A. O. Semenov, A. A. Khloba

UDC 621.373.1
DOI https://doi.org/10.32782/2521-6643-2025-1-69.32

Semenov A. O., Doctor of Technical Sciences, Professor Department
of Information Radioelectronic Technologies and Systems

Vinnytsia National Technical University

ORCID: 0000-0001-9580-6602

Khloba A. A., Postgraduate student Department of Information
Radioelectronic Technologies and Systems

Vinnytsia National Technical University

ORCID: 0009-0007-6743-2456

CONTROL DEVICES FOR PROJECTION REFLECTIONS IN THE PHASE SPACE
OF STRANGE ATTRACTORS OF DYNAMIC CHAOS GENERATORS

One of the ways to experimentally test the proposed mathematical models that exhibit the properties of deterministic
chaos is to implement them using «analog computersy. Depending on the dimensionality of the system, three or more signals
are obtained, the spectrum of which can be analyzed. However, the most obvious evidence of chaotic behavior is strange
attractors. A two-dimensional version of attractors is obtained by applying two signals to an oscilloscope that is switched to
the X-Y mode. In this way, three projections are obtained, although the minimum dimensionality of the system implies that
the object is three-dimensional. There are digital ways of displaying strange attractors in 3D using special consoles; they are
connected to the system under study and to a personal computer. The greater the accuracy of such a set-top box, the higher
its cost. However, it is possible to implement the display of a strange attractor on the oscilloscope screen in pseudo-3D using
simple mathematical operations. With this approach, no information is lost during signal processing, and the cost of the device
is lower. The structure of the object of study can be compared to a mathematical simulation by rotating it in phase space
immediately after connecting three signals to the console, without additional programs. The basic mathematical operations
are realized with the help of operational amplifiers, inverters, analog multipliers, and sin/cos potentiometer analogs. The
article is devoted to a number of devices-attachments to the oscilloscope that make it possible to rotate strange attractors
in pseudo 3D along two or three axes. The presented works contain device schematics and the necessary information for
independent implementation. These studies demonstrate the sequence of development of the idea, the gradual departure
from the analog sin/cos potentiometer to its digital counterparts, and the expansion of the rotation range from 90 to 360
degrees. The possibility of drawing a sectional plane along one of the axes and obtaining a Poincaré section is controlled.
The main structural elements of the devices are defined, and the operation of some of them is briefly described. For a better
understanding of the operation of such devices, images illustrating rotations in phase space are shown. A certain number of
images were converted from black and white to color and further processed. The prospective development of such devices has
been determined.
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Cemenos A. 0., Xnvooa A. A. Ilpucmpoi kepysanna gidodpasricennamu npoexuii y ¢hazoeomy npocmopi ougnux
ampaxkmopie 2eHepamopie OUHAMIUHO20 XA0CY

Oonum 3 cnocobie exchepumenmansioi nepegipku 3anponoHOBAHUX MAMEMAMUUHUX Mooenell, SKi NPoAGIAIomy 61a-
Ccmueocmi OUHAMIYHO20 XAOCY, € peanizayis iX 3a OONOMO20) «aHAN0208UX KoM tomepigy. B sanexcnocmi 6i0 posmipnocmi
cucmemu OMpuMyIoms mpu ma Oinbiie CUeHAnie, CNeKmp AKUX MOJCHA NPOananizyeamu. Ane Hallbinbw HAIAOHUM OOKA30M
XaomuuHoi nosediHKU € OUBHIi ampaxmopu. JJ8oeuMipHy 8epcito ampaxmopie ompumyloms WisXoM nooayi 080X CUSHANIB HA
ocyunozpag, saxuti nepesedenuti 6 pexcum X-Y. Takum uurom ompumyoms mpu npoexyii, Xo4a MiHiManbHa posmipHicms cuc-
memu nepeobavae, wo 06’ckm mpusumiptuil. Icnyroms yughposi cnocobu idobpadicenns ousnux ampaxmopie 8 3D 3a dono-
MO2010 CHeyianbHUX NPUCHIABOK, BOHU NIOKTIOYAIOMbCsL 00 OOCTIONCYBAHOT CuCmeMU i 00 NEPCOHANbHO20 Komn tomepa. Yum
Oinviua mounicmo maxoi npucmagky mum oinviua ii éapmicms. OOHAK HASGHA MOJNCIUBICIb 3a OONOMO20I0 NPOCHIUX MameMa-
MUYHUX Onepayiil peanizysamu 6i000paxicenHs OUBHO20 AMPAKMOPY Ha eKpari ocyunoepagpa y ncesdo 3D. Tpu makomy nioxodi
He 6Mpaaenocs iHghopmayis npu 06p06ui cuzHany, 6apmicm npunady meuua. Cmpykmypy 00 ’ekma 00CIONCEHHS MONCHA
NOpIGHAMU 3 MAMEMAMUUHOI0 CUMYTAYICI0 06epmaioyu 1020 8 dias’oeo/wy npocmopi 6i0pasy nicns nioknouenHs. MpoOX CueHanie
00 npucmasku, 6e3 dooamrosux npozpam. OCHOGHI MAmeMamuyi onepayii peanizyiomucst 3a OONOMO2010 ONePayiiHuX niocu-
J08AYiB, IHEEPMOPIB, AHANO208UX NOMHOJICYBAYIE I ananoeig sin/cos nomenyionempa. Cmamms npucésuena psoy npucmpo-
ig-npucmaeox 0o ocyunocpagdy sKi 0aronb MONCIUSICMb 0bepmamu OusHi ampaxkmopu 8 ncesdo 3D no 060x, abo mpbom ocsim.
Y nasedenux pobomax nassui cxemu npunadie i Heobxiona ingopmayis 013 camocmitinoi peanizayii. [lpusedeni 0ocrioxicenHs
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0eMOHCIMPYIOMb NOCTIO0BHICb PO3BUMKY 10€i, nocmynosutl 6i0Xi0 6i0 AHAN0206020 SIN/cOS nomeHyiomempa 00 11020 YUPPosux
ananoeis, posuwupenns dianazory obepmantsa 6id 90 do 360 epadycis. Keposana moxciugicms nposedenus nioujuHi nepepisy
no ooniii 3 oceil i ompumanns nepemuny Ilyankape. Busnayeno ocnosni cmpykmypui enemenmuy npunadig, KOpOmKo ORUCAHO
pobomy Oeaxux 3 Hux. [[ns Kpawozo po3yminHsa pobomu maxkux npucmpois Hageoewi 300paxcents SKi LIIOCMpPYIOns ROGOPOMi
v @pazoeomy npocmopi. Ilesna xinvkicmo 300pasicens 0yna nepemeopend 3 YOpHO OIIUX HA KOTbOPOi | 00AMKO80 ONPaLybOBAHO.
3’8c08aHO nepchekmuHUL PO36UMOK MAKUX RPULAdIs.

Kimro4oBi cnoBa: dunamiynuii xaoc, ampakmop, cenepamop, nepemun Ilyankape, pazosa niowuna, npucmpii, cueHar,
MaAmemMamuyna mooens.

Formulation of the problem. The study and search for new mathematical models exhibiting the proper-
ties of dynamic chaos are often carried out not only with the help of specialized software but also by creating
real prototypes of the proposed models. They can be carried out by a set of discrete elements, analog computer
(operational amplifiers, analog multipliers, logic elements — carrying out mathematical operations) or with the
help of programmable gate arrays (FPGA). Often the papers compare the results of: numerical modeling; simu-
lation (PSpice, MultiSIM, OrCAD); and the characteristics of a real prototype. In case of exclusively software
implementation and simplification of the mathematical model, strong discrepancies with the more real case are
possible [1], a large number of differences in the software and real implementation can be found in [2] when
considering strange attractors. The structure of such objects is given in 3D exclusively in the software reali-
zation, and when modulating in the simulator or on the oscilloscope screen exclusively in the X-Y mode, less
often in the X-Y-Z mode. The researcher is limited to three options for displaying the strange attractor (X-Y,
Y-Z, X-Z), choosing two signals from the electronic realization of the system of equations under study. This, in
the case of a simple attractor shape, is sufficient for perception and comparison with the software version. How-
ever, this approach does not give an idea of depth and causes difficulties in studying the structure in the case of
attractors of complex shapes [3-5].

Analysis of recent research and publications. The development of semiconductors has made operational
amplifiers, various logic elements, as well as microcontrollers, FPGAs, and the development of programmable
analog arrays (FPAA) [6] very accessible. The realization of dynamic chaos generators solely on discrete ele-
ments is becoming less common. Often the developed systems are tested in practice using an analog computer
[2, 6]. The approach to the synthesis of such systems is reviewed in [7], the synthesis of individual elements to
create nonlinear circuits is described in detail. A modular construction system as a tool for teaching problems
is tested in [8], the combination of modules allows generating more than 30 strange attractors. Another paper
proposes a simple and flexible analog computer for the study of linear and nonlinear systems [9]. The design
of electrical circuits based on differential equations, synchronization and the use of FPAA is devoted to [10]. A
hybrid analog computer capable of modeling systems up to fourth order is proposed in [11], all necessary infor-
mation for its replication is available. A detailed guide to the application and use of such systems is described
n [12], historically the development is given in [13]. Modern commercial versions of analog computers are
proposed in [14, 15]. The implementation of the circuit using FPGA is discussed in [16]. The paper describes a
way to rotate the attractor in 2D as part of an implementation on an FPGA, it is assumed that the parameter ¢
can be used as an additional parameter for information encoding. A development of the work is [17], now the
rotation is possible in 3D using the developed algorithm CORDIC (Coordinate Rotation Digital Computer),
which performs calculations of sine and cosine functions, for systems with fractional order. Realization of both
works is carried out on FPGA and part of information is lost due to transformations on DAC and ADC. Also
used expensive FPGA — Artix-7 XC7A100T, so this method is not universal for the study of the structure of
attractors of complex shapes [18, 19].

The above-mentioned robots allow to realize the system of equations in the form of an electric circuit and
display a strange attractor on the oscilloscope screen in X-Y mode. However, in none of the reviewed works, as well
as numerous works devoted to the study of dynamic chaos generators, no application or description was found, as
separate and universal, of devices that allow to consider strange attractors in pseudo 3D and with the ability to rotate
them in phase space.

The purpose of the article. Consideration of existing methods of visualization of 3-dimensional signals
using oscilloscope in X-Y mode, i.e. conversion of signals of 3D objects into pseudo 3D by displaying them on 2D
oscilloscope screen. Providing some found works devoted to such devices, variants of their practical realization and
use. Identification of key structural elements of such devices and prospects for further development.

Presenting main material. Rotation matrices are used to rotate a three-dimensional image by an angle ¢ in
the Cartesian coordinate system. By multiplying the original point coordinates with one of the orthogonal matrices,
new point coordinates are obtained. Rotation matrices and coordinates of points in rotation along one of the axes
can be written as specified in (1). In the case of sequential rotation along two axes, the coordinates obtained at the
first step are multiplied with another rotation matrix.
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1 0 0 x| X =x
M (9)=|0 cose —sing ;M (¢):|y|=| ¥ =y-cos(p)+z-sin(p)
0 sing cos@ |z | |z =—y-sin(@)+z-cos(p)
cosp 0 sing x| [ x =x-cos(¢)+z-sin(o)
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—sing 0 cos¢ |z | |z =—x-sin(¢)+z-cos(p)
cosp —sing 0 x x =x-cos(¢p)—y-sin(o)
M_(¢)=|sing cos¢ 0 M_(¢):|y|=|y =—x-sin(@)+y-cos(¢)
0 0 1 z z=z

where M, ((p) — rotation matrix along one of the axes; x,y,z — coordinates of the initial point; x,y,z — coordi-
nates of the point rotated by some angle o.

An example of such an approach is described in [20, p. 127]. There are several ways to perform the above
transformations, in the considered work are used already practically unavailable sin/cos potentiometer (another
possible option is a resolver), a simplified scheme is shown in Figure 1. To perform the operations and obtain the
required sign, an inverter (to obtain -zsin(¢)) and two adders are used. Points A, B, C, D are the sin/cos leads of the
potentiometer from which are taken: zcos(g), xcos(), xsin(¢), zsin(¢). The case mentioned in the paper illustrates
two consecutive rotations, along the Y-axis, then X'. The third obtained signal Z' can be fed to the Z input of an
oscilloscope (if available), thereby adjusting the luminance of the outlying areas. The rotation angle of the above
circuit is limited to 90 degrees due to a design feature of the potentiometer.

A later work [21] also uses a sin/cos potentiometer, but to rotate the 2D image, but the input signal is not
fed directly to the potentiometer, but to 4 analog multipliers, the sin/cos signal is taken from the potentiometer (or
it is possible to feed signals from an external oscillator bypassing the element). Improvements to this circuit are
presented in [22], it consists in reducing the noise affecting the stability of the output signal. For this purpose, the
authors replace the sin/cos potentiometer with a “resistive ladder” and 4 computer-controlled multiplexers, inverters
and 4 buffers.

SiniCos Pot 1
- i R X
[ }—=—>0
Add.
N~
l/
S~
1~

I {R:;}Qdd '_]Z'

R 2
—{__F—+—0
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™~
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Fig. 1 Schematic diagram of the image rotation attachment based on sin/cos potentiometer in series on two axes

Thus, the circuit allows to rotate the 2D image with a step of 15 degrees (7 gradations within the first quad-
rant). After buffering, the summation of signals takes place at the differential inputs of the display, or, in the absence
of such inputs, in the case of an oscilloscope, adders are added before the buffers. Rotation by 360 degrees is possi-
ble by supplying the opposite end of the “resistive ladder” with an anti-phase signal (-X, -Y). A different scheme is
proposed in [23], the sin/cos potentiometer is replaced by a pair of EPROMs and a set of multiplying DACs to which
the X, Y lines are also connected. The adjustment is done with a conventional potentiometer and ADC (controls the
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EPROM pair), the rotation step is about 0.35 degrees (256 bits provide 90 degrees rotation). Two polarities of the
signal (-sin(x), -cos(x)) are provided by inverters, then through multiplexers the received signal is mixed and fed to
the buffer from which X', Y' are taken. The considered works cannot be directly used for rotation of strange attrac-
tors in 2D since the proposed schemes are designed for specific specific purposes (study of visual stimuli; rotation of
an image obtained from an electron microscope). However, they demonstrate a tendency to replace sin/cos potenti-
ometer with its digital analogs and basic blocks for performing mathematical operations using an analog computer.

Mention of further development can be found in [24], a number of methods for the study of nonlinear dynam-
ics are given, including the work of [25]. It describes a multifunctional analog device that allows: to rotate strange
attractors in pseudo-3D by 360 degrees relative to any axis continuously or manually; to perform a plane section
in phase space along one of the axes; to display the upper or lower part of the split attractor; to display a Poincaré
section along one of the axes by controlling the position of the section surface, and it is possible to display the
“first return” in the forward and backward directions. The grid of dots indicates the reference plane (X-Y plane is
accepted) for better understanding of the relative position of the projection plane. The limitation of the device is
the frequency range from 0 to 20 kHz, but by replacing the microcircuits with higher-frequency ones it is possible
to extend the specified range. For a more visual explanation are given the figures from this work (Figure 2, 3), they
were converted from black and white to color with the help of visual-paradigm service.

(d) (e) ®

Fig. 2. Projections on the plane V -V, (a), three-axis rotation (b), rotation by some degree, projection to X -Y,, (c), top
part of the attractor (a) when rotated by angles (b) at different projections (d-f) [25]

The planes on which the attractor projections fall have been added to each figure. In the case of (d-f) the posi-
tion of the reference plane is indicated. The figures show a strange attractor, the signals for which are obtained from
the Chua scheme [26]. The Figure 2 show the following: (a) — projection of the strange attractor on the plane V -V ,
without rotation; (b) — explanation of rotation in two-dimensional space, where numbers in axis indices indicate the
order of rotation with respect to axes by angles -¢ (50.6), -¢ (18.3), ¢ (166); (c) —rotated attractor, projection on the
plane X -Y , rotation angles are not specified in the work; (dy-f) — upper part of the rotated attractor by angles (b) and
its projections on the planes X -Y , X -Z, u Z -Y..

Figure 3 show the following: (a) — Projection of the attractor on the plane (-1 )-V_, three planes of cross sec-
tions S1-S3 in phase space are shown in red color; (b-d) Poincaré cross section in forward and backward directions,
trajectory directions are indicated by the red arrow (the instrument can display either or both); (e-f) — The attractor is
rotated to @ (56.3), is the map of the first return in the forward direction, projected on the plane X -Y . The extended
structural diagram of the device is shown in Figure 4.
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The (Pre.Amp.) blocks provide pre-scaling of the input signal. Block (Timing.Gen.) and multiplexer (M1)
provide continuous rotation or manual input of the rotation angle, in the proposed design the input is provided by

(d) (e) ®

Fig. 3. Projection of an unrotated attractor in the plane (-1 )-V , (a), cross sections in the phase plane S1-S3 (b-d),
rotated attractor (a) and cross-sections in the phase plane S1-S2 (e-f) [25]
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Fig. 4. Structural diagram of the device for rotation and section creation [25]

ISSN 2521-6643

Cucremu ta TexHoorii, Ne 1 (69), 2025

273



dialing a binary number from 0 to 512 using latching buttons, step 0.7 degrees (in [23] the input was performed
with a smaller step, but with less control). Three blocks (Counter) are required to perform continuous rotation and
angle control, if it is not required can be replaced by a switch. Through the data buses (Bus A, B) information about
the selected angle is entered into the ROM, coefficients from it into the unit of rotation operation. Three two-di-
mensional rotation devices (Rot. 0-1) and a permanent memory device (ROM) are used, the principle is similar to
[23]. At the output there are 4 sampling and storage units (S&H), comparator (Comp.), which allows to realize the
display of Poincaré section, upper or lower part of the attractor relative to the section plane (control is convention-
ally designated as potentiometer Con.2). The set reference signal (r) controls the distance from the selected plane
(conventionally labeled as potentiometer Con.1) to the section surface. This mode is enabled by the switch (Sd),
change of the projection plane by the switch (S1). A more detailed explanation with many examples and a complete
schematic diagram with element ratings and additional information for making the device can be found in [25]. A
simpler device, but based on a modern element base, is given in [27]. The appearance of the device is shown in
Figure 5 (a), the demonstration of the rotation of the attractor obtained by realizing the Lorentz system by different
angles is shown in Figure 5 (b-i) [28].

(2 (h) (1)

Fig. 5. Prototype device pseudo 3D rotation (a), strange atractor at different angles (b-i) [28]

The device is only used to rotate the attractor, in two axes. The rotation is available for 360 degrees. The
principle of operation is similar to the works [23, 25]. The device can be divided into the following blocks: signal
pre-scaling; rotation angle adjustment; rotation angle expander up to 360 degrees; analog computer to perform

274 ISSN 2521-6643 Cucremu ta TexHonorii, Ne 1 (69), 2025



mathematical operations; rotation angle indication and generation of control signals. Replacing the ROM with a
PIC16F874 microcontroller made it possible to add the indication of the rotation angle for two axes on LED indica-
tors. It also, together with the two digital potentiometers, performs the function of sin/cos potentiometer. Similarly,
together with the inverting stages, it provides an extension of the swing angle range up to 2x. The rotation step is
1 degree, and the control is realized on two potentiometers, coarse and fine, for each of the two axes. The frequency
range is limited to 20 kHz, but can be extended by replacing the element base. Even greater demonstration can be
achieved using stereoscopy methods, which can be used to a greater extent in laboratory work, such methods are
described in detail in [29].

Conclusions. The variants of realization of devices for rotating attractors in phase space and displaying the
projection on one of the planes were considered. The main element of such devices is a sin/cos potentiometer or
its analog. It is used to realize an orthogonal transformation that allows to rotate 3D objects into pseudo-3D. This
element can be realized with the help of a bundle: ADC, ROM with coefficient table, digital-to-analog multiplier.
Changing the ROM to a microcontroller allows additional functions to be introduced, e.g. indication and rotation
angle extension. Thereby reducing the overall size of the device. Combining and modifying the developments of
[25, 27] is promising. Transfer of the device to modern element base, increase of frequency range, control of rota-
tion of dynamic chaos generators of greater dimensionality, more control over the rotation angle (input of binary
number/controller) and separate functions of the device. For example, Poincaré section, displays of the top and
bottom of the attractor (separated by the section plane), distance to the section plane, switching between projections,
automatic/manual rotation.
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