
from uncontrolled scatter in technological parameters. Vector diagrams in Fig. 2
illustrate vector-sum phase shifter principle of operation. The unbalanced input signal
Is transformed into a balanced one to form orthogonal components. A pair of the

orthogonal components is then selected according to the digital control signal to be

MU P-
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further weighted by variable gain amplifiers to be summed into a phase shifted output

QL a0 Q Q
I I | I ’ I

Differential Quadrature Selected
Transform Transform Signals

signal.

TQ’

L 4

%
|

Input Signal Output Signal

Fig. 2. Vector diagrams
Traditionally, phase shifters are implemented using I11-V technologies such as
GaAs. However, keeping in mind how big the number is of transceivers in an array,
silicon-based technology seems promising as for production cost and integration
level of a chip. The paper describes an unbalanced transformerless 6-bit vector-sum
phase shifter implemented in a standard 0.18 pum CMOS technology and its post-

silicon calibration algorithm.

PROPOUSED PHASE SHIFTER ARCHITECTURE
The block diagram of the RF part of the designed vector-sum phase shifter is
shown in Fig. 3. It includes: an all-pass RC-filter (QAF), two variable gain amplifiers
(VGA), a common-mode rejection circuit (CMRC), an active balun (Balun) and an
output amplifier (AMP).

3 VGA
1l
+

RFin RFout

— QAF — — CMRC > Balun — AMP —
> VGA j
Fig. 3. Block diagram of the RF unit
7
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Since the phase error is increased due to amplitude and phase errors during
multiple signal transforms along the RF path, those transforms should be reduced as
much as possible. To this end, the all-pass RC-filter with unbalanced input is
proposed to form quadrature signals directly out of the unbalanced one skipping the
balanced-unbalanced signal transform. The RC-filter with input matching inductor is
shown in Fig. 4a. Since the variable gain amplifiers do not suppress enough the
common-mode component, additional suppression was implemented using the

circuit in Fig. 4b.
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(a) (b)
Fig. 4. (a) RC-filter and (b) common-mode rejection circuit
3
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CALIBRATION ALGORITHM

Several calibration algorithms are presented in papers. A calibration algorithm
based on calculation of control voltages in accordance with information about the
magnitude and phase of the transmission coefficient for different values of the
control voltage is proposed in [5]. However, due to leakage of quadrature signals,
the calculated values may differ significantly from the optimal ones. Authors reports
the amplitude and phase errors at the central frequency are 0.8 dB and 7 degrees
respectively.

Another algorithm is used in [6]. Firstly, the magnitude and phase of the
transmission coefficient are measured for all possible states, and then only states that
meet the specified requirements are selected. The disadvantage of this approach is a
significant increase in the time required to calibrate a single sample. Depending on
the number of states it could take up to several hours.

In this paper, an algorithm that eliminates the problems of the approaches
discussed above is proposed:

1) required values of amplitude (MagErr) and phase (PhErr) errors, control
voltages step (dU) are set;

2) dependences of the magnitude and phase of the transmission coefficient

S21,, 0N control voltages U; and U; with dU are measured,;
3) two-dimensional interpolation of the resulting matrix is performed;
4) the magnitude (]S, ,|) and phase (arg(521max,0)) of the transmission

coefficient in zero state is determined:;

5) truncation of the interpolated matrix by the criterion ||521i,j|—|521max’0|| <

MagErr is performed;

6) the phase state and corresponding pair of control voltages are searched by

the criterion arg (521i_j) —arg (SZlmax,o) < PhETrT.

MU P-
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MEASUREMENT RESULTS
Fig. 5 shows the die micrograph of the fabricated 6-bit phase shifter. The die
area is 5.3 sq. mm, the core area is of 3.3 sq. mm. The circuit consumes 55 mA from

1.8 V supply.

Fig. 5. Die micrograph

The Rohde & Schwarz ZVA40 vector network analyzer, Arduino Mega board
and MAX5533 DACs were used to measure the scattering matrix parameters.
Calibration and measurements were automated and post-processed using the
designed LabVIEW program.

Fig. 6a shows gain magnitude versus frequency for 64 phase states the lowest
value within 2.8-3.2 GHz being of 1.7 dB. The maximum gain error stays below

0.45 dB at switching between the phase states as Fig. 6b indicates.
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Fig. 6. (a) Gain magnitude and (b) gain error
In Fig. 7a the gain phase is plotted against frequency for all the phase states.
Then absolute and RMS errors were calculated out of these data. The RMS error

versus frequency is depicted in Fig 7b and stays below 0.9 degree.
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Fig. 7. (a) Relative phase and (b) RMS phase error

CONCLUSION
The paper presents an unbalanced transformerless 6-bit vector-sum phase shifter
in a standard 0.18 pum CMOS with maximum phase error of 1.5 deg. and RMS phase
error below 0.9 deg. in 2.8-3.2 GHz band. Table 1 gives a summary about how the
designed phase shifter compares to its analogs. Use of the proposed calibration
algorithm allowed the reduce of calibration time up to 20 times compared to the

algorithm based on measurement of all states.
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Table 1.
Phase shifters’ characteristics in comparison
[2] [3] [7] [8] [9] This work
Type Vector Vector Switched | Switched | Switched Vector
Frequency, GHz 2.3-3.7 4.0-6.0 2.5-3.2 2.5-3.1 3.4-4.0 2.8-3.2
Gain, dB -4.5 4.0 -4.5 6.5 -5 1.7
Gain error, dB 0.65* 0.3* 15 0.4 15 0.45
RMS phase error, deg. 1.4 1.2 2.0 2.0 - 0.9
Power, mW 19 51 60 53 38 99
0.18um | 0.25um | 0.18 um 0.5 um 0.18 um
Technology cMOS | siGe | cMos | S | Gaas CMOS
*RMS
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USING OF FINITELY-CONVERGENT ALGORITHMS FOR
FUNCTIONAL IDENTIFICATION

Vladimir Bondarko

candidate of Science, associate professor of Theoretical Cybernetics department,

faculty of mathematics and mechanics, St. Petersburg University, St. Petersburg
AHHOTAIUSA

Koneuno-cxonsmuecss aJroputMpl MEPBOHAYAIBHO  pa3padaThIBAIMCh IS
HACTPOWKH BecoB mepcentpona PozenOnarra, a 3aTeM yCHENIHO MPUMEHSUINCH B
KauecTBE aJrOPUTMOB aJaNTali B paMKax mpeiokeHHoro B.A.SkyOoBuuem
METOJIa PEKYPPEHTHBIX IIeJIeBbIX HepaBeHCTB. OHU HE TPEOYIOT CTOXACTUYECKUX
CBOMCTB OT BHENIHMX BO3JCUCTBUI Ha WIACHTUPUIUPYEMYIO CHCTEMY.
CoCTOSTENPHOCTh OLIEHOK HE TapaHTHUPOBaHA, HO B HEKOTOPOM CMBICIIE OHU HE
XYK€, YEeM WCTHHHBIE 3HAYEHUsS OLECHUBAEMbIX TNapaMeTpoB. Peanuzanus

IrOPUTMOB HE TPEOYET 3HAUYUTEIbHBIX BEIYMCIUTEIBHBIX PECYPCOB.
ABSTRACT

Finitely-convergent algorithms were originally developed to tune the Rosenblatt's
perceptron. Later on, they were tailored for adaptive control of dynamical systems

within the framework of the general approach proposed by V.A. Yakubovich under

MU P-
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the name of the “"method of recurrent targeted inequalities”. Unlike many competing
approaches, these algorithms do not rely on certain stochastic properties of external
disturbances on the identified system. Though the consistency of the resultant
estimates is not guaranteed in general, it can be shown that they are not worse than
the true values of the assessed parameters from a certain point of view. An extra
benefit is that implementation of these algorithms does not call for considerable

computational resources.
KuaroueBble cjioBa: OHIAH I/II[eHTI/I(bI/IKaI_[I/IH; KOHCYHO-CXOAAMMUECCA aJITOPHUTMBI.

Keywords: online identification, finitely-convergent algorithms.

1. From perceptron to identification/adaptation algorithms: "YaVA™"™ and

"'Stripe”’.

Historically, finitely-convergent algorithms stem from the problem of perceptron

tuning. Namely, let the training sequence consist of two vector sets
— n — N
Xl - {xi}i=1'X2 - {xj}j=n+1'
The problem is to find parameters «, 6 of a hyperplane H = {x: a + (6,x) = 0}
such that H separates X; and X5:
a+(6,x) <0vxe X,a+ (0,x) >0Vx€E X,, (1)

where (+,-)stands for the dot. This problem should be solvable, i.e. there should exist
@, such that inequalities (1) satisfied for @ = @, 6 = 6. Without any loss of

generality we obviously may assume that
a+(0,x) <—eVx€ X, a+(0,x) >eVx€ X, (2)

for arbitrary predefined £ > 0.

MU P-
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The dual problem is to find a point (vector) t = [g] which lies in different sides of
hyperplanes (7, ¢;) = 0 in dependency on which x; comprises of ¢; = [;] More
l

convenient is to define ¢; = [;] for x; € X; and ¢; = [__;] for x; € X, . Thus
l l
we find 7 such that (z, ;) < 0or ¢+ (1,¢9;) < 0 Vi.

So the problem of perceptron weights adjusting reduces to the system of inequalities

of the sort
a,— (1,9,) <0,k=0,1,..., (3)

where ¢, is repeated in a circular manner. In [3] V.A.Yakobovich proposed an

algorithm
Tk—1, if ap — (tk—1, Px) <0,
T, = —(Tg—1, Q1)+ .
N Tll;kllépk = or ifag — (tg_1, 0x) > 0, (4)
k=0,1,..,

which was named as “YaVA” in his honor. This algorithm converges after finite

many steps, if there exists a t such that a;, — (7, @) < —¢ Vk.
Let us now consider a discrete-time linear time-invariant dynamic system
Ve + a1 Vi1 + o+ A Vieen = by Upg—q + oo + by Uy + Vg, (5)

where k = 0,1, ... , coefficients a;, b; are unknown, input {u,} and output {y,} are

observable signals, and {v, } is a uniformly bounded unobservable noise:
lve| < C Vk. (6)
Suppose that coefficients a;, Bj are found such that
O = Vi + 81 Yio1 + oo+ 8 Yion — by Umg — oo = by Upe_yy

satisfy inequalities

MU P-
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|| < C Vk. (7)
Then the equation
yk + dl yk—l + ...+ an yk—n = Bl uk_]_ + ...+ Bn uk_n + ﬁk

describes the system at hands as well as (5), even if a@; # a; and b; # Ej for any or
all j. From this point of view @;, b; are the estimates of the coefficients a;, b; in (5).

A quality of these estimates depends on relation between the constants € and ¢ in

inequalities (6) and (7). The basic question is how these estimates should be

[ by ] r Uk
. - b. uk—.n+1 . .-
obtained. Let us define T = Z =1y} Then inequalities (7) may be
-
_—:an_ —YI(—'n+1—
rewritten as
Ve — (@ o)l <C.k=01,.. ., (8)

Every of them is equivalent to a pair of inequalities resembling (3): —yi +
(1, pr—1) < € and y, — (1, @_,) < C. Applying the algorithm YaVA to both of

these inequalities yields the following

Tk—1, if |77k| < CA'
Tp = 1= pC/Ingl | . ()
Tk-1 T Hknk|<Pk—|2 k-1, if[m| >C,
-1
k=01,..,

where 1, =y, — (1, @x_1), Uy and p are auxiliary parameters. They should satisfy
inequalities 1/2 < u, <1, pC < C, 0 < p < 1. The algorithm (9) is known under
the name “Stripe” since each inequality (8) selects a gap between two parallel

hyperplanes y, — (1, ¢,_1) = +C in a vector space of 7.
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Benefits from applying the “Stripe” algorithm to identification task may be
demonstrated by means of an example concerned with adaptive suboptimal control
of the minimal-phase system (5) with uniformly bounded disturbance (6). Equation

(1, ) = 0 describes optimal controller minimizing /] &£ sup limsup|yy| . Since
{vk}:(6) k-0

we don’t know T, we use the controller
(th, 0x) =0 (10)

instead, where 1, are developed by the algorithm (9). These controller guaranties

the inequality |y, | = |y, — (T, @x)| < € for all sufficiently large k, though lim 7

may differ from the true value of 7. Nevertheless, ¢ may be chosen as close to C as
desired, where C = inf]. In this sense “Stripe” guaranties functional identification

of the system (5).

Typical simulation results are presented in figures 1,2. The system (5) has minimal

dimension: y, — 1.3y,_; = 1.75u;_; + v, disturbance v, IS uniformly

distributed over [-1,1]. Thus true value of vector t is [11'735]. Starting point 7, is

equal to [0 ﬂ final point lilzn T = Ty & 2'28] + 1, but figure 2 demonstrates high

— 1.62
performance of adaptive control: |y,| < 1 forall k > 4,

MU P-
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HUAWEI
_|final :
)| --I-"""“'%ft.l,mate
true 7
1F
1t o - ) ) -_——————_1______2 4-11 :
-2 -1 0 1 2

Fig. 1. Trajectory of estimates.

35 Yiaq=aY, tbu +v , a=1.3, b=1.75, a =1, b =0.1

~MUP
HAS K http://izd-mn.com/ 18



sm 3-9 KoHdepeHums no anroputmMam B CaHkT-lMeTtepbypre (SPbAW-2018)
HUvaa (CaHkT-lNeTepbypr, 28 masa 2018 r.)

2. Development of finite-convergent algorithms.

Algorithm “Stripe” is convenient due to its simplicity and insensitivity to Stochastic
characteristics of the signals involved: it does not matter how the noise is distributed,
only its boundedness is of value. Hence these signals may nonlinearly depend on
other signals (possibly with known probability distributions), which does not
undermine the high performance of the algorithm. Instead of uniformly bounded

noise, one may consider [2] the inequalities of the following form

oy = (@or )l < ¢, (11)
or
limsup £ ¥f_oly; = (v, 05-1)|" < €. (12

Finitely-convergent algorithms are developed for both cases, see [2]. Inequalities
(11) are, for example, very natural in relation with the problem of noisy channel
equalization, because in this case all digital processing performs frame by frame of
the length N using fast Fourer transform. Inequalities (12) allow us to consider any

stochastic noise with the variance ¢2 < C independently of its distribution.

Another direction is considering [1] inequalities of the sort
|yk - (T’ (pk—l) - (f(T)I d)k—l)l S CA ;k = 0;1; ey (13)

where f(7) is nonlinear function, ¢, is observable signal. Though these inequalities
may describe nonconvex areas in vector space of 7, finitely-convergent algorithms
developed for this case, too. For example, the problem of field-oriented control of

induction motor is mixed up with the inequalities

llt—cl?—1¢| <e,k=01,.. (13)
)
MU P-
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on 2-vectors 7. These inequalities mark a sequence of rings with centers c. Finetely-

convergent algorithm successfully finds a point in intersection of all these rings:

915 711 2 3 13619 18 17

0.09 | '4 I \\\. || u'{ / 4 |

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

-0.1 -0.08 -0.06 -0.04 -0.02

Fig 3. Solving of nonconvex inequalities by finitely-convergent algorithm.

Trajectory of estimates.

Conclusion.

The paper presents an evidence that finitely-convergent algorithms form an

effective approach to many problems in the areas of identification and control.
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NMHBAPUNAHTHAS JIOKAIUSAIINUA TPAOPUNYECKNX OBBEKTOB
IJIOCKOM CIIEHBI
A. FO. /lopozos
Jl.m.n., ooyenm, Canxkm-Ilemepbypeckuii 2ocyoapcmeerHblil
anexmpomexnuyeckuti ynueepcumem «JIITHy», Poccusa, Cankm-Ilemepoype
e-mail: vaksa2006@yandex.ru
INVARIANT LOCALIZATION OF GRAPHIC OBJECTS IN FLAT
SCENES
A.Yu. Dorogov
Doctor of science, docent, Saint Petersburg state electrotechnical university
“LETI”, Russia, Saint Petersburg
e-mail: vaksa2006@yandex.ru
AHHOTAILMS
[IpennoskeHHbI METO/T JIOKAIU3alu rpauueckux 00bEKTOB IIIOCKOHN CIIEHbI
SABJIACTCA MHBAPUAHTHBIM K YCIIOBHAM OCBCHICHMA, CMCIICHUIO MaCI_HTa6I/IpOBaHI/IIO
¥ TIOBOPOTY OOBEKTOB. METOJ] OCHOBaH Ha BEKTOPHOM MPEACTABICHHH O0Pa3oB
CIIEHBI 1 ICKOMOTO 00beKTa. B paboTe mpencraBiieHa Mojieb TOCTPOSHUS MaTTepHA
oObekTa. IlokazaHbl pe3ynbTaThl UCIOJNB30BAHUS METOAA [UJIsi  PeabHBIX
U300paKEeHUM.
ABSTRACT
The proposed localization method for graphical objects of scene image is
invariant to the illuminance conditions, scale, offset and rotation of the objects. The
method is based on a vector representation of scene image and searched object.
Model for building of object pattern and algorithm of its recognition are represented.
Experimental results for real images are shown.
KiroueBble ciaoBa: wuHBapuaHT, Tpaduyeckwii OOBEKT, paclO3HABaHUE;
JJOKaJIn3a1usi.

Keywords: Invariant; graphical object; scene image; recognition; localization.
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Introduction

A significant amount of aerospace data is presented by means images of the
earth's surface in the form of flat scenes with a set of objects of interest.

Currently, the rate of receipt of earth observation data has increased
significantly, therefore the problem of automation of processes of scene analysis is
actual. The key technological challenge is the detection of known objects in an
unknown scene. A feature of the analysis process aerospace images is a wide
variation in characteristics, in lighting conditions, in location and size of the objects
in image diversity. Therefore, the detection algorithms should possess the properties
of invariance to the above listed characteristics.

In this paper, we propose a method of locating graphics objects bitmap images
with invariance to lighting conditions, displacement, rotation and scaling of the
object images on a flat stage. Object in a scene is localized by the coordinates of the
center of the rectangular fragment that contains the object and the size of the
fragment in the current scene. The algorithm is based on the use of vector
descriptions of scene and contour of the image of the desired object. Thanks to the
vectoring, it is provided invariance of the search algorithm relatively to the light
conditions of the object and the robustness to possible distortions of the source
bitmap. Algorithms of vectorization are fairly well developed [1] and in this article
are not considered.

For different scenes, the sets of vectors of the same object usually are not the
same, since from scene to scene the object locations are changed. However, for any
location the angular relationship between the vectors are stored. This fact can be
used to develop invariant method of locating graphics objects. The proposed method
defines the rules for building an object pattern and algorithm for its detection. The
accuracy of the solution is estimated by the degree of belonging of the object to the

pattern. ldeology of the algorithm is close to the methods of localization of complex
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shapes based on accumulated flatness of Hough [1]. The fundamental differences
relate to method of forming the accumulating rays.

Pattern creating

A pattern is a set of model characteristics of an object used for localization of
the object under specified conditions of observation. To create the pattern for
invariant localization of the objects in the scene are encouraged to use the following
models:

model of vectorization;

model of angular spectrum;

model of corner points;

model of accumulating rays;

model of chordate lines.

Vectorization

To create a pattern a fragment of bitmap image is used, highlighting the object
of interest (see fig.1). Process of object searching involves the selection of
boundaries of objects, the transition to binary image boundary lines, with their
subsequent presentation by a set of straight-line segments — lineaments (see fig. 2).

Fig. 1. Object of observation

~MU
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The lineament is characterized by the angle of inclination o, €[-n/2+ /2] to

the positive direction of the x-axis.

Fig 2. Vector representation of vector outlines
In our experiments the Canny method [2] was used for the selection of the edges
and for building of lineaments is used classical Hough transform for lines.
Angular spectrum for pattern
The angular spectrum is determined by the set of angles between pairs of

lineament belonging to an object. For the model angular spectrum of angles between

lineaments are determined expressions ; = |a; —a;| . This value we call the corner

detector. In the general case, the number of corner detectors is equal to the number

of combinations C/ where N - the number of vectors is. However, based on the

requirements of precision, the angular detectors with small angles are discarded. In

our experiments for thinning the angular spectrum the threshold value n/6. was

used.

Corner points for pattern

For each pair of lineaments the model angular spectrum defines the corner point
as the intersection of their directing lines. The terminal point of lineament the closest
to the corner point is treated as the beginning of the vector, and the most remote as

end (see fig. 3).
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Angle point 2

Angle point 1

Angle point 3

Fig. 3. Pattern model

The configuration of the set of corner points is a homomorphic mapping of
object shape and their relative position is invariant to scale, rotation and linear
displacement of the object.

Accumulating rays

Let us select some conditional point O for object localization. The choice of
the point of localization is not unique, but in general case it can be expected that the
position of a point in the center of a rectangular fragment containing the object will
be minimize calculation errors. From all the corner points of the model, let us draw
the rays passing through the center of the fragment (see fig. 3.) The ray is

characterized by the angle 6 [—n + +n] to the positive direction of the axis X . Each

ray gives a single brightness. We assume that for points of ray intersections these
brightnesses are added. Obviously, the brightest point will be a point in the center of
the fragment. The direction of the ray relative to the vectors of corner points is

defined by a pair of anglesy, =a, =0, v, =0, —0.
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Chord lines
Let us connect all pairs of corner points by means of linear subtending chords

(fig. 3 segment AB ). The chord is characterized by angle ¢e[-m++n] of

inclination to the positive direction of the x-axis. Relatively to the directing lines of
the rays, the angular position of the chord can be set by a pair of angles 3, =0, —¢
and 3,=60,—-¢.

Pattern recognition

Recognition procedure represents a consistent application of pattern corner
detectors to the set of vectors of the scene.

Step 1. Search for pairwise combinations of vectors of the scene which satisfy

to angular spectrum Q = {(Dij} . The search is performed with a given angular error

(6 =1-+3 degrees). Found pairs of vectors are candidates to belong to the pattern.

Every corner pattern detector w; is associated with the ray going from corner point

to localization point of the object. For the ray, we know angle 6 relative to the

positive direction of the x-axis. In addition, it is known also angles y, and vy, to

determine the position of the ray relative to the pair of vectors.
Step 2. For each identified pair of vectors we determine coordinates of the

corner points, and calculate actual angles o ,o, . These angles with a precision

equal to & are compared with the same angles derived from the pattern ratios

o, =v,+96 and a, =7y, + 0. In result the pairs of vectors and corresponding rays for

which there is coincidence at the corners are allocated. For the selected rays it is
fixed: number of corner detector, the coordinates of the corner point, the angle of
the outgoing ray 0, the ordinal numbers of the vectors forming a corner point.

Step 3. The angle ¢ of the segment and the actual corners 3, =6,—-¢,
B,=0,—¢ are computed for each pair of the corner points of the selected rays.

These angles with a precision equaled & are compared with the same corners of the
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pattern. With corresponding the angles, the rays are considered as true rays. For the
true rays the points of intersection with the other true rays, (which were accumulated
previously) are determined. The intersection points are accumulated. The true rays
are accumulated also.

Step 4. After step 3, the coordinates of the intersection points are rounded to
one pixel. The point of intersection into the accumulating plane is assigned a single
brightness. The brightness of the points with equaled coordinates are added. When
the correct pattern is recognized, the point with the maximum brightness will
obviously correspond to the localization point of the object. The reliability of the
obtained solutions can be evaluated by comparing the brightness of the discovered

localization point with brightness of the same point in pattern.

Fig. 4. Object locating

Bounding rectangle

The final stage of object localization is associated with the building for the
minimum bounding a rectangle with sides parallel to the coordinate axes.

Construction is expressed in determination of coordinates of the terminal points
of the found object vectors and the most remote from its point of localization.

The ordinal numbers of the vectors forming the corner points, and presumably
belonging to the object are contained in description of the true rays. The test for
vectors on membership to the object is in calculation of actual angle of the directing

line for each ray. This can be done by knowing the coordinates of the corner points

(N
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and the point of localization of the object when a pattern is recognized. The actual
angle with an accuracy ¢ is compared with angle of the pattern stored in the
description of the ray when it is created. If values coincide, the pair of vectors
forming the ray is considered reliable. For set of reliable vectors, the minimum and
maximum coordinate values of vector terminal points are determined. Finally, the
resulting coordinates of the rectangle are symmetrized relative to the of localization
point of the object. In Fig. 4 shows the results of localization of the object in the
scene.

Conclusion

The proposed method of invariant localization of objects for scene contains
phases of training and recognition. The learning phase it is created a pattern model,
and the phase of recognition the problem of object localization is decided.

The method allows to determine the point of localization of the object and the
coordinates of the bounding rectangle with the assessment of the reliability of the
solution. The results of the experiments on real images confirm the effectiveness of
the proposed method.
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AHHOTALIUA

Onurcan METOJT MOBBIIEHUS IPOCTPAHCTBEHHOT O Pa3pelIeHUs €AUHCTBEHHOIO
cHuMKa B (popmare baiiepa. Mcronb3yercs B3auMHOE CMEIIEHUE IBETOBBIX CJIOEB B
CHHUMKE BMECTO CMEIIECHUS N300paKeHHI B ITOCIEN0BATEIbHbBIX Kaapax, a R, Gu B
KOMIIOHEHTHhl B IIBETOBOM cyOmukcene baiiepa BOCCTaHABIMBAIOTCS C YYETOM
JIOKaJIbHOM B3aUMHOW KOPPEIUPOBAHHOCTH IIBETOBBIX cJioeB. Takum oOpaszom,
VU3MEHEHUS B IOCIIEI0BATEIbHBIX KaJlpax HE BIUAIOT HA PE3YyJbTAThl MTOBBIIICHUS
paspenienus. JlononuurensHas nHGOpMAaIUs BOCCTAHABIMBACTCS MPHU MOBBIIICHUH
paspeuieHusi, IOATOMY OHO HCIOJIb30BAHO JJIsl YBEIMYEHHS HAJNECKHOCTHU aHaAIM3a

CHHUMKOB, ITOJYUYCHHBIX IIPpHU INIOXOM OCBCIIICHHNH.

ABSTRACT

A method is presented for increasing the spatial resolution in single Bayer
frame. Mutual displacement of color layers in Bayer-encoded image is applied
instead of displacement of several frames and the R, G, and B components of color
sub-pixels in Bayer cell are restored based on local mutual correlation of color
layers. Thus, no changes in sequential frames interfere with increase of resolution.
Additional information is restored by increasing of resolution, thus it is considered
as a tool for enhancing of automatic object classification in the video-frames

acquired at poor illumination.

KawueBbie cioBa: cynep-paspemienue; ¢opmar baliepa; 1BETOBOM  CIIOH;
CMelIeHHE U300PAKEHUI; KOPPETUPOBAHHOCTD IIBETOBBIX CIIOEB; AaBTOMATHYECKHI
aHaJIKU3 U300paKEHUH.

Keywords: super-resolution; Bayer’s format; color layer; images displacement;

correlation of color layers; automatic image analysis.
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Introduction

Increase of image spatial resolution is important both for enhancing of image
visual quality and for more reliable functioning of diversified automatic image
analysis algorithms. One of the most widely used methods for solving this task is
application of variational algorithm TVL (total variation with L metric) practically
applied and described in detail in many papers (see e.g. in [1]). This algorithm
applies a joint analysis of several initial mutually spatially transformed images of
low spatial resolution and iteratively restores the pixel intensities of higher spatial
resolution image by minimization of total difference between the initial images and

the restored one. The solution is reached by gradient descent using the following
incremental changes of restored (not degraded) higher spatial resolution image X el

presented in vector form:

N
X =X —,B{ZFkTHkTDIsign(DkaFk X -Y )
k=1 -

——n+1 --n - ——k
o A A , ®
A3 Y e (1 -5, Jsign( X —s!s? X )}

1=0 m=0 - -
where n a is sequential number of iteration, Y is a k-th degraded image of low spatial
resolution presented in vector form (k=1, ..., N), Dy, H¢ and Fy are respectively the
matrix operators of pixels decimation (decrease of spatial resolution), image defocus
and geometric transformation. S, u S, are the matrix operators of translations along
abscissa and ordinate axes by | and m pixels respectively applied for calculation of

brightness derivatives. P is the maximum order of brightness derivative to be taken
into account in the restored image of higher resolution. « € (0;1) shows the decrease

velocity for the contribution of higher order derivatives into regularization term (the

second line in the formula (1)), and X shows the weight of regularization term. 1 is

the identity matrix and 3 is the velocity of gradient descent.
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Theoretical background

There could be a case when the set of spatially displaced initial images of low
resolution is acquired at the same moment by several cameras having differing
spatial positions. However, in this paper the case of single camera is of primary
interest. In such case, a set of initial images is usually acquired by slightly rotated or
shaking camera in sequential time moments. Unfortunately, in this situation, the
additional difficulties appear when dealing with dynamically changing scenes
containing separately moving objects. Thus, we discuss here an alternative approach
proposed in [2, 3] by Kanaev et al, that allows acquiring several mutually displaced
Images at the same moment.

This approach is based on the properties of Bayer-encoding widely applied in
modern cameras. In particular, the “layers™ of red, green, and blue subpixels in the
“color cells” of Bayer-encoded image are mutually displaced in one or two directions
by half of size of color cell (composed usually of red, blue, and two green
neighboring subpixels). Thus, these red, blue and two green “color layers” could be
considered as mutually displaced images of the same scene, acquired at the same
single time moment. We will get in this way four initial images Y (k=1, ..., 4) to be
substituted into formula (1). However, each of these color layers contains a
monochrome image while the red, green, and blue color components should be
available at every pixel in each of these four mutually displaced images for restoring
a color image of higher spatial resolution using the mentioned above TVL!
algorithm. The missing color components are usually calculated for each
monochrome Bayer subpixel by special (e.g. bilinear) interpolation based on the
intensities of neighboring subpixels of respective color in the Bayer-encoded sensor
matrix. However, any kind of such interpolation cannot restore 100% of information
lost in the pixels being interpolated, and the larger is the Bayer cell (there also can
be the cells of 3x3 or 4x4 subpixels in size [3]), — the longer is the pixel sequence to

be restored and the lower will be interpolation quality.
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However, in the color RGB photographs of natural scenes, the content of color
layers is strongly locally correlated [2, 3]. On the one hand, the pass band of color
filters attached to subpixels of Bayer cells strongly overlap, as it is shown in the
fig.1. On the other hand, the borders of the same object are usually located at the
same places in different color bands, as it is illustrated in the fig.2.

Due to this inter-color correlation, the pixels of one color layer of Bayer-
encoded image may make contribution into calculation of higher resolution for
another color layer according to formula (1), but this contribution should be
proportional to local mutual correlation of these color layers. Thus, the formula (1)
will be transformed to formula (2) in which the factor U, takes into account the
correlation of local content of color layer number k (k=1, ..., 4 respectively for the
red, green, blue, and green color subpixels composing Bayer’s color cell) with the
local content of color layer number r for which the higher spatial resolution is being
restored. The spatial transforms F are reduced in this case to displacements along

the abscissa or/and ordinate axes by half of step between neighboring Bayer cells.

4
X =X —/{ZFQH[D{sign(DkaFk X — Yk)urk
k=1 -n ’

P P : ()
+A). > ™ (| -s,"s, )sign( &F S,S, x)}

1=0 m=0

IR-Cut-Filter 650nm

400 500 600 700 BbU 900

o Wavelength [nm]
Sensor sensitivity of the DCU224C (color)

Figure 1 — Overlapping pass bands of color filters in the modern cameras
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a S R - 0 — .
Figure 2 — Images of blue (a) and green (c) color layers of the same RGB image

and the contours (b and d) of object borders detected in them by Hildreth-Marr
filtering

Kanaev et al proposed to calculate the factor U, as
U, =exp{—(C,,-1°/a}, rk=1.4, 3)

where r and k are the sequential numbers of Bayer’s color layers, a is a free
parameter taking into account the degree of similarity of Bayer’s color layers, and
C.kis the local coefficient of correlation of respective pixels in the r-th and k-th color

layers to be calculated using the formula (4):
_ X3, -Ae,-8)
S EE A -ATHE Y B -8

in which A;; B;j are the i-th and j-th pixels in 4 and B image layers, respectively, and

(4)

A B are the average brightness in these layers within a chosen local region of

homogeneous color. The homogeneous regions were proposed to be selected by k-

means clustering of RGB color vectors.
Results of practical investigation

We practically investigated the described above technique. An example of

experimental color image and selected in such way homogeneous regions is
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presented in the fig.3. It was proposed in [2] to use 15 or 20 clusters but we found
experimentally that 10 clusters were sufficient. We also found in our experiments
that the factor U, is calculated inefficiently with the use of formula (3). The function
(3) 1s of the form of Gaussian “bell” having the regions of extremely small slope,
and it is not sensitive in such regions to changes in mutual correlation of Bayer’s
color layers. Thus, we replaced this function with a linear one of the form (5). With
a suitable experimentally found value of free parameter a=0.2, this modification
turned out to be successful.
U,k =max{(a Cx—a+1), 0}. (5)

For the example of experimental image presented in the fig.3, the initial Bayer’s
color layers from which this image was interpolated are shown in the fig.4. It was
mentioned in [3] that the discussed technique can cause come local color distortions.
An example of initial image of low spatial resolution and an image of increased
resolution restored from it in [3] are shown in the fig.5. Some color distortions are
really visible. A similar effect can be found in our own result shown in the fig. 6.b.

A substantial color noise and distortion of color hues is can be seen.

Figure 3 — Initial color image (a) and the results of image separation into regions of

homogeneous color by k-means clustering of RGB color into 5 (b) and 10 (c)

clusters
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a b c d
Figure 4 — The first green (a), blue (b), red (c), and second green (d) Bayer’s color

layers from which the color image shown in the fig.3.a was interpolated

We solved this color distortion problem using a pansharpening algorithm in the
following way. It could be noticed that the color distortions mentioned above change
the color hue, but they do not affect pixel brightness in general. Thus, we converted
the restored color image of higher spatial resolution to grey tone mode and then
colored the grey tone pixels with the colors taken from a color image interpolated
from Bayer’s color layers by usual (e.g., bilinear technique). Thus, the brightness
variation of high resolution image was retained while the spatial resolution of color
hue changes was lost to some extent with is not so crucial for human perception and

Is widely applied, e.g., in the JPEG compression algorithm.

Figure 5 — Initial image of low spatial resolution interpolated from Bayer’s format

and image of increased resolution restored from it by Kanaev at al [3]
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Conclusion

We demonstrated above a resolution increase possibility for a single Bayer-
encoded imag, which is especially important for single cameras observing the
moving objects. In further research, we will investigate the possibilities of increasing
the reliability of object recognition in result of such enhancement of image
resolution. It seems to be possible because Kanaev at al successfully applied such
increase of resolution in [2] (section 4.B) and [3] (section 4) for enhancing the
reliability of target recognition despite color distortions resulting from application
of the proposed technique. In particular, we would like to get sure that such image
preprocessing could be useful in automatic analysis of images acquired at poor
illumination. A joint tuning of sequentially applied image preprocessing and image
classification algorithms could be in this case an additional important area of

investigation.
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C d
Figure 6 — Results of experiments: initial color image interpolated from Bayer
format (a), restored color image of enhanced spatial resolution (b), restored image
converted to grey tone mode (c), grey tone image colored by pansharpening

algorithm (d)
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AHHOTAIUA
PaccmarpuBaercs ojHa U3 TJIaBHEWINUX YacTe COBPEMEHHBIX KOMIIJIEKCOB
JUTSI TIPOBEPKH TIapaMeTpoB (pa3upoOBaHHBIX AHTCHHBIX PEHIETOK — KOMIUIEKCHOE
CHENMATU3UPOBAHHOE MTPOrPaMMHOE oOecTiedeHne, 00ecTieunBarolee ynpaBaeHUe
o0opynoBaHueM, cOOp M KaTaJOTM3allui0 JaHHBIX, HUHTEep(]eic mMmoiap30BaTENs.
[Tokazana cTpykTypa, COCTaBHbIE€ 4YacTH, (YHKIIMOHAJIbHBIE BO3MOXHOCTH U
OCHOBHOW HMHCTPYMEHTApHii HOBOT'O MPOTPAMMHOI0 OOECIIEUYCHMS, BXOJSIIETO B

COCTaB AaBTOMATHU3HUPOBAHHLIX H3MCPUTCIIbBHO-BBIYHUCIINTCIBHBIX  KOMIIIICKCOB

00O «HIIIT «TPUM CIIT NU3mepuTenbHbIE CUCTEMBI».
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ABSTRACT

The article will focus on one of the most essential parts of modern measuring
and computing facility for antenna array testing - integrated specialized software
package - applicable for control of equipment, collection and handling of data,
operator’s interface.

Careful consideration is given to structure, elements, functional capabilities and
the essential instrumentation of a new software which is a part of automated
measuring and computing facility developed by «TRIM UWB Measurement

systems» company .

KiroueBbie cji0Ba: W3MEpPEHHs [apaMeTpOB AaHTEHH, AaHTEHHBIC pEIIeTKH,
IpOrpaMMHOE OOECTIeueHHUE.
Keywords: antenna parameters measurement, antenna arrays measurement,

software.

Today one cannot imagine the exchange of information without using wireless
device. And every such device contains antenna or antenna facility: either mobile
phone or operator base station. Both range and speed of communication depend
directly on quality of antenna calibration. To solve this task TRIM company suggests
a fully automated measuring and computing facility for antenna calibration in
laboratory.

The most important part of modern automated measuring and computing
facility for antenna measurements is a software. A new software package is
developed by «TRIM UWB Measurement system» company which is intended for
measurements, calculations and visualization of antenna parameters. This software
package provides the capability for measurement scenarios, calculations, data

processing and visualization of results for a large scope of measurements, including:
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a) cuts and volume patterns in far field;

b) antenna measurements in near field (planar, cylindrical and spherical
scanning), including measurements of gain by various methods;

c) gain, polarization characteristics, effective isotropically radiated power
measured by various ways in far field.

Software structure consists of the following elements (Figure 1):

MeasurementCentre program, data base, ProViLab program for calculation and
visualization of measurement results.

MeasurementCentre program provides the possibility for measuring process
itself, monitoring and alignment of equipment. Measurements are conducted under
formalized scenarios which may be determined as well by TRIM’s engineers, as
the qualified specialists of the Customer. It helps to simplify and automatize
maximally the operating process and to keep the opportunity for non-standard
measurements.

ProViLab program is a modern CAD (see Figure 2) applicable to calculation,
analyses and visualization of the measuring data, to generation of reports and to
working out a large range of additional engineering issues related to processing
treatment. The main program tools is a set of highly integrated means for
visualization and calculation, providing the capability to solve non-trivial research

and automation tasks.
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Figure 1 — structure of software package

Among the particulars of this program may be highlighted the following:

a) a convenient user’s interface for interactive handling of calculations and
visualization directly from graphic pictures;

b) high speed of calculations, rapid receipt of results while data processing;

c) support of random composition of display and print forms, simplicity of
report generation;

d) a capability of using a report as a template for measurements of the same
type, a capability to automatic changing of measuring in a whole report;

e) a wide range of 2D and 3D visualization and calculation tools, easily
configurable visualization.

f) awide range of tools for research, comparison and transformation of plots

and patterns.
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Figure 2 — screenshot of ProVilLab program

The software structure under consideration provides:

a) a clear interaction between system parts: measurement results obtained using
MeasurementCentre program are at once accessible for display and calculation in
ProViLab program;

b) a capability for various configurations of network: starting from one
workplace with all software elements installed up to a situation when a lot of
operators simultaneously work at a various workstations using ProVilLab program;

c) a modern relational system for database management which provide a
reliable storage of great volume of information. Meanwhile software package
includes advanced tools for automation of work with lists of done measurements,
objects of measurement, probes, reference antennas and etc. In particular, the
functions of search/filtration and dynamic hierarchical data grouping in accordance
with different attributes (type of measurement, objects of measurement, date,
operator, operator’s definitions, etc.). Therefore, it is not difficult to find a required

measurement even among thousands of measurements in a database.
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In the context of measurement support MeasurementCentre program
provides:

a) automated and interactive step-by-step measuring;

b) automatic formation of executed algorithms for measurements of diverse
types;

c) use of various type of radio and mechanic equipment of own developed and
of world producers;

d) tech support of typical process, for example, search of pattern maximum,
tract amplitude-frequency performance, calibration, manual control of positioner
motion, signal monitoring and etc.;

e) visual creation of circuit diagrams of equipment;

f) creation and keeping of ready-for-use measurement templates.

Algorithmic support in ProViLab program is based on advanced achievements
described in world scientific literature on antenna measurements [1, 2], and on
TRIM’s own working-outs [3, 4]. In this context we focus attention on the
following possibilities:

a) calculation and visualization of volume patterns and pattern cuts in various
coordinate systems ((A, E), (o, €), (6, ¢), (k*, &)) and polarization bases (Ludwig-I,
Ludwig-11, Ludwig-I11, circular);

b) calculation of amplitude-phase distribution in antenna aperture and at a

random distance from scanning plane [3];

c) automatic calculation of antenna parameters ( polarization characteristic,

gain, phase center coordinates [4], pattern width at a given level, antenna

boresight).

For working with pattern cuts and plots in ProViLab program, the advanced

tools with two-dimensional design are realized (Figure 3), including:
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a) calculation, visualization and analysis of pattern cuts, amplitude-phase
distribution, gain, polarization characteristic, directive gain, amplitude-frequency
characteristic, time signals, spectrum and etc.;

b) wide and good opportunities for transformation and analysis of cut,
including arithmetic calculation, Fourier transformation, window functions,
smoothing/ filtration, interpolation, transformation of measurement units, statistical
processing;

c) specialized visualization for work with pattern cuts, in Cartesian coordinates
and in polar coordinates;

d) simple and intuitive control of arbitrary groups of plots and cuts (selection
of frequency, polarization, types and parameters of both calculation and
transformation);

e) markers with function of search for local and global extremum, given values,
relation with other markers;

f) marker lines, delta lines between markers, customizable fill areas, display of
legends and etc.

ProVilLab program provides a great number of 3D visualization tools (Figure
4), 3D patterns, polarization characteristic, for:

a) creation of spectrogram and axonometric projections, visual representation
by lines of different level;

b) possibility of interactive setting the arbitrary cuts of 3D-surface;

C) a convenient instrumentation tools for markers, automatic search of local

and global extremum;

d) support of joint visualization and processing of several 3D-surfaces,

including averaging, construction of differences and ratio of surfaces, scatter,

imposition of several patterns (for example, different beams);
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Figure 3— 2D-visualization in ProViLab program
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e) a wide range of opportunities of visual settings, (same level lines, gradient
control, fill setting modes, mesh display and etc.).

Among the other characteristics of software developed by TRIM company
may be considered:

a) possibility of translation of display interface into various languages and
adaptation upon regional standards,

b) possibility of measurement, data proccesing and visual view of results using
«hidden frequencyy;

c) founded at the design stage modular architecture, it provides a possibility for
functional development and adaptaion of software in accordance with the specific
requirements of the Customer;

d) export of visual pictures, measurement results and calculations into different
external formats (GRASP, xls, txt, pdf, png, jpeg and etc.).

The usage of TRIM software helps to speed up the serial antenna calibration
and to systematize the results of the experiments for developing prototypes of new
devices. That in its turn helps to speed up the process of developing new antenna
products.
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JorapuMHUpPOBAHUS B CKPBITOW TpyIIle, MpenIaraloTcs HOBbIE KOHEUHBIE ACCOIMATHBHBIC
anreOpsl B KadecTBE HocuTeled ykasaHHoM 3anmaun. IlpemioskeHHsle anreOpbl obsanaro
CYIIECTBEHHO Pa3JIMYHBIMU CBOMCTBAMH B CPAaBHEHUM C KOHEUHOU anreOpoil KBaTEpHUOHOB, HaJl
KOTOpOW paHee Obula copMyIHpOBaHa CKpbITas 3agava JiorapudmupoBaHus. [IpensoxeHs

HOBBIE BapHaHThl (OPMYJIUPOBKHU YKa3aHHOU 3a/1auH.
ABSTRACT

There are introduced novel finite associative algebras as carriers of the discrete logarithm problem
in a hidden group, which represents interest for constructing post-quantum cryptographic protocols
and algorithms. The introduces algebras possess significantly different properties than quaternion
algebra over which the hidden logarithm problem was earlier formulated. New forms of defining

the last problem have been proposed.

KiroueBble cioBa: H_II/I(i)pBI C OTKPBITBIM KJIFOYOM, ITIOCTKBAHTOBLIC KPUIITOCXEMBI, 3aa4da

JTUCKPETHOTO JIoTapu(MUPOBAHUS, KOHCUHBIEC alreOpbI

Keywords: public-key ciphers, post-quantum cryptoschemes, discrete logarithm problem, finite

algebras.

The public-key cryptographic algorithms and protocols are widely used for solving
different security problems of the information and telecommunication technologies. A large part
of such cryptoschemes is based on the following two computationally difficult problems:
factorization and finding discrete logarithm. However each of these two problems can be solved
on a quantum computer in polynomial time [1,2]. One of actual challenges in the area of cryptology
is development of the public-key cryptoschemes that are secure to attacks based on using quantum
computers [3].

One of attractive post-quantum primitives is the hidden logarithm problem (HLP). This
problem was earlier defined over finite non-commutative associative algebras [4,5]. Proposed in
the literature post-quantum cryptoschemes are based on the HLP defined over finite quaternion
algebra [6]. Detailed study of the HLP in finite quaternion algebra defined over the finite field
GF(p) [7] had shown that the HLP can be reduced to the problem of finding discrete logarithm in
GF(p?). To design post-quantum cryptoschemes on the base of the HLP in paper [7] it had been
proposed to look for other carriers of the HLP.
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In present paper there are introduced new 4-dimensional finite non-commutative
associative algebras (FNAAS) as carriers of the HLP, which possess different properties. Some of
the introduced algebras contain only local unit elements therefore there are proposed new forms
of defining the HLP which are different from the form considered in [6,7]. There is also proposed
a general method for defining FNAAs of an arbitrary dimension m > 1.

Suppose ei, where i =0, 1, ..., m 1, are some formal basis vectors and vi € GF(p), where
p is a prime, are coordinates of the vectors V contained in the m-dimensional vector space. Such
vector space with associative multiplication operation added to the usual scalar-multiplication and
addition operations represents the m-dimensional FNAA over GF(p). Multiplication of two vectors

A and B is defined as follows:

AOB{Ea‘ei}[Eb‘e‘JE Eaibi(ei °ej)’ )
i=0 i=0 i=0  j=0

where o denotes multiplication operation of two vectors and products of all possible pairs of the
basis vectors are to be replaced by some single-component vectors in accordance with so called
basis-vector multiplication table (BVMT). Coordinates of the single-component vectors contained
in BVMT are called structural coefficients. Constructing a BVMT defining an associative
multiplication operation means constructing a particular FNAA. Some 4-dimensional FNAAs are

the following ones.

Four-dimensional FNAA with global unit is defined by the BVMT shown as Table 1.

Table 1.
Defining a 4-dimensional FNAA with global unit

° €0 e1 €2 €3
€o €o oes oo €3
er] Pe2 €1 €2 Be1
e2 e2 01 oer €1
es| Peo es €o Bes

The global unite can be computed using the following formula:

/)
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e+ Lt P o | @
l1-of 1-af af-1 apf-1
All vectors V = (vo, v1, V2, v3) such that vovi =V,vs are invertible and compose finite group of the order

Q= p(p—l)(p2 —1) 3)

Number of the non-invertible vectors N = (no, N1, Nz, N3), where non; = N2ns, is equal to p* + p? —p. A
local bi-side unite E’corresponds to each vector N that is not a zero-divisor. The value E “can be computed from

the following formula

E = x Np _Motha €. . N, Mo Mo +Moa )
NoB+n, nNoB+n, ng Ng ap+n, ngB+n,

where X = no (nz(l + n2 + no + nsB)_l
Four-dimensional FNAA elements of which are locally reversible is defined by the BVMT

shown as Table 2. In this case the FNAA contains no global unit, however for every vector V = (v,

V1, V2, V3) such that vovz = vyvs there exists local bi-side unit that can be computed as follows

Er=fk,——0 By M Yo M Yo | (5
7\,(V0 +V3) A HVO +7\.V1 7\.(V0 +V3) A MVO +}\’Vl

where k =a?(a+d) ™ (ua+ab) ™,
Table 2.

Defining a 4-dimensional FNAA with local reversibility

0 €0 e1 €2 €3
€o Ueo nex uex He€o
e1 A€o Ae1 Ae1 A€o
€2 Ae3 A2 re2 Ae3
€3 ues pe2 pe2 ues

To construct FNAASs of other dimensions one can use some unified BVMTSs using which
one can define FNAAs of an arbitrary dimension m > 1. The unified BVMT is described as matrix

containing elements e;; =e; oe; defined by the following formula:

eij :(Xiej, (6)
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where i,j=0, 1,..., m—1; {ai} is the set of m different structural coefficients. Properties of the
FNAAs defined by formula (6) can be described by some general formulas that hold for an
arbitrary value of the dimension m. Each of these algebras contains a subset of its elements
representing some set of global right-side units, however only one local right-side unit correspond
to an arbitrary fixed m-dimensional vector, except vectors that are square roots of zero vector
(0,0, ..., 0). The case m = 2 was earlier investigated in [8].

While using some FNAA with global unit the public key agreement scheme uses the
following formula for computing the public key: Y =Q° cG* o Q™°, where Q and G are invertible
elements of the FNAA, which satisfy condition QoG = GoQ and the pair of integers (s, X) is a

private key. Finding the values s and x from the formula for public key is known as hidden
logarithm problem (HLP). When using the FNAAs without the global unit one should propose
another form for HLP. We propose the following formula for defining the HLP in FNAAs that

contain only locally invertible elements:

Y =N%oVEoNS, (6)
where N and Ve are vectors having large prime local orders o and t respectively, such that N = E~
and NoVE # VeoN.

In the case of sufficiently large dimensions, for example, m = 6, 8 and 10 it interesting to

define the HLP in the following form
Y = NINJ2 oVE o NT N, ™2, (7)
where the vectors N1 and N2 have the same local order » and satisfy condition N1oN2 = N2oNz. In

the case of using the formula (7) one should develop a method for finding the required vectors N1

and N.. Besides, respective FNAAs of sufficiently large dimension are to be constructed.
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HpeIIHOX(eHLI MoAXoAbl U AJITOPHUTMBI, YYUTBIBAKOIIHNC CHCLII/I(bI/IKy MEAUIMUHCKUX
n300pakeHUH, MPUBEICHBI UX XapaKTEPUCTUKH.
ABSTRACT
The paper is devoted to the processing and automatic analysis of medical video
data for clinical decision support systems. Approaches and algorithms that take into
account the specificity of medical images are offered, their characteristics are given.
KiioueBble ¢JIOBa: CHUCTEMBl TOMJACPKKUA TPUHATHS pEHICHUM; I1udpoBas
00paboTKa METUIIMHCKUX M300paKEHUH; aHAIN3 JaHHBIX; MAITMHHOE 00y4YeHue.

Keywords: CDSS; digital image processing; machine learning; data mining.

CDSS is the modern trend in medical video systems development. Systems of
this type realize the integration of automatic image analysis results with the results
obtained by the physician, and also use the information of system database.

CDSS development tasks can be divided in two groups. The solution of the
tasks from the first group should allow to realize the automatic analysis of image
signals with the purpose of differential diagnostics (multi-class analysis). Solving
the problems of the second group should ensure the high quality of the images being
formed and, as a consequence, the high efficiency of their visual analysis by the
physician.

The feature of medical images automatic analysis in CDSS is the need to
implement differential diagnostics with the degree of pathology corresponding,
which is based on multi-class analysis in conditions of fuzzy borders between classes
and high variability of the original data. This determines next principles of image
analysis approach. First, the decision rule must be based on the methods which are
typical for artificial intelligence systems, such as fuzzy sets theory and fuzzy logic,
data mining methods, machine learning and pattern recognition methods. Second,
the vector of features for classification must include features with different

properties and origins.
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This approach was realized by our team in the multispectral TV system for
cervix oncological changes diagnosis. The multispectral TV system consists of
illuminator, multi-spectral image recorder unit, software and computer. It gives
possibility to get images in white light and fluorescent images. The system realizes
differential diagnostics of the following changes in cervical tissues as Norm, CNI,
CIN I, CIN II, CIN HI (cervical intraepithelial neoplasia). So through the
implementation of this system the main methods of multispectral images automatic
processing and analysis for the differential diagnostics realization will be described
in the first part of our report.

The visual analysis of physician is another important part in CDSS. This
demands to ensure high quality of the images for physician and, as a consequence,
high efficiency of their visual analysis. It demands to develop new methods to
improve the quality of medical images and methods for the synthesis of medical
images with new properties. These tasks were realized in endoscopic system,
described in the second part of paper.

1. Automated Image Analysis in Multispectral System for Cervical Cancer

Diagnostic

1.1. Image Preprocessing

The effectiveness of image analysis is strong connected with their
preprocessing. Standard preprocessing includes procedures to improve the quality of
the images such as gamma correction, noise reduction, color balance, etc. Additional
for medical image it is necessary to use special preprocessing procedures such as:
automatic regions of interest (ROI) segmentation; removing highlights in the images;
and in the case of using multi-spectral fluorescent images procedure of their
matching.

The images from different modes may have discrepancy in the coordinates, so
called shifts. Large shifts between images can noticeably confuse further analysis so

the compensation of the shifts between images in different modes must be realized
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before tissue classification. The proposed algorithm is based on phase correlation.
We compute the cross-power spectrum of analyzing and reference images. The
maximum of cross-correlation function determines the spatial displacement between
reference image and images which are analyzing. The main advantage of the
proposed approach in comparing with the modern algorithms operating in the signal
domain is the possibility of matching the images which have significantly different
one from another in brightness and color, as well as resistance to noise, occlusion,
and similar negative factors of medical images.

On a real medical image, the image of cervix takes only about 70%. The rest
part of image may include other tissue, medical instruments, various artefacts. The
presence of irrelevant information makes difficult the further data processing and
analysis, so it is necessary to select only the image area corresponded to cervix - the
region of interest. For automatic region of interest segmentation, we proposed the
algorithm based on c-means clustering in chromaticity layer a from Lab color space.

1.2. Image analysis

The main part of cervix multispectral image processing is the classification
task. To solve classification task it is necessary to choice features for classification
and classifier strategy. There are three groups of pathology signs in the cervix image:
brightness and color features, morphological features and texture feature. In our
investigation we used for analysis the brightness and color features of image. On the
base of our research we decided to use for classification task the next set of features:
Cr, Cb (YCrChb system) and b (Lab system) calculated in fluorescent images
obtained by excitation with wavelength of 360nm and 390nm.

To select the most appropriate strategy for the classification task we used next
set of classifiers: the classification based on Mahalanobis metric (linear discriminate
analysis, quadratic discriminate analysis); the classification based on regression
model; SVM; PCA with classification by SIMCA (Soft Independent Modeling of
Class Analogy); Random decision forest; ADA Boost; Neural networks; the
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classification based on fuzzy logic. For classifier training and testing we used
approach Leave-one-out cross-validation. The most interesting and the most difficult
for design task is the task of classification CNI and CIN. The classification
CIN/Norm is rather simple and it is not actual for medicine practice. So at first we
calculated the specificity, sensitivity and accuracy on the border CIN/CNI.

Training and validation of classifier was realized on the data base of records,
obtained in clinics. Our investigation shows that the best specificity, sensitivity and
accuracy are obtained by using Random Decision Forest. The results of RDF
classification for the border CNI/CIN are next the sensitivity is 0.85, the specificity
0.78.

Additionally, we estimate specificity and sensitivity on the border Norm/CNlI.
The results for the border Norm/CIN: the sensitivity is 0.95, the specificity is 0.90.

1.3. The Algorithm of Pathology Map Creation
The main task for pathology map creation is image classification on three classes:
Norm, CNI and CIN according the strategy and features chosen above. But besides
the classification with the aim of differential diagnostic the pathology map creation
demands preliminary classification to select columnar epithelium and artefacts.
Because these parts must be eliminated from further analysis. Thus, in our algorithm
we use two stages of classification. On the first stage we use 2-class RDF classifier
for preliminary classification. We realized the features and the modes selection for
this task on the base of Fisher distance and identified that the most effective features
are white mode and 360 with the features a and b from the system Lab. On the second
stage we use 3-class RDF classifier to separate Norm, CNI and CIN. We use the
features Cr, Cb from YCrCb system and b from system Lab for modes 360 and 390.
The 3-class RDF classifier means that we have three training samples with examples

of all classes. For each one the RDF response is a vector of probabilities of belonging
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to each class. We use this probabilities to define the belonging degree to each class
and to color the corresponded block on the output map (see Fig. 1).

Cylo: ASCUS: HPV - HR-HPV : Cyto: LSHL: HPV.: HR-HPV : | Noml

|

Colpo: -; Histo: CIN IL. L(.‘,olpo,: p

Fig. 1. Examples of pathology map with 3 classes Norm, CNI and CIN

1.4. Results

The experimental investigation and clinical study of proposed algorithm
includes two parts. The first part realizes the classifier validation. It was performed
on the data base with the leave-one-out strategy. But the main part of the
experimental research is the pathology map obtainment and estimation. Analysis of
fluorescence images obtained by excitation with wavelength of 360 and 390 nm
allows to detect follow states of cervix tissues Norm, CNI, CIN. For the border
CIN/CNI we got sensitivity 83% and specificity 72%. These figures correspond to
estimates of sensitivity and specificity for colposcopic examination conducted by an
experienced physician and exceeds characteristics of inexperienced physician,
where the sensitivity and specificity have been reported to range from 87 to 96% and
48 to 85%.

Proposed algorithms give possibility to obtain correct differential pathology

map with probability 0.8. Obtained results and classification task characteristics
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shown possibility of practical application pathology map based on fluorescents
images.

2. Technology of Endoscopy Image Processing for CDSS

The main goal of our endoscopy project is the developing of the new and
effective methods of endoscopic image processing providing image enhancement,
comfortable visualization, image segmentation and analysis for CDSS.

The important part of the investigation is to develop new method of brightness
and contrast enhancement. This task is actual because the endoscopic images suffer
from various degradation, and it is necessary to eliminate them before images will
be demonstrated to physician. The second part of investigations - method of
visualization. Proposed method of panoramic image creation gives possibility to get
Image with wide viewing angle of organ under supervision, which is comfortable for
the analysis and navigation during the physician's inspection and increasing
diagnostic values of images.

2.1. Contrast enhancement

In endoscopic images improved contrast is crucial for a correct diagnosis, but
the conditions of medical images obtaining are very difficult. In our investigation
we used only non-linear techniques. It is connected with main feature of images:
there are very dark and very bright areas in the same image. The main methods under
investigation were Multi Scale Image Contrast Enhancement [1], Adaptive and
Integrated Neighborhood Dependent Approach for Nonlinear Enhancement
(AINDANE) [2], Locally Tuned Nonlinear Technique for Color Image
Enhancement (LTSNE) [3]. For effectiveness investigation we realized all
algorithms. Ehe results of AINDANE and LTSNE are quite similar, but in the most
cases the quality of images after LSTNE is slightly higher than after AINDANE

enhancement.
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The Multi Scale Enhancement is not effective for difficult cases with big dark
fields, but for the images with moderate degradations it is useful. The quality of

correction is very high and comfortable for visual analysis (Fig.2).

Multi Scale Image
Contrast Enhancement

Initial Image

Fig. 2. The illustration of contrast correction algorithms.

The described methods have common drawback. With the increasing of the
contrast, the methods significantly emphasize the noise. We propose to consider the
local features of the image on the base of the found functional relationship between
the correction “strength” p and the normalized variance of brightness in the image
fragment. On the stage of contrast enhancement LSTNE applies next transformation
function.

S(x,y) = 255+ I, (x, )&,
In(x,y)
I(x,y)
where S(x,y) — pixel brightness after correction, len(X,y) — normalized brightness,

E(x,y) =1(xy)" = ( )P

I(x,y) — initial pixel brightness, I, (X,y) — the brightness of a local fragment of an

image after filtering, p - parameter for correction “strength”. We propose to define

p in next way:
ko?
p = log(——-),
min
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where ¢ — the standard deviation of brightness in a fragment of the image; omin — the
minimum standard deviation of brightness among all fragments of the image; k —
parameter of the regression model.

Our investigation showed that the SNR of the image processed by LTSNE and
AINDANE falls from 40 dB to 25 dB. The proposed method provides SNR of 35-
38 dB on the same fragments of processed images.

2.2. Synthesis of mosaic images for wide angle observation (panoramic

images)

One of the main problem of endoscopic images is the narrow field of view. As
a result, individual images are often not intuitive for evaluation. Mosaicing offers
the opportunity to create an integrated picture of a scene from a video sequence.

The problem of image mosaicing is well studied. In the case of medical images
the initial quantity of detail and the quantity of key points is very low. We propose
the special procedure for video panorama construction from the images with small
guantity of key points. The main features of proposed procedure are:

e the reliability degree for key points matched pairs is introduced. It gives
possibility to use the maximum quantity of key points pairs.

e the special modifications of RANSAC method. It supports the using of all
found matched points with taking in advance their reliability degree for the source
Images transformation parameters identification.

The estimation of reliability degree for matched pairs is realized on the base of
suppression measure. For each pair of matching key points (pi, pq) the measure of
suppression, based on the similarity of the distance between neighboring points on
images being stitched & is calculated. Then from the set of all matched pairs PQ the
set with good matches PQopt with the measure of & = [0,9...1] and the reliability
degree Rd =1 is formed. For each element of the set (PQ — PQopt) the measure of
suppression & = [0...0,9] from the pairs of the set PQopt and the reliability degree

Rd =[0...0,9] is calculated via iterative procedure. The introduction of the reliability
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degree gives possibility to produce transformation parameters identification with all
found matched pairs of key points. This position is ensured by using special
proposed modification of RANSAC algorithm - the use of two criteria for selecting
the best estimates of the parameters instead one criteria in the base version of
RANSAC. The offered method gives possibility to obtain panoramic images in
condition of images with low detail (Fig. 3). The average error is less than 0.75 pixels

for the video with low quantity of detail.

Initial
1mages

Constructed
mosaic

Fig. 3. Mosaic image obtained with proposed method.

2.3. Results

The proposed methods have software realization and were successfully tested
on real endoscopic images. The method of endoscopic images processing based on
the nonlinear contrast enhancement, allows to save the contrast of the vessels and
other small details relative to the background. Proposed method realize contrast
enhancement without significant stressing of the noise component, which is one of
main disadvantages of modern non-linear enhancement methods, especially in areas
of the image with low detail. During our research we created full GPU optimized
software pipeline for endoscopic video processing. The CUDA 8.0 was used for

GPU programming. The timing of enhancement for FHD is 32 ms.
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The method of "mosaic™ synthesis creates panoramic image in conditional of
low detail in the original video data. The offered method gives possibility to obtain
panoramic images in condition of medical images with low detail with average error

of stitching less than 0.75 pixels.
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AHHOTALUSI

PaccmarpuBaeTrcsi MOAENMPOBAaHWE HENUHEWHBIX YCTPOMCTB, B IPOLECCE
KOTOPOro YyCTaHaBJIMWMBACTCA OJHO3HAYHOC COOTBCTCTBHUC MCKJ/Y MHOXCCTBaAaMU
BXOAHBIX W BBbBIXOAHBIX CHUIT'HAJIOB. OnuceIBaroTCsI MaTeMaTHUYECKHE MOJCIIN:
(YHKITMOHAJILHBIE TIOJIMHOMBI, PETPECCHOHHBIE CTPYKTYPhl U HEUPOHHBIE CETH,
NpUMEHseMble TpPU  yKa3aHHOM crnocobe  mMozenupoBaHus. OTmeuaercs
pa3H006pa3He 3ala4, PpPCIIaCMbIX B paMKaXx MOACIUPOBAHUA 00BEKTOB IO
COOTHOIICHUIKO BXOJI—BBIXOJ. Ha MMpUMCPC MMOAABJIICHUA HEJIMHEHMHBIX HCKa)XKCHUU
QAM- u PSK-curnamoB B KaHaje CBsI3U, OIMCAHHOM CTPYKTypoil BuHepa,

CpaBHUBAIOTCS IMOJIMHOMHUAJIBHBIC U HGprOHHBIG MOJCJIN KOMIICHCATOPOB.

ABSTRACT

The modelling of non-linear devices when establishing unique correspondence
between the sets of input and output signals is considered. Mathematical models,
such as functional polynomials, regression structures and neural networks, used in

this modelling approach are described. The variety of the application fields of the
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input-output modelling is pointed out. The example of the non-linear distortion
suppression in a communication channel described by the Wiener structure under
QAM and PSK impacts by using compensators based on polynomial and neural
models is represented.

KuiroueBbie cjioBa: maTeMaTndecKkas MOJENb; NOJIUMHOM BonbTepphl; HEHpOHHAs
CETh; KaHaJ CBSI3M; HEJIMHENHBIA KOMIIEHCATOP

Keywords: mathematical model; the Volterra polynomial; neural network;

communication channel; non-linear compensator

The functional complexity of analog and digital devices, qualitatively new
requirements to characteristics of these devices and a high level of their integration
require to improve existing and develop new methods of modelling and synthesis of
analog and digital devices.

One of advanced methods of complicated device modelling is based on the
mathematical description connecting only the input and output variables of a device
[4], [6], [8]. This approach is very useful, for instance, in two situations. Firstly,
taking into account of the device component structure the mathematical model of
complicated device is described by the equation system with high order. The problem
of bad conditionality is emerged on solving this equation system. Secondly, under
the lack of sufficient information about the device component structure it is
impossible to design the model as the equation system. In mentioned cases to apply
the model describing the input-output relationship is the way of the complicated
device modelling.

Complicated devices can be generally represented as non-linear dynamic
systems, whose input-output relationships are described by non-linear operators [4],

[6], [8]. The non-linear operator F¢ sets unique connection between the set X of

input signals x(n) and the set Y° of input signals y°(n), where n is normalized

discrete time. Thus, non-linear dynamic system is considered as a “black box” with
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the operator Fg such that
YO =F[X]
or
y°(n) = Fs[x(n)].

For modelling of non-linear dynamic system it is required to approximate the

non-linear operator F by the non-linear operator F., which reflects the input set
X in the output set Y° with error ¢, € >0, that is

y(n) = Fg[x(n)]
under condition H y°(n)-y(n) HSa for all x(n)e X, y°(n)eY®. The non-linear

operator F, is named the model of non-linear dynamic system.
The parameters of the non-linear operator F; result from the solution of the

approximation problem
H y°(n)-F.[x(n)] H —> mci:n , (1)

where C is the vector of the operator F, parameters.

The norm in equation (1) can be written as the uniform one

o= max [y°(n)-F[x] |

x(n)eX
or the root—mean-square one
1|8 2
M= |2 (M-FLm]) "
g:

where G is the number of signals exciting non-linear system.
The way of solving the approximation problem (1) depends on the form of the

non-linear operator F. (non-linear model). The universal forms of non-linear model

can be divided into two classes.
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The first class includes polynomial models [1], [4]-[6], [8], such as

— the Volterra series and the Volterra polynomial,

— the multidimensional polynomial of split signals,

— the NARMAX-model (Non-linear AutoRegressive Moving Average model
with eXogenous inputs).

The approximation problem (1) solutions obtained on the basis of polynomial
models with linearly incoming parameters are global optimums. As the Volterra
series has limited convergence this model is used for simulation of only weakly non-
linear systems. The other above mentioned mathematical models can be applied for
the approximation of severely non-linear system operators.

The second class of non-linear models is composed of different types of neural
networks [1], [3], [5], [7], [9], [13]. These neural networks are characterized as
universal approximaters. Let’s notice some types of universal approximaters, these
are the following [1]:

— multilayer perceptron networks,

— recurrent multilayer perceptron networks (the Elman, Wiener and
Hammerstein networks),

— radial bases function networks,

— functional link artificial neural networks (with Chebyshev and Laguerre
polynomials),

— spline neural networks,

— wavelet neural networks,

— canonical piecewise-linear networks and recurrent canonical piecewise-linear
networks,

— neuro-fuzzy networks (adaptive network based fuzzy inference system,
ANFIS).

Neural networks are useful when increasing the polynomial degree gives slowly

decreasing the error of the non-linear operator approximation. However, in case of
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applying neural networks with nonlinearly incoming parameters to find globally
optimal solution of the approximation problem is extremely difficult because of the
slow convergence of the calculation algorithm and the emergence of the large number
of local optimumes.

On the basis of the operator approach, non-linear models can be built for
different devices, for instance, compensators, filters, equalizers and so on [1], [2],
[9]-[12]. Polynomials and neural networks can be used for the compensator synthesis
in electromechanical system sensors, which are described by severely non-linear
differential equation.

The example of the non-linear compensator modelling based on the Volterra
polynomial and different types of neural networks for the suppression of non-linear
distortions in digital communicational channel described by the Wiener model is
represented below.

Power amplifiers produce non-linear distortions in the communication
channels (CC) [10], [11]. Non-linear distortions generated by a power amplifier draw
the wide attention of researchers. The power amplifier is linear in narrow-band and
low-power applications. However, the power amplifier operates with width-band
signals and as close as possible to saturation to achieve maximum power efficiency
and output power. As a result, the power amplifier produces two types of non-linear
distortions in the presence of the input signal envelope fluctuation: the dynamic
amplitude distortion (AM/AM, amplitude-to-amplitude modulation) and the phase
distortion (AM/PM, amplitude-to-phase modulation). The power amplifier
nonlinearity leads to signal distortion and appearance of intermodulation components
in adjacent channel that cannot be filtered out. The process of out-of-band emission
Is known as spectral regrowth.

Power amplifiers and bandpass filters are simulated together. Mathematical
models are often represented as the Wiener model. The methods of noiseless coding

do not enshure the required level of the information transfer reliability. It is expedient
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to apply compensators synthesized with the operational approach on the sets of input
and output signals in order that the non-linear signal distortions should be cancelled
in CC [10], [11].

Let's compensate the non-linear signal distortions in the communication channel

described by the Wiener model
%(n) = dyéy (n) + d&F () + daiP(n)
where dy =1, d» =0,2, d3=0,1; "-" is the sign of complexity; X(n) is the output
signal of non-linear CC on exciting by the input signal &(n), which is the complex
envelope of modulated signal; & (n) is the output signal of the linear dynamic part
of CC with the following transfer function
H(z)=(1,0119-0,7589 j) + (-0,3796 +0,5059 j) - 271

Thus, the structure of the Wiener model contains two blocks: linear dynamic
part and memoryless nonlinearity. 8PSK-signal and 4QAM-signal are used as input
signals &(n) of CC model.

For suppressing the non-linear CC distortions, non-linear compensators are
synthesized on the basis of the following models [1], [3], [5]-[8]:

The Volterra polynomial

FILP) Im/2 Im/2+1

y=2, 2, - 2

h=01i3=0 i;2=0 lip0241=0

Im

> Ciiy i m( 1)___im>‘<i1(n)>'<i2(n—1)

im=0
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where y(n) is the output signal of model, 1 =11+ 1y +...4+ 1,2 + I(m,2+1) +ot+ Iy
Is the polynomial degree (1 =3), * is the sign of complex conjugation, m/ 2 is the
memory length (m=10).

The two-layer perceptron

I m
y(n)=G C0+ZCiG ZWUXJ(n) ,
i=1 j=0

where the model input signal is a vector
[ %o(n), %(n), %2(n), ... X (n) |=
:[1, X(n),X(n—l),...,x(n—(m—l))], ()
G is a sigmoid function (hyperbolic tangent), | is the number of neurons (1 =5),
(m—1) is the memory length (m=5).
The recurrent Hammerstein network
Ry 5 Ra
y = b net@(n-rp) - > a y(n-ry),
I’b=0 ra=1
where
|
nét(® (n) = D nétigl) (n),
k=0

nett (n) =1, netd(n) =G (uﬁl) (n)) ,

ulgl)(n)zlféwkpzI M), k=12,...1, X(n) =1,

the input signal of the compensator model is a vector described by (2), G is a sigmoid

function (hyperbolic tangent), | is the number of neurons (1 =3), (m—l) Is the
memory length (m=2), Ry =1, Ry =1.

The root-mean-square error of non-linear compensation is defined by equation
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1 1000
998J > [y —Em)f

The root-mean-square error ¢ and number Q of the compensator models
parameters are represented in tab. 1.
Table 1

Compensation results

Root-mean-square
error and number of
Models models coefficients

€ Q
Two-layer perceptron 0,6*1073 36
Volterra polynomial  0,2*107 286

Recurrent

*10N-3
Hammerstein network 0,2*10 16

On the basis of obtained results, it can be observed the following facts:

—non-linear compensators in form of the recurrent neural Hammerstein network
and the Volterra polynomial provide the equal accuracy of cancelling non-linear
signal distortions for the communication channel designed in the form of the Wiener
structure;

— the recurrent neural Hammerstein network surpasses the polynomial model of
compensator in the implementation simplicity.

Eventually, using the example of synthesis of the nonlinear signal distortion
compensator for a power amplifier, it is shown that among different types of neural
networks one can find such a network that provides the high accuracy of signal

processing and is simpler than polynomial models.
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AHHOTAIUA

Jloknaa TIOCBSIIEH SBJICHHIO packauyku camosera Jeruukom (PCJI).
[IpuBeneHsl MoOJENb JIETYMKA KAaK AJIIEMEHTAa KOHTYpa YIPABJICHHS JIETATEIbHOIO
annapara (JIA) u wmonenupoBanue mnpouecca PCJL. IlpenorBpamenue PCJI
NPEJICTABIICHO C TIOMOIIBI0 METOJa IOoCeAoBaTeIbHON (Pa30BOM KOMIICHCAIIUHM B
koHType ympaBieHus JIA. IlpuBeneHbl YHUCIEHHBIE MCCIIECIOBAHUS CHUCTEMBI
nonasnenus PCJI ¢ HenuneliHoW koppekiueit. Llensro nokmana sisiasercss GeHoMeH
PCJI. D10 sBIeHHME mMpeAcTaBisIEeT COO0OM OBICTPO pPa3BUBAIOIIMECS KOJIEOaHUS C
HapacTarolle aMIUIMTYAOM 110 YIJIOBBIM CKOPOCTSM, IEperpyskam u yIjam,
BO3HHUKAIOIIUE, TJIaBHBIM 00pa3oM, MpY CTPEMIICHUHU JIETYMKA YIPABIISATH CaMOJIETOM
¢ BbICOKOM TOYHOCTHIO. [losiBnenne PCJI TecHO CBA3aHO ¢ HAJIWYHMEM HEJIMHEHHBIX
AJIEMEHTOB B KOHTYpE YMNPaBIEHUS, MPEXK]IEC BCETO — C OTPAHUYEHUEM HAa CKOPOCTh

OTKJIOHCHHA YIIPABIIAIOIIHUX OpPIraHOB. B JOKJIaJIC IIOKa3aHO IIPUMCHCHHC MCTOIa

IIOCJIEIOBATEIbHOU HEJIMHEWHOU KOpPPEKLHUH. Paspaboran aJrOpUTM
3
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HoCJIeI0BaTeNbHON (Pa30BOM KOMIIEH AU B KOHTYpe yrnpasienus JIA. B pesynbrare
UCCIIEIOBaHUsl pa3pabOTaHHBIA METOJ IO3BOJIAET IPENOTBPATUTH BO3HUKAIOLIME
koneObanust JIA. Jlokiaag NpOWUIIOCTPUPOBAH peE3yJIbTaTaMH  KOMITBIOTEPHOIO

MoZIenupoBaHus curyauui npenorspamenns PCIL

ABSTRACT

The goal of this paper is propose the method of prevention nonlinear oscillation
induced by pilot (P10) appeared in man-machine closed-loop dynamical systems. The
prevention of PIO are presented using the series phase-shift compensation method.
Computational investigation of prevention PIO using nonlinear correction is reported.
The PIO are defined as rapidly developing fluctuations with increasing amplitude of
angle rates, angles and g load, generated due to pilot efforts to control the aircraft with
a high precision. Advent of PIO is correlated to nonlinear elements in control-loop
before everything else like rate constraint of controlled component. The algorithm of
series phase-shift compensation in control-loop of aircraft is developed. As a result the
developed method is allow to prevent the arising oscillation of unstable aircraft. The
report is illustrated by the results of computer simulation of the situation of occurrence

and suppression of PIO.

Introduction

The development of new technologies in aviation on the one hand simplifies and
automates the work of pilots and on the other hand - introduce new errors and
unforeseen disruptions in the operation of flight control systems (FCS). In aviation
problems of abnormal interaction were often associated with the introduction of new
technologies, functionality or complications. The fly-by-wire technology (FBW) is one
of the examples of technologies that have shifted from military aircraft to civilian ones.
FBW technology provides opportunities for the emergence of new approaches to

solving all types of problems of stability and control of an aircraft. However, the
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flexibility inherent in this technology has the potential to create unwanted new side
effects and unforeseen problems. In an airplane equipped with an FCS with FBW, the
information is transmitted from the cab to the controls in a completely electric way.
The cockpit control device can’t give the pilot information that the speed limit or the
position of the controls of the aircraft has come. As a result, there may be a discrepancy
between the pilot’s expectations and the actual response of the aircraft. Complexity
inherent in developed, excessive FCS, complicates the developers foreseeing all
possible interactions between FCS and the pilot. All this led to numerous studies and
methods to prevent situations caused by the abnormal interaction of the pilot with the
aircraft.
Model of the aircraft-pilot system
In [1, 2] the following linearized aircraft model is given:

x (t) = Ax(t) + BS(t), (1.1)
where x = [@,8,9,4,7]" = Xun, 8 = [8c, 6rer 16, 6r1T, U = [Ue, Ure, U, Uy ]T —
Uin, @, B, 0, q, v — angle of attack, angle of lateral slip, angular velocity of roll,
angular velocity in pitch and yaw, respectively. § and u - are the real and given
deviation of the control surface. Suppose that the steering wheel drive is
described by second-order equations:

5(6) = {o, if (626%)&(v-6>0)|(6<5)&v-5<0)),
v — another case
v(t) = satz(w(t)), (1.2)
w(t) = K;(87(t) — 6(2)) — Kpv(t),
where §*,5~ — the upper and lower limits of the rudder deflection, saty; — the
function saturation, v — limit of the speed of the control, the coefficients K;, K, —

set the value of the characteristic frequency w, and the decay rate ¢, of the linear drive

K
model: w, = /K1, & = 2—\/;,—1 The pilot’s task is to track the given pitch angle

9*(t), using the control lever. The pilot commands are fed to the servo drive,
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combined with the angular velocity gyro sensor signal, which is used to provide
static stability in the pitch velocity loop. This can be written in the following
expression for the control signal directed to the elevator:

() = Upizoe (£) — Kqq(8), (1.3)
where u,;,c — control signal generated by the pilot, K, — coefficient of
damping. Consider a system consisting of a linear drive model and aircraft
model. The transfer function (TF) of these series-connected elements has the

form:

1.655+0.91
(T?s2+428T+1)(s2+5-2.28)

Wace (5) = (1'4‘)

The aircraft model is inherently unstable. Thus, it is decided to introduce
a damping coefficient K, into the feedback channel. Using the root hodograph
method, we choose K, = 4.7, stability index n = 0.24, oscillability index u =
1.97 following [3]. The stability margin of the open-loop system at K,= 4.7 in
amplitude is 5.5 dB, in phase 62.6 deg. Following [4], we use the pilot model in
the form of a static coefficient together with a pitch deviation error: u,(t) =
Kpitor (97 (t) — 9(¢)) and (1.3) states that:
Ug () = Kpitor (97 (t) — 9(t)) — Kqq(t) (1.5)
Extension of the model (1.1), (1.3) - (1.5) by the kinematic equation 9(t) =
q(t), which describes the relationship between the angular velocity along the
pitch and the horizon angle. The optimal transient for system (1.4) gives
Kpiior= 4.5. The resulting stability margin of close-loop system in amplitude is

14 dB, in phase - 66.5 deg.

Development of an algorithm for series phase compensation in aircraft control-

loop
Series nonlinear correction

Correction devices are used to approximate the characteristics of the
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automatic control system (ACS), consisting of the necessary elements, to the
desired characteristics. The methods of synthesizing CS are usually reduced to
determining the type and parameters of corrective device [3, 5]. With the help
of a link with a specially selected nonlinear static characteristic, the static
characteristic of the entire ACS as a whole can be aligned or deformed. The
introduction of the nonlinear corrective device (NCD) into a control system
with nonlinearities such as saturation, friction, dead zone reduces the speed of
the transient process, suppresses self-oscillations [6]. Including the NCD in the
ACS, they achieve an increase in the phase response in the cutoff frequency
rang, leaving the amplitude characteristic unchanged, thereby reducing the
noise acting on the system. Independence of the amplitude characteristic from
the frequency change greatly simplifies the design process of the automatic
control system. Following the method of [7, 8], in order to prevent the PIO, we

introduce a serial NCD of the form:

W(s) = Ty Tps+1

T2 T15+1 ’

(1.7)

where 0 <T; <T,— time constant, denoted by v =T,/T,. Phase shift
introduced by the filter (1.7): ¢ (w) = arctanwT, — arctanwT; > 0. As a result
of harmonic linearization of this nonlinear element with a linear filter (1.6), the
following expressions are obtained for its logarithmic amplitude and phase

characteristics (LAC, LPC) as a function of v:

H(4, 0) = \/a(4,w)? + b(4, w)?, (1.8)

b(A, w)
a(4, w)

¢(A, w) = arctan

Harmonic linearization coefficients for (1.6):
a= %(n — 2@ + sin2¢),b = %(1 — coS2¢). (1.9)

The calculations gives the phase characteristic of the NCS has 70 deg with

v=0.01. At the same time, the attenuation of the amplitude hardly reaches -
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4 dB, which does not affect the operation of the system. This shows a

positive phase shift between u(t) = sinQt and y(t), which demonstrates the

phase-leading property of the filter. Modeling parameters: v =0.1,A=1,Q = 2 rad/s.
Investigate of uncorrected system

The demonstration of the properties of the nonlinear phase-pre-filter (1.8) is

shown on the model of an aircraft. We will simulate a system with a drive

with constrains at Kp;,.= 4.5. The simulation results are shown in Figure 1.1.

It can be seen from the figure that the quality of the processes is unsatisfactory.

O, 1‘}*, deg
T

60

Fig. 1.1 — A system with drive limitations

Investigation of the corrected system
We introduce the NKD into the direct control channel and consider the behavior
of such a system. The simulation results in Figures 1.2 show that the introduction of
nonlinear correction allow to increase the level of the input signal, as well the pilot gain.

The higher the signal level, the more relaxed and << smoother > the pilot has to act.
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Fig. 1.2 — Adjusted system with drive limitations K,;;,.= 10
Investigation of the system with delay
Let us introduce the delay element into the straight line. Let us take the time

delay 7= 0.2 s. The results of the simulation are shown in Figure 1.3, and show the
acceptability of process quality.
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Conclusion

The results show that the proposed method of nonlinear phase correction in
the control loop of a manned aircraft in an autonomous system allows to increase the
allowable pilot gain, and therefore make it possible for the pilot to respond more
vigorously to a signal mismatch on the one hand, and to prevent P10, safety on the
other. Thus, in this work, a nonlinear correction device was synthesized that allows
the pilot to expand the boundaries of his interaction with the flight control system
through the control body. We can add that for such relatively simple systems as in
this paper, there are no full-fledged analytical methods based not only on modeling.
Achieving stability in a state of equilibrium, we don’t get a guarantee of stability in
the case of working off the driving force or the appearance of disturbing influences.
It should be noted that in the study of nonlinear systems, it is necessary to take into
account the different forms and parameters of the input (reference) signals taken
from [9, 10]. Therefore the presented results don’t give the recommended value for
the pilot gain. For practical use, it requires deep research, intensive modeling,
including real flight tests.

This work was supported by the Government of the Russian Federation,
Grant 08-08.
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