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Built-in Analog Automatic Controls for Small Robots

Abstract

One of the most promising methods for improving control efficiency is the parallel synthesis of commands by a group of computing
devices. However, delays in digital-to-analog conversions and software processing, the need to synchronize calculations, and signal
transmission coordination prevent the achievement of maximum performance in distributed systems. Problems can be solved by
increasing the power of embedded microprocessors. This leads to an undesirable increase in design complexity, energy consumption,
and dimensions of controls. For the miniaturization of embedded control systems, the article proposes to apply the principles of the
indivisibility of physical processes in a technical system and the execution of control commands based on the functional combination
of aggregates with analog logic devices (agents). A generalized model of changing the states of a technical system is considered, which
sets the principles for switching on or off groups of units. The concept of an automaton of ternary logic is introduced, which determines
the order of interaction of aggregates in the time domain. The synthesis of the block diagram of the automaton is carried out. In the
mathematical model of the automaton, the operations of ternary logic receive a specific physical content in the form of retrospective
processing of changes in the states of aggregates. It is shown that ternary logic automata can be combined into open and closed chains,
setting hardware control algorithms units robot. The circuits for connecting automata controlled by elements of asynchronous logic
are given. When connected in series, the automata control the order of switching on and off the units. Chains of three-valued logic
automata can be arbitrarily long, determining the behavior of the system in the process of its operation. Due to the rejection of program
control, such automata can operate in real time, limited only by the delay of signals in logic elements. An important advantage of the
proposed technical solution is the unification of the automatic control system. The simplicity of the design of devices and the absence
of additional add-ons make it possible to integrate such circuits into the controls of microminiature robots, reducing their weight and
size parameters. Promising areas of application of analog automata are microelectromechanical and microelectronic devices.
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MOCKOBCKMI aBUALNOHHBIA MHCTUTYT (HAY)

BCTpoeHHaﬂ daHanoroBpasi aBTomMatTuka ansa Mmanopa3mMepHbIX pOGOTOB

O0num u3 Haubonee nepcneKmueHbvLX Memooo8 NOSblUeHUs IPHeKmueHoCmU YNPAGACHUS A6A1EMCs NAPAANEAbHbII CUH-
me3 KOMAHO 2pynnoll ebiuucaumenvHolx yempoicme. O0OHAKO 3a0epucku Wu@dpo-anano2o6bix npeodpazoeanui u npoepammHol
obpabomku, HeoOX00UMOCMb CUHXDOHU3AUUU BbIMUCACHUL, CO2AACO8AHUe nepedauu CUHAA08 NPensmcmeyiom docmuice-
HUK MAKCUMAAbHO20 Obicmpodelicmeus 6 pacnpedeseHHulx cucmemax. [Ipodaembr moeym peuiamsbcs nogviuleHueM MOUWHOCMU
6CMPOECHHBIX MUKDPORPOUECCOPO8. DmMo NpUgooUm K HelceaameabHOMY Y8eAUHEHUI) KOHCMPYKMUGHOU CAONCHOCMU, IHEP2ONO-
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mpebaeHus, 2ab6apumMHbIX pa3mepos 0peanos ynpasieHus. Jis MuHuamopu3ayuu 6CMpoeHHblX CUucCmeM YnpasieHus 6 Cmamoe
npedaazaemcs NPUMEHUMb NPUHUUNDI HEOeAUMOCMU (PU3UHECKUX NPOUECCO8 8 MeXHUUeCKOl cucmeme U UCNOAHEeHUA KOMAHO
YIpaeaeHus Ha 0CHO8e PYHKYUOHAAbHO20 006e0UHEeHUs a2pe2amod ¢ AHAN0208bIMU 102UHECKUMU YCmPotucmeamu (a2enmami).
Paccmampueaemces o6obuwennas modeavb cmeHvl COCMOSAHUL MEXHUYECKOU CUCMeMbl, KOmopas 3adaem NPUHUUNLL 8KAIOYEHUS
UAU OMKAKYEHUS 2PYNN azpe2amos. Beodumcs nonamue aesmomama mpouvHoOU A02UKU, ONpedesnioue2o nopaooK 63aumo-
deiicmeus azpeeamos 60 épemeHHOU obaacmu. Beinoanen cummes cmpyxmyphoti cxemvl asmomama. B mamemamuueckoti
MoOeau agmomama onepayuu mpouvHoUu N02UKU NOAYYAOM KOHKPemHoe u3uyeckoe HanoaHeHue 6 gude pempocneKmugHoll
obpabomku uzmenenuil cocmosanui azpecamos. Ilokazano, ymo aemomamosl MPOUYHOU A02UKU MO2YM 006e0UHAMbCA 6 PA3OM-
KHymole U 3aMKHYmMble 4enouku, 3a0aeas annapamuole aicopummsl YRpasieHus azpezamamu po6omos. Ilpueedensvt cxemol
coeduHeHUs agmomMamos, ynpasisemvle I1eMeHmamy acuHxponnou aoeuxku. Ilpu nocaedosamenvHom coeOuneHUU a8momamol
YAPABAAIOM NOPAOKOM BKAUCHUS U OMKAIOUEeHUs azpeeamos. Llenouku aesmomamos mpexsHauHol 102UKU Mo2ym Obimb CKONb
Y200HO OAUHHbIMU, Onpedesisn nogedeHue cucmemol 6 npoyecce ee QyHkyuonuposanus. barazodaps omkazy om npoepammuozo
YRpaeaeHus makue agmomamsi Mo2ym pabomamas 6 pexcume pearbHoeo 8pemMenl, 02PaAHUUeHH020 MOAbKO 3A0epIHCKOl CUsHA-
108 8 N02UYECKUX I4eMeHmax. BadjcHvim npeumyuecmeom npeosodCeHH020 MeXHUYeCcK020 peulenus A6AAemca YHUDUKAUUs
cucmembl ynpasienus agmomamamu. IIpocmoma ucnoanenus ycmpoicme u omcymcemeue 00NOAHUMEAbHbIX HAOCMPOEK NO-
360/5€M 6CMPAUBAMb MAKUE CXeMbl 8 0P2aHbl YNPAGAeHUs MUKDOMUHUAMIOPHbIX POOOMO8, CHUMNCAS UX Maccoeabapummble
napamempuot. Ilepcnexmugnvimu 004acmMAMU NPUMEHEHUS AHAA0208bIX AGMOMAMO8 AGAANMCI MUKPOINCKMPOMEXAHUUECKUE
U MUKDOINCKMPOHHbIE YCMPOUCMed.

Karueevie caosa: ecmpaueaemble cucmemst, aHan0206sle asmomamal, nocaedogamenvras aHan0208as JAo2uka, mpou4Has

A02UKA, MUKDO3NEeKmMpOMexXaHuvecKkue cucmemobl, MUKPOIJ1eKMPOHHbLE cUCmMeMbl YynpaeieHus

Introduction

Software control is the basis of modern automatic
control systems. Control algorithms must accurately
and promptly respond to changes in external in-
fluences. The role of instructions embedded in the
program code is growing sharply, and the require-
ments for speed and reliability of their execution
are becoming more stringent. [1]. The combination
of complexity of algorithms with restrictions on
weight and size parameters causes especially acute
problems in the development of computer control of
small-sized objects [2].

One of the effective creation of complex con-
trol algorithms is the use of embedded systems that
have the efficiency of decision-making, increased
reliability during operation and reduced develop-
ment complexity through the use of an evolutionary
increase in functional complexity [3—5]. However,
in the digital version, this technical solution has
certain limitations due to the peculiarities of the
operation of microprocessors. Parallel execution
of commands by several technical system control
aggregates requires their coordinated work [6—8].
Synchronization of calculations, mandatory ADC
stages, coordination of controller interaction pro-
tocols lead to delays, and high energy costs and
an increase in the total complexity of computing
devices lead to an increase in weight and size char-
acteristics. This approach becomes especially unac-
ceptable when creating of microelectromechanical
systems [9, 10]. The development of highly sensitive
microsensors, spatial orientation devices, microme-
chanical gearboxes creates the prerequisites for the
development of new methods of algorithmic control

of miniature objects, in which the size and weight
of computing devices can become a determining
factor [11—13].

This article proposes a way to overcome the
above problems of distributed control systems for
aggregates, the principles of constructing compact
reactive systems are considered [14]. Their feature
is the reaction to changes in the parameters of the
control object in real time. The solution was ob-
tained by integrating the functional-logical control
system into the aggregates of the technical system.
The purpose of the work is to create a high-speed
distributed control network in the conditions of re-
strictions on the weight and size parameters of the
technical system.

Consider a technical system (TS) consisting of a
set of interacting aggregates A. Let us assume that
the functioning of such a TS can be represented as a
deterministic sequence of processes of various physi-
cal nature. For example, the operation of an internal
combustion engine involves mechanical, electrical
and thermal processes associated with the movement
of the piston, ignition and combustion of fuel.

The sequence of processes execution is influ-
enced by various external and internal factors that
change the modes and algorithms of the control
units. To build a generalized model of changing
states, we represent the TS in the form of three sets,
the structure of which is capable of continuously
changing at each moment of time:

e a set of working aggregates A(¢) of the technical
system;
e the set of energy flows (EF) synthesized by the

aggregates at time f;
¢ set of EF parameters X(¢).
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At each moment of time, a certain group of ag-
gregates A(f) is in the active state, determining the
mode of operation of the TS. Changes in the values
of the energy flows parameters lead to the activa-
tion or deactivation of the aggregates. This, in turn,
causes a change in the set of energy flows circulating
in the network. Changes in the energy flow affect
many parameters characterizing the state of the TS.

We will assume that all the listed events oc-
cur continuously, affecting the structural, flow and
event dynamics of the TS. The dynamic connec-
tions of the structural and parametric states of the
TS generate a sequential logic of turning on/off the
aggregates, which must exist in the time continuum
of the functional dynamics of the processes occur-
ring in the TS. To establish a clear interaction be-
tween processes, we apply a mathematical appara-
tus that determines the methods of sequencing and
venjunction in the logic of connecting aggregates
when changing the states of the vehicle.

In the sequential logic of digital automata, chang-
es are determined by the states before the arrival of
the signal and after its arrival. However, these two
states do not fully convey the dynamics of changes
occurring in the TS. Often, events are associated not
only with current processes, but are also determined
by previous states of the system. Under the condi-
tions of program control, such problems are solved
quite simply. If, in order to increase the efficiency of
control, the software component is abandoned, then
hardware circuits of the built-in sequential logic will
be required. The creation of unified models for suc-
cessive queues for connecting automata will make it
possible to create hardware control algorithms. The
developed methods should link the event dynamics
of changes in the parameters of EFs with structural
changes in the TS. To do this, it is necessary to de-
termine the conditions and rules for the control logic
of continuous processes in the TS.

Ternary Parametric Logic for Process Switching

We will evaluate the operation of aggregate au-
tomata in three states: the aggregate has not yet
connected to the network, the aggregate is working
and transfers EF to the network, the aggregate has
completed its work and is disconnected from the
network. In this aspect, the task of analyzing the
operation of the TS will require a transition from
binary to ternary logic, in which each process is
allocated three consecutive states: "not performed",
"in progress”, "completed".

To define the logical operations on the EF, we
introduce the concept of a physical processor (PhP),
which in a distributed system we mean the union of
the aggregate and the control body (agent). In the
PhP, the aggregate performs transformations and
transfers to the EF network, and the agent analyzes
the conditions for connecting the aggregate, controls
the EF conversion modes and transmits information
about the state of the aggregate to the network.

A ternary logic automaton (TLA) consists of
three PhPs na, nf, ny (Fig. 1), the inputs of which
receive activating EFs o, B, y . Each PhP in TLA
controls the connection of its aggregate to the net-
work. The aggregates transmit EFs o, p*, v to the
outputs of the PhPs.

| : v |
| ! > Tc'y > |
| - p* |
| PR

i : UL . i

Fig. 1. Conventional designation of the ternary logic automaton

TLA can be in three consecutive states:

a) r(ny)eR@),r(ng) & V), r(n,) e R, EF
transfer o'

b) r(n,) & R(@),r(ng) € R(),r(n,) ¢ R(), EF
transfer p;

o) r(ny) e R@),r(ng) & R(),r(n,) e R({), EF

transfer y',
where r(r,), r(np), r(n,) — outgoing EFs of PhP =,
Tg, T, aggregates.

Let us denote by symbols C,, Cs, C, the area of
definition of the parameters of the incoming EFs o,
B, v . Let us denote by symbols D,, Dg, D, the range
of values of outgoing EFs o, ¥, y" parameters.

Let’s write the predicates that establish whether
the parameters X Xy X, the incoming EFs o, B,
y belong to the areas C,, C4, C.;:

Py =X, €Cy}; Py =X, £ Co}; )
P ={%5 € Cp}; py ={x & Cg}; (2
Py =%, cC )P, =1%2C) O

Let’s write down the predicates that establish the
belonging of the outgoing EFs o, p*, y" parameters
to the ranges of values:
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Py ={%,. € D}; Py ={X . € D}

p, ={Xy. € Dy} p; ={X,. € Dg}; @)
+_ st (3 n

p, —{xy+ eD}; P _{xw eD,},

where D, DB’ Ey are the ranges of values of outgoing
EFs o, B¥, y*, at which the outgoing EF of PhP =,
Tg, T, aggregates are not connected to the network.
The TLA state transition graph is shown in Fig. 2.

The input TLA alphabet is determined by the va-
lues of the predicate p; = {TRUE, FALSE}. The ini-
tial state of the TLA S is unstable and corresponds
to the disconnection of all outgoing EF of PhP =,
m, m, aggregates from the network. It is installed at
the beginning of work. In this case, the transition to
the state S1 occurs, which corresponds to the inclu-
sion of the aggregate in PhP na. The condition Sl
does not change until the transition of the parameters
of the activating EF B to the area of permissible val-
ues, i.e. until p; = "FALSE", while, at the same time

+ =+

P - Py ="TRUE". The condition of connecting of

Fig. 3. Fragment of an analog network for connecting of PhP =,
aggregate

PhP ro aggregate to the network will write down in
the form of a logical expression

Po =Py P§ Py +Po Py =Pu Py Py Po Py )

Using the formula (5), we build a network model
for connecting of PhP n, aggregate (Fig. 3), in which
the outgoing EF is formed using logical schemes.

Consider the conditions for the formation of in-
coming EPs for ng. In TLA state management, inter-
nal EF p*, y" and external EF B are used. According
to the conditions of sequential inclusion of aggre-
gates, the EF in this case does not affect of PhP my.

Consider two process states:

1) When aggregates of the PhP n and n, are not con-
nected to the network, p; = "FALSE", p, = "FALSE".
The connection condition will be determined by the
expression py - p, - p; =" TRUE".

2) When aggregates of the PhP = is already con-
nected to the network, p; = "TRUE", the condition
for continuing the connection will be determined
by the expression py - py ="TRUE".

Combining 1) and 2) disjunctively, we write a
generalized expression for connecting aggregate of
the PhP ny to the network:

(©)

After performing equivalent transformations and
separating the external EF B, we obtain an expres-
sion for calculating the condition for connecting ag-
gregate of the PhP n; to the network

Py =DPg Py Py + PPy

(7)

Using formula (7), we construct a network model
for connecting the PhP block n; (Fig. 4), in which
the outgoing EF B* is formed using logical circuits.

pp =Py -P;) Py - Dy

| + |
| Py |
| Ty — > |
e Dol
i B l pér i
- T a
| Pp |

Fig. 4. Fragment of the analog network for connecting aggregate
of the PhP =g
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Let us consider the conditions for the formation
of incoming EFs for connecting the block of PhP ..
We will supply two internal streams o, B and one
external stream y to the TLA input. Prior to the
start of the TLA operation, the EF y parameters are
outside t he domain of definition, p, ="FALSE",
so the block of PhP r, is disconnected from the net-
work. After the start of the TLA operation, the EF
y parameters go into the domain C, of definition
and p, ="TRUE". The inclusion of the block PD
n, will occur when the condition is met

Py =D, Do Dp- ®)
Using formula (8), we construct a network model

for connecting the FP block =, (Fig. 5), in which

the outgoing EF is formed using logical circuits.

Y

Fig. 5. Fragment of the analog network for connecting aggregate
of the PhP =,

Combining formulas 5, 7 and 8, we obtain the
TLA model (Fig. 1), in which outgoing flows influ-
ence the connection of aggregates through predi-
cates in the sequence of execution of rules a, b, c.

From the written conditions for connecting the
aggregates, it follows that the main control element
is the PhP ng. Before it is turned on, aggregate of
the PhP =, operates in the network (condition 5).
After the activation of B~ is applied to the input of
the EF, condition 7 is satisfied, the PhP = block is
connected, and the blocks of the remaining PhPs
are turned off. Violation of condition 7 will lead to
the connection aggregate of the PhP r,, and aggre-
gate of the PhPs no, nf will be permanently discon-
nected from the network according to conditions
5, 7. Thus, a strict sequence of events is observed,
which generate the ternary TLA switching logic.

Ternary logic determines the successive states of
aggregates in the PhP ., mg, n,. The active states
of the aggregates will be denoted by s,, s, 5, and
the states of switching off the aggregates s, 5, 5,
If we use the advance relation symbol "<" and take
into account the conditions for connecting the PhP,
then the algorithm for asynchronous switching of

aggregates is determined by applying the activation
EF B to the input of the PhP n;. We write the pro-
cess of changing states as an expression
SasSpsSy = SqsSpsSy < SosSps Sy C)
The last state is stable. TLA in this state retains
for an arbitrarily long time the fact of turning off
the aggregate in the PhP r; after the completion of
the processing of the EF. If a set of TLAs is used
in the TS, then for each TLA aggregate s informa-
tion about the completion of work will be stored.
The network formed on the TLA set will record
transitions from one stable state to another. Such a
network can be interpreted as a finite state machine
for processing aggregate states.
Information about the state of the network can
be transmitted to other TLAs, setting the algorithm
for connecting their aggregates. Next, we consider

networks that successively change the states of the
PhPs included in them.

Sequential algorithms for controlling a network
of aggregates of a technical system

Consider a network consisting of the union of
two TLAs A; and A,. TLA A, consists of PhPs r,
Ty, Ty, the second TLA A, consists of my,, mg), 7.

TLA aggregates are activated by internal and
external flows. Internal streams are created at the
TLA’s own outputs, external flows are fed from
other TLA’s. The incoming EFs B, and B, control
changes in the states of TLA aggregates A; and A,.

Let us direct the EF y, outgoing from TLF A, to
the input of the PhP ny,, and the outgoing EF o, to
the input of the initial setting of the PhP r,. Then
the TLA interaction, according to (5), (7), (8), will
be associated with the execution of the following
logical expressions:

Puy = Bi, Bl + 5By = P - By - Py - Pa By

s, = (Ps Py +pi) g, =Py Py) i by
Py, = Py Pa, " Py,
Dy = By B+ 02) B = a5 BB B 0
Py, =Dy, - Py, + Ps,) - Py, " Pp, =

:(ﬁgzl_);z)[_)gz 'p;l * Pg,
Py, :1_);1 pgzﬁgz
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As a result of the connection of two TLAs, we ob-
tain a network in which aggregates of the PhP my; and
ng, are connected in series. Let’s call such a network a
two-link chain of switching aggregates (CSU).

According to (10) in TLA Aj:

e The block in mgp will be connected to the
network only if the block in =, is enabled, i. e.
EF stream will appear at its output, and B; =y,
ps, ={TRUE}.

* In the initial state m,,, according to the switching
conditions, TLA A, is blocked, so aggregate of
the ng, will be turned off.

« The aggregate in m, will be connected to the
network only if the aggregate in n; is turned off,
p~ = pa; ={TRUE}. This condition guarantees
the initial blocking of the aggregate in .

Let us designate the states of connection of ag-
gregates in TLA A} — s, g1, 8,1, in TLA A, — 5,5,
Sgs» Sy, and the states of disconnection of aggregates,
respectively, by symbols 5,,,54,5,1,542,552,5,2- If
we use the advance relation symbol <, then the
algorithm for asynchronous switching of FP states
can be written as an expression

Salasﬁlssyl’saZ’SBZ’s«/Z < Sal:sﬁl’sylasabsﬁbsﬂ <
< Sq1s Sp1> Syl S62s Sp2s Sy2 <
< Sq15 Sp1s Sy15 5625 25532 =< St Sis Syl Sa2s Sp2s Sy2- 1D

All transitions in the chain (11) are associated
with a change in the state of ny and ng,, so we can
shorten the notation of the sequence:

Sp1sSp2 =< Sp1>Sp2 = Sp1>Sp2 = Sp1>Sp2 < Sp1» Spa- (12)

Let’s expand the concept of a sequential PhP
switching chain. We will connect additional TLAs
to the built CSU on the right. At the i + 1-st step,
the extension is performed according to the rules
(10) for two TLAs A; with PhPs n,;, ny, m, and
TLAs A4; | with PhPs mp; ¢ |, w54 15 T4 1

On Fig. 6 shows a connection diagram of such
a chain.

vi

I + + I
i Y1ver 11 T Y2 op T i
! TE'}’I —‘ 17 Y2 7 7 e !
I - || +
| Bl | Bn !
ey | L, | -
: af | Tl !
i Tcal P Moy f-—=- Ty, i
| 1 |

Fig. 6. Series connection of ternary logic automata

Algorithms for cyclic control of an analog network
of aggregates of technical systems

The CSU models obtained in the above model
provide only one pass through the links and any ac-
tivating EF B; do not repeatedly affect the states of
the network. To use the CSU again, you will need
to completely reset it.

Consider a CSU of two TLAs. TLA A, consists
of the PhP’s n,, ng, m,, the second A, consists of
the PhP’s m,y, g, np. The logic of their states is
described by expressions (10).

We modify the predicate formulas for calculating
the states of the PhP n,, adding to it the influence
of the EF’s coming from the PhP n, and n,:

Py = Py, Py, (13)

Then the condition for connecting aggregate of
the PhP n, will be determined by the predicate ex-
pression:

Dy = Py+l 'Py+2 Pl ‘5;;1- (14)

After turning off the PhP ry,, p;1 ="TRUE",
py*2 ="TRUE", therefore, according to (14), the
block in the PhP n; is turned off, and TLA A, goes
into the state of waiting for the activating EF. The
cycle of connecting CSU blocks is closed.

If we use the advance relation symbol <, then
the algorithm for asynchronous switching of aggre-
gate states can be written as an expression:

Sal>S1sSy15 562> 552> 52 =< S1s Sp1s Sy15 542, Sp25 Sy <
< Eot]’gﬁ]’ Syl’ SQZ’EBZ’§Y2 <
=< 80158815 Sy15 5025 5325572 < Sa1s Sp15 84155625 525 Sy2- (15)
Thus, a cyclic hardware algorithm for serial con-

nection of TLA A, and TLA A, aggregates was
created (Fig. 7).

| |
| —_— |
T A l
| '}(+ |
| + N |
| Yiyer 2 @ |
i Ty 1A P72 T n :
| Yl I_ 1 'Yu—l B+ :
I i n I
| ] TR | _™B2| | B
| 1 B2 a3l Bn [ |
! Toy =" |Toa-- Oy !
| oy I

Fig. 7. TLA cyclic compound scheme
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Similarly, it is possible to create cyclic hardware
algorithms that combine a large number of ATLs.

Consider a CSU consisting of n TLA’s. TLA A,
consists of PhP’s n,;, my, m,, TLA A; from PhP’s
Tis Tgis Tyis 1 LA A, from PhP n,,, mg,, m,. Let us
direct the EF y, to the input of the PhP n,. Let’s
represent the logic of network state switching in the
form of predicate formulas:

Poy = (Pa, - Py, + o)) Py,
D, :(l_)l;l'l_);l—Fpgl)'pgl

Py =Py, - Py, Py Py,

..................................... (16)
Po, =Pa, P, +Dy,) Py,

Py, = (g, - Py, + pg,)- Py, - P,

p,, =Pa Py Da .-

A closed CSU performs a cyclical algorithm
for sequential switching of aggregates. Activating
threads B; control the process of asynchronous
switching of the TLA.

Conclusion

Unification of hardware solutions for automatic
control of technical systems has been carried out.
In the considered models, ternary logic receives a
specific physical content for processing the states of a
technical system according to the signs of sequential
execution of processes. A generalized model of com-
bining aggregates for hardware control of branching
and cyclic processes in technical systems has been
developed. The presented models of functional-lo-
gical combination of aggregates into serial chains al-
low to systematize the development of hardware al-
gorithms for embedded control systems for technical
and technological objects. The developed technical
solutions create the ability to control objects using
unified logic circuits integrated into the aggregates,
which do not require analog-to-digital conversion
of sensor signals and programmable control devices.
As a result, the speed of command synthesis is sig-

nificantly increased, and the energy and weight and
size parameters of the control system are reduced.
The declared properties of analog automata open up
prospects for their application in microelectrome-
chanical and microelectronic systems.
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