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Abstract—The paper considers the problems of formation,
expansion and control of motor actions in the human body in
terms of Anokhin’s theory of functional systems and Bernstein’s
multi-level system of construction of movements. Based on the
structure chart of functional control system of motor actions in
the human body, an anthropomorphic control system intended
for robotics complexes has been proposed. The system includes
5 control levels and features a number of advantages compared
to conventional control systems of technical objects.
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I. INTRODUCTION

Nowadays, one of the mainstreams in the evolution of
technical systems is the development of robots and robotics
complexes [1-2]. The areas of their applications are constantly
expanding: space technologies [3], military and industrial
applications [4-8], medicine [9-10], social activities, security
systems [11], smart house, etc. At the same time modern
robotic systems increasingly become more complex, for in-
stance, implementation of the standard of industrial internet of
things [12-13] results in a tendency of integration of individ-
ual robots into intelligent robotic production lines. All these
factors cause significantly increasing complexity of hardware
and software modules intended for the control of robots or
robotic complexes. A number of papers are dedicated to the
development of hardware and software modules of control
systems for robots [14 — 18]. This paper considers the model
of control system built by analogy with the activities of human
central nervous system.

II. CONTROL SYSTEM OF MOTOR ACTIONS IN THE
HUMAN BODY

The process of formation, expansion and control of motor
actions 'in the human body can be considered in the con-
text of Anokhin’s theory of functional systems [19-21] and
Bernstein’s multi-level system of construction of movements
[22-24]. Different structures of nervous system organized
hierarchically participate in planning, conversion, and perform-
ing motoric program, i.e. control system of motoric actions
presents a multi-level system [25]. The more complicated
(to be specific: more intelligent, more objective) is motoric
problem, the higher levels of nervous system are involved
in solving the problem and the realization of appropriate
movements.

Hierarchy of the levels of construction of movements is as
follows [22-26]:
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2)

3)

4)

Level A presents the level of paleokinetic regula-
tions. Level A regulates muscular tonus and is also
responsible for muscular itritability, therefore this
level participates, together with other levels, in the
organization of any movement. Signals from muscle
proprioceptors_ (information on muscle stretch and
tension) as well as from the organs of equilibrium
(information on acceleration, deceleration, changes in
body position) are transferred to this level [25, 26].
Level B presents the level of synergies and patterns.
The level ensures the following functions: extensive
muscle synergies, i.e. the ability to perform highly
coordinated movements of entire body with many
tens of muscles involved; the ability to perform
movements proportionally and consistently in time;
correct alternation of muscle contractions and extrem-
ity movements; the ability to perform patterns and
high repeatability of movements. This level is also
responsible for various motoric skills [25]. The level
of synergies and patterns plays the most important
part in the automation of motoric skills. This level
processes the afferent signals from musculo-articular
receptors (information on the values of articular an-
gles, velocities of movements in the joints, forces and
directions of pressures on muscles and deep tissues
of extremities and trunk) as well as from the organs
of equilibrium [26].

Level C presents the level of spatial field. Level
C ensures target movements in space: locomotions,
sportive movements, accurate purposeful movements,
overcoming resistance, throwing and shock move-
ments, imitative movements [25]. Signals from visual,
auditory, and tactile receptors as well as from the
organs of equilibrium are transferred to this level.
Therefore, the movements adapted to spatial prop-
erties of objects such as shapes, positions, lengths or
weight are constructed using this level.

Level D presents the level of object-related actions.
The level ensures the execution of successive move-
ments which all work together to solve this or that
motoric task. Level D is characterized by objectivity,
chain structure, and adaptive variability of the actions.
Such actions as tool using, handling objects, all com-
mon and everyday movements, etc. fall into this level.
Specific character of the movements of this level
is that they match the object logic. They represent
actions rather than movements; moving components
are not fixed for such movements while final object-
related result is only determined. The way the action



performed or the set of motoric actions is indifferent
towards this level [22].

5) Level E presents the sense level. The level ensures
symbolic actions (speech and writing); movement
chains united not by an object but by an abstract
task; movements which depict object-related action;
object-related actions for which the object does not
represent direct target but serves as means to repro-
duce abstract not subject-related relations within it or
using it [24, 25].

As a rule, several levels are simultaneously involved in the
management of complex movements: the one the movement
under consideration is based (called master) and all underlying
levels. Formally, the same movement can be organized on
different master levels. At that, master level of movement
organization is determined by the sense, or by the task, of
the movement.

Understanding of multi-level system of regulation of move-
ments makes it possible not only to form motoric skills but to
correct them as well as to identify brain disorders and diseases
[24].

Thus, after having summarized theoretical information on
natural physiological mechanisms of the formation of motoric
acts [21-23], concepts of velocity corrections based on the
analysis of sensory data as well as multi-level organization of
the control system of motoric actions [24, 25] we can propose
structural chart of the functional system which organizes the
process of planning, execution, control, and correction of
motoric program as well as integrates various systems of the
organism into a single structure (see Figure 1).
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Figure 1. Structure Chart of Functional Control System of Motor Actions in
the Human Body

III. CONTROL SYSTEM OF ROBOTICS COMPLEX

Further, based on the developed structure chart the multi-
level block diagram of the control system of robotic complex
has been developed using anthropomorphic concept of con-
struction of hierarchical technical system [27, 28] (see Figure
2).

The chart includes the following control levels:
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1)

2)

3)

4)

Level A: drivers of actuators. The level ensures the
control of an actuator, for instance, stepping or asyn-
chronous motor, servo-motor, pneumatic or hydraulic
circuit, etc. The drivers can be equipped with various
control inputs: analog current or voltage signals,
digital codes, or complex digital protocol. Generally,
driver receives diagnostics information from the ac-
tuator: consumed current, encoder signal, movement
in progress, etc. In order to ensure high accuracy
of the movements the drivers can also take into
consideration the spatial data: signals from position
sensors, accelerometers, gyroscopes. The driver also
forms the information signal containing diagnostic
data on current status of the actuators.

Level B: controller of instruction formation. This
controller presents a control unit with a group of
actuators connected by means of the drivers; con-
trol signals for the drivers are generated by the
controller. Furthermore, elementary motoric patterns
already stored in the controller memory are ready for
the group of actuator.

Input data of the control unit are as follows 1)
information on the movement which is necessary at
the current point in time (level C); 2) data from posi-
tion sensors, accelerometers, gyroscopes, etc. which
makes it possible to control complex movements
performed by a group of actuators; 3) information
on the status of terminal actuators; this information
generated by the diagnostics unit is taken into con-
sideration when forming control actions.
Technically, this control level can be realized us-
ing high-performance microcontrollers (for instance,
STM32 ARM Cortex) or programmable logic con-
trollers.

Level C: Subsystem of environment analysis and
formation of the algorithm for accomplishing current
task. This system is intended for building algorithm of
functioning of all actuators when accomplishing the
current task. Information generated by the subsystem
of task analysis (level D) presents input data of
this subsystem. The subsystem processes the data
on positions and movements of the actuators and
their statuses (information received from level B),
current position of the system in space relative to
other objects (data from optical and ultrasonic sensors
as well as limit switches) to form general algorithm
of the movement and further outputs the information
on the movement which is necessary at the current
point in time to level B.

Level D: subsystem of task analysis (semantic sys-
tem). General, in some cases unformalized task trans-
ferred from an operator or from another technical
system through man-machine interface or machine-
machine interface presents input data of this subsys-
tem. This subsystem is intended for general analysis
of the task, its decomposition and formation of the
general plan of actions to accomplish the task. At
that, technical conditions of actuator systems (data
outputted by the diagnostics units of technical sys-
tems) as well as current position and state of the
environment (information from level c) shall be taken
into consideration.



5)  Level E: man-machine interface/machine-machine in-
terface. This level is used to convert the instructions
from an operator or any other technical system into
the format “understandable” for semantic system.
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Figure 2. Block Diagram of Control System of Robotics Complex

As a rule, levels C, D, and E are realized by means of
hardware. In the simplest case, they can be realized using
single-board computers (Raspberry Pi, Red Pitaya, ZedBoard)
while high-performance professional computers can be used
for more advanced systems.

IV. CONCLUSION

Proposed control structure features a number of advantages:

1)  Hierarchical levels of control systems differentiate the
control functions appreciably. Thus, the development
of such systems can be parallelized;

2)  Later on, it is quite easy to upgrade the entire system
through simple modifications of each level separately;

3)  The system under consideration can be used not only
to control one robotic complex but can be scaled
as well to control a group of robotic complexes or
an entire robot-controlled factory (within 6th techno-
economic paradigm).
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AHTPOIIOMOP®HA4 CUCTEMA YIIPABJIEHI A
POBOTEXHUYECKHNM KOMIIJIEKCOM

Haewrnos M.B., /Taseimosa H.C., Ocunos A.H.

B crarpe paccmorpensr Bonmpochkl (hOpMUPOBaHUSI, Pac-
NPOCTPAHEHNsI W KOHTPOJISA JIBUTATEJBHOTO IeHCTBUA B
OpraHu3Me YeJOBeKa C IO3UIUU Teopuu (OYHKIMOHAIb-
HBIX cHCTeM AHOXMHA U TEOPUU YPOBHEBOI OpraHu3alluu
aeuxkennii Beprmreitna. Mepapxust ypoBHeit TOCTPOESHUST
JIBUKEeHU I

1)  VYposeHb «A»— ypOBeHb NAJEOKUHETUIECKUX De-
ryJisiiiuit. Y poBeHb «A» perysimpyer MbIIIeTHbIiH
TOHYC, & TAK2KE OTBEYAET 33 BO30OYIMMOCTD MBIIIIIL,
[I0O3TOMY JIAaHHBI YPOBEHb y4aCTBYeT B OPraHU-
zanuu JIIOOOrO JIBUXKEHUST COBMECTHO C JIPYTUMHU
YPOBHSIMU.

2)  VYposeHb «B» — ypoBeHb CHHEPIHH U IITAM-
oB. /{aHHBI ypOBEHb 00ECIIEUNBAET CJIEITYIOIIIE
dyHKImI: OOIMUPHbIE MBIMIEYHbIE CUHEPIUU, T.€.
CIIOCOOHOCTH BECTU BBICOKOC/IAYKEHHbBIE JTBUKEHIS
BCEro TeJia, BOBJIEKAOIINE B COIVIACOBAHHYIO pabo-
Ty MHOTHE JECATKY MBIIII[; CIIOCOOHOCTH CTPOMHO
U HAJIAXKEHO BECTH JIBUXKEHUE BO BpeMeHH, obec-
[IeYeHNe TPABUILHOIO Y€PEIOBAHNS COKPAICHIS
MBIIII] U JIBU2KEHUsI KOHEYHOCTE; CIIOCODHOCTD K
[ITaMIIaM, YeKAHHOM IOBTOPSIEMOCTH JIBUYKEHUIA.
ODTOT ypOBEHb OTBEYAET TAKXKE 33 aBTOMATH3a~
[IAI0 PA3JINYHBIX JIBUTATEbHBIX HABBIKOB.

3)  VYposenb «C» — ypoBeHb IPOCTPAHCTBEHHOIO TIO-
gsi. YpoBeub «C» obecriednBaeT IejIeBbIe MEpe-
MeEII[EHUSI B IIPOCTPAHCTBE: JIOKOMOIIUH, CIIOPTHUB-
HblE IIepEMEIIeHNsI, TOYHbIE, IeJeHAlPABIEHHbIE
JBUYKEHUS, MIPEOJIOJICHNE COIPOTUBJICHU, MeTa-
TeJIbHBIE U yJIAPHbBIE JBUKEHUS, 10/IPayKaTebHbIE
JIBUYKEHMSI.

4)  Yposenb «D» — ypoBeHb IPEJIMETHBIX JeHCTBHIA.
JlaHubIfT ypOBEHDL 00ECHEIUBAET BBITTOJTHEHUE TT0-
CJIeJIOBATEJIbHBIX JBUZKEHUI, KOTOPhIE BCE BMECTe
peInaT Ty WIn APYTyIO [BUTATEIbHYIO 3aJa-
ay. /g ypoBust «D» XapakTepHa MpeIMeTHOCTD,
IIEITHOE CTPOEHVE U MPUCIIOCOONTEIbHAST N3MEHIH-
BoCTh feficTtBmit. K Hemy oTHOCATCS BCe Opyamii-
Hble JefICTBUS, MAHUIYJISIUN C IIPEIMETaMU, BCe
OBITOBBIE JIBUXKEHUS W T.II.

5) © VYposenb «E»> — cwmbicioBoil yposenb. JaHubIit
YPOBEHBb 00eCIeunBaeT CUMBOJIMYECKUE JEHCTBUS
(peub M nuCbMO); JABHUrATEIbHBIE LENu, O00beIu-
HEHHbIE He IIPEJIMETOM, a OTBJIEYEHHBIM 3313~
HUEM; JBUKEHWSI, HM300pasKkarolme IIpeIMeTHOe
JelicTBUe; MPEIMEeTHBIE JIEeHCTBUS, JJIsi KOTOPBIX
[IpEJIMET sIBJISIETCsI He HEITOCPEICTBEHHBIM O0bEK-
TOM, & CPEJICTBOM JIJIsi BOCIPOU3BEJIEHUsSI B HEM
WJIN C €ro IOMOIIBIO abCTParupoOBaHHBIX, HEIIPEI-
METHBIX COOTHOIIIEHMUIT.

Ha ocnoBe cTpykTypHO#l cxembl (QyHKIIMOHAJIBLHON CH-
CTeMbl YIIPaBJIEHUs JIBUTATEIbHON AKTUBHOCTHIO B Opra-
HOA3ME YeJIOBeKa IIPeJIO’KEeHa aHTPONOMOPQHAsS CHCTEMA
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yIpaBjeHus poOOTEXHUMYECKUM KOMILIeKcoM. JlanHas cu-
cTeMa BKJIIOYaeT 5 YpOBHeHl ylpaBjeHUs:

1)

VYposeub A -~ JlpaiiBepbl HCIOJHUTEIHLHBIX
ycrpoitctB.  JlaHHBIT  ypoBeHbL 0OOecreInBaeT
yIIpaBJIeHIe KOHEYHBIM HCITOJTHUTEJIbHBIM
yCTPOHCTBOM, HAIpUMEp  IIArOBBIM  WJIH

ACUHXPOHHBIM  JIBUTATEJEM, CEPBOIPHUBOJIOM,
[THEBMO- WJIM THJIPONPUBOIOM ¥ T.J. JIpaiiBepsl
MOIYT HUMETh pPa3JuvIHble WH(MOPMAIMOHHBIE
BXO/IbI YIIPABJIEHUS — AHAJOTOBLIN CHUTHAJ TOKA
WA HAIPSIY)KeHUs], IUQPPOBOl KOJ, CJIOXKHBII
nudpoBoit mporokos. Kak mpaBujao Ha mpaiiBep
[IOCTYIIAeT JUArHOCTHYeCKas HHMOpMalusd OT
UCIIOJTHUTEJILHOTO  yCTpOiicTBa:  mOTpebsieHue
TOK&, CUTHAJI SHKOZEPa, HAJMYNE IIePEMEIeHnsT 1
T.1.

Yposeub B — Konrposuiep dbopMupoBaHusi KO-
MaH7. JlaHHBIH KOHTPOJUIED INIPECTABIISIET CO-
601t OJTOK yIIpaBIE€HUsI, K KOTOPOMY TIOCPEICTBOM
JpaiiBepOB MOAKIF0YEHA IPYIIA UCIOJHUTETbHBIX
YCTPOMCTB, )i KOTOPBIX KOHTPOJLIED T'€HEPUPY-
eT TpebyeMble VIPABJSIONE CUTHAJILI. Kpome
TOFO B TAMATU JIAHHOINO OJIOKA Yy2Ke XPaHSTCS
[IPOCTEIIIIIe JBUTATE/IbHbIE TATTEPHBI JIJI TPYIIIL
WCIIOTHUTEIbHBIX YCTPOUCTB.

Yposensb C — [loxcucrema anasmsa oKpyKaromiei
00CTaHOBKN U (POPMHUPOBAHUST AJTOPUTMA PeIlie-
Hud Tekymeil 3amaun. [lamnHas cucrema mpes-
Ha3HAYeHa I [MOCTPOEHUsI aJTOPUTMa PADOTHI
BCEX HCIIOJTHUTEIbHBIX YCTPOWCTB IIPU PEIIeHUN
TEeKyIlel 3a/1a4u.

Yposenn D — Ioacucrema anaausa neseii (ceman-
TUYECKasl CACTEMA). BXOJHBIMU JIAHHBIME ITOM
CUCTEMBI ABJIAIOTCA O6Hla§{7 B HEKOTOPDBIX CJIydasaX
nedopMaM30BaHHAs 3312494, HOCTYIAIOMAs OT
omepaTopa JuO0 JAPYroil TEXHUIECKONW CHCTEMBI
[TOCPEeICTBOM UHTepdeiica JeoBeK-MaIlnHa JTH00
MaITTHA-MAITTHA.

YposeHb E - WNurepdeiic qeJIOBEK-
MallliHa,/MalnHa-MamuHa.  JaHHBI — ypOBEHb
CIIY2KUT JiJIs1 TpeoOpa3oBaHusl KOMaH/] OIlepaTopa
Jnbo JPyroifl TeXHWIECKOH cucTeMbl B (opMar
«ITOHSATHBIN» CEMaHTUYIECKON crcTeMe.

IIpenjioxkeHHast cTpyKTypa yIpaBjeHus 00JamaeT psi-
JIOM JIOCTOUHCTB:

1

VPpOBHU MEpPAPXUU CHCTEMBI YIIPABJIEHUST XOPOIIIO
pasrpaHUYUBaOT QYHKIUH yIOpaBjeHus. Takum
00pa3oM, pa3pabOTKy MOMOOHON CHCTEMBI JIETKO
pacnapaLIeIuTb.

B II0CJIe/ICTBUU, JOCTATOYHO IIPOCTO BBIIIOJIHATDH
MOIOCPHU3AIMUIO CUCTEMBI HyTeM MOAECPpHU3AINN
KaXKJIOTO yPOBHS YIPABJIEHUS MO-OTJAEIbHOCTH.
ﬂaHHaH CucTeMa ylupaBJICeHUA MOZKET IIPUMEHATh-
Cd HE TOJIBKO JJId praBJIeHI/IH OJJTHUM pO6OTeX—
HUY9EeCKNM KOMIIJIEKCOM, OHa MOXKET MaCHITa6I/IpO-
BaTbCd C IEJIbIO YIPaBJICHUA I‘pyHHOfI pO6OTeX—
HUYECKUX KOMIIJIEKCOB HMJIX IIE€JIBIM pO6OTI/I31/IpO—
BaHHBIM [PEJNpHUATAEM ([IPH BBEIEHUH IECTOrO
TEXHOJIOTUIECKOTO YKJIAJIA).





