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Conference

Welcome to the Journal Special Section “SEMICON Russia 2014”

This Special Section is devoted
to the publication of papers which
topics are strongly correspond to the
discussions being done during the
international Conference “SEMICON
Russia 2014”, Moscow, May 2014.
This Conference covers the following
segments through its programs and
exhibitions: Semiconductor, MEMS
and Packaging. The published papers
are mainly based on materials from
the session “A market and technology
outlook for MEMS manufacturing and
applications in Russia”, headed this
time by me. Traditionally SEMICON offers market information, technical knowledge,
and networking opportunities. The Conference provides a very effective platform for
learning about the regional and global market, identifying promising areas for research and
investment which is especially important in the area of Microelectromechanical systems
(MEMS). This technology is very perspective in many applications because allows the
designers to realize a wide spectrum of devices, such as sensors and actuators, with micro
scale sizes. Some of these applications are considered in the Journal.

This year about 10 papers have been presented in the session including papers from
Fraunhofer Institute, Germany, VIT, Finland, Leibniz University, Hannover, Germany,
Russian MEMS Association, Moscow State Technical University, St. Petersburg State
Polytechnic University, and others. The round table discussion, followed the session, has
demonstrated a big interest of the participants to publish their materials. This situation
determined our decision to organize a journal special section. As a conclusion, on behalf
of Editorial board I would like to thank all authors for their valuable efforts in supporting
this Special Section. Please, read the papers!

With kind regards,
Prof. Dr. Alexander Korotkov
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T. Thieme

LBA DIFFERENTIAL PRESSURE SENSORS HIGH IMMUNITY
TO DUST CONTAMINATION

In this paper First Sensors LBA differential pressure (AP) sensors are experimentally compared to
other sensors which use the same (thermal-anemometer-based, non-membrane) sensing principle, where
differential pressure is inferred from a gas flow through the sensor.

LBA; DIFFERENTIAL PRESSURE SENSORS; FIRST SENSORS; GAS FLOW THROUGH.

T. Tume

BbICOKASl YCTOMUYUBOCTb AUDDPEPEHLUAJIbHbIX CEHCOPOB
OABJIEHUA CEPUM LBA K MNbIJIEBOMY 3AIrPA3SHEHUIO

B cratbe npeacraBieHbl pe3yJabTaThl 9KCIEPUMEHTATBHOTO cpaBHeHUs AuddepeHIMaaIbHbIX CEHCOPOB
nmaBiaeHus cepun LBA xommanum First Sensors ¢ MHBIMM CeHCOpaMU, B KOTOPBIX MCIOJL30BaH TOT K€
MPUHLIMIT JeMCTBUS (TEpMO-aHeMoMeTpuueckue, 6e3MeMOpaHHbIe): Mepernan JaBJIeHUsT ONpeaessseTcs Me-

TOIOM ITPOAYBKH rasa 4epe3 CEHCOpP.

LBA; IUO®DPEPEHIIMAJIbHBIE CEHCOPBI JABJIEHUA; FIRST SENSORS; METO/ IT1PO-

JYBKHU T'A3A.

With dust in the air flow, all other sensors
having flow impedance 15 Pa/(ml/s) to
300 Pa/(ml/s) went out of calibration or
failed entirely while the LBA sensors having
flow impedance >10 kPa/(ml/s) kept their
calibrated sensitivity. First Sensors LBA AP
sensors require only very tiny flows through its
body and therefore provide high immunity to
dust-bearing air.

Introduction. The LBA series low-
pressure sensors with ranges from 25 Pa
(0.1 inH20) full scale sense differential air
or gas pressure, inferring differential pressure
from nano-liters per second gas flow through
an integrated air-flow channel having high flow
impedance. The transducer is a MEMS-based
thermo-anemometer on a monolithic silicon
chip. Rejustor technology combined with
CMOS circuitry provides on-chip-integrated
analog-only compensation and conditioning
electronics.

Flow-Through Leakage. Because of the
sensing mechanism, there is nonzero air-
flow leakage through the sensor itself during
operation. This is true of all differential pressure
sensors using the thermal-anemometer sensing
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principle, (as opposed to dead-end sensors
such as piezo-resistive = membrane-based
sensors, whose sensing element does not leak).
Still, thermal-anemometer-based AP sensors
have considerable success in the marketplace,
because they enable practical and cost-effective
sensing of very low AP, such as a few hundred
Pa full-scale and below.

In this context, the question arises, how
much flow-through leakage is too much? The
answer depends on details of the application,
and on how the AP sensor is connected and
used.

Being able to measure differential gas
pressures below a few hundred Pa, with
resolution better than 0.1 Pa, these sensors
may be affected by other components of the
measurement system such as connecting pipes/
tubes and filters, and by the quality of the gas
which may contain dust, humidity or liquid
droplets.

Some manufacturers of  thermal-
anemometer-based AP sensors recommend the
use of connection tubes having a particular
length, in order to avoid distortion of the
response of the manufacturer-calibrated sensors.
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Fig. 1. Typical volumetric flow measurement set-up with differential pressure sensor

Manufacturers also may recommend the use
of dust filters, or may use dust-segregation
elements/mechanisms as part of their sensors.
Note that these types of precautions are not
needed for membrane-type sensors where the
gas flow through the connection tubing is zero
(in static mode).

In general, designers of a flow-measurement
system using a thermal-anemometer-based
differential pressure sensor must consider
factors caused by nonzero gas flow through
the sensor, in order to provide reliable long-
term operation. Unfortunately, there are no
standard test/certification procedures and
detailed technical information to address
these issues. The tests described below were
performed with thermal-anemometer-based
sensors from different manufacturers, to
demonstrate the principal importance of the

Air flow

Dust chamber -

Speaker/
vibrator

Thermal-anemometer-
based /\P sensors

flow-through leakage (pneumatic impedance,
or flow impedance) of the sensors, for reliable
operation in practical applications.

Note: The pneumatic impedance Rpn of the
sensor, measured in [kPa/(ml/s)], determines the
gas flow through the sensor at a certain pressure
drop, APs across the sensor:

Flow-through leakage = ﬂ
Rpn
Flow Measurement Using Differential
Pressure Sensors. Micro-flow-based
differential pressure sensors are typically used
to measure differential pressure generated by
gas flow passing through an air-flow duct or
“flow tube”. Examples are respiratory flow
measurement in medical ventilators as well as
air flow measurement or filter control in HVAC
applications.
Consider, for example, the sensor being used

Membrane-type
P sensor

Air flow

-

-

Air blower

under test

Fig. 2. Schematic diagram of horizontal configuration
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in a shunt configuration, to sense differential
pressure AP = P1 — P2 across a flow-restrictive
element in an air duct, thereby inferring
measurement of air flow in the duct as shown
in Fig. 1. Such conversion elements, designed
for different applications, include orifices,
baffles, Pitot tubes, Venturi tubes, calibrated
diaphragms, and special flow-to-pressure
converters used in respiration equipment such
as Fleisch or Lilly tubes.

LBA differential pressure sensors feature
very high flow-through impedance, greater
than 10 kPa per (ml/s) for the most-sensitive
models and up to hundreds of kPa/(ml/s) for
higher full-scale ranges.

In principle, these sensors with high flow
impedance need less parasitic flow in order
to make a measurement, and thus cause less
disturbance to the main flow than other sensors
with lower flow impedance. This makes the
sensor virtually equivalent to membrane-type
(dead-end type) differential pressure sensors
regarding this important aspect of performance
for many applications.

Risk From Dust Contamination. In
applications such as HVAC, where dust
particles may be present in the main air flow,
the question may naturally arise whether such
dust presents a reliability hazard to thermal-
anemometer-based sensors. Since normal
function of the sensor involves air flow through
the flow-channel, it is certainly plausible that
such air flow may carry dust particles into the
sensor’s flow channel. Thus the hypothetical
dangers from dust particles are that they could
enter the sensor’s flow-channel, causing:

e A change (increase) in the sensor’s
internal flow impedance and therefore a change
(decrease) in the sensor’s calibrated sensitivity.
This would be seen as a reduction in the sensor’s
output voltage, for a given applied AP, and a
loss of calibration;

e A complete blockage of the sensor’s
internal flow channel (functional failure);

e Dust may adhere on or near to the
sensitive microstructures that make up the
sensing element inside the channel, causing a
change in calibration.

In general, the presence of dust may in
principle present a reliability hazard, but the
extent of the hazard is primarily determined
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by the flow-through impedance (pneumatic
impedance) of the sensor.

Risk Factors Dust quantity and air velocity.
The quantity of dust particles which the air
flow brings to the input of the sensor depends
on the volume of air passing through the sensor
and depends on the velocity of air flow. The
quantity of dust particles induced to travel into
the sensor’s air flow channel depends on the
quantity of dust particles which are present at
its input, and on the velocity of air flow into
the channel. The velocity of air flow toward
the sensor has another very important effect,
beyond simple volume of air transported to and
into the sensor. If the airflow velocity is slow
enough that the dust does not remain airborne,
this may further enhance the sensor’s immunity
to dust contamination, while if the air flow
velocity toward the sensor is great enough
that the dust remains in suspension, this may
tend to degrade the sensor’s immunity to dust
contamination.

Note:

The sensor’s flow-impedance directly affects
the velocity of approaching airflow. Thus, high
flow impedance in the sensor both reduces the
volume of air passing through the sensor’s chan-
nel, and reduces the velocity of the approaching
air, potentially allowing airborne dust to settle
out, as well as reducing the force on particles
already present at the input of the sensor.

Type of dust. For example, big and heavy
dust particles are less likely than small/light
particles, to be transported through the tubing
to the sensor. Also, the size of the dust par-
ticles affects whether the dust can physically
block air flow into the sensor’s flow channel,
and whether the dust can physically enter the
sensor’s flow channel.

Concentration of dust particles in the main
flow. The concentration of dust reaching the
sensor depends on the concentration of dust in
the main gas flow.

Connection of the sensor to main flow duct.
Referring to Fig. 1, the larger the inner dia-
meter of the connection tubing, the lower will
be the linear velocity of the gas flow of dust-
bearing air toward the sensor input. Also, the
longer the connection tubing, the greater will
be the flow impedance contributed by that con-
nection tubing, and this may in turn affect the
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linear velocity of the gas flow of dust-bearing
air toward the sensor input.

Also, the presence of dust collectors (such
as gravity-traps) and dust filters, can provide a
certain level of protection for the sensor against
dust.

Note:

The goal of this experiment is to estimate and
compare the immunity of the sensor itself to dust
contamination. Improvements related to dust fil-
tering and other additional protection of the sen-
sors are outside the scope of the present investiga-
tions.

Experimental Investigation of Dust Contam-
ination. In order to investigate the risk present-
ed by dust, comparative experimental studies
were conducted.

The experimental setup was designed and
built to provide reproducible and controllable
conditions for the tested sensors, and to allow
fair comparative analysis of different sensors.
With this target, sets of AP sensors using the
thermal-anemometer sensing principle were
subjected to common applied differential pres-
sures.

In each experiment, typically two or more
sensor samples, often having different flow im-
pedances, were connected in parallel such that
a common differential pressure was present
across all sensors.

Thermal-anemometer-

Type of Test Dust. At the pressure port re-
ceiving the higher applied pressure, a source of
airborne dust was connected.

The dust was purchased from a supplier of
test dust. The test dust product was, specifically
“ISO 12103-1, A2 Fine Test Dust” having par-
ticle size distributed between less than 1 um
(less than 3.5 % volume) and approximately
100 pm, with roughly uniform volume-distri-
bution between ~5 um and ~40 pm.

The chemical composition of the test dust
was

Si02 68-76 %
Al203 10-15 %
Fe203 2-5%
Na203 2-4 %
CaO 2-5%
MgO 1-2 %
K20 2-5%
TiO2 0,5-1 %

Experimental setup. In the first configuration
(Fig. 2), the sensors under test were arranged
horizontally, at the same level as the dust
chamber and all at the same level to each
other.

In the second configuration (Fig. 3), the
sensors under test were arranged vertically, such
that the dust-bearing air had to flow upward
from the dust chamber toward the sensors. In
this configuration, it is expected that the effect of

based 4 P sensors under test

Air flow

i i i
L Y
- - -

Dust chamber |

-

Speaker/
vibrator

Membrane-type
P sensor

Air flow

_U
'

Air blower

Fig. 3. Schematic diagram of vertical configuration
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Fig. 4. Test #1 results for Sensor 2-1 (horizontal orientation of the sensor)

gravity will be to delay and reduce particle flow
toward the sensors under test, thus offering to
the sensors some amount of “protection” from
dust contamination. It was attempted to avoid
turbulent flow patterns which could artificially
distort the spatial distribution of dust.

Test conditions. In each configuration,
several sensors under test were connected
in parallel with a commercially calibrated
membrane-type AP sensor (unaffected by dust).
Note that the common AP is necessarily applied
to each sensor under test plus a small length
(~5 inches) of connection tubing for each
sensor. The connection tubing was 1/8” ID.
With the goal of generating a reproducible
concentration of dust in the air, a quantity of
dust (~10 cm?®) was placed in a chamber having
a volume of a few hundred cm?.

The chamber was agitated continually at 20 Hz
using triangular-shaped mechanical pulses with
an amplitude of ~1 mm, using a common low-
frequency audio speaker (subwoofer). The
chamber has ventilation holes, to allow air flow at
atmospheric pressure into and through the chamber
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toward one port of the sensors under test.

A regulated air blower generated a constant
vacuum pressure applied to the other port of
each sensor under test. This vacuum pressure
“pulled” air from the dust chamber through
all the connected sensors simultaneously.
The magnitude of this air flow, through each
individual sensor, is inversely proportional to
the flow impedance of each individual sensor.

Sensors under test. Several commercially-
available sensors from several different
manufacturers were comparatively examined:

e First Sensors LBA sensors with
measurement range 0...250 Pa (1 inH2O full-
scale), flow impedance ~80 kPa/(ml/s), and
integrated analog conditioner with 0.5...4.5 V
output.

Sample ID: LBAS250UF6S (# 1)

Sample ID: LBAS250UF6S (# 2)

e First Sensors LBA sensors with
measurement range 0...50 Pa (0.2 inH20 full-
scale), flow impedance ~30 kPa/(ml/s), and
integrated analog conditioner with 0.5..4.5 V
output.
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Sample ID: LBASOS0UF6S (# 1)

o Manufacturer #1 Sensors with
measurement range 0...+20 Pa (+0.8 inH20
full-scale), flow impedance ~15 Pa/(ml/s), and
unamplified analog output =70 mV.

Sample I1D: Sensor 1-1

Sample ID: Sensor 1-2

e Manufacturer #2 sensors with measu-
rement range 0...200 Pa (0.8 inH2O full-scale),
flow impedance ~15 Pa/(ml/s), and amplified
analog output 0.5...4.5 V. These sensors have a
micro-apparatus for dust separation, internal to
the sensors flow channel.

Sample ID: Sensor 2-1

Sample ID: Sensor 2-2

Sample ID: Sensor 2-3

e Manufacturer #3 Sensors with
measurement range -20...+500 Pa (2 inH20
full-scale), flow impedance ~300 Pa/(ml/s),
and integrated conditioner with 0.25...4.25 V
output.

Sample I1D: Sensor 3-1

Sample ID: Sensor 3-2

Uout (mV) —

0

Test procedure. The sensors were compared
in subgroups of 2 to 4, subjected to a common
AP. The common AP was typically near the full-
scale of the sensor having the greatest full-scale of
the sub-group. While the pump was pulling dust-
bearing air through the sensors, several voltage
signals were monitored continually and stored:

e The voltage output from the membrane-
based AP sensor (as a control);

e The voltage output from each sensor
under test.

Note:

In cases where the full-scale ranges of the
sensors were not the same, and where the applied
AP was set near to the full-scale of the sensor
with greater full-scale, the sensor with lower full-
scale has saturated output voltage and cannot
be effectively monitored without interrupting the
test to reduce the flow. Thus there were typically
several interruptions, at intervals during each
test.

For each sensorunder test, the output voltage
vs. applied differential pressure was coarsely

AP (Pa)

(" —o- before dust test
-« after 1 hour of dust test at /\P=450 Pa
_ = after 2 hours of dust test at AP=450Pa )

Fig. 5. Test #2 results for Sensor 1-1 (horizontal orientation of the sensor)
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Fig. 6. Test #2 results for Sensor 3-1 (horizontal orientation of the sensor)

characterized using the above-described setup,
by changing the pump settings to pull varying
amounts of pressure across the sensors. This
coarse-characterization was done before the
dust test began, at various intervals throughout
the dust-test, and then after the end of the
dust test. Additionally, for each LBA sensor
under test, the output voltage was measured
as a function of accurately measured applied
pressure, before the dust test began, and again
after the end of the dust test, to confirm the
coarse-characterization results, and to show
the effect of the accumulated dust exposure
on sensor samples whose output voltage was
saturated during the actual dust exposure.

Test #1. In the first test, sensors
LBAS250UF6S (# 2), LBASO50UF6S, and
Sensor 2-1 were connected in parallel to the
dust chamber, in the first configuration shown
in Fig. 2 (with the sensors arranged horizontally
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at the same level as the dust chamber).

The test was run for 20 hours at a constant
differential pressure AP = 200 Pa (0.8 inH20).
The coarse-characterization results for Sensor
2-1 are shown in the graph in Fig. 4. The
before-and-after fine-characterization results
for the two.

LBA sensors are shown later in Figs. 11, 12.
It is clear from the results in Fig. 4 that Sensor
2-1 has dramatically changed its calibration
(output dropped by more than 50 %), after
219 min, and has effectively completely failed
by the end of the 20 hours of dust exposure. It
is also clear (see Figs. 11, 12), that both LBA
sensors’ response curves are unchanged after
20 hours at 200 Pa.

The dramatic difference between Sensor
2-1 and the LBA sensors is not surprising, since
the difference in flow impedance is a factor of
at least 1000x, meaning over thousand times
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Fig. 7. Test #2 results for LBAS250UF6S (# 1) (horizontal orientation of the sensor)

more air volume went through Sensor 2-1, and
also meaning that the flow velocity of dust-
bearing air toward Sensor 2-1 was also >1000
times faster.

Note also that the few inches of transparent
connection hoses to Sensor 2-1 had substantial
visible dust residue within them, while far less
dust residue was visible within the connection
hoses to the LBA sensors.

Auxiliary Test #1a. As verification of this
type of test, a separate 20-hour test was run on
Sensor 2-3, along with another LBAS250UF6S
sample, same type as the one used in Test#1.

The graphical results were very similar to
those described above as shown in Figs. 4, 11.
Sensor 2-3’s output was drastically reduced
after a few hours, and had dropped close to
zero after 20 hours of dust exposure. Again, the
LBA sample’s output was effectively unchanged
after the full 20 hours.

After this 20-hour test, the two samples
were opened up (dissected) to find the failure

mechanism in Sensor 2-3. An abundance
of agglomerated dust particles were found
within the housing of Sensor 2-3, including
a substantial quantity just inside the air inlet
point. The tested LBA sensor housing was also
opened up, and no dust was evident at the
input port through which the air flowed before
reaching the sensing element.

Test #2. In the second test, sensors
LBAS250UF6S (# 1), and the same sensor
LBASO050UF6S, Sensor 1-1 and Sensor 3-1
were connected in parallel to the dust chamber,
in the first configuration shown in Fig. 2 (with
the sensors arranged horizontally at the same
level as the dust chamber). The test was run
for 18 hours at a constant differential pressure
AP = 450 Pa (1.6 inH20). This applied
pressure was close to the full-scale of Sensor
3-1, and above the full-scale of all of the other
three sensors in the test, such that their output
voltage was saturated during the test.

The coarse-characterization results are show
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Fig. 8. Test #3 results for Sensor 2-2 (vertical orientation of the sensor)

in Figs. 5 to 7. The before-and-after fine chara-
cterization results for LBA samples are shown
in Figs. 10 and 12. It is clear from the results in
Fig. 5 that Sensor 1-1 has already significantly
changed its calibration after 1 hour, and that
its output has dropped by more than 50 %
after 2 hours of exposure to dust-bearing air.

Note also that after 2 hours the zero-offset
has also changed.

It is clear from the results in Fig. 6
that Sensor 3-1 has effectively completely
failed between 2 hours and 18 hours of dust
exposure.

Fig. 7 shows that the LBAS250UF6S (#1)
sensor’s coarse response curve is relatively
unchanged after 1 hour, 2 hours, and 18 ho-
urs. Furthermore, the characterized before-
and-after comparison in Fig. 10 confirms that
indeed this sensor’s response is unchanged
after the full 18 hours of dust exposure.

Fig. 12 shows results forthe LBAS050UF6S
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sensor, which is the same sample that was
used in the first comparison test described
in TEST #1 earlier in this report. Again, the
before-and-after measurements confirm that
indeed this sensor’s response is unchanged
after the 18 hours plus previous 20 hours of
dust exposure.

The dramatic difference between Sensors
1-1 and 3-1 and the LBA sensors is not
surprising, since again the difference in flow
impedance is two orders of magnitude or
more. Again far more air volume went through
Sensors 1-1 and 3-1, and again the flow
velocity of dust-bearing air toward Sensors
1-1 and 3-1 was also many times faster.

Again, the few inches of transparent
connection hoses to Sensors 1-1 and 3-1 had
visible dust residue within them, while far less
dust residue was visible within the connection
hoses to the LBA sensors.

Test #3. In the third test, two LBA sensors
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Fig. 10. Fine-characterization results for LBAS250UF6S (# 1)
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already used in previous tests described above,
sensor sample LBAS250UF6S (# 2), and sensor
sample LBASO50UF6S, along with Sensor 2-2
and Sensor 3-2 were connected in parallel to
the dust chamber, in the second configuration
shown in Fig. 3 (with the sensors arranged
vertically, above the dust chamber).

The test was run for 27 hours at a constant
differential pressure AP=250 Pa (1 inH20).
This applied pressure was within the sensing
range of Sensor 3-2, near the full-scale of
LBAS250UF6S, and above the full-scale of
the remaining two sensors in the test, such that
their output voltage was saturated during the
test.

The coarse-characterization results are
shown in the graphs in Figs. 8 and 9. The before-
and-after fine characterization results for LBA
samples are shown in Figs. 11 and 12.

Note:

Both LBA sensors are the same sensor samples
that were already exposed to many hours of dust-
bearing air pressure in TEST #1 and TEST #2
above.

The results in Figs. 8 and 9 show that
when the sensors are oriented vertically above
the dust chamber, it takes much longer for
the sensors under test to be affected. Sensor
2-2 and Sensor 3-2 have both significantly lost
calibration after 25 hours, and have continued
to lose calibration more severely after two
more hours (total 27 hours of dust exposure
for each sensor). This is not surprising, since
the effect of gravity acts to delay and reduce
the flow of dust particles upward toward the
sensor inputs.

Fig. 11 shows that the LBAS250UF6S
(#2) sensor’s fine-characterized response
curve is still unchanged after these additional
25 + 2 = 27 hours of dust exposure, beyond
the original 20 hours of dust exposure from
Test #1.

Fig. 12 shows that the LBASO50UF6S sensor
may be finally beginning to change its calibration
slightly (by a few per cent), after these additional
25 + 2 = 27 hours of dust exposure, beyond the
original 20 + 18 = 38 hours of dust exposure from
Test #1 and Test #2. It is not surprising that the
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Fig. 11. Fine-characterization results for LBAS250UF6S (# 2)
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LBASO050UF6S sensor would begin to be affected
before its neighbor LBAS250UF6S, because of
its lower flow-impedance of ~30 kPa/(ml/s)
vs. ~80 kPa/(ml/s).

Again, the dramatic difference between
the Sensors 2-2 and 3-2, and LBA sensors is
not surprising, since again the difference in
flow impedance is two orders of magnitude or
more. Again, far more air volume went through
Sensors 2-2 and 3-2, and again the flow velocity
of dust-bearing air toward Sensors 2-2 and 3-2
was also many times faster.

Again, the few inches of transparent
connection hoses to Sensors 2-2 and 3-2, even
when vertically oriented, had visible dust residue
within them, while almost no dust residue was
visible within the connection hoses to the LBA
sensors. This is again consistent with the notion
that the high flow-impedance of LBA sensors
has limited the air-flow volume and velocity
to such an extent that most of the dust has
fallen out of suspension before reaching the
LBA sensor.

Conclusions. For differential pressure (AP)
sensors based on the thermal-anemometer
sensing principle, involving small leakage
through the sensor’s airflow channel, the
flow-impedance of that air-flow channel is
an extremely important factor in determining
the sensor’s ease of use and immunity to dust-
contamination.

With dust in the air flow, First Sensors
LBA sensors having flow impedance >10 kPa/
(ml/s) were compared directly with three other
manufacturers’ sensors using the same sensing
principle, but having flow impedances of 15 Pa/
(ml/s) to 300 Pa/(ml/s). In all cases the sensors
having lower flow impedance lost calibration
and/or failed completely after hours to tens of
hours of normal operation. First Sensors LBA
sensors did not show significant change of
calibration.

The high flow impedance causes several
effects:

e It reduces the volume of dust-bearing air
which can approach the sensor’s input;
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o It reduces the velocity of air flow toward
the sensor’s input, allowing more dust to drop
out of the flow before it reaches the sensor’s
input;

e It reduces the force on dust particles at
the input of the sensor’s flow channel.

When the air flow connection to the sensor
is oriented vertically such that the flow of dust-
bearing air must rise toward the sensor input,
the effect of dust exposure is reduced.

Essentially, the less air-flow the sensor

requires through its body to make its
measurement, the more ideal is the behavior
of the sensor, and the better is the immunity to
dust-bearing air. First Sensors LBA AP sensors
provide very high flow impedance and therefore
substantial advantages.

Potential users of thermal-anemometer-
based AP sensors are invited to repeat the
same or similar dust tests to verify suitability
for use in the conditions of their own
application(s).

THIEME, T. Silicon Saxony e.V.

01099, Dresden, Germany, Silicon Saxony e.V.

E-mail: info@silicon-saxony.de
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MAGNETIC MEMS

Magnetic MEMS (Micro Electro Mechanical Systems) gained much of importance during the past 25
years. Today for example magnetic MEMS are part of the sensor network in cars. Magnetic sensors measure
the rotation of the wheels to generate the information necessary for the ABS (anti-lock brake system) or
for stabilization systems like ESC (Electronic Stability Control). They are also used to measure the angle
of the stirring wheel as a basic part to implement the drive by wire concept. Another important field of
application is the consumer electronic. MEMS are used as a part of an electronic compass. There are many
more examples for magnetic sensors and actuators. We will present some examples for magnetic sensors and
actuators developed during the last four years at the Institute for Micro Production Technology (IMPT) in
Hanover.

MEMS; MAGNETIC SENSORS; MAGNETORESISTIVE DEVICES; MODULAR SYSTEM;
EDDY CURRENT SENSOR; WRITE HEAD; HEARING AID IMPLANT; ACTIVE MICROOPTICAL
SYSTEM.

J1. Puccune, A. benvcku, T. T[pumubype, T. pucéax,
M. Katzep, A. BuHeke, M. Biopy,

MATHUTHbLIE MOMC

B TeyeHue mociemHux 25 JeT MarHUTHbIE MMKpo3jeKTpoMexaHudeckue cuctembl (MOMC) mpuob-
pelii BaKHOE 3HayeHWe B pas3UUHbIX objacTsax. CeromHs, Hampumep, MarHuTHbie MOMC gaBnsitoTcs 4a-
CTBIO CEHCOPHOI CeTHM B aBTOMOOMJISIX. Tak, MarHUTHBIE NaTYMKKU U3MEPSIIOT CKOPOCTh BpallleHUS KOJiec
¥ TeHEepUPYIOT MH(POPMAIIMIO, HEOOXONMMYIO ISl aHTUOJOKMPOBOYHBIX CHUCTEM WIM JISI 3JICKTPOHHBIX
CHUCTEeM CcTaOMIM3allMM. MarHuTHbBIE JAaTUMKU TakXKe MCIOJb3YIOTCS IJISI M3MEPEHMS YIja MepeMelleHUs
KoJIeca B Ka4eCTBE UYBCTBUTEILHOIO 3JIEMEHTAa B CHCTEMax IIPMBOAA IPOBOMHOrO TuIla. JIpyroii BaxHOi1
00/1aCThI0 TIPUMEHEHUS SIBJISIETCS OTPAC/b OBITOBOM 3JIeKTPOHUKU. JlaTunku MOMC ucnonb3yloTcsi Kak
YacThb 3JEKTPOHHBIX KOMMAcoB. CyLIECTBYET MHOTO APYIUX NPUMEPOB IIPUMEHEHUSA MATHUTHBIX JaTYMKOB
M WCIOJHUTEIbHBIX MEXaHM3MOB. MBI IIpEACTaBUM HEKOTOpPbIE HPUMEPBI I MAarHUTHBIX OATYUKOB U
WCIOJHUTEIbHBIX MEXaHM3MOB, pa3pabOTaHHBIX B TEUEHMUE IOCICIHUX YEThipeX JeT B MHCTUTYTe Ipom3-
BoACTBeHHbIX MUKpoTexHosoruii (IMPT) Yuusepcurera JIsitoHua B 'aHHOBepe.

MBMC; MATHUTHBIE JATYUKU; MATHUTOPE3UCTUBHBIE YCTPOMCTBA; MOAYJIb-
HASI CUCTEMA; JATYUK TOKA EDDY; 3AIIMCBIBAIOILIAS T'OJIOBKA; UMIIJIAHTBI JIA
TJIOXOCIIBIIHAIINX; AKTUBHAA MUKPOOIITUYECKAS CUCTEMA.

I. Introduction to facilitate the application of the sensor. As
a consequence other areas of technology have
to be covered. For example data processing
is very important and normally electronics is
an essential part of MEMS. One of the key

steps to realize a microsystem successfully is

During the last four years the research
activities at the IMPT in Hanover have been
focused on the following topics. An important
issue has been to find new fields of application for

magnetic MEMS. Today, the basic principles of
magnetic sensing and actuation are investigated
in detail and in most cases well understood.
But there is an ongoing demand to develop
not only a simple sensor but a complete system

the packaging of the system. The advanced
packaging technologies are relevant to achieve
connectivity, robustness, and reliability and
to allow an easy handling. It has to be taken
into consideration that not only the thin-film
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processing is relevant for the costs. Packaging
and testing is an important cost factor in the
production process of MEMS.

It is necessary to concentrate not only on the
thin-film processes to fabricate the sensor and
actuator elements, but also on the packaging
technologies to consider all these aspects during
the design phase. To realize MEMS systems
starting with the design from scratch it is also
essential to develop the fabrication process in a
holistic approach simultaneously.

Nowadays, microsystems are known for very
low prices per system. The low price level is
caused by low production costs for high volume
production. The batch fabrication allows low
costs per component, because the production
costs are divided by the number of systems
simultaneously produced. This argumentation is
true if the number of produced MEMS is high.
As a result it is normally much more difficult
to start a low volume production. Therefore,
it is necessary to find production processes to
fabricate individualized sensors at an affordable
cost level.

I1. Industrial Applications
A. Industry 4.0 — Gentelligent components

Currently, the buzzword “industry 4.0”
is very popular. Starting the Collaborative
Research Center (CRC) 653, that is funded by
the German Research Foundation (DFG), in
2005 the group of researches addressed many
of those topics which are of importance also
for the industry 4.0 today. The novel approach
targeted the aim to enable the components to
make experiences themselves during their life
time, to collect and store information, and
to pass this information to improve the next
generation of components. A new word has
been created and the components being able
to collect and store information in their life
time become genetically intelligent (short
“gentelligent”) [1]. This term has been chosen
according to the transfer of information by
genes in biology, although this technical process
shows significant differences.

An important issue is that the components
have to be able to gather data and to store the
information. Accordingly, sensors have to be
part of or have to be fused with the components.
The IMPT has developed a variety of various
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sensors which have been directly attached to
the surface of the respective component. Strain
gauges, eddy current sensors, strain gauges, and
anisotropic magnetoresistive sensors have been
realized. These sensors have been developed
to equip machine parts and tools with sensors
to implement the sensing machine. As a
consequence the volume is limited and a modular
concept has been designed to reduce costs [2].
In the beginning a conventional process was
applied. Silicon was used as a substrate material
and after the thin-film processing the wafers
were diced and thinned. The drawback of this
procedure is that the sensor elements have been
separated from the surface of the machine part
or tool by the remaining silicon. The next
approach was to use sacrificial layers. These
sacrificial layers were dissolved using etchants.
The sensor layers were embedded into a
flexible polymer used as a handling framework.
Summarizing the results it could be shown,
that dissolving is possible, but the handling of
the sensor foil has been a high challenge. If
the sensors are separated from the silicon wafer
in a ensemble, the polymer membrane unfurls
and the sensors cannot be separated by dicing
and handled afterwards. Separating the sensors
before starting the dissolving process allows to
dicing the wafer but handling of the sensor foils
is still a challenge. In the context of the CRC
653 a new approach was developed taken all
process steps starting with the thin-film process,
the sensor separation, and the handling and
application into account. In Fig. 1 the process
for substrateless sensors is described.

The sensors are fabricated starting with a
silicon substrate. As a first step the contact
pads are deposited followed by an embedding
layer of a polymer. On the polymer layer made
of polyimide, the sensor layers are deposited
and structured by photolithography and lift-off
processes. The design presented in Fig. 1 shows
an eddy current sensor. A single-turn excitation
coil of copper generates the magnetic field.
The sensing element is an AMR (Anisotropic
Magneto Resistive) sensor realized as a
meander-type resistor made of NiFe. Finally,
the sensor is covered by a second polymer
layer. After finishing the thin-film process, the
backside material is etched and as a result the
sensor membrane is only fixed to a frame of
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Fig. 1. Process for substrateless sensors

silicon (Fig. 1 b). In Fig. 1 ¢ the wafer is turned.
Using a stamp, the sensor can be solved from
the carrier and attached to the machine part or
tool (Fig. 1 d). In Fig. 2 the processed wafer is
shown. The detail is revealing the structure of
the eddy current sensor.

Fig. 3 depicts a sensor fixed to the frame
provided by the silicon grid and the sensor after
the stamping process.

The sensor design offers the possibility to
realize four different kinds of sensors using the
same set of photolithography masks and by
depositing different materials [2]. In addition
to the eddy current sensor, a temperature
sensor, a sensor to measure the magnetic field,
and a strain gauge sensor can be fabricated.
This increases the flexibility and reduces the
costs if only small piece numbers of sensors are
produced.

The design and fabrication of the eddy
current sensor was presented previously [3].
The measurement results were presented before
as well [4]. The basic principle of the sensor is
depicted in Fig. 5. The sensors are shown in
Fig. 6. The eddy current sensor was used to
measure the surface topography of a machined
sample and the results were compared to
the data gained by a confocal measurement.
The qualitative comparison of the measured
signals shows a very similar curve progression
(Fig. 7).

The principle design has also been used
to realize a strain gauge sensor. Only the
meander-type sensor has been taken for this
purpose. Although the layout is not optimized
for a strain gauge, because the length and
width of the sensing wire does not differ much
from the connecting elements, the sensitivity

Sy

~—

Stamp and single sensor

Blanked out sensor

Fig. 2. Wafer with stamping tool, enlarged view of the wafer
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Fig. 3. Sensor fixed to the silicon frame and after the stamping process.
The size of the sensor is about 1 mm?

.
ad

Ay
L4

Fig. 4. These four different sensor types can be fabricated with
the same set of photolithography masks

Magnetic field of Magnetic field of
the excitation coil the eddy currents

AMR sensor
Eddy current

Excitation coil

Sample

Fig. 5. Working principle of the modular eddy current micro sensor [4]
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Fig. 6. Sensor dimensions [4]

is astonishing. Because of the thin polymer
encapsulation layer, the sensing element is
positioned in a close distance to the surface
of the loaded part. The sensing structure is
separated by less than a 8 um polyimide film and
a thin adhesive layer. 28 of these sensors have
been integrated in the z-axis of a machining
center and deliver strain and elongation values
during the machining process.

In the framework of the CRC 653, the IMPT
also designed a write head to store information
magnetically in the surface of magnesium.
Magnesium typically is not hard magnetic. The
Institute for Material Science (IW, Hanover
University) developed a new material for this
purpose. To do so, hard magnetic material was
embedded into a magnesium matrix.

The first approach used ferrite material
to pattern a conventional write head [5]. The
head has been fabricated applying a dicing
process. This is a grinding process used for
profiling. The coil is wound around the
magnetic core.

Because the surface of the parts to carry the
information is not flat, the challenge is to build
a flexible and adaptable write head. Another
desired feature is a direct control of the written
data. This requires the implementation of a
read-after-write procedure.

The first flexible head design was presented

in [5]. The schematic view of the write head is
shown in Fig. 8.

First a copper foil-cladded polymer is
processed. The copper coils are fabricated by
etching the copper layer. Holes are drilled
into the foil. Then a pre-structured NiFe foil
is bonded to the backside of the polyimide by
a double-sided adhesive tape. NiFe creates a
softmagnetic backside layer. Fig. 9 shows the
process to form the first part consisting of
polyimide carrier and Cu coils.

In the second step, the NiFe foil is bonded
to the Cu module. This is depicted in Fig. 10.

The assembly group is flipped over and the
gap area is realized by electroplating into a
photoresist form Fig 11.

The finished assembled head is shown in
Fig. 12. Also depicted is a detailed view of the
air gap region.

It is important to mention, that the heads
are produced in a batch fabrication process.
The processed foils have been clamped to a
holder. The substrate size is 4 inch.

a)
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£5 937 VA \ r/
§§ 9.38 \ /
£ 939
s £ L
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0 20 40 60 80 100 120 140 160 180 200
Distance x, pm
Fig. 7. The surface profile measured with

a — a confocal microscope; b — the eddy current
sensor [4]
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Coil Flux guide Contact pads

Air gap Pole

Core (NiFe foil)

Fig. 8. Schematic view of the flexible write head [5]

b)

Polyimide

Contact pads
Polyimide

Fig. 9. Processing of the first side of the polyimide foil:
a — Cu foil-cladded polyimide; b — reinforcement of the contact pads;
¢ — etching of the Cu coils; d — embedding in polyimide [5]

NiFe foil

Double-sided
adhesive tape

Polyimide foil

Fig. 10. Assembly of NiFe foil and coil module [5]

Cu-coil

Micro hole
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Micro holes

NiFe foil

NiFe81/19

Flux guide
(NiFe81/19)

Polyimide

Fig. 11. Electroplating to form the air gap [5]

B. Highly sensitive earth magnetic field sensor

The goal of the project called Gebo funded
by the German State of Lower Saxony is
to develop new technologies necessary for
geothermal drilling activities. To reach zones of
exploitable thermal energies in Lower Saxony it
is necessary to drill into a depth up to 6,000 m.
The task of the IMPT was to design new
magnetic sensors to measure magnetic fields
in that depth. The challenges are the extreme
temperatures, the low magnetic field strength,
and the necessary robustness of the sensor. The
sensors have to operate at temperatures up to
250 °C.

As sensor principle a GMR (Giant Magneto
Resistive sensor) was chosen. The design of
choice is that of a spin valve sensor. The layer

sequence can be seen in Fig. 14.

The spin valve has been tested up to
temperatures of 250 °C and it could be proven
that the system is stable for several hundreds
of hours.

The complete sensor layout is shown in
Fig. 15. The system consists of four GMR
sensors connected to a wheatstone bridge. Two
of the sensors are covered with softmagnetic
material to protect them against the magnetic
field. They are used to compensate the influence
of the temperature. The softmagnetic layer is
also used to concentrate the field near to the
measuring spin valves.

The sensor has been tested to evaluate
the reliability. As a test sequence a thermal
shock according to the MIL Std. 883 d was
applied. The temperature has been alternated
from —70 °C to 205 °C and vice versa in 10 s

Audio tape

Bending

Fig. 12. Flexible write head writing data
on an audio tape [5]

Flux auide Alr gap

500 um

Fig. 13. Detail showing the air gap between
the electroplated flux guides [5]
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Height <70
nm

l Metal capping Layer
l Antiferromagnet
l Ferromagnet 1
Ferromagnet2
Layer forsynthetic antiferromagnet

I Conducting Layer

Fig. 14. Layer sequence of the spin valve system [6]

shifting time. The completed sensor is shown
in Fig. 16.

II1. Medical applications
A. Pole row for stem cell Transfection

The central topic of the CRC Transregio 37
was the investigation and development of mi-
cro and nanosystems for medical applications.
Within the scope of the cooperative research in
cooperation with the The Department of Car-
diac Surgery, University of Rostock, Germany,
the IMPT developed a pole row to transport
nanoparticles. The nanoparticles were filled
with genetic material. Shifting the magnetic
field from one pole to the next by powering the

poles sequentially, the nanoparticles are trans-
ported to the last pole in the row. A stem cell
was placed at this point. When the stem cell is
brought into contact with the genetic material
the probability is high that a transfection takes
place as intended.

The basic principle of the sensor function
and its fabrication was presented in [8]. The
small sensor was integrated in a PCB board and
a well structure was added to the board to allow
an easier handling [Fig. 17].

To improve the system capability, the sili-
con substrate was replaced by a substrate made
of glass. The advantage of this approach is that
glass is transparent and microscopic methods

I'lux concentrator

/

GMR-Mcander

Conductor

Pad

Embedding

Fig. 15. Sensor design [7]
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Fig. 16. Magnetic sensor for measuring
low magnetic fields [7]

using transmitted light could be brought into
action. To observe the transfection process, it
was necessary to redesign the magnetic pole
in the center of the coils. It could be shown
that although the flux concentrator was missing
the function of the pole row was still present.
Another improvement was that the feed cables
were covered with a thick layer of a polymer to
suppress the influence of the magnetic field sur-
rounding the powered lines. In Fig. 18 the new
design is depicted as a schematic. In Fig. 19
a photo of the system is presented.

The pictures in Fig. 20 show that the mate-
rial is transparent for the wavelengths 405 nm,
488 nm, and 561 nm, respectively.

Fig. 17. PCB wafer with pole rows and well structures, detailed view of the
system fabricated on a silicon substrate [8]

Fig. 18. Schematic view of the pole row fabricated
on a glass substrate [8]

Fig. 19. Pole row fabricated on glass [8§]
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Fig. 20. Illumination of the pole row with blue, green, and red light,
often used to visualized marked material [8]

B. Hearing aid implant

The partial or complete loss of the hearing
ability of an adult represents a strong cut into
the person’s quality of life. For children this can
have direct consequences on the development
of the ability to learn to speak. Hearing aids
can help to minimize the influences of a loss
of the hearing ability. In cooperation with the
Hannover Medical School a new implantable
hearing aid has been developed. The hearing aid
consists of an electro-mechanical microactuator,
which is connected to the round window of the
perilymph. The vibration is transferred to the
membrane and the signal is transported to the
hair cells. To reduce the costs a batch fabrication
process has been chosen.

The principle design is shown by the model
in Fig. 21.

The system consists of two basic parts, the
substrate carrying a coil system and a second

Plunger

Boss

Membrane

Distance piece

Contacts

wafer providing the membrane and the boss.
The boss is holding the plunger which is cou-
pled to the membrane of the cochlea.

Fig. 22 presents the coil system which is
generating the magnetic field. Powering the
coil, the force is attracting the membrane car-
rying the magnetic back iron.

The bottom substrate is made of alumi-
nium oxide and the top part is based on sili-
con. The silicon is etched using a deep reactive
ion etching process to create a free-standing
membrane. The complete system is shown
in Fig. 23. The footprint of the system is
2.3x2.5 mm. The dimensions of the plunger are
(0.4x0.4x2.5) mm?.

To improve the system properties the system
has been redesigned. The next generation was
built as a hybrid system. The coil is conventio-
nally wound around a machined softmagnetic
core. The membrane, the back-iron and the boss
are realized in applying process steps persued in

Fig. 21. Model of the hearing aid [9]
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Fig. 22. Coil system [9]

Fig. 23. Completed system

microsystem technologies. A picture of the new of the hearing aid implant [9]

actuator system can be seen in Fig. 24.

C. Active microoptical system

There exists a demand for actuators which
can be used to change the focal length by
adapting optical lenses. These systems can be an
essential part in autofocus systems or confocal
microscopes. Together with the Hanover Centre
for Optical Technologies (HOT) the IMPT has
developed an actuator system to form a liquid
lens. The coils of the microactuator generate a
magnetic field and the magnetic force moves a
ferrofluid in a microchannel. The movement of
the ferrofluidic piston shifts a transparent fluid
and a liquid lens is formed at the end of the
channel. Fig. 25 shows a schematic drawing of
the system. Fig. 24. Picture of the redesign actuator

Permanent magnet Substrate
Micro coil Magnetic pole  Insulation layer Embedding

Top stator
system

Channel
volume

Bottom stator
system

PMMA membrane Ferrofluid Coupling medium

Fig. 25. Schematic drawing of the adaptive microoptical system [10]
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Fig. 26. Picture of the microcoils
of the actuation system [11]

In Fig. 26 a magnified picture of the micro-
coils can be seen. The formed liquid lens by
shifting the ferrofluidic plug is shown in Fig. 27.
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10.[]. AkynvuwiuH, M.C. Jlypve, E.H. lNamviwieB,
A.B. nyxoBckou, A.H. KazakuH

BETA-BOJIbTAMYMECKUU MOMC-NMPEOBPA3OBATE/1Ib SHEPTUU

Ha psime mpuMepoB moka3zaHa aKTyaJlbHOCTb CO3MaHMSI MajorabapuTHBIX aBTOHOMHBIX MCTOYHUKOB
sHepruu. CraellaH KpaTKWil 0030p KOHCTPYKTUBHBIX PELICHUM IO IPSAMOMY TIPeoOpa3oBaHUIO B 3JICK-
TPUUYECTBO SHEPIrMU PATMOAKTUBHOIO pacmana. OmnucaHbl M3BECTHBIE pPa3pabOTKM OeTa-BOJIbTAMYECKUX
npeobpaszoBateneit. IlpuBemeHBI pe3ynbTaThl CPAaBHUTEIBHOTO aHaIM3a IIPEdeIbHBIX BO3MOXHOCTCH
OeTa-BOJIbTAMYECKUX MpeoOpasoBaTesiell WISl pa3IUYHbIX COYETaHUM ITOJYNPOBOJHUKOBOIO MaTepuaia u

JOJITOXKUBYILETO U30TOIA.
TEXHOJIOTUHN; MOMC; ITPEOBPASOBAHUWE SHEPTUMN.

Yu.D. Akulshin, M.S. Lurie, E.N. Piatyshev,
A.V. Gluhovskoi, A.N. Kazakin

BETA-VOLTAIC MEMS CONVERTER

The given paper describes the design of the beta-voltaic converter with a regular relief textured surface.
The design of some known beta-voltaic converters has been reviewed. We have also shown the comparison
results of the specific power converter for various combinations of a semiconductor and long-lived isotope.

TECHNOLOGY; MEMS; POWER CONVERSION.

B cBs3u ¢ pasBUTHEM MMKPOCHUCTEMHOM
TeXHUKW W HA4vaJioM IIPOBEACHMS psAma aMOu-
IIMO3HBIX MPOEKTOB, BILUIOTh A0 MHOTO(YHK-
LIMOHAJILHOIO MOHUTOPUHIA IUIAaHETapHOTrO
MaciTaba, TTOSIBIIaCh HEOOXOMMMOCTh B aB-
TOHOMHBIX MCTOYHMKAX 3JIEKTPOIHEPTUM (Te-
HepaTopax), KOTOpble MOIIM Obl 00eCcHeYuTh
MHOTOJIETHEE BSHEProcHAOXEeHHE MUKPOCU-
CTEM, HaXOASIIUXCS B HEAOCTYIHBIX MECTaXx.
TakumMmu mectaMu MOTYT ObITh OOBEKTBHI KOC-
MUYECKOro 0a3MpoBaHUS, CUCTEMBbI pacIipeie-
JICHHOTO MOHUTOPWHTA 3€MJIM, BCTPOEHHBIE B
KapKachl 3IaHUI WIK B JOPOXHBIE MOKPBHITHUS
JATYUKU U T. 1. [1—3]

Haxe MpuOJIM3UTEIbHBINA aHAJIN3 BO3MOX-
HbIX IIPUJIOXECHUN U3HACINIA MUKPOCUCTEMHOM
TEXHUKU II03BOJISIET BBIACIUTH 110 OTPACIISIM
JNESITEIbHOCTY CJICOYIOIIUE 3adayd, pelIeHHue
KOTOpPBIX TpeOyeT NMPUMEHEHUS IJIUTEIbHOIO
ABTOHOMHOTO 3HEPTroo0ecreYeHus.

Kocmonaemurka

e (DYHKUMOHAJbHbIE MUKPOCUCTEMBI Ma-
JIorabapuUTHBIX KOCMUYECKUX OOBEKTOB (MO-
HUTOPUHI MapaMeTpPoOB NBIXKEHUS, TeMIlepa-

TYpbI, NaBJEHMSI, UTHTEHCUBHOCTU U CIIEKTPOB
0o0JIy4eHus U T. 1.);

e JIEXKYpHbIE CUCTEMbl BKJIIOYEHUSI OCHOB-
HOW ammapaTrypbl Ipu JOCTVMKEHUN 3aaHHOTO
BHEIIIHET0 TapameTpa (Hanpumep, U3MEeHEeHUsI
rpaBUTallMd, MarHUTHOTO MOJISI, OCBEIIEHHO-
CTU U T. I.).

MYC u cucmemwt b6ezonachocmu

MuKpocUCTEMBI pacIpeaeIeHHOIO MHOTO-
(byHKILIMOHATLHOTO MOHUTOPUHTIA, B T. 4U.:

e ceTb WMH(POPMALIMOHHBIX JaTYUKOB B
CEICMOOMACHBIX palioHax, paloHax pacIiojo-
xeHust ADC, mpuOpexXHBIX U BHYTPUKOHTU-
HEHTAJAbHbIX TUAPOJOTMYECKUX COOPYKEHUI
M T. II., C LIEJbIO CBOEBPEMEHHOIO IIpeayIpe-
XKIEHUST O HaJIBUTAIOLIMXCS KaTacTpoduye-
CKMX CUTyallUSIX MOPUPOTHOTO ITPOUCXOXKIIE-
HUS;

® TO X€ — BHYTPM COOPYKE€HWI, TPYyIHO-
JOCTYIHBIX KOHCTPYKLMIA M Y3JI0B, C LEIbIO
MpPEeIOTBPaIeHNSI TEXHOTC€HHBIX KaTacTpod;

e CHCTEMbl WH(MOPMAIIMOHHBIX MHKPO-
JAaTYNKOB OXpaHBI IEpUMETpa 0COO0 BaKHBIX
OOBEKTOB U COOPYKECHUIA.
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Taznpom

MuKkpocucTeMbl pacnpeaeeHHOr0O MHOTO-
(byHKIIMOHATLHOTO MOHUTOPMHTA, B T. 4.:

e MOMC-KoHTpOISI AaBlIeHUsI, TeMIlepa-
TYpBl U pacxoia TPaHCIIOPTUPYEMOTO IIPOAYK-
Ta BIOJb Ta30- U He(TEIPOBOAHBIX MarucTpa-
JIEH;

¢ MOMC-IMarHOCTUKU COCTOSIHUSI KOH-
CTPYKIIUIA MO JIJIMHE Ta30- U HE(PTEIIPOBOTHBIX
CHCTEM.

Cmpoumenvcmeo, KKX u npukaaonasn eeonoeus

e BcTpoeHHBIE CHMCTEMBI MOHHMTOPHWHTA
MEXaHWYECKUX HANpPsSKEHUN U APYTUX IpoY-
HOCTHBIX XapaKTepUCTUK BHYTPU CTPOMUTENIb-
HBIX KOHCTPYKIIWH;

© MOHUTOPMHI COCTOSHUS M IIPOYHOCT-
HBIX XapaKTepUCTUK IOA3EMHBIX SHEpreTuye-
CKMX MarucTpajieu;

o MOHUTOPMHI BETPOBOM HArPy3KU COOPY-
KeHUI U CTPOUTENIbHBIX KOHCTPYKIIUIA;

e pacmpenesieHHbII MHOTOMYHKINOHAIb-
HBIA MOHUTOPUHT CJI0SI BEYHOU MEP3NOTHI.

T'eHeparopnl, obecreynBalolie dHEProc-
HaOXeHNEe TaKNX aBTOHOMHBIX MHKPOCHCTEM,
JOKHBI QYHKIIMOHUPOBATh N€CATUIETUSIMU U
OBITh COM3MEPUMBIMHU 1O TAOAPUTHO-BECOBBIM
nokazaTeynsiM ¢ apyrumu MOMC.

DIeKTpOXUMUUYECKIE OaTapen, aKKyMYyJIs-
TOPBL M1 MOHUCTOPHI TaKyl0 3amady PEelINTb He
MoryT. O4eBUAHBIM PEIIEHUEM 3ada4i MOXET
SIBUTBCSI TOJIBKO aTOMHAsI MUKPOSHEPTeTHUKA.
TennoBble aTOMHBIE IIpeoOpa3oBaTeIu, IaB-
HO HCIIOJIb3yeMble B KayeCTBE aBTOHOMHBIX
SHEProreHepaTopoB, IJIsd pEIIeHUS TaHHOM

ooy va A

3aJauY¥ HEMpUeMJeMbl 10 MaccorabapuTHBIM
nokaszareisiM. I 3TOro MpUromHBI TOJBKO
HETeIUIOBbIE Ipeodpa3oBaTe/id, KOTOPhIE MO-
TYyT HampsMyl0 HIpeoOpa3oBhIBATh SHEPIHUIO
pagvoaKTUBHOIO paciaga B BJICKTPUYECKUIA
zapsan. [naa mpsgmoro mpeoOpa3oBaHUS MO-
TYT UCIOJIb30BaThCS ABAa MeXaHM3Ma pacliaga
pamuoHykJmaa: ainbda- M Oera-pacnan. Ilo
coobOpakeHUsIM  0e30MacHOCTA  PEHTIeHOB-
CKO€ U3JIy4YeHHE OOKHO OBITh IIPU 3TOM MMU-
HuMasibHbIM. HeMHOro BbIXOASl 3a Mpenesbl
JAHHOW CTaThH, NMEPEYMCIIVM BCE U3BECTHBIE K
HACTOSIILIEMY BPEMEHU KOHCTPYKTMBHbBIE TIOM-
XOIbI K PELICHUIO ITPOOIEeMBI.

Anba-pacnan. Haubosee nepcrekKTUBHOE
HampapJieHUe TIpSIMOI TpaHchopMaLMK aibga-
pacraga pacCMOTPEHO B COBMECTHBIX paboTax
WHcTutyra KocMuueckux uccienoBanuii PAH
(Mockga) u HaiimoHaibHOro Hay4HOTO 1IEHTpa
«XapbKOBCKUI (PU3UKO-TEXHUIECKUIA WHCTH-
TyT» (XapbKoB). BTO BTOPUYHO-IMUCCUOHHBIN
PanMoM30TONHBIN MCTOYHUK Toka (BOPUUNT),
OCHOBaHHbII Ha HEPAaBHOBECHOW 3MUCCUU
CBEPXTEIUIOBBIX 2JIeKTpoHOB. [Iponecc peanu-
3yeTcsl MPpU TPOXOXIESHUU ajibda-u3aydeHust
TPaHCYPAHOBBIX 3JIEMEHTOB Yepe3 TOHKUE Me-
TajuIMyeckre rieHku. CxemaTuyeckoe u3oopa-
>KEHME MpeoOpa3oBaTeis IoKa3aHo Ha puc. 1.

Ddusnueckuii nmpuHUKMIT paboTtel BOPUUT
COCTOUT B TOM, UTO 13-3a pa3HUIIbI B KO3h U-
LIMEHTaX BTOPMYHOM 9JICKTPOHHON 3MUCCUU
IUICHOK JBYX Pa3IMYHBIX METAJLJIOB OMHAPHOMU
SYEHKM TPOUCXOAUT 3apsiiKa CJIOEB OTHOCH-
tenbHO Apyr apyra. KITJ ycTtpoiicTBa poctu-
raet 10 %, a TomuMHa OGHOrO IMaKeTa GUHApP-
HBIX fl4eeK He mpeBblaeT 1 MKM. LleHHbIM

Puc. 1. Cxema ycTpoiicTBa BTOPUUHO-MOHHOIO MpeodpazoBaTeist
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KayecTBOM TaKHUX IMpeodpa3oBaTeliei, Criocoo-
HBIM OOECIeYUTh UX MPUMEHEHHE HE TOJbKO
B MMUKPOCUCTEMHOM TEXHUKE, SIBJSIETCS TTPUH-
LUMOYAalIbHAsI BO3MOXHOCTh KOHCTPYHUPOBAHUS
YCTPOMCTB ¢ MOIIHOCTBbIO OT MKBT mo kBT,
MIyTeM IIOCJeA0BaTeIbHOIO M IapajuieIbHOTO
COCIMHEHUS MCXOAHBIX TMaKETOB OWMHAPHBIX
SYeeK.

JIpyrum criocoboM KCIOJIb30BaHUS albda-
MU3JIy4eHUST SIBJISIETCS CIIOCOO IBOMHOIO IIpe-
00pa30oBaHNs, B KOTOPOM M3JlydeHUE M30TOoIla
TpaHchopMupyercsi B (DOTOHHOE M3IIydeHUE
JoMUHOpOpa, KOTOpoe Ipeodpasyercsl 3aTeM
B DJIEKTPUYECTBO C MOMOIIBIO ITOJYIIPOBOIHM -
KOBBIX CTPYKTYyp. HaHHBII crocod mo psmy
MIPUYUH IIPUMEHSIETCS BCE pexXe.

bera-pacman. HemaBHo mosBMIack HO-
Bas Pa3HOBUIHOCTb KOHCTPYKIIMU U30TOMHOM
Oarapeiiku — MOMC ¢ NoaBMXKHBIM Mepe-
HocuukoM 3apsga. B 2004 r. B KopHeabckoMm
yHuBepcutere (CIIA) ¢ momMolblo 00beMHOM
MOMC-TtexHoaoru OBLI M3TOTOBJIEH 3Jie-
MEHT MUTaHus Ha n3otone Hukemne-63, cro-
COOHBI paboTaTh, IO YTBEPXKICHUIO aBTOPOB,
6osnee 50 ner. OnbITHEIN oOpa3zel umen gop-
My Ky0a c pebpoMm, MeHbIIMM 1 MM. BHyTpmn
Kyba Haja cioeM M30Tomna ObUla yCTaHOBJIEHA
MeTaJlinyeckass KoHcosib (KaHTusiesep). [lpu
pacmaje M30TOIa TOTIJIolaeMoe KOHCOJIBIO
U3JIydeHHUE 3apspKaeT €€, M 3JIeKTpUUeCKOoe
MoJjie 3acTaBjsieT KaHTUJIEBEp CrubaThecs II0
HaIIpaBJICHUIO K CJIOI0 M30TOIIa. 3aMBIKaHUE
KOHCOJIM Ha M30TON CHUMAET 3apsiabl, U KOH-
COJIb BBITIpSIMJISIETCS (pUC. 2).

Iloka n3oTon pacmnamaercsl, KOHCOJb IPO-
JOJKaeT CBOM ABMXKEHMST BBEpPX-BHU3, TEHEPU-
pys Ha BBIXOJIE MYJIbCUPYIOLIEE DTEKTPUIECKOE

Kantunesep

A

BropuyHbie
ANEeKTPOHL!

Suumupyemeie
3apsKeHrbie — o

HampsbkeHue. JlaHHBIE TIO MapamMeTpaM He
MIpUBENEHBI, HO MOXHO MPEAIOI0XUTh, YTO
Takask KOHCTPYKIIMSI HEBEJIMKA MO MOIIHOCTH.
[TpoGneMaTUIHOM IIPEACTaBISIETCS TAKKE BO3-
MOXHOCTb 0€30TKa3HOI pabOoThl yIPYIoii KOH-
COJIA B TeYEHUE BPEMEHU, COU3MEPUMOM C IIe-
puogoM moaypacaga Hukens-63 (100 jer).

Bera-poabranmyeckuii  3pdexkr.  PabGota
OeTa-BOJBTaUUYECKOTO Mpeodpa3oBaTesiss OCHO-
BaHa Ha TOM, UTO M3JIy4eHHBIE IIpU pacraae
BJIEKTPOHBI WJIM TO3WUTPOHBI BBICOKUX 3HEp-
ruii, rmomagasi B o0JIaCTb p-u Iepexona MOoJIy-
MPOBOJHUKOBOM TUIACTUHBI, TEHEPUPYIOT TaM
3JIEKTPOHHO-ABIPOYHYIO I1apy, KOTOpasl 3aTeM
MPOCTPAHCTBEHHO pasieseTcs 001acThIO IIPOo-
crpaHctBeHHoro 3apsina (OT13). Bcnencrsue
3TOTO Ha X U P-TIOBEPXHOCTSX MOJIYIPOBOAHU-
KOBOH IIJIACTMHBI BO3HUKAET Pa3HOCTb 3JICK-
TPUYECKUX TMOTeHlManaoB. [IpuHIMOMAaIbHO
MEXaHU3M MpeoOpa3oBaHUS HAIIOMUHAET TOT,
KOTOPBI peaar30BaH B MOJYIPOBOIHUKOBBIX
COJIHEUYHBIX OaTapesx, HO C 3aMeHOi (hOTOH-
HOTO O0JIyueHUSI Ha OO0JIydeHHEe 3JCKTpOHAMU
WIM TIO3UTpOHAMHU OeTa-pacmaga paauoOHY-
KJIUI0B.

Hns sHeproodecriedeHus: uagenuii MCT
OIHVMM W3 BaXXKHEMIIIMX CTAaHOBMUTCSI TpeOOBa-
HUE YMEHBIIIEHHUs rabapuTOB 3HEprompeoopa-
30BatTesisd, T. €. TpeOoBaHME MaKCHUMaJIbHOMU
yIeJIbHOM MOIITHOCTU — MOIIHOCTU Ha €IMHU-
Iy o6beMa IpeoOpa3oBaTes.

PaGoThsl o co3maHuio O0eTa-BoJIbTalndeCKUX
MUKpoTpeoOpa3oBaresieii MPOBOAATCS PSIIOM
¢dupm CHIA u Anonun. IIpobiemMoii, B 4acT-
HOCTH, 3aHSTBl MCCJeIOoBaTesbcKas Jiabopa-
topust amepukaHckux BBC (AFRL), ¢upma
Medtronic, komnanusa City Labs Inc., ¢upma

il

YacTvubl I

30T0oN |

Puc. 2. Cxema MOMC-npeobpazoBaTenisi SJHEPTUU
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Samsung u np. Hekoropsie nzaenus yxe Ha-
XOIISITCSI B PRIHOYHOM OOpallleHUM.

Kommanms City Labs, Inc. (CILHA) Hama-
JIHJIa KOMMEPUYECKOEe IIPOMU3BOJICTBO KOMIIAKT-
HBIX TPUTUEBBIX O€Ta-TaJbBaHUYECKUX 3Jie-
meHToB nuTaHusa NanoTritium P100a (puc. 3)
¥ BeIMOHsIET KOHTpakT oT BBC CIIIA Ha pa3-
paboTky Oojee MoIIHBIX Oatapeil. CoriacHo
npecc-peansy npouspoautesss, NanoTritium™
MOXET CIIyXUThb MCTOYHUKOM HEIIPEPBIBHOTO
MUTAaHUSI B TeYeHUWe ABaAlaTA U OoJjiee JeT
IJIS Pa3IMYHBIX IIaT(GOPM B MUKPODIJIEKTPO-
Huke. O01acTU TPUMEHEHUS: 3JIEKTPOCHA0-
XKEHUE OaTYMKOB aBJICHUS/TeMIIepaTyphl,
MEIUIIMHCKNX MMILJIAHTATOB, MOJYMaCcCUBHBIX
WM aKTUBHBIX CUCTEM WIASHTU(UKALIMU, YacOB,
SRAM-namMsTH, MUTaHWE MAJIOMOIIHBIX MPO-
neccopoB (Harpumep, ASIC, FPGA, u T1. n.).
NanoTritium™ gocTynmHa B HECKOJBbKUX KOH-
durypanmsax HanpskeHusi/Toka. OmgHa Oarta-
peiika cmocobHa BeIgaBaTh oT 0,8 10 2,4 B ipn
Toke oT 50 mo 300 HA B Teuenue 20 jer, T. €.
BbIpA0OAThIBAECT ITOCTOSIHHYIO MOIIHOCTb I10-
psnka 0,1—0,2 mxBT.

OcHOBOIT batapeiiku IBIISIeTCS OOBEMHBIN
auon, (GopMHUpyeMblii B KaHajaX IOPHUCTO-
ro kpemHus. CpeaHue pa3Mepbl KaHAJIOB U
KPEMHUEBBIX ITPOMEXYTKOB COCTaBJISIIOT IIO-
psgaka 1 MkMm. DddekTnBHas 1uiomagb 00b-
€MHOT0 p-n Tepexoja Ha MOPUCTOM CJIoe BO
MHOTO JECATKOB pa3 IMpeBBIIACT IUIOIIAAb
IUIOCKOI TIOBEpPXHOCTU. MCTOYHMKOM B3HeEp-
i B NanoTritium™ saBnstercst Gera-pacnan
TPUTUSI, BBEJSHHOIO B COCTaB ITOJMMeEpa, 3a-
TOJIHAIONIETO KaHaJbl TIOPUCTOTO ciios [4].

Eciu B KayecTBe MCTOYHMKA PaglOaKTUB-

HOIl BHEPrMU paccMaTpuBaTh TOJbKO TPUTUI
(HammpuMep, B BUAE TPUTUI3aAMEILIEHHOIO I10-
JUSTUJICHA), TMPEIOKEHHOE  TEXHUYECKOe
pellieHue CJeayeT CUYuTaTh ONTHUMAaJIbHBIM,
MOCKOJIbKY DHEpIrus pacriaga TPUTUSI YPE3BbI-
yaitHo Mana (5,5 KsB) u mpobGeru siaekTpo-
HOB MU3JIYyYCHMS B KPEMHUU COCTABIISIIOT OKOJIO
1 mxm. Takum oOpa3oM, mepeMbluKa KPEMHMUS
B MOPUCTOM CJIO€ TTOJHOCTHIO IOIJIOIIAET U3-
JydeHue KaHajga. OgHaKoO Takasl CUTyallus Ha-
PYLIUTCS IJIS1 U30TOMOB ¢ OOJbIICH SHEpruei
pacmaga. O4eBUAHO, YTO €CJIM B IIOPUCTOM
KPEMHUHM KCTO0JIb30BaTh PATUOHYKIUA C OOIb-
e SHEpPruer pacmaga U COOTBETCTBECHHO
OoJibllieil JUIMHOM MpoOera 3JeKTPOHOB WU
MO3UTPOHOB, YaCTh PaAMOAKTHUBHONM >HEPIUM
OyzmeT OeCITOJIe3HO pacXoJ0BaThCs Ha HarpeB
M30TOIAa B COCEAHMX KaHajaxX TeKCTYpUPOBaH-
HOTO CJIOS.

B nocnegHue rompl B HaydyHOH JuTepa-
Type MOSBWJIOCh MHOTO COOOIIeHUI O Oera-
BOJIbTayeCcKoM a3 dekTe Ha KPeMHUU C U30-
torioM %Ni, 231 sHepreTmyeckue mnapameTphbl
KOTOPOIO CYIIECTBEHHO IIPEBHIIIAIOT dHEpre-
TUKY TPUTHUSL.

JInst manbHERIINX MOMCKOBBIX MCCIeooBa-
HUI MOAE3HO ObLIO Obl PACCMOTPETh, XOTS ObI
B CpPaBHUTEIbHO-OIICHOUHOM ILIaHe, IpyTrue
BO3MOXKHbBIE COYETAHUS Pa3TUYHBIX MOJYIIPO-
BOIHUKOBEIX Y PagudOaKTUBHBIX MaTepHasiOB.
Takas cpaBHUTENbHAsl OLICHKA MaKCUMAaJbHO
BO3MOXKHOM YIEJIbHOU MOIITHOCTH T€HEPATOPOB
JUISL pa3JIMYHBIX COYETAaHUI TOJIYTPOBOIHNKOB
M IOCTYIIHBIX K MCIIOJIb30BaHUIO IOJTOXUBY-
IIMX M30TOIIOB Obla HEAAaBHO IIpOBeldcHA B
J1abopaTopuu HaHO- U MUKPOCHUCTEMHOM TeX-

Puc. 3. barapen NanoTritium™ xommanum City Labs, Inc.
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I
Tadoaumna 1
ITapameTpsl 10Ir0XKUBYIIUX PAAHOHYKJIHIOB
VaensHasa DHeprus pacrnaga E, MaB
Ynenb-
. aKTUB- VnenbHas
Ilepuon HBII Tun
HzoTon rnoJjypac- BeC HOCTE, pac- MOILHOCTR
' bx/ Amda | B r w,, Bt/
3 bda era aMMa 0
maga, Jjetr | r/cMm oAr*1010 majga afe
()
Kagmuii- 113m 14 8,6 7637 B - 0,19 - 2,3
Le3umii-137 30 1,90 618,6 B - 0,19 - 0,19
Hukenp-63 96 8,902 1975 B - 0,17 0,0048 0,54
Caunen-210 22 11,34 3230 B - 0,038 | <0,001 0,2
Pamnii-228 5,8 5,5 5698 B - 0,017 - 0,36
Camapuii-151 90 7,52 549 B - 0,020 - 0,017
CrponHumii-90 29 2,54 1315 B - 0,20 - 0,42
. —8
Tpuruii *H 12 9105 | 3261075 B — | 0005 | - 26:10
(n71s1 raza)

Huku CaHkT-IleTepOyprckoro rocynapcTBeH-
HOTO IMOJIMTEXHUYECKOTO YHUBEPCUTETA.

Cnenmyer OTMETMTb, UYTO pa3IMYHbBIE HC-
TOYHUKM MH(POPMALIMKU COAEpKAT HECKOJIbKO
pa3nuyarolmecs: JaHHbIE MO0 SHEPTeTUYECKUM
napaMeTpaM paguoHyKJIMaoB. Hamu umcmons-
30BAJINCh TMapaMeTphl, INpHUBEAEeHHBIE B [1],
MOCKOJIbKY 3Ta paboTa BBINOJHEHA CpPaBHU-
TeJIbHO HEIAaBHO, MPUHAUICKUT COJUTHOMY
BEIOMCTBY U COACPXKUT HauOoyiee IIOJHYIO
WHGOPMALIMIO TI0 MHTEPECYIOIIMM BOIPOCAM.
M3BneueHue u3 padotel [1] (M30TONBI ¢ MHO-
TOJIETHUM IEePUOIOM IOJypaciana) MpuBeac-
HO B TaOi. 1.

M3 Tabauiubl BUAHO, UTO BHIOOP M30TO-
noB OeTa-pacmaga ¢ IIpUEeMJIEMbIM BpeMEeHEM
KU3HM OTPaHUYMBACTCS BCErO HECKOJBbKMMU
HaumeHoBaHusMu (PH, ®3Ni, *Sr, 226Ra, 3'Cs,
13mCq).

CTpyKTypa pacCUMTBIBAEMOIO IIOJYIIPO-
BOJHUKOBOTO YHIIa MpeacTaBisiia coO0 ymo-
pSIIOYEHHBIA M MaclUTaOHO YBEJIWYEHHBIN
aHaJIoT TIOpUCTOro cJios (puc. 4).

Jl1st paccMOTpeHUsT ObLIM BHIOpaHbI IIepe-
YUCJIEHHbIC BBIIIE OeTa-paguOHYKIUAbl U
HauboJjiee ILIMPOKO IIPUMEHSIEMBIC ITOJIYIIPO-
BogHuKU. PacueT mpou3Boauics Ha OCHOBE

DHEPreTUYECKUX XapaKTEPUCTUK HM30TOIIOB U
3 (EKTUBHBIX MPOOETOB 2JEKTPOHOB B U30-
TOIEe W MOJIyIPOBOJHUKE, HO Oe3 ydera psia
BTOPUYHBIX (DAKTOPOB, T. €. (DAKTUYECKHU TIPU
nponymennu KITO = 100 %.

[lonyyeHHBle 3HAYeHUsS] MaKCUMAaJIbHO
BO3MOXKHOM yIeJbHOI MOIIHOCTH ITpeodpas3o-
BaTesiell IpuBeIeHbI B Taba. 2. BrimeneHHBIE
CEepBIM IIBETOM STYEHKM TaOJNMIIBI YKa3bIBAIOT
Ha COMHUTEJIbHYIO BO3MOXHOCTb peajau3aluu

| \
|

\ I
1

f'l I|
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[ /
HEHE N
| II
\ |

p+ I.-m. - Tuna

,./ . 7 WM30TOI

Puc. 4. Cxema KOHCTpYKLIMM TIpeoOpa3oBaTes
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Tabnuna 2

MakcuMaibHO BO3MOXKHAS YaeiabHasda MOIIHOCTD npeoﬁpasosaﬂnﬁ

Hsorom IMomynpoBogHUK
Si, W, MmBt | GaAs, W, MBt | SiC, W, MBT

‘H(C,T,), 0,2 - -
ONi 0,8 1,2 1,2
0Sr - 4 3,8
28Ra 0,47 0,5 0,5
137Cs - 2 1,9
13mCd 7 13 10

JAHHOTO couyeTaHus B 0OeTa-BOJbTaUYECKOMU
KOHCTPYKLIMU M3-32 BEPOSITHOCTU pPaavallOH-
HOTO MOBpeXAeHWS ToaynpoBoaHuKa. OnHaKO
HET alpUOpPHBIX MPOTUMBOIIOKA3aHUI IJII KC-
MOJIb30BaHUsI 3TUX M30TOTMOB B KOHCTPYKIIUMU
KaHTuiaeBepHoro MOMC-tnipeobpa3oBaTes.

IIpoBeneHHBI pacyeT MO3BOJISIET CAEJaTh
CJIeAYIOIi€ BBIBOIKI:

1. B psay nonynpoOBOIHUKOB 00JIEE BBITOI -
HBIMU MaTepralaMu, YeM KPEeMHUIA, TIpeacTaB-
JITIOTCS apCeHU, Tajlius M KapOua KpeMHUs.
HyxHo uMmeTh B BHUAY, OJHAKO, YTO (POpPMU-
poBaHHUe OOBEMHBIX OMOAOB B 3TUX TOJYIPO-
BOJIHMKAX OKaxeTcsl OoJyiee TpyIHON 3amadeid,
YyeM B KPEMHMM M MOXET IOoTpeOoBaTh pas-
pabOTKKM HOBBIX HETPAIUIIMOHHBIX METOMIOB
JIErMpOBaHMsI.

2.B psany usotomoB 0ojiee BBITOAHBIM,
YyeM TPUTHUI, U Ha CETONHSIIHMUI IeHb CIUH-
CTBEHHO BO3MOXHBIM ISl TIOBBILIEHUS YAEIb-
HOW MOIIHOCTU TpeoOpa3oBaresieil SBIISIETCS
Huxkenpb-63.

3. B mpoMexXyTouHbIX MPOAYKTaX pacraia
«TSDKEJIbIX» M30TOIIOB IIPUCYTCTBYIOT pPaauo-
HYKJIUIbI C HEOMYCTUMO BHICOKUMU SHEPTHSI-
MM pa3IMYHBIX u3nydyeHuit. MckioyeHue co-
crapasgeT CrpoHLuii-90, 3HEpPrUsi U3AyYeHUS
KOTOPOI0 HEHAMHOTIO IIPEBBIIIAET ITOPOrOBYIO
9Hepruio JedekToo0pa3oBaHUsI B KPEMHMUM.
l'amMMa-u3nyyeHre B KOPOTKOI ILIEMOYKE €ro
MpeBpalieHUi MPakKTUUYEeCKM OTCYTCTBYET, a
MPOMEXYTOUHBIN TIPOAYKT pacnaga — UTTpuii-

90 — He OTHOCHUTCS K YHWCIY IOJTOXMBYIIUX
n30ToIoB. [TOCKOJIBKY CTOMKOCTh K OO0Jyue-
HUIO 3aBUCUT HE TOJBKO OT BHEPTUU, HO U OT
BpeMeHU (I03bl OO0Jy4YeHHsI), BO3MOXHOCTh
MPUMEHEHMS ITOTO M30TOIAa TpedyeT ncciiea0-
BaHUSI B YCJOBUSIX pabOTHI TIpeodpa3oBaTes.

4. Hanbonee MHTEPECHBIM W3 JOJTOXUBY-
IIMX U30TOIOB OeTa-pacmana MpeacTaBIIsIeTCs
Kanmmii-113m. B pesynerare pacmama !''3mCd
MpeBpalaeTcs B CTaOMIbHBIN nHAUN. CpegHss
aHeprus pacraga '“mCd — 190 KsB — numb
HE3HAUYUTE/IbHO IIPEBBIILIACT IMOPOr Ae(PeKTO-
00pa3oBaHUsl B KPEMHUU, a OecrpeleaeHTHO
BbICOKAs1 3(p(PEKTUBHOCTD JeNaeT 3TOT U30TOI
OYeHb TPUBJIEKATEIbHBIM ISl AaJIbHEUIINX
WUCCIIEAOBAHUM.

Eme pa3 orMerm, 4TO MpHBEICHHbIC B
Ta0JI. 2 3HAUYEHUS YACIbHON MOIIIHOCTU CJIEAY-
€T paccMaTpuBaTh TOJIbKO KaK CPaBHUTEIbHO-
OLICHOUHBIC BEJWYMHBI, KOTOPbIE MOIYT OKa-
3aThCs TOJE3HBIMU TIPY MTPOBEACHNUM OYAYIINX
MPaKTUYECKUX pa3pabOTOK.

B Hacrosiiee BpeMsl BemyTcsl aKTMBHbIC
pa3paboOTK aBTOHOMHBIX MCTOYHUKOB B3HEP-
ToCHaOXeHMSI HA OCHOBE 0eTa-BOJIbTAUYECKUX
npeobpazoBateieii. Hanbosee npueMaeMbIMU
M30TONAMU SIBJISIIOTCSI TPUTUIA M HMKETb-63.
HMcnonb3oBaHre KPEeMHUEBBIX MMKPOTEXHO-
JOTMI 1711 peaJM3aluy Ipeodpa3oBaresieid
JOKHO OOECHeYUTh YCIEIIHBIA BBIXOI Ha
YPOBEHb MacCOBOTO ITPOM3BOACTRBA.
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10.4. AkynvuiuH, A.B. InyxoBckoti, A.H. Ka3zakuH,
.M. KomapeBueb, M.C. Jlypve, E.H. lNamviuie6

MHOITO®YHKLUMOHAJIbHbBIE TEMNJIOBbIE MOMC-AATYUKU

IIpencraBiaeHbl pe3yabTaThl pabOT jJabopaTopuu HaHO- U MUKpocucTeMHoi TexHuku CIIOITIY mo
CO3IAaHUI0O W WCCIIETOBAHUIO TEIUIOBHIX MOMC-IaTdnKOB pa3IMYHOrO (PYHKIMOHAIHLHOTO Ha3HAYCHMSI.
JaTuuku peaan3oBaHbl Ha OCHOBE paspadboTraHHoOro 6azoBoro MOMC-nipeobpa3oBaTeisi U TEXHOJOTUU €T0

H3TOTOBJICHUSL.
TEXHOJIOTH; JATYNKHU; MOMC.

Yu.D. Akulshin, A.V. Gluhovskoi, A.N. Kazakin,
I.M. Komarevtcev, M.S. Lurie, E.N. Piatyshev

MULTIFUNCTIONAL THERMAL SENSORS

The give paper presents the results of NMST Lab in designing and researching thermal MEMS sensors for
different purposes. The sensors are based on the MEMS-core converter and micromachining technologies.

TECHNOLOGY; SENSORS; MEMS.

PazButne  MMKpPOCUCTEMHON  TEeXHUKH
(MCT) B peliarolleii Mepe 3aBUCUT OT HaJll-
Yyus M KadyecTBa Pa3iMYHBIX BUIOB Mpeodpa-
30BaTelieil HeRNIeKTPUUECKHNX BEIUYUH B 3JI€K-
Tpudeckrue curHaibl. [loMMMO HEOOXOIMMBIX
METPOJIOTUYECKUX 1 3KCIUTyaTallMOHHBIX Xa-
PaKTEepUCTUK 3TU TIpeodpa3oBaTen JOJIKHBI
OTJIMYATHCSI BO3MOXKHOCTBIO MCIIOJIb30BaHUS B
Pa3TUYHBIX OTPACISIX ITPOMBIIUIEHHOCTH, TEX-
HOJIOTMYECKOM JOCTYINHOCTBIO UISI CEPUMAHOIO
MPOU3BOJCTBA M HEBBICOKOI CE0€CTOMMOCTBIO.
O0ecrieyeHUIO 3TUX TPEOOBAHUI CITOCOOCTBY-
€T 00BbeIMHEeHNE BCETO MHOXKECTBA Mpeodpaso-
BaTesiell B TUIIOBBIE TPYMIIbI, OTIMYAIOLIMECS
OIMHAKOBBIM NPUHIIMIIOM ITpeoOpa3oBaHMsI U
pa3pabOTKOM COOTBETCTBYIOLIMX 0a30BBIX TEX-
HOJIOT'UIi, KOTOPbIE TTO3BOJISIIOT U3TOTABIMBATD
pas3IM4yHbIe IIpeoOdpa3oBaTesi JaHHOM I'PYIIIbI
C HeOONBIINMHY, HETPUHIMNITNATEHEIMA U3MeE-
HEHUSIMU TEXHOJIOTUUECKMX TpolieccoB [1—5].

Cpeny OCHOBHBIX TUITOB MUKPOCHUCTEMHBIX
npeoOpa3zoBaTesieli, CrPYIMNUPOBAHHBIX IO
MPUHIIUITY OOIIHOCTA MEXaHW3MOB Ipeodpa-
30BaHMSI HEBJIEKTPUUECKUX BEJIMUYMH B 3JICK-
TPUYECKHUE CUTHAJIbI, OAHO W3 HaIpaBJleHUU
3aHMMaIOT TeIUIOBhIE IIpeoOpa3oBaTesv, KOTO-
pBIe MOTYT OBITh OTHECEHBI TAKKe K KaTeTOpUH
HauboJiee CIOXHBIX U3neauit [6, 7].

CnemyeT OTMETHTB, YTO JJII BCEX THUIIOB
npeobpa3oBaTesieil Imepexoa OT MaKpo- K MU-
KPOKOHCTPYKIIISIM U UCITOJIb30BAHUIO MUKPO-
TEXHOJIOTUIA IIPUBOIUT HE TOJIBKO K YMEHBbIIIE-
HUIO pa3MepoB, MAacChl M CTOMMOCTH, HO U K
YBEJIUUECHUIO HANEeXHOCTU U BOCIIPOU3BOIU-
MOCTH TTapaMeTPOB M3IE/IN.

JI1st TeTUIOBBIX MMpeoOpa3oBarelieil TIepexo/
K MMKpopasMepaM NOMHUMO YKa3aHHOTO JIaeT
ellle CJIenylollue AOIMOJHUTEIbHbBIE IPEeuMy-
11IeCTRA:

MIpU MaJIbIX rabapurax M He3HAYUTeJIbHOM
Macce IpeoOpa3oBaTesisi MPOLECCHl TEIUIone-
penayyd CTaOMIM3UPYIOTCS 3a Mallble OTPe3KH
BpPEMEHHU, T. €. CHIDKAeTCs MHEPLUMOHHOCTh N
MOBBIIIAETCS YaCTOTHBIN IIpeneia padoThl U3-
Jens;

BCJIEACTBME MaJIbIX pa3MepOB 3HAUUTEILHO
YMEHBIIIAETCS pacCesTHUE TEIIOBOM SHEPTUM
3a CYET KOHBEKTMBHOIO U paguallMOHHOIO Te-
MI000MEHA C OKpYXKalolleil Cpeaoif;

M3TOTOBJIEHNE TOKOBBIX M KPEIEeXHBIX 3JIe-
MEHTOB B BHUJE IUICHOYHBIX CJIOEB C MaJIbIMH
MOIEePEeUYHBIMU CEYEHUSIMU MO3BOJISIET YMEHb-
LIUTh paccesiHUEe Terjia 3a CYeT TEeTIOMpPOBO-
JTHOCTU. DTO Pe3KO YMEHbIIIaeT HEOOXOIUMYIO
MOIIIHOCTh Harpesa [6].

TlepeuncieHHbIE OCOOCHHOCTU TIPOIIECCOB
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Hazpesamens

Puc. 1. PacnnonoxeHue 31eMeHTOB KOHCTPYKLIMK
teruioBoro MOMC-nipeobpa3zoBarens [6]

B TemaoBeix MBOMC-npeobpa3oBaTesisix I10-
3BOJISIIOT HE TOJIBKO YAYUYIIUTb XapaKTepUCTU-
KU U3IEIUii, HO U 00eCTIeYnThb Ps MpUMEHe-
HUI, HEOOCTYIHBIX MaKpoIlpeoOpa3oBaTessiM
TOTO X€ Ha3HAYCHMSI.

TemnnoBele IpeoOpa3oBaTeN SBJISIOTCS MO
CBOCil mpupome MHOTO(PYHKIIMOHAIBHBIMU,
T. €. IO3BOJISIIOT HCIIOJb30BaTh OAMHAKOBBIE
KOHCTPYKIIMU 4YMIIA [JI1 U3MEPEHMSI MHOTHUX
pa3IMYHBIX IIapaMeTpOB IIyTeM M3MEHEHUS
KOHCTpYKIIMU HUHTepdeiica. OTMETUM TakxKe,
yTo I HEKOTOophix MOMC-npeobpa3ona-
TeJell MaKpOCKOMMWYECKHWE aHaJoru BOOOIIe
OTCYTCTBYIOT (TEIUIOBBIE aKCEeJIepOMETPhl U

WHKJIVHOMETPHI).
Koncrpykuus TEIIOBBIX MbBMC-
npeoOpa3oBaTesieil  COACPXKMUT  CJEeAylollue

(byHKILIMOHANBHBIE 3JIeMEeHThI (puc. 1): ocHO-
BaHME (KpPEMHUEBBIA YMII); «T€pMOpa3Bs3Ka»
(MemOpaHa); TeIJIOreHEepUPYIOIIe 3JIEMEHTHI
(HarpeBaTesib); TEPMOUYBCTBUTEJIbHBIC 3JIe-
MEHThI (TepMoIlapbl, TEPMOPE3UCTOPHI); Te-
TUIOOTBOAMIINME  DJEMEHTHl  (3aIOJHSIONINIA
KOpIIyC ra3); 9JIEMEHTHI, OOecIeYMrBamIIne
nepenavyy 3JeKTPUUECKUX CUTHAJIOB (TOKOpas-
BOJIKA); CIIeLIMAJIbHbIE BJEMEHThl (PYHKIIMO-
HaJILHOT'O KOPITyCUPOBaHUsI, 00ecIieunBaloIe
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YyBCTBUTEJIBHOCTD K Pa3INYHbIM U3MEPSIEMBIM
BEJIMYMHAM.

3Jagavya, MoOCTaBJeHHas Iiepen JadopaTo-
pueli HaHO- W MMKPOCUCTEMHOM TEXHUKU
CIIoI'TIY, coctosiia B pa3paboTKe U HccCle-
JOBaHMM 0a30BO KOHCTPYKIIMU TEIJIOBOTO
MOBMC-npeobpa3oBareisi, pa3paboTKe Tex-
HOJIOTMY M3TOTOBJIEHMSI 0A30BOr0 4mIia, MakK-
CUMAaJIbHO MNPUOIMKEHHONH K BO3MOXHOCTSIM
CTaHAAPTHOTO MUKPOSJIEKTPOHHOTO TPOU3-
BOJICTBA, pa3pabOTKe U HUCCICIOBAHUIO TEILIO-
BbIx MOMC-1aT4YrKOB pa3IMYHOTIO (PYHKIMO-
HAJILHOTO Ha3HA4YeHUS.

st 6a30BOro ymnmna Obljia MpUHATa KOHPU-
rypanusi, IpUHUUITMAJIBHO CXOOHAsI C KOH(pU-
rypauueii, npuBeneHHoi Ha puc. 1. ITocTpoe-
Ha MareMarmyeckasi MOJejib TerulonepeHoca
MeXNIy OTAEJbHBIMUA 3JIEMEHTaMU KOHCTPYK-
i MOMC-npeodpazoBatenss. C yaeTom pe-
3yJIbTaTOB MOIEJIMPOBAHUS OIIPEIEICHbI I'e0-
METPUYECKUE MapaMETPhl 3JIEMEHTOB 0a30BOM
KOHCTPYKILUHY YUIIA.

Buewnuit Bug paspadboranHoro MBOMC-
npeoOpa3oBaresiss MpeacTaBieH Ha oTrorpa-
dusax puc. 2.

KpeMHMeBBIII YMIT pa3sMepoM B IIIaHE
3x2,5 MM COIEpXHUT TIepeYUCICHHBIC BBILIE
CTPYKTYpPHBIC 2JIeMeHTHl. OOHUM M3 BaXKHEi-
LIUX DJIEMEHTOB KOHCTPYKLIMU SIBJISIETCSI MEM-
OpaHa, Majas TeIionepeaaya 1 MUHMMaJIbHasI
TeMmIlepatypHas aedopMaiusi KOTOPO SIBJISI-
IOTCSd HETPEMEHHBIM YCJIOBHEM TMPEIU3MOH-
HBIX u3MepeHuii. Hamnydymmm BapyaHTOM 13-
TOTOBJIEHUSI MEMOpaHbI, KaK BBIICHEHO B [12],
SIBJIIETCSI TIOOUEPEAHOE OCAXIACHME CII0EB OK-
cHIa M HUTpuaa KpeMHus. Bapbupys Konuye-
CTBO U TOJIIWHY CJIOE€B, MOXHO MaKCUMaJIbHO
npuOIM3UTL KO3(M@UIMNEHT TEIUIOBOrO pac-
mmmpenus (TKP) memopansl Kk TKP kpemHus
(TKP Si;N, < Si < SiO,) ¥ MUHUMU3HUPOBAThH
TeMIIepaTypHbIe nedopMaliu. MHOTOYMCIICH-
HBIMM 3KCIIEpMMEHTaMU YCTAHOBJIEHO, 4YTO
HAaWIyYIIMMU XapaKTepUCTUKAMU 00JagaloT
MSTUCIONHBIE MEMOpaHbl CO CTPOrO OIperde-
JICHHBIMH TOJIIIMHAMMU CJIOEB.

CTabuIBbHOCTh XapaKTepUCTUK Mpeodpa3o-
BaHMS CEPbE3HO 3aBUCUT TAKXKE OT TeMIIepaTyp-
HOIi CTaOMJIBHOCTH HarpeBaTeJbHOIO 3JIEMEHTa
KOHCTpyKiuu. HalimeHo, 4TO onTUMaJIbHBIMU
MaTeprallaMid HarpeBaTeJIbHOIO 3JeMEHTa SIB-
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Puc. 2. ba3zoBuiit TermioBoit MOMC-nipeobpa3zoBaTelib:
a — TUTaHapHas CTOPOHA YMIIa; 6 — 3amHSIS CTOpOHA

nsmiorest crtaBbl NiCrSi m NiCrAlCu ¢ TKC
~ 107 — 107 %K™, Y10BIETBOPUTENLHBIN pe-
3yJbTaT Mal0T TaKXKe TUJICHKU CIJlaBa MOHEJb
(CuN:iSi), oroxokeHnnbie ipu 200 °C.

C uenbl0 MaKCUMAaJbHOTO YBEJIMYCHUS
YYBCTBUTEILHOCTU IIPeoOpa3oBaHMsI, B KOH-
CTPYKLIMM MPUMEHEHBI 0aTapeu BKJIIOYEHHBIX
MOCJIeN0BaTeIbHO IUICHOYHBIX TepMoIlap, BhI-
MOJIHEHHBIX M3 YEPeayIOIINXCS MOJOCOK IIO-
JIMKPEMHUST p- U KN-TUMA, IIPUIEM <«TOPSTINC»
KOHIIBI TEepMOIIap HaxXOIATCsI Ha MeMOpaHe,
a «XOJIOAHBIE» — HaJ MacCUBOM KPEMHUEBOM
ocHOBHI ynmna. @opMupoBaHUe TepMOIIap Ipo-
M3BOAMIOCH UMITJIaHTauMe 6opa u ¢ocdopa
¢ TMocJeayolleil TepMooOpabOTKOM ISl aKTH-
BallUM U Pa3rOHKU MPUMECH.

PaszpaboTtaHHbie TepMoOaTaper MO3BOJIUIU
MOJYYUTh TOJE3HBbIII CUTHAJI B U3MEPUTE/Ib-
HOI1 LIeNu MopsiIKa JeCATKOB MUJUIMBOJIBT IIpU
MOILIHOCTY HarpeBa IOpsaKa eIWHUL] MUJLUIM-
BaTT.

JIJ1s1 M3roToBJIEHUsI TEMJIOBBIX Mpeodpa3o-
BaTeJieil pa3paboTaH TEeXHOJOTUYSCKMIT Maplii-
PYT, Oollepaliui KOTOPOTO He BBIXOAST 32 paMKHU
BO3MOXKHOCTEI CTaHIAPTHOTO ITOJYIIPOBOIHM-
KOBOTO MPOU3BOJICTBA.

Ha ocHoBe pa3paboTaHHOIO 4uma TEILIO-
BOro IIpeoOpa3oBarTesisi CO3MaHbl M HCCIEI0-
BaHbl MOMC-gaTyuku pasanyHoro (QyHkK-
LIMOHAJIBHOTO Ha3Ha4YeHUsI, OCOOCHHOCTU U
TEXHUYECKUE XapaKTepUCTUKU KOTOPBIX IPU-
BelIEHbI HUXE.

[IpeobpazoBaTeib MOILIHOCTU IIEPEMEH-
HOTO TOKa WCIIONb3YEeTCS ISl U3MEPEHUS

JEUCTBYIOIIMX 3HAYEHUI IIEPEeMEHHOIO Ha-
MPSIKEHUSI, TOKAa WM MOIIHOCTUM B IMPOKOM
YaCTOTHOM JHMAIla30He M MOXET 00ecreuYnBaTh
U3MEpeHNEe NEKTPUUYECKMX CUTHAJIOB ITPOMU3-
BOJIBHOI (DOPMBI ITyTeM CpaBHEHUS UCCIIEAye-
MOTO CUTHajla U CUTHaja OT MPeln3UOHHOTO
WCTOYHMKA IIOCTOSHHOTO ToKa. Pa3spabortka
MOMC-npeobpa3oBaTesicii BeIeTCI PSAOM
3apyOeXKHBIX M OTEYECTBEHHBIX METPOJIOrNYE-
CKMX opranu3anuii [8—13].

CBa3b Mexay HanpsikeHneM U, moaBoau-
MbIM K HarpeBaresio, 1 3/C, TeHepupyeMoii Ha
TEPMOYYBCTBUTCIILHOM BJIEMEHTE, OIpeaesisi-
€TCs B O0IIEM BMIIE BbIpaXKeHUEM:

2

U, =Kk, (?en ,
rae U, — BBIXOIHOE HAINPSDKEHUE TEPMOSJIC,
U, — BXonHOe HamnpsKeHue; R — COnpoTHUBIIe-
HUE HarpeBaTes; I(Hp — K03 GUIINECHT, 3aBU-
CSIIMI OT KOHCTPYKTHMBHBIX MapaMeTpOB M3-
nenaus v (akTOpPOB BHEIITHETO BO3/IEHCTBUS.

W3 sroro BblpaxkeHHUs CleayeT OdHA U3
OCOOEHHOCTEN TEIUIOBOTO Mpeodpa3oBaTesd —
HE3aBUCUMOCTh 3IC Ha €ro BbIXOAE OT Ha-
MpaBJIeHUsT TOKA Yepe3 BXOAHYIO 1ieMb, — TO0-
3BOJISIIONIAS  MCIIOJb30BaTh IIpeoOpa3oBaresib
HE TONBKO IJISI WM3MEPEHUS BJICKTPUIECKUX
napamMeTpoB MEPEeMEHHOIO0 TOKa, HO U [JIA
Nnpeo0pa3oBaHMsT psiia HERJEKTPUYECKUX BeE-
JnuuH. JdaTyuk npeacrasiseT coboit 0a3oBhIi
npeobpa3oBareiib, KOTOPbI IS UCKIIOUEHUS
BIMSIHUSI BHEIIHUX TEIUIOBBIX BO3ICHCTBUIA
TMOMEIIeH B BaKyyMMMpPOBaHHEIN Kopiryc. Ha-
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Puc. 3. I'pamyupoBouHas xapakTepucTUKa TEIIOBOIO MUKPOBAaKyyMMeETpa

rpeBareiib Ipeodpa3oBaTeIsl MPUCOEIUHSIETCS
K MCCIeIyeMOMY MCTOUYHUKY TE€PEMEHHOTO
CHMIHaja, U (PUKCUPYIOTCS MOKa3aHUs B U3Me-
pUTEJIbHOW 1IenM TepMoliap. 3aTeM K Harpe-
BaTe/II0 MPUCOSAUHSIETCS UCTOUHUK ITOCTOSIH-
HOTO TOKa M TMPOBOAMUTCSI €ro PeryJupoBaHue
0 TIOJyYeHUsI B LIENM TepMoIlap TaKoro Xe
HaIIPSDKEHUS.

ITo naHHBIM UCHBITAHUI, IPOBEAEHHBIX BO
BcepoccuiickoM HayYHO-UCCAEA0BATEIHCKOM
uHCTUTYTe MeTpojiornn umeHu .M. Menne-
JieeBa, IOIPEIIHOCTb M3MEPEHUsI B CO3/IaH-
HOM TIpubope cocraBmia He 6ojee 107> %, yto
OTBEYAaeT TPeOOBAHMSIM, MPEIbIBISIEMBIM K
BTOPUYHBIM 3TajioHaM [8].

Bo3amoxHast o6iacTb NPUMEHEHUSI — Me-
TPOJOTMYEeCKUe J1abopaTopuy MpeaIpUsITUiA,
WCIIONBb3YIOIINUX 3JIEKTPOTEXHUYECKYI0O M pa-
JUOTEeXHUYEeCKylo armapatypy [13].

bazoBerii  ymm  TermmoBoro MOMC-
npeobpa3oBaresiss ObUI MCHBITAH B KayecTBe
TEPMOITAPHOTO AaTdynka (opBakyyMa. UYum 1mo-
MECTUJIA B OTKPBITHIA KOPILYC, KOTOPHI B CBOIO
ouepenb pasMmelliayicss BO BHEIIHEM TepMeTUY-
HOM KOpIIyCe CO IUTYLIEPOM, CTaHAAPTHBIM IJIsI
OTKAYHBIX CPEACTB BaKyyMHOI TEXHUKMU.

B ocHoBe TemaoBOro Meroga M3MEpPEeHMUS
JaBjieHus JexXuT 3¢h¢eKT 3aBUCHMOCTU Te-
IUIOIIPOBOJHOCTHY rasa OT €ro KOHLIEHTpaluu
[14]. I'pamynpoBoYHasi XapaKTepUCTUKA BaKy-
yMMeTpa NpuBelieHa Ha puc. 3.

braromapst BbICOKOI UYYBCTBUTEJIBHOCTH U
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MaJIbIM pa3MepaM 4YuIla, TaKoi IIpeodpaszo-
BaTeJib MOXET MCIIOJIb30BAThCsI HE TOJIBKO B
CTAaHIAPTHOM BaKyyMHOM OOOpYIOBaHMM, HO
U B LIIMPOKOM Kpyre CrelMralbHbIX YCTPOMCTB,
BKJIIOYasi MOHUTOPUHI TepPMETU3UPOBAHHBIX
00BEKTOB MUKPOCUCTEMHOI TEXHMKM, HAIPH-
Mep, FepPMETU3UPOBAHHBIX 3JEKTPOHHBIX MO-
JIyJei, Karcyja BUOPALMOHHBIX TMPOCKOIIOB U
ap. [15—24]

O06nacTy NpPUMEHEHUST MUKPOBAKYYMMeE-
Tpa — OTPacC/u IPOMBILIJICHHOCTH, UCIIOJIb3Yy-
I0lMe OTKAYHYI0 BaKyyMHYIO TeXHMKY, a3po-
KOCMMYECKasl TeXHUKa, a TaKXKe MOHUTOPUHT
BaKyyMMPOBAHHBIX OObEMOB B Pa3INYHBIX OT-
pacisxX TeXHUKH.

TermioBble METOIBI U3MEPEHUS ILIMPOKO UC-
MOJIB3YIOTCS JUISI UBMEPEHMSI CKOPOCTE Ta30-
BbIX TTOTOKOB [25—34]. CKopocTb MOTOKa rasa
B TEpMOAHEMOMETPE OIpeIesieTCs M0 M3Me-
HEHMIO TeIJIooOMeHa MEXAYy Ta3oM U TepMO-
YYBCTBUTE/ILHBIM 3JICMEHTOM aHEMOMETpA.

M3BecTHBIE MHOTOYMCICHHBIE BapUaHTHI
KOHCTPYKLIMM aHEMOMETPOB HE pelLIaloT BO-
npoca u3MepeHust odeHb Maibix (ot 0,1 m/c)
CKOpOCTeil MOoTOKa raza. Mexay TeMm, 3TOT
JUAana3oH CKOpOCTell HeoOXOAMM BO MHOIMX
MPAKTUYECKUX TPUMEHEHUSIX aHEeMOMETPUU
[27, 28, 34].

J1s1 u3MepeHUsT CKOPOCTE ITOTOKA ra3a B
munarrazoHe 0—20 cM/c BBIITOJTHEHa pa3padoT-
Ka TEIUIOBOr0O MMKPOAaHEMOMETpa Ha OCHO-
Be 0a30BOIl KOHCTPYKIIMM TEIJIOBOIO IPe0s-
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pazoBareis. Jsg pasauYHBIX TPUMEHEHUI
aHEMOMETpPHl MMEIOT pa3IMYHbI MHTepdelic
(crienIMaaM3MpoBaHHOE KOPITyCUPOBaHUE).
Kopnyc MukpoaHeMomeTpa peajin3oBaH Kak
MPOTOYHAsT KOHCTPYKIYS M OTJIMYACTCS TeM,
YTO CHAOXEH OrpaHUYMUTEIEM CEUSHUSI ITOTOKA
rasa, a Ydmn OpUEHTHUPOBAH B KOPIyce TaKUM
o0pa3oM, YTOOBI Ta3 MpOTeKaj B HAIlpaBICHUU
OT OJIHOTO <«XOJOJHOTO» KOHIIA TepMomap K
apyromy (puc. 4 a). Pa3HOCTb TEpMO3IC BHI-
XOIHBIX M BXOAHBIX TEPMOIIAp SIBIsEeTCS (PYyHK-
nueil ckopoctu moroka. OIuMH U3 KOHCTPYK-
TUBHBIX BaApUAHTOB aHEMOMETpA TpeACTaBIcH
Ha puc. 4 6 (nmameTp wITyLepoB 4 MM). Drta
KOHCTPYKIIUSI MOXET MCITOJIb30BaThCSA BO BCEX
cyyasix, Koraa Heo0XoauMo U3MEPUTh MaTyIO
CKOPOCTh WJIM MaJjblil pacxoi HampaBJICHHOIO
MOTOKa rasa WM HearpecCUBHON KUIKOCTHU
BHYTPY KaKON-JIMOO MarucTpaiu.

B pacxomgomepe pacxoj raza ornpeaessieTcst
WHTETPUPOBAaHUEM CKOPOCTHM IOTOKA MO Bpe-
MEHHM C ydyeToM oObeMa matuyumka. Ha ocHoBe
MUKPOAaHEMOMETPOB HM3TOTOBJEHBI M MCCIE-
JIIOBaHbl 2KCIIEPUMEHTAJIbHBIC OO0pa3lbl MU-
KpPOpPacXoJIOMEpPOB C AUANAa30HOM U3MEPEHMUS
(0—100) ma/mMun u (0—250) mMa/MuH, C TIO-
TPELTHOCTHIO U3MEepeHus MeHee 5 %.

Ha paspabotaHHOe YCTPOWCTBO MUKPO-
aHeMOMeTpa IIOJy4YeH MAaTeHT Ha MOJIE3HYIO
moznenb [30].

O6nacTi MpUMEHEHMSI UHKJIUHOMETPOB U
PacxoIoOMEpPOB;

DJIeKTpOHHAsA MPOMBIIIJIEHHOCTD, (dapMa-
LIEBTHKA, KOCMETHYEeCKasl IPOMBIILIEHHOCTD,
Ouosiorvst 1 MeIuliMHa, METEOPOJIOTHS, a3pPo-
IUHAMKUKa, KOCMOHABTHMKAa, aBHauMsI (OCO-
OCHHO [IJI1 MajoradapuTHBIX JIeTaTeIbHbBIX
aInIapaToB CIIeIMAJIbHOTO Ha3HAYeHUs) U Ap.
[31—34]

a) 0)

’.fg!':e_—-——-'

Ussex lf / ——

Tepmonapst Harpenaren.

3agaya M3MepeHusl yrjia OTKJIOHEHUS OT
BEpPTUKAJIM CBOAUTCS K M3MEPEHUIO OTKJIOHE-
HUS OT HampaBJIeHUS] TPABUTALIMOHHOM CUJIBI.
Hns co3maHusl UHKJIMHOMETPOB MCIIOJIb3YIOT-
cs pa3UYHbIe TPUHLIMITBI PeO0OPa30BaHUS OT
pPEOCTaTHBIX JATYMKOB MasTHUKOBOTO THUIIA 10
MUKPOJATYMKOB C JIEKTPOCTATUYECKUM IPU-
BOJIOM.

[TpeuMyIIeCTBO TEIUIOBBIX MHKJIMHOME-
TPOB IIepel HUMU COCTOUT B TOM, YTO TEILIO-
BOIl TaTYMK HE MMEET IMOABVIKHBIX 3JIEMEHTOB
[35—37]. Ilpu HakiIoHEe maTYMKa CMEIIeHUE
KOHBEKTUBHBIX MOTOKOB HarpeToro Bo3ayxa B
TepMETUYHOM IOJIOCTH BHYTPH KOpIIyca CO3-
JIaeT rpaiueHT TEMIIePAaTypbl HA MOBEPXHOCTU
yuna. M3aMeHeHUe TeMIlepaTypbl MEXIy Tep-
MOMNpPUEMHUKAMHU co3aaeT auddepeHIranb-
HBII curHaj. JIaTYMKM TaKOro TUIA CEpUIHO
npousBogarcsa B I'epmanum (Vogt electronic
AG) u CIIA (¢pupma Memsic Inc.). HUccne-
JOBaHUS CHELUMAINCTOB 3TUX (PUPM IOKa3za-
JIM, YTO YYBCTBUTEIHLHOCTb IIPeoOpa3oBaHUSI
CYILIECTBEHHO 3aBHUCUT OT 00beMa BO3MYIIHOMN
nojiocty Kopmyca [36, 37].

Ha 06a3oBoM uune TepMHYECKHUX IPeod-
pasoBaTtenieil ObUI CO3daH M HUCCIEeIOBaH Ma-
KETHBIN o0Opasel] 0OMHOOCHOIO MHKJIMHOMETpA.
[TonyyeHHBIe pe3yabTaThl ITOKa3aJ BO3MOX-
HOCTb M3MEPEHMSI YIJIOB HAaKJIOHA C paspe-
1amuiei CrnocoOHOCThIO HE 0oJiee OJHOTO
yriaoBoro rpamgyca. CurHaa, CHSTBIA HeEIo-
CPEICTBEHHO C IIpeoOpa3oBaTeisi, COCTABJISI
eIUHULBI MUJUIUBOJIBT (puc. 5).

O6nacT MOpPUMEHEHUST WHKJIMHOMETPOB:
ABTOMOOWJIbHBIE IIPOTUBOYTOHHBIE CHUCTEMBI,
CHCTEMbl HAaBUTALIUM, CUCTEMBI CTaOMIM3aLUU
KpeHa CyI0B, CHCTeMbI CTaOMJIM3allM¥ B He-
KOTOPHIX BHUJIAaX MPOIYKIMU BOEHHOTO Ha3Ha-
YyeHusi, pPOOOTOTEXHUKA, TOPHOAOOLIBAIOIIAS

Puc. 4. Ctpykrypa aHemoMeTpa — @; IITYLEPHbIA aHEMOMETP — O
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Puc. 5. BoixogHoV cUrHai B U3MEPUTENbHOM LIEM UHKJIMHOMETpA

MPOMBIIIUIEHHOCTb, CTPOUTEIbCTBO, MOHUTO-
PMHT BBICOTHBIX COOpYXXEHUIi, ITPOBEACHUE
MOHTAaXXHBIX paboT u ap. [35—37]

AKcenepoMeTpbl — AaTYMKM JUHEHHOTO
YCKOPEeHUsI — OCHOBaHbl Ha M3MEPEHUU CMe-
LIEHUSI MHEPLMAIbHOW MacChl, KOTOPOE pe-
TUCTPUPYETCS PE3UCTOPHBIM WJIM €MKOCTHBIM
crmocoooM. O6a crmocoba HMMEIOT Cepbe3HbIe
HEIOCTAaTKU:

PE3UCTOPHBIE aKCEIEPOMETPHI UMEIOT BbI-
COKYI0 TeMIlepaTypHYIO0 3aBUCUMOCTb; Ha HUX
OKa3bIBAIOT OOJIbIIOE BAWSHUE MEXaHUYECKUe
HanpsiKeHUsl, BOZHUKAIOLIME TTPU MOHTAXKE;

€MKOCTHBIE aKCeJIepOMETPhl M3-3a MaJlou
U3MEPSIEMOIl BEJIMYMHBI TPEOYIOT CJIOXKHBIX
U3MEPUTENIBHBIX ~ YCTPOMCTB,  TMOJABEP>KEHBI
BJIEKTPOMAarHUTHBIM TIOMeXaM W BJIMSIHUIO
Mapa3UTHBIX €MKOCTeH, KOTOpbIe MOTYT Ipe-
BBIILIATh M3MEPSEMYI0 €MKOCTb. TeruioBble
aKCeJepOMETPhl  JIMILIEHbI 3TUX HEIOCTAaTKOB
[35—37].

Hamu OblIM mpoBedeHBI MCCIEIOBAHUS
0a30BOro yMna B Ka4ecTBe TEIJIOBOTO akcele-
poMeTpa, ¢ COOTBETCTBYIOIIMMU W3MEHEHUS -
mu uHTepderica. MccnenoBanus mpoBOIUINCH
MyTeM 3alucM CUTHajla JaTyuKa, pacriojio-
>KEHHOTO Ha KOHCOJIbHOU Oajike, KOTopasi OT-
KJIOHSUIaCh B TIpefenax ynpyron nedopmaiuu
M TI0cjie OCBOOOXIEHMSI HauMHajla KoyeOaThb-
cs. IlepeMeHHBIN CUTHAJT OT KOJIEOJIOIIETOCS
BMecCTe C OaJIKOi akcejaepoMeTpa 3anuchiBa-
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Csl U aHAJIM3UPOBAJICS Ha IPEeIMET COXpaHe-
HUSI MOHOTOHHOCTH 3aTyXaHMsI CUTHAJIa U OT-
CYTCTBMS Mapa3uTHBIX BEIOpocoB. Kakux-n1m6o
BBIOPOCOB HAa MOHOTOHHOM CHUTHAJIe 3aTyXaro-
LIMX KojiebaHU OOHapyXeHO He ObLIO.

I craTmyecKoil KaJuOpOBKU aKcellepo-
MeTpa HCIIOJIb30BAIMCh U3MEPEHUSI MpU Tpex
CTallMOHAPHBIX OPUEHTALMSIX JAaTYMKA B IIOJIE
36MHOIO TSTOTeHUsI (BEpPTUKAJbHOM U IBYX
TOPU3OHTANBHBIX). Ilpm 3TOM QUKcHpoBa-
¢Sl curHaj onmopHbIx 3HaueHuit 0, —1 g, +1 g.
YyBCTBUTEIBHOCTh MAKETHOT'O 00pa3Ia cocTa-
Buia nopsiaka 100 MB Ha 1 g.

YyBCTBUTEIBHOCTh aKCEJICpOMETpa, eCTe-
CTBEHHO, MOXET OBbITh IIPOM3BOJBLHO M3MEHE-
Ha IIyTeM M3MEHEHMS YCJIOBUI TEIIJIOOTBOA.

PesyabpTaThl MccaenoBaHUS MakKeTa IIOKa-
3ajJld, YTO TaKWe aKCeJIEPOMETPHI MOTYT CO-
CTaBUTh KOHKYPEHLMIO CYILIECTBYIOLIUM pe-
3UCTOPHBIM M E€MKOCTHBIM aKceJIepoMeTpaMm
B LEJOM psie IpaKTUYECKMX IPUMEHEHUI,
BKimoyass MOMC-cucteMbl B aBTOMOOMJIBHOM
MPOMBIIIJIEHHOCTH, APYIUX CPENCTBax I€pe-
IBWKEHUSI, pOOOTOTEXHUKE, BOCHHON IIpO-
MBILIJIEHHOCTH U T. A. [35—37]

B 3akmoueHue cieayeT OTMETUTb, 4YTO
pa3paboTaHHbIE MaKeTHbIe O0Opa3llbl TEILIO-
BbIXx MOMC-gaTuMKOB pa3IMYHOIO (PyHK-
LIMOHAJILHOTO Ha3HAUe€HMSI HE YCTYIalT IO
OCHOBHBIM IlapaMeTpaM 3apyOexKHBbIM aHaJo-
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raMm, a B HEKOTOPBIX CJIydasX UX MPEBOCXOIST
(xkBampartop, anemometp). [lapameTphl maTyu-
KOB JUISl KaXJOTr0 KOHKPETHOIO MPUMEHEHMUS

W3AETNIA MOTIYT OBITh ONITUMU3HNPOBAHLI ITYTEM
HEIIpUMHIUITINAJTIBbHBIX U3MEHEHUN OTAEJIBbHBIX
3JIEMEHTOB 0a30BOTO HpeOGPaSOBaTCJIH.
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TEXHOJIOTMU U PASPABOTKU JIABOPATOPUU HMCT

IIpencraBiaeHbl pe3yabTaThl padoT J1abopaTopuu HaHO- U MUKpocuctemMHol TexHuku CIIOITIY B 00-
JlacT! pa3paboTku TexHosornii 1 MOMC-tipeobpa3oBareieil pa3TMyHOrO Ha3HAYEHUS.

TEXHOJIOTUH; MOMC; JATUUKMU.

Yu.D. Akulshin, A.V. Gluhovskoi, A.N. Kazakin, V.P. Kozlov,
A.V. Korshunov, I.M. Komarevtcev, M.S. Lurie, E.N. Piatyshev

TECHNOLOGIES & DEVICES NMST LAB

The given paper presents the research work results of the Nano- and Microsystems Technology labora-
tory in the field of the technology development and MEMS transducers for different purposes.

TECHNOLOGY; MEMS; TRANSDUCERS.

Baxneiiumy 3amayamMu  pa3BUTUSL MM-
kpocucteMHoii texHuku (MCT) B Hacros-
1Iee BpeMs ABJISIOTCS CO3AaHMEe COOCTBEHHOM
Poccwuiickoit aieMeHTHOM 0a3bl 1 UMIIOPTO3a-
MellIeHWEe 11 TaKuX chep MpUMEHEHUS, KaK
MeIMIIMHA W 3IpaBOOXpPaHEHUE, aBTOMOOMIIC-
CTpOE€HUE, aBMACTPOEHUE, MAalMHOCTPOCHUE,
TEJIEKOMMYHUKAILIMM, CUCTEMbI 0€30ITaCHOCTH,
000pOHHAsI TPOMBIIILIEHHOCTbD.

CosznmaBaemas 3J1eMeHTHas 0a3a, KpoMe He-
00XOIMMBIX METPOJOTMYECKUX M SKCILTyaTa-
LIMOHHBIX XapaKTePUCTHUK, JOJKHA OTINYATHCS
BO3MOXKHOCTBIO MCIIOJIb30BaHMSI B Pa3IUYHbIX
OTpacisiX HPOMBIIUICHHOCTHA, TEXHOJOIMYe-
CKOM JIOCTYIIHOCTHIO MJISI CEpUHAHOTO MOJy-
MMPOBOTHUKOBOI'O IMIPOM3BOACTBA M HEBHICOKOM
cebecrouMocThio [1, 2].

Poccuiickum 3aka3umMkaM TpeOyloTcs pas-
JUYHbIE WHepLMaIbHbIE AATYMKW, OaTYUKU
JABJICHUSI, BBICOKOYACTOTHBIC MUKPO3JIECKTPO-
MmexaHuueckue cucteMbl (B4 MBOMC), Mukpo-
(mrougHBIE YCTPOICTBA U KOMOMHUPOBAHHbBIC
cucTeMbl Ha uX ocHoBe. [Ipuyem oTeuecTBeH-
HBIM TIPEANPHUATUSIM HEOOXOOMMBI KaK caMu
yKa3aHHbBIE TIPOIYKTHI (B TOTOBOM BUIE), TaK U
TEXHOJIOTUH I10 UX MPOCKTUPOBAHUIO, MOICIIH -
POBaHMIO, MPOU3BOACTBY U UCHBLITaHUIO [3].

HayuyHo-uccnenoBaTenbckasi 1abopaTopust
HAHO- ¥ MUKPOCUCTEMHOI TEXHUKU 0O0jamaeT
3HAYUTEJIbHBIM OITBITOM pPa3pabOTKM W BHE-

JIpEeHNS METOAOB 1 TEXHOJIOTUI ITPOEKTHpPOBa-
HUSI ¥ IIPOM3BOACTBA M3IEINIl MUKPOCUCTEM-
HOI TEeXHMKHU, a TakKKe CO3IaHMSI YCTPONCTB
MUKPOCHCTEMHOM TEXHUKHU Pa3IMIHOrO Ha-
3HAYEHUsI C OIOPOM Ha OCBOEHHYIO TEXHO-
JIOTUYECKYI0 0a3y M MeTodbl (PM3WYECKOTOo M
MaTeMaTUIECKOTO MOJACIUPOBAHMS.
JIabopaTopust pacriojaraeT BO3MOXKHOCTSI-
MU JJISI BBIIOJHEHUST BCETO CTAaHAAPTHOTO ISt
MUKPODJIEKTPOHMKM Habopa TEXHOJOImYe-
CKMX omepauuii: (otonurorpadus, HambLie-
HHE METAJUIOB U NUDBJIEKTPUKOB, XKUIKOCTHOE
M CcyXoe TpaBJIeHUE, TepMHUecKas o0paboTka,
JIETUpOBaHMUE, pa3lelieHWe IUIACTUH Ha YUIIbI
U KopnycupoBaHue. Jlabopatopusi obecrneyn-
BaeT HEOOXOAUMbIE TPEOOBAHMS KOMILIEKCHO-
ro IOAXoda KO BCEM COCTaBJISIIOIIMM ITMKJIA
«IIPOCKTUPOBAHUE-U3TOTOBICHNE» (IIPOSKTU-
poBaHMEe, TEXHOJIOTMM, MaTepualyibl). Paspa-
6otka MBOBMC 0Gaszupyercsl Ha TEXHOJOTMYE-
CKOM (pyHIaMeHTe, CYIIIECTBEHHBIM MOMEHTOM
SIBJISIETCSI COYETAaHME TEXHOJIOTUI MUKPO-
SJICKTPOHUKM M OIepaluii, paguKaabHO OT-
JINYAIONINXCSI OT TPAgUIIMOHHBIX IUISI MUKPO-
SJIEKTPOHUKU. g pa3zpaboTKy pa3IMYHBIX
MOMC-yCTpOICTB HCIIOJB3YIOTCSI TEXHOJIO-
TMH TJyOOKOTro XXUAKOCTHOTO U CyXOro (Iuias-
MEHHOI'O) TpaBJICHUS, TEXHOJIOTUU «KPEMHUI
Ha CTeKJIe» C IPUMEHEHUEM aHOIHOI CBapKHu,
BBITIIOJTHEH PsII pa3paboTOK 10 (PYHKIIMOHAIb-
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HOMY KoplycupoBaHuio. Hapsnmy ¢ mmpoxkum
WCMIOJIb30BaHUEM BO3MOXHOCTEH TpamguIv-
OHHBIX MMKPO3JEKTPOHHBIX TEXHOJIOTUI 3TO
MO3BOJISIET CO3/1aBaTh W3ICINS U YCTPOMCTBA
MCT pa3Ho00pa3HbIX NpUMEHEHUN [4].
Paspaboranbl JaTymky JaBIACHUS TEH30-
PE3NCTUBHOTO THIIA IJII W3MEPEHUs aaBlie-
HUS Ta30BBIX MOTOKOB. OCHOBY HAaTYNKOB CO-
CTaBJIsIeT KPEMHUEBBIM YN (YyBCTBUTEIBHBIN
BJIEMEHT HaBlieHMS). JaTuYMKU BBIIOIHSIOTCS
no kjaccuueckoii MOMC-TexXHONIOIMU: MEM-
OpaHa, co3gaHHas XWIKOCTHBIM TpaBJICHU-
eM, ¢ AuddGYy3MOHHBIMIA TEH30PE3UCTOPaAMMU,
COEIMHEHHBIMM TT0 MOCTOBOM cxeMe. JlaTamku
OTJIMYAIOTCS MaJIbLIMA TabapuTaMU, BBICOKOM
YYBCTBUTEIBHOCTBIO M OBICTPOAECHCTBUEM U
npenHa3HaYeHbl JJIg MCCIIeNOBAaHUS OBICTPO-
MPOTEKAIONINX a3POINHAMNYECKUX IMTPOLIECCOB
B KOMIIpeccopax, BEHTUJIITOpaxX, BETPOTeHE-
paTopax M YCTPOMCTBAxX TMOATOTOBKM BO3IyXa

(KOHAULMOHEPAaX).

HuszkonpodunbHble JaTYUKU JaBJICHUS
tmna Ansda (puc. 1), (tabn. 1) — omHa us
MEPBBIX MHUKPOSRJICKTPOMEXaHUUECKUX pa3pa-
0OTOK Halllei 1abopaTopuu, BHIMOJHEHHAS 110
3aKa3y OTHeJla IIPOMBIIUIEHHOW BEHTWISLIUA
LenTpanbHOro a’pOruAPOAMHAMUYECKOTO
uHCcTUTYTa UMeHu Tpodeccopa H.E. XKykos-
ckoro (HAT'H). beitu pa3paboTaHbl JaTYMKU
IJISI YCTAaHOBKM HEMOCPEACTBEHHO Ha IMOBEPX-
HOCTb a3pOAMHAMMYECKON Moneau (TOJIIKHA
natuuka 0,4 Mm).

JlaTYMKM BBIMOJHEHBI IO KJACCUYECKO
MOMC-TexHoJI0rul, OAHAKO KOHTAaKTHHIE
TUIOIIAAKU ITOKPBHITHl HEpKaBelollel CTajblo
1 UMeIT pa3mep Ooibmuii (1,6¥0,6 MM), yeM
OOBIYHO MCMoab3yeTcs Npu paspadoTkax UC u
MCT. Takoe KOHCTPYKTMBHOE pellieHue obe-
CIIEUMBaeT MOHTaX AAaTYMKOB C MCIOJb30Ba-
HUEM 00OpYIOBaHUS U METOAUK CTAaHIAPTHOMU

Ta6bnuma 1
JlaTyuKu 1aBaeHus
HanmeHoBaHue Tun Ansda Tun C Tun Cb Tun KC
Jnara3oHbl, aTM +0,1 o 76 10,1 no 16 +0,1 o 16 76; 160
. aOCOJIOTHBIN, .
U30BITOYHBI, . U30BITOYHBI,
U30BITOYHBIN, .
Tun gaTurka IuddepeHLaNb- nuddepeHmanb- | abCOMOTHBIM
. nubbepeHIu- "
HBI . HbII
aJIbHBIN
Broxonsolt +20 +30 +30 +200
curHai, mB
HanpsxeHue 5 5 s 6
nutaHusi, B
ITorpeuHocts, % 0,5..1 0,5..1 0,5..1 0,5
PaGounit
JMana3oH —25....80 —25....80 —25....80 —40....100
temrepatyp, ‘C
bricTponeiicTBue 2...50 MKc 10...100 Mxc 10...100 mMxc 10 mc
. Bo3zayx,
Pa6ouwnii ras Bosnyx Bosnyx Bosnyx, dpeon NpHPOTHEL ra3
I'aGapuTbl, MM 7%2,8%0,5 H=16,D=6 |D=6,L=25 D =36, L = 250
Hu3zko- Hons
. JI1st ycTaHOBKU Jst cucteMbl
OcobeHHOCTH NPOMUIBHBIN 111 | YCTAaHOBKU .
Ha CTEHKH AHTUITOMITAXKHOM
YCTaHOBKH YCTaHOBKM Ha Ha pabouue
KaHaJI0B zamuthl KC
CTEHKU KaHaJoB koneca LK
OcobeHHOCTH
I'my6okoe XUAKOCTHOE TpaBJieHe
TEXHOJOTUU
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Tam C

Tan Anbdga

Tan Cb

Tan KC

Puc. 1. JlaTyuku maBjaeHUS TEH30METPUUECKOTO TUTIA

TeH3oMeTpuu. JlaTuuMKy  yCTaHaBJIMBAIOTCS
Ha IOBEPXHOCTb MOJEIC ¢ MOMOIIBIO KJIes,
pa3BoAKa BBIBOJOB IPOM3BOAMTCS OOBIYHOM
pacriaikoi ¢ IIOMOIIBIO MUMKpPOIIAsIbHUKA.
IIpr HEoOXOMMMOCTM 3allUTBI B psAc IPU-
MEHEHU (MccaenoBaHMs 3allbLICHHBIX ITOTO-
KOB, TEUEHHUI XMIKOCTEl B Hacocax) Mocie
MOHTaXka TOBEPXHOCTh JaT4yMKa IIOKpPbIBa-
eTCs TIOJIMMEPHOU KOMIIO3WIIMEei Ha OCHOBE
KPEeMHUMOpraHu4eckKoro marepuajiga. Mem-
OpaHBI TaTYNKOB MMEIOT Intomans 1,2*0,8 MM
npu TomuHe 5...50 MKM, 4TO OoOecrieunBaeT
pabory B mmamasoHe pasieHuit 0...10 klla,
0...1 MIIa npu coOCTBEHHBIX YacTOTaX MeM-
6pan go 100 kI,

CoBMecTHO ¢ Kadeapoii KOMIIPECCOPHOIA,
BaKyyMHOI M xojonuiabHoi TexHuku CII6I'TTY
pa3paboTaH psid OAaTYMKOB JABJICHUS JUISL MC-
cJe0BaHMI HeCcTallMOHAPHBIX a3pOAMHaAMUYe-
CKUX IIPOLIECCOB B TypOOMallIMHAaX, B T. 4. U Ha
BpalllaloIIeMCsl POTOpe MPU BHICOKOM YpPOBHE
LIEHTPOOEXXHBIX YcKopeHuit (puc. 1), (tabi. 1).
Hatuvkm maBnenust Tuna C Ij1sT yCTAaHOBKM Ha
pabouure Kojieca BBIIOJHSIMCh B METaJlIdde-
ckux (KoBap) M KepaMmueckux (orocurann)
Koprycax. KoHCTpyKuMsl JaTYMKOB obecreumn-
BaeT YCTAHOBKY Ha MOKPBIBAIOLIME AUCKU pa-
00o4Mx Kosiec LEHTPOOEXKHBIX KOMIIPECCOPOB U
pabotocrmocobHa mpu neperpy3ke mo 30 000 g.
Hatunku nasneHus turna Cb mnpenHasHadyeHbI
JUISL MU3MEpeHUsT ObICTPOMEHSIONIVXCS TaBJie-
HUIA ra30BbIX NOTOKOB. OCHOBY JaT4MKOB CO-
CTaBJIIET KPEMHUEBBI YMIT (IyBCTBUTEIHHBIN
3JIeMeHT AaBjieHMs1). KOHCTpyKIIMsI KOPIYCOB
n TexHojorust coopku gatunkoB tina C u Cb
MO3BOJISIIOT MUHUMM3UPOBATh BEJIMYMHY MPEI-
MeMOpaHHOro o0Obema, IOABOASIINE KaHasbl
obecrnieynBaloT AeMI(pUpoBaHUe KoJjebaHUil B
noaBomsdieM TpakTe. JluamazoH HM3MepsieMbIX
yacToT Tyabcauuii 1o 40 xI'u. Jdatuyuku nasie-

Hus tuna KC paspaboranbl coBmectHO ¢ 3A0
«KupoBckuit 3aBom» M TIpedHa3HAYe€HbI ISt
CHCTEMBl AHTUIIOMITAXKHOM 3alllUTHl IICHTPO-
OEXKHOro KOMIIpeccopa ra3orepeKauyrBalolero
arperara. JlaTuMky B cocTaBe MakeTa CUCTEMBbI
AHTUIOMITIAXXHOM 3alUTHI IIPOILUIA UCIIBITAHUS
Ha rojioBHoM arperare I'TIA «<HEBA16». KoH-
CTPYKLIMSI CHUCTEMBbI 3alllvilieHa ITaTeHTOM [5].
Tennosele MOMC-mipeobpazoBarei Co-
CTaBJISIOT 3HAYMTENbHYIO TPYIILY JaTYMKOB
IIMPOKOIO CIeKTpa NpuMmeHeHuit. st u3ro-
TOBJICHUSI TEILIOBBIX IpeoOpa3oBartesieii pa3pa-
0OTaH TEXHOJOTMYECKUI MapIIpyT, onepaluu
KOTOPOTO HE BBIXOASIT 32 PAMKM BO3MOXKHOCTEM
CTaHJAPTHOTO IOJYNPOBOAHUKOBOTO MPOM3-
BoacTBa. KoHeuHbIe ornepaluy Mo IIyOOKOMY
KMJIKOCTHOMY TPaBJIEHUIO BBIMOJHSIIOTCS Ha
cIieaJu3upOBaHHOM O0OPYIOBaHUM.
TemnoBble MUKpopacxomoMepsl (puc. 2),
(Tab. 2) mpenHa3HaYeHbI 11 UBMEPEHUsT pac-
XOMIOB Ta30BbIX MOTOKOB METOAOM TepMOaHe-
mometrpa. Jatumku tuma MoH pa3paboTtaHbl
JUIST TIPUMEHEHUS B Ta30BBIX TPaKTax 3KCIIepH-
MEHTAJILHOTO  J1JAOOpaTOPHOTO  00OPYIOBAHUS
MEIMKO-OMOJIOTMYECKOro HasHavyeHus. Jlaryu-
ku THUPI' pazpabotaHbl B KayecTBe SKCIIEpU-
MEHTaJIbHBIX 00Pa3L0B 110 MporpamMme «MHOro-
(pYHKIUIMOHAJLHBIE TETUIOBBIE ITPe0Opa30BaTEIN».
Ha pazpabotaHHoe ycTpoiicTBO MMKpOaHEMOME-
Tpa IOJIyYeH ITATEHT Ha IOJIE3HYIO Moneb [6].
TennoBele akcenepoMeTrpol  (puc. 3),
(Tabn. 3) npeaHa3HAYEHbI 1T U3MEPEHUSI I'pa-
BUTAIIMOHHBIX M WHEPLMAJIBHBIX YCKOPEHUIA
METOIOM <«KOHBEKTMBHOro obGiaka». Jdaryumku
GMO08 pazpaboTaHbI IJ19 SKCIIEPUMEHTATbHO-
ro oopaslia CUCTEMbI CTAOMIN3ALNU IBXKEHUS
(xkonTpakT ¢ dupmoit GM). Jlatunku TAKC
pa3paboTaHbl B KAYECTBE DKCIIEPUMEHTAIbHbBIX
o0pa3noB 1o mporpamme «MHOTro@yHKIINO-
HaJIbHBIE TEIUIOBBIC MPeo0pa30BaTE/IN».
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TenioBbie MEKPOPACXOIOMEPDI

Tabauna 2

HaumenoBanue

Tun Uon

Tun TUPT

Jwnamna3oHsl, MJI/MUH

0—150

0—200

Tun matymka

[1eHOYHBIT TEpMOAHEMOMETP

[T1eHOYHBI TepMOAHEMOMETP

BoixogHoit curHan, MmB

+30

+50

Hanps:xkenue nuranus, B 5 5

IMorperrHoctsb, % +/—1..2 +/-2

Pabosit marnasoH 15....35 10....50

temrreparyp, ‘C

BricTponeiicTBre, McC 10 10

PaGoumii ras Bosnyx, a3oT, yncThie Bosyx
HearpeCcCUBHbBIE Ta3bl

I'aGapuTel, MM D =10, L =80 30x20x15

Oco0eHHOCTH TEXHOJIOTUHU

I'myGokoe XuakocTHoe TpaBjieHue. MHorocaoiHass MeMOopaHa

Tan Hor

Tan TUPT

Puc. 2. JlaTyuku njis u3aMepeHus MUKpPOPacxo0B

Tadoaunma 3
TemioBbIe aKceJepoMeTpsI
HanmeHnoBaHue Tun

GMO8 TAKC
Junana3oHsl, g +/—1 +/—1
Tun patymka/mpuHUMI U3MepeHus: | KoHBeKTUBHBIN KoHBeKTUBHBI
BrixogHoit curHan 0mo4B +50 mB
Hanpsixenue nutanusi, B 5 5
[TorpeiHocTb, % +/— 1.2 +/—2
f:ﬁg:gf;ﬁa?é‘”‘{ 15...35 10....50
BricTponeiicTBUe, MC 10 10
TI'abGaputhl, MM H =100, L = 80 30%x20x15
OCOGEHHOCTI TeXHOIOMMM I'mybokoe XuaKocTHOE TpaBieHre. MHOTOoCIOMHAs

MeMOpaHa
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Tann GMO8

Tan TAKC

Puc. 3. TeroBble MUKpOaKcenepOMETPHI

WNuepunanbHble npeobpa3oBaTenn BUOpa-
IMOHHOTO THUIIA HamboJjee CIIOKHBEIEC B TEXHO-
JlornyeckoM oTHomeHuu MOMC-uznenus.
Jlabopatopusi y4yacTByeT B CO3JaHUM MUKPO-
MEXaHMYEeCKMX MHEpLUAJIbHBIX IIpeodpa3o-

BaTeJiell pa3MYHOrO Ha3HAUYCHMS. YPOBEHb
pa3pabOTKi B 3TOKM OO0JIACTH OIPEdSIsSIeTCs
BO MHOTOM BO3MOXHOCTSIMU TEXHOJIOTUIA,
HCIIOJIB3YIOTCS TEXHOJIOTMU IJIyOOKOTO CyXO-
ro (MIa3MeHHOTO) TpaBICHUS, TEXHOJOTUU
«KpEeMHMIA Ha CTeKJIe» C IIPUMEHEHHUEM aHOJI-
HoU cBapku. B Hacrosiee Bpemsa Jlabopa-
TOpUd paboTaeT Haja CO3TaHMEeM TEXHOJIOTUU
WHEpLUMAIbHBIX IMpeodpa3oBaTeieil MOBBILICH-
HOI TOYHOCTHU, IPUTOAHBIX [IJi IIUPOKOTO
Kpyra nNpuMeHEeHM.

JaTuuku yrjaoBoit ckopoctu (puc. 4),
(Tabn. 4) gBISIOTCS OCHOBOW IS CO3JAaHUS
YCTPOMCTB Pa3IMYHOTO Ha3HAUYCHUS IS CHU-
CTEM HaBUTAllMM, CTAOMJIM3AIIMU IBUKECHUS U
yrpaBieHus. B Tabiauiie mpeacTaBieHBl IaH-
HbIE OJTHOTO M3 YyBCTBUTEJIbHBIX 2JIEMEHTOB —
JaTYNKOB YIJIOBOM CKOPOCTH, U3TOTOBJIEHHBIX
B JlabopaTopuu.

Tab6nuua 4
JIaTYMKM YTJI0BOi CKOPOCTH
TunoBoe/mMakc. Enunnia
HaumeHnoBaHue napamertpa Pexxum nsmepenust
3HAYEHUS U3MepeHUst
JAvHaMuyeckuii nrana3oH AHastoroBbiit Bbixon | =300 °/c
Vxon HayaJlbHOTO CMEILEHUS —=/10 °/4
[Ipu guHamMmyecKkom
3HaueHue 1IymMa Ha BBIXOJE . —/0,3 °/c CK3
M A nuanazone +300°/c, /0, /
ITonoca mponyckaHus
pory 100 I
o ypoBHio —3 1b,
TexHo0rus «<KpeMHUI Ha CTEKIIe».
Oco0eHHOCTU TEXHOJOTUU I'myGokoe rjiasMeHHOEe TpaBJeHUE.
AHoJHas cBapka

Puc. 4. JIlaTyuku yrjioBoii CKOpOCTU
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Taonunoa 5

JIaTYMKH JIMHEAHOTO YCKOPEHUs

HaumenoBaHue mapamerpa TumnoBoe 3HaYeHUE Enunuia namepeHus
JuHamMudeckuii 1uana3soH 150 g
Vxon HayajJbHOIO CMELIECHMUS 5 Mg
3HaueHue myMa Ha Boixone CK3 1,5 Mg

Oco0eHHOCTH TEXHOJIOTUN

TexHomorns «KpeMHUI1 Ha CTEKJIC».
I'nybokoe mia3MeHHOe TpaBJieHUE.
AHomHas cBapka

JlaTyuky JTUHEWHOro ycKopeHus: (puc. 5),
(tabn. 5) npenHasHayeHbl [IJiI W3MEpPEeHUs
WHEPIUOHHOTO M TPaBUTALIMOHHOIO JIMHEM-
HoOro yckopenus. IlpumensiioTcst mist cosna-
HUS YCTPOMCTB pa3IMYHOIO HA3HAYCHUS IS
CHCTEM HaBUTallMW, CTAOWIM3allMM JIBUXKE-
HUS U VIPaBICHUS, a TaKKe CEHCMMUYECKUX
YCTPOMCTB M CHUCTEM OXpaHbl IIepUMeTpa.
Ha pa3pabotaHHOe yCTpOMCTBO MUKpOaK-
ceJepoMeTpa TIOJNyYeH MaTeHT Ha IOJIE3HYIO
Monelb [7].

Crienayer OTMETUTD, UTO pa3paboTKa KOH-
CTPYKUMU U IIOUCK ONTHUMAJbHBIX MEXaHU-
YeCKHUX MapaMeTpoB TMPOCKOIMOB M aKceje-
POMETPOB TPEICTABISIOT CO00Il OTAECIbHYIO
U OYeHb TPYAOEMKYIO 3amady, pelleHue Ko-
TOpOil TpebyeT NMpUMEHEHUsS CIICLUATbHBIX
aHAaJIUTUYECKUX METOAOB, a TaKXe COBpe-
MEHHBIX KOMIIBIOTEPHBIX METOIOB MaTeMa-
TUYECKOTO MonenupoBaHus. [losTomy paspa-
00TKa KOHCTPYKILIMU BEACTCS B KOOMepaluu
CO crenyaivMcTaMu B 00JacTM WHeplLMab-
Horo mnpubopocTpoeHus. Tak, pa3paboTka

TeXHOJIOTUIA M U3rOTOBJICHUE NAaTYMKOB akK-
ceJIepOMETPOB M THUPOCKOIIOB JUISI CUCTEM
yIIpaBJIC€HUS W HaBUTALlMM MajlorabapUTHBIX
OBICTpOJIETAIINX 00BEKTOB (puc. 4, 5) Tpo-
Boguiuch 1o 3akaldy 3A0 «[umpoomnrtukar;
BEIYyTCSI COBMECTHbIE pabOTHI B 00JlacTU Oec-
m1aTOPMEHHBIX CUCTEM HaBUTALlMM U CO3-
JaHUY WHEPHUATbHBIX JTaTYMKOB IBUKECHMS
¢ HHUHM poOOTOTEXHUKU M TEXHUIECKOI
kubepHetnku; BHUU TexHuyeckoit pusnku
nMeHu akagemuka E.W. 3ababaxuna, OI'YI1
«BaeKTponpudop».

st pacimpeHust objiacteil IIpUMEHEHUS
pa3pabotanHEIX MOMC-1aTunkoB TpeOyeTcs
npoBeAeHUEe paboT MO aJanTaluy JATIMKOB K
TpeOOBAaHUSIM CTAaHIAPTOB KOHKPETHBIX OTpaC-
qeit. Tak, maT4MKM, OTBEYaOILIMe TpeOOBaHU-
SIM «aBTOMOOMWJILHOTO Ha3HAUEHUSI», JOJIKHBI
obecrieunBaTh NpeoOpa3oBaHne (PU3NUCCKUX
nmapameTpoB (YCKOPEeHUE, CKOPOCTh, TaBJICHUE)
B UM} pOoBBIe cUTHANIBI aBTOMOOMIbHOU CAN-
IKWHBL. YyBCTBUTEIBHBIM 3J€MEHT JaTYMKa B
COYETaHUM C IIpeoOdpa3oBaTeieM HampsLKeHUS

Puc. 5. JlaT4uKu JTMHEHHOrO YCKOPEHUS
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(3aka3Has mukpocxeMa — ASIC) HeobxoauMo
KOMITOHOBaTh B pa3pabOTaHHBIN II0 aBTOMO-
OMJIbHBIM CTaHAAPTaM KOPITYC.

B HacToAlECC BPEMA OTCUCCTBCHHBIC OaT-
YUKW JIMHEHHOTO YCKOPEHUsI, OTBeYalolliue
TpeOOBAaHUSIM  «aBTOMOOUJIBHOTO  Ha3Haye-
HUsI», MOTYT OBITh BOCTpPeOOBaHBI B MHHOBA-
IMOHHBIX ABTOMOOMJIBHBIX pa3paboTKax [jist
cucTeM 0e30IacHOCTU, CTAOUIM3ALIMU JBUKE-
HUSI, HaBUTalM1, WH(GOPMALIMOHHOTO 00ecIIe-
YEeHUSI BOOMTENS U OMNEPaTOPOB aBTOMOOWIIb-
HOTO Tapka.

Conference
PazpabotanHbie Haleid J1abopaTopueit
TEXHOJOTMU IIPEICTABISIOT 3HAYUTEJIbHBIN

WHTepeC UIS CO3daHUsI OTEUECTBEHHOM 3Jie-
MEHTHO 06a3bl 1 UMITOPTO3aMEILEHUS B TAKUX
00J1aCcTSIX, KaK MEIUIIMHA U 3IpaBOOXpPaHEHME,
ABTOMOOMJIECTPOECHHUE, aBUACTPOCHME, MAIlU-
HOCTpPOEHUE, TEeJIeKOMMYHUKAIIUA, CHCTEMbI
0€e301acHOCTH, 00OPOHHAS TTPOMBILIJIEHHOCTb.
CoOcTBeHHasT OTEYECTBEHHAass 3JIeMEHTHast
0a3a MO3BOJIUT M30€XaThb 3aBUCHUMOCTH IIpE/-
npusTiii PO 0T UMIOPTHBIX KOMIIOHEHT, YTO
obecreuynT 0e30MacHOCTb CEPUITHOIO IPOMU3-
BOJICTBA KOHEYHBIX YCTPOMCTB.

CrMUCOK JIUTEPATYPbI

1. Bepuep B./J., HBanoB A.A., Koiomenckas
H.T., JIyuunun B.B., Magasnues I1.I1., ITonosa 1.B.
W3nenust MUKPOCUCTEMHOM TEXHUKN — TEPMUHbBI U
omnpeneieHus, Kiraccudukaiys 1 0003HaYEeHUS TH-
noB // HaHo- m mukpocucremHas texHuka. 2008.
Ne 1. C. 2-5.

2. Jlyumnun B.B. MukpocucteMHas TeXHUKA.
Hamnpasnenus u tennennuu passutus // HayuHoe
npubopoctpoerue. 1999. T. 9. Ne 1. C. 3—18.

3. 0O0630p poccuiickoro pblHKa MOMC
[anexkTponHbiit  pecypc] / URL: http://www.
semiconrussia.org/ en/sites/semiconrussia.org/files/
docs/SEMI 2014 Urmanov_MEMS.pdf

4. Tlareimes E.H, Jlypbe M.C., AKyJbLIMH
I0.4., Ckanon A.MI. MUKpPOTEXHOJIOTUU: OT MU-

KPOBJIEKTPOHUKM K MUKPOCHUCTEMHON TeXHUKE //
Hatuuku u cucreMbl. 2001. Ne 6. C. 58—65.

5. Cemenenko IL.I'., I'ureampman A.WU., AKyjb-
e 0. 1., U3maiinos P.A., Copokun A.B. Criocob
peryJIMpoBaHus PeXXUMOB pabOTHI KoMIpeccopa //
ITarent P® No 2230939. IIpuoperer 20.06.2004.

6. IIaremues E.H., Kozaos B.II., Axyabmux
I0.4., Omunuo A.B., 3yb6apes A.H. YcrpoiictBo
JUISL U3MEPEHHUs] BEKTOpa CKOPOCTM BO3MYIIHO-
ro noroka // Ilatentr P® No 55146. IlIpuoputer
15.02.2006.

7. IIpaako A.M., Poros A.B., Ilareimes E.H.,
Kazakun A.H., Kapapaes II.H. MukpomexaHuue-
ckuit akcenepometp// IMatent PO Ne 13361. Ipu-
opuret 29.10.2012.

REFERENCES

1. Verner V.D., Ivanov A.A., Kolomenskaya N.G.,
Luchinin V.V., Maltsev P.P., Popova LV. Izdeliya
mikrosistemnoy tekhniki — terminy i opredeleniya,
klassifikatsiya i oboznacheniya tipov. Nano- i
mikrosistemnaya tekhnika, 2008, No. 1, Pp. 2—5. (rus)

2. Luchinin V.V. Mikrosistemnaya tekhnika.
Napravleniya i tendentsii razvitiya, Nauchnoye
priborostroyeniye, 1999, Vol. 9, No. 1, Pp. 3—18. (rus)

3. Obzor rossiyskogo rynka MEMS. Available:
http://www.semiconrussia.org/ en/sites/
semiconrussia.org/files/docs/SEMI_2014_
Urmanov_MEMS.pdf (rus)

4. Pyatyshev Ye.N, Lurye M.S., Akulshin Yu.D.,
Skalon A.I. Mikrotekhnologii: ot mikroelektroniki k

mikrosistemnoy tekhnike, Datchiki i sistemy, 2001,
No. 6, Pp. 58—65. (rus)

5. Semenenko P.G., Gitelman A.l., Akulshin
Yu.D., Izmaylov R.A., Sorokin A.V. Sposob
regulirovaniya rezhimov raboty kompressora, Patent
RF No. 2230939. Prioritet 20.06.2004. (rus)

6. Pyatyshev Ye.N., Kozlov V.P., Akulshin
Yu.D., Odintsov A.V., Zubarev A.N. Ustroystvo dlya
izmereniya vektora skorosti vozdushnogo potoka,
Patent RF No. 55146, Prioritet 15.02.2006. (rus)

7. Pryadko A.l., Rogov A.V., Pyatyshev Ye.N.,
Kazakin A.N., Karavayev P.N. Mikromekhanicheskiy
akselerometr, Patent RF No. 13361. Prioritet
29.10.2012 (rus)

AKVJIBIIINH IOpnii JIMmurpueBud — eedyujuii uxdiceHep 1a60pamopuu HaHoO- U MUKPOCUCHEMHOU meX-
Huxku Obsedunenno2o HayuHo-mexHoso2uueckozo uncmumyma Caunkm-IlemepOypeckoeo eocydapcmeeHHo2o

noAUMEXHUYeCKoc0 yHueepcumemada.

195251, Poccus, Cankr-IletepOypr, yu. [Tonutexuuueckas, 1. 29.

E-mail: acul@mems.ru

59



St. Petersburg State Polytechnical University Journal 5' (205) 2014
Computer Science. Telecommunications and Control Systems

AKULSHIN, Yurii D. St. Petersburg State Polytechnical University.
195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia.
E-mail: acul@mems.ru

TJIYXOBCKOW Anatommii BUKTOpOBWY — Maadwuii HayuHbiii compyOHuk Aabopamopuu HAaHo- U Mu-
Kpocucmemtou mexuuku O0sedunHenH020 HayuHO-mexHoso2uueckoeo uncmumyma Canxkm-IlemepOypeckoeo
20Cy0apcmeeHH020 NOAUMEXHUYEeCK020 YHUGepCUmema.

195251, Poccus, Cankr-IlerepOypr, yi. [lonutexHuuueckas, a. 29.

E-mail: togl@mail.ru

GLUHOVSKOI, Anatoliy V. St. Petersburg State Polytechnical University.
195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia.
E-mail: togl@mail.ru

KA3AKHWH Anekceii HukonaeBud — Hayuuwili compyoOHUK 1a60pamopuy HAHO- U MUKPOCUCIMEMHOU mex-
Huku ObveduHenH020 HAYUHO-mexHoroeuueckoeo uncmumyma Cankm-ITlemepOypeckoeo eocy0apcmeeHHo2o
nOAUMEeXHUYEeCK020 YHUBepcumemad.

195251, Poccusi, Cankr-IlerepOypr, yi. [lonutexuuueckas, a. 29.

E-mail: keha@newmail.ru

KAZAKIN, Aleksey N. St. Petersburg State Polytechnical University.
195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia.
E-mail: keha@newmail.ru

KO3JIOB Baaaucaas IlerpoBuy — maadwiuii Hayunsiii compyoHux 1a60pamopuu HaHo- U MUKPOCUCIEMHOLL
mexnuxu ObseduHeHH020 HayUHO-mexHoAouuecko2o0 uncmumyma Canxm-Ilemepbypeckoeo eocydapcmeerHHoeo
NOAUMEXHUYEeCK020 YHUGepCcumema.

195251, Poccusi, Cankr-Ilerepoypr, yiu. [lomurexuunueckas, a. 29.

E-mail: vkp@mems.ru

KOZLOV, Vladislav P. St. Petersburg State Polytechnical University.
195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia.
E-mail: vkp@mems.ru

KOPIIYHOB Amnnpeii BacunneBuu — doyenm kagedpsi KOMNPecCOpHOU, 8AKYYMHOU U X0A00UAbHOU
mexnuxu  Canxkm-IlemepOypeckoeo  20cyo0apcmeenHo20 NOAUMEXHUYeCKo20 YHUeepcumema, Kanoudam
MeXHU"ecKux Hayx.

195251, Poccust, Cankr-IlerepOypr, yi. [Tomurexunueckas, . 29.

E-mail: korshunov@spbstu.ru

KORSHUNOYV, Andrey V. St. Petersburg State Polytechnical University.
195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia.
E-mail: korshunov@spbstu.ru

KOMAPEBIIEB MBan MuxaiiioBmd — MAaOwull Hay4yHulli COMpYyOHUK Aa60pamopuu HaAHO- U MUKDO-
cucmemnoi mexHuku QObOseduHeHH020 Hay4yHO-mexHonroeuyeckoeo uncmumyma Cankm-Ilemepbypeckoeo
20Cy0apCcmeeHH020 NOAUMEXHUHECK020 YHUGePCUMema.

195251, Poccus, Cankr-IletepOypr, yi. [Momurexumdaeckas, a. 29.

E-mail: vanec@aport.ru

KOMAREVTCEYV, Ivan M. St. Petersburg State Polytechnical University.
195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia.
E-mail: vanec@aport.ru

JIYPBE Muxana CeMeHOBHY — 8e0yujuli Hay4uvili COMPYOHUK AA00pamopuu HaHo- U MUKPOCUCMEMHOU
mexuuxu ObseduHeHH020 HAyHHO-mMexHoAo2u4eckoz2o uncmumyma Canxm-Ilemepbypeckoeo eocydapcmeeHH020
NOAUMEXHUYECK020 YHUBepcumema, KaHouoam Quauko-mamemamu4ecKux Hayx.

195251, Poccus, Cankr-IletepOypr, yi. [lomurexumdaeckas, a. 29.

E-mail: milur@mail.ru

60



4 Conference
>

LURIE, Mikhail S. St. Petersburg State Polytechnical University.
195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia.
E-mail: milur@mail.ru

ITATBIIIEB Epremmii HunoBwu — 3asedyrowjuii nabopamopueii HaAHO- U MUKPOCUCMEMHOU MeXHU-
ku ObseduneHHo20 HayuHo-mexHoaoeudeckoeo uncmumyma Cankm-Ilemepbypeckoeo eocydapcmeeHH020
NOAUMEXHUYEeCK020 yHUsepcumema, KaHouoam QusuKko-mamemamu4ecKux Hayx.

195251, Poccusi, Cankr-IlerepOypr, yi. [Tonutexuuueckas, a. 29.

E-mail: pen@mems.ru

PIATYSHEY, Evgenii N. St. Petersburg State Polytechnical University.
195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia.
E-mail: pen@mems.ru

© St. Petersburg State Polytechnical University, 2014

61



&

P

CIRCUITS
AND
SYSTEMS
SOCIETY

ISSCS 2015

12-th International Symposium on Signals, Circuits and Systems

lasi, Romania, July 9-10, 2015
organized by:

Faculty of Electronics, Telecommunications and Information Technology, “Gh. Asachi” Technical University of lasi
IEEE Romania Section & CAS Chapter in cooperation with IEEE CAS Society

Honorary Chair

lon Bogdan

Technical University of lasi,
Romania

General Co-Chairs
Liviu Goras
Technical
Romania

University of lasi,

Sanjit Mitra
University of California,
Santa Barbara, CA, USA

Technical Program Committee
Majid Ahmadi, Canada - Chair
Adnan Al-Alaoui, Lebanon
Marco Carli, Italy

Jonathon Chambers, U.K.
Qionghai Dai, China

Daniel Foty, U.S.A.

Gordana Jovanovic-Dolecek,
Mexico

Pedro Julian, Argentina
Chan Hin Kam, Singapore
Abhay Karandikar, India
André Kaup, Germany
Alexander Korotkov, Russia
Franco Maloberti, Italy

Rui Paulo da Silva Martins,
Macau

Yoshikazu Miyanaga, Japan
Georgi Nenov, Bulgaria
Antonio Petraglia, Brazil
Branimir Reljin, Serbia
Corneliu Rusu, Romania
Mohamad Sawan, Canada
Erchin Serpendin, U.S.A.
Mani Soma, U.S.A.

Thanos Stouraitis, Greece
Wonyong Sung, Korea

loan Tabus, Finland

Siddik Yarman, Turkey

Call for Papers

ISSCS 2015 aims at bringing together scientists and researchers from
academia and industry to present and discuss some of their latest ideas
and results.

Prospective authors are invited to submit original papers in the
following areas:

* Linear and Nonlinear Circuits & Systems
¢ Circuits & Systems for Communications
* Power Electronic Circuits

* Analog and Digital Signal Processing

* Image and Video Processing

* VLSI Circuits & Systems

The official language of the symposium will be English.

AUTHOR'’S SCHEDULE:

Proposals for special sessions
Submission of full paper

December 8, 2014
February 16, 2015

Notification of acceptance April 6, 2015
Submission of camera-ready version and
registration form with signed copyright form May 4, 2015

The papers should be written in IEEE/CAS A4 format (double column
including paper title, authors’ names and affiliation, short abstract).
They should not exceed 4 pages (including figures and references).

Authors are expected to present their papers at the Symposium. At
least one author of each accepted paper must register in order to have
the paper included in the program and Proceedings.

ISSCS 2015
http://scs.etti.tuiasi.ro/isscs2015

Faculty of Electronics & Telecommunications
Bd. Carol | no.11, lasi
700506, ROMANIA
Conference email address:

isscs2015@etti.tuiasi.ro




A

V]HTE]’IJ'IEKTyafIbeIe CncTemMbl 1 TEXHOJIOTUUN

YK 004.931
B.l. lLly6HukoB, C.1O. benseB

NMOCTPOEHUE KOHTYPOB CTOI1bl MO ®OTOIPA®UAM

IIpemioxeH aJlropuT™M IMOCTPOSHMS TOPU3OHTAJIBLHOIO KOHTYpa CTOIIBI M KOHTYpa ee IoabeMa 1o TpeM
dororpadusm, cogepxaluM, KpoMeE CaMOM CTOIIbI, CTAHAAPTHLINM JucT Oymaru. biaromaps yuery rnepcrek-
TUBHBIX M WHBIX MCKaXCHUI, MPUCYTCTBYIOIIMX Ha (oTorpadusx, a TakKxkKe y4eTy OCOOEHHOCTEIl CTOIIHI,
AJITOPUTM CTPOUT MCKOMBIE KOHTYPHI C TOYHOCTBIO MOPSIAKA MUUIMMETPA. YKa3aHHAsI TOYHOCTh SIBJISIETCSI
JOCTaTOYHOM ISl TAKUX TPUJIOXKEHUI, KaK BUPTyaJbHas IpUMepKa M MHAVBUAYaJbHbIN ITOLIUB OOYBHU.

OBPABOTKA M30BPAXEHUWU; 3D PEKOHCTPYKIINA; U3BMEPEHUE CTOIIbI YEJIOBEKA.

V.G. Shubnikov, S.Yu. Belyaev

FOOT CONTOUR DETECTION USING DIGITAL IMAGES

We have offered a special method of the foot contour detection using three digital images. In two
images the foot is placed close to the standard A4 (or US Letter) paper sheet. The paper sheet (with known
dimensions) is used like a size calibration object. Taking into account perspectives and other distortions the
proposed algorithm builds the foot contour with the accuracy about 1 millimeter. The given high accuracy is

enough for commercial applications like virtual shoe fitting or individual shoe manufacturing.
IMAGE PROCESSING:; 3D RECONSTRUCTION; HUMAN FOOT MEASUREMENT.

711 BBITTOJTHEHUST BUPTYaJIbHOM ITPUMEPKH
00yBU B MHTEpHET-MarasvHe WIM JJIS yIaJIeH-
HOTO 3aKa3a MOoIIMBa MHIWBUIYAJIbHOU 00yBU
KJIMEHT AOJKEH BBIMOJHUTHL M3MEPEHUS Xa-
paKTepHBIX pa3MEPOB CBOECH CTOMBI U NEpeaaTh
uX 4yepe3 on-line cepBrc B MHTEpHET-Mara3mH
win Ha (adbpuky nommuBa o0yBu. ITpodeccu-
OHAJIbHbIE MacTepa I0 M3TOTOBJICHMIO OOyBU
BBITIOJIHSIIOT M3MEPEeHUSI CTOMbI C TOMOIIBIO
JUHelkn u tuokoro merpa. K coxaneHuro,
OOBIYHBIN TOJIL30BATE/b HE MOXET 3TO Clie-
JIaThb C JOCTAaTOYHOI (MOpsiiKa MUJUIMMETpPA)
TOYHOCTBIO.

Bonee coBpeMeHHBIM ITOAXOH COCTOUT B
nocrpoenun 3D Monenan CTOmbl ¢ MOMOIIBIO
3D ckaHepa (cMm., Hampumep, [1, 2]). Dror
METOJ, 00eCIeYrBaeT BBHICOKYIO TOYHOCThb, HO
TaKKe HE MOXET MCIIOJIb30BaThCA IS YKa3aH-
HBIX IIeJICH ITO0 TPUYMHE OTCYTCTBHS Y ITOJIB30-
BaTeJisl COOTBETCTBYIOLLETO 00OPYIOBaHUSL.

B nmocnenHee BpeMs TMOSIBWIOCH TIPO-
rpaMMHoOe oOecrieyeHue, BbIMOAHsAOIee 3D

PEKOHCTPYKIIAIO O0BEKTA MO BUIEO WIN MHO-
KecTBy (otorpacuii (cMm., Hampumep, [3]),
HO pe3yabTaThl 3TOM PEKOHCTPYKILIMU TpeOy-
0T 0043aTeIbHONM «PY4YHOM» KOPPEKLUMU B
3D penakropax, 4TO HEIpHeMJIEMO B paMKax
paccMmaTtpuBaeMoii 3agaun. B padote [8] mipen-
JIOXXEHO YaCTUYHOE pellieHre MpPoOJeMBbl: W3-
MEpeHHEe HEKOTOPhIX KIIUYEBBIX pa3MepoB
CTOITBI YeJioBeKa 1o (oTorpadusim.

B HacTtog1eit cratbe mIS OLIGHKU pasMe-
POB CTOIbI Mpeajiaraercsl HCIoJb30BaTh €€
KOHTYpPHI, KOTOPbIE MOTYT OBITh ITOJIyY€HBI U3
Tpex ¢otorpaduii. JJaHHBIA TOAXOA WACATb-
HO TMOIXOOWUT MJISI BUPTYyaJIbHOU IPUMEPKHU,
T. K. YyI00€H I MOJIb30BaTeNsI, HE TpeOyeT
HaJIW4YMsl CHELMaJbHOIO 00O0pYyIdOBaHMUS, IIPO-
TPaMMHOTO O0eCIieUeHuUsI U MEePEeChUIKU 0O0JIb-
1I0TO 00beMa JaHHBIX.

ITocTanoBka 3amaum

Ilycts 3amanbl Tpu dortorpaduu, coaep-
Kalle CTaHOAPTHBIM O€jblid JIMCT OyMaru
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Puc. 1. ITpumep ucxomusix dororpaduit

Puc. 2. KoHTypBI CTOIBI: @ — TOPU3OHTAIBHBIN, 6 — TIOOBEM

dopmata A4 mim Letter m mpaByio cTtomy B
TeMHOM Hocke. IlepBeie nBe ¢ororpadun
colepXaT BHYTPEHHWI M BHEIIHUN KOHTYPBI
CTOMNBI COOTBETCTBEHHO, a TPETbsl — KOHTYP
ee moabeMa. IIpumep Ttakux ¢oTorpaduit
npuBegeH Ha puc. 1. Ilpeamomaraercs, 4To
Ha TIepBON U TpeTheil ¢ororpadusax auct
OymMard M cToma HaxXxoOsATCsI B OOJHOM U TOM
K€ TIOJIOXKEHUM, a TaKKe YTO Ha MUJUIMMET]
npeacTraBieHHO Ha ¢ororpadusax CLEHBI
MPUXOANUTCS HE MeHee NOBYX Iukceseir. Ha-
npumep, Ijsl S-MerarmkKceJIbHOM KaMephl 3TO
MOCTUTAETCs, €CAM IJIMHA Jucra Oymaru Ha
¢ororpaduu cocrapisseT He MeHee 1/3 mau-
HBI (hoTOorpaumu.

TpebyeTcsl ¢ TOYHOCTBIO MOPSAKA MUJIM-
MeTpa OIpPeAcIUTh KOHTYP S rOpU30HTAJIBHOM
OPTOTOHAJBLHON MPOEKUMU CTOMBI M 3Haue-
HUS BBICOT TOYEK KOHTYpa S, MOAbeMa CTOILI
(puc. 2).

KonTyp S MoxXeT OBITh IOJIyUeH KaK 00b-
eIMHEHWE KOHTYPOB S M S,, ABJIAIOLINXCS
OPTOTOHAJIbHBIMU MTPOEKLUUAMU KOHTYPOB S',
u S', BHYTpeHHEH M BHEUIHEH wyacTeil CTo-
Ibl, IIyTeM COBMEIIEHHUSI MX OOIIMX TOYeK A
u B (puc. 3). Konryp S, asngerca pesyibra-
TOM OPTOrOHAJILHOIO IPOCLMPOBAHUS KOHTY-
pa S',, NpeicTaBIAIoOUIEro co60i MHOXECTBO
TOYEK MAKCHMAJbHOM BBLICOTHI B MOIEPEYHO-
BEPTUKAIBHBIX CEYEHUSIX CTOIIBI.

Puc. 3. Tlognexaiiue onpeneseHnIo KOHTYPhI S, ABIAIOTCSA OPTOTOHANLHBIMU
MPOEKLMAMMU KOHTYPOB S,
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Puc. 4. Kontypsl nucra Oymaru v CTOIIHI,

BbineneHne KOHTYpOB OyMard W CTOMbI

ITocTpoeHue pellieHUsT HAUMHAETCSI C BBI-
JeJeHUST U3 3aJaHHbIX (poTorpaduii KOHTYPOB
Jcta Oymaru, BHYTPeHHEH 4actu crombl L,
BHEILHEN YacTu CTonbl L, 1 KOHTYpa noabema
crombl L, (puc. 4), xoTopble B JaJbHENIIEM
OyzayT peoOpa3oBaHbl B KICKOMBIE KOHTYDHI S.
BrigeneHne KOHTYpOB JiMcTa OymMaryd BbIIOJ-
HSeTcsd ¢ moMolIbio anroputma Kannum [4], a
IUISL TIOCTPOEHMS KOHTYpOB L. mcrmosb3yercs
aJiIropuT™M, OJIOK-CXeMa KOTOPOTO IMpHUBeIeHA
Ha puc. 5. JIaHHbI ajJirOPUTM MOCJIeA0BATEIIb-

BBbIIEJIEHHBIE U3 3alaHHBIX (oTorpaduit

HO TIPUMEHSIETCS K KaxIoi U3 ¢otorpaduii.

B Onoke 1 ymeHblaeTcsl ypoBeHb IIyMma,
cojepxauerocs B ¢ororpaduu. DTo JOCTUTA-
€TCs1 METOAOM, MpPEeMIOXEHHBIM B padote [5].
[TonydyeHHOe wu300paxeHue Ipeodbpaszyercs
610koM 2 B Edge Map ¢ moMonisio airoput™ma
Kannu. PesynbpTupyloniee uzodOpaxxeHue Hc-
MoJib3yeTcs B 0J0Ke 3 ISl HaXOXIEHUS MHO-
JKECTBa 3aMKHYTBHIX KOHTYPOB, M3 KOTOpPOTO B
0y10Ke 4 BBIIENISIETCS KOHTYP OIETOTO Ha HOTY
Hocka (puc. 6), IyTeM IPOBEPKM KaXKIOro
3JIEMEHTa MHOXECTBAa Ha COOTBETCTBME OIIpE-
JEJICHHBIM KPUTEPUSIM.

[ 1 2 [ 3
®doro | Ycrpanenune IToctpoenue Haxoxnenue
g ryma Edge Map 3aMKHYTBIX

6

.

(4

Beigenenue
KOHTYpOB L;

YTounenue
(hopMBbI KOHTYpa

Bribop

TpebyemMoro

Puc. 5. Bnok-cxema anroputMa BbIIEICHMSI KOHTYpOB U3 poTtorpaduii

{’Y

Puc. 6. 3aMKHYTBbIE KOHTYpBI OIETOrO Ha HOTY HOCKa, cojaepxkaiuue L,
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OCHOBHBIM KPUTEPHEM NpPU MOUCKE KOH-
TYpOB HOCKa SIBJISIETCS HaJIW4YMe ABYX TOUEK
A 1 B, ABIAIOIIMXCS KOHLIAMM IISITKM U HO-
CKa COOTBETCTBeHHO. Ilpu aHanm3e KOHTYpOB
B CHCTeMax KoopauHaT XY, moka3zaHHBIX Ha
puc. 6, Touka A 0OHapy:XMBaeTCA KaK TOYKa,
B KOTOPOU HOCTUIAETCS TEPBBIA JIOKAJIbHBIN
MakcuMyM Y mpu o0xole KOHTypa OT TOYKHM C
MaKCHMaJIbHOM KoopauHaToil X B HallpaBJie-
Hum ocu Y. Touka B onpenensiercss Kak Touka
KOHTYpa, HauboJjee ynajleHHass OT A B CEKTOpe
¢ yriaom 60 rpamycoB, HampaBJICHHOM IIPOTUB
ocu Y.

JONONMHUTENBbHBIMUA KPUTEPUSIMU SIBJISIOT-
Cs clieAylolme:

oTpe3oK AB He nokeH uMeTh BHYTPEHHUX
TIEPECEUECHUI C KOHTYPOM;

IIrHa oTpe3ka AB B mMKcensax mojkKHa
HaxoauThbcsd B npeaenax 0,5—1,2 niIuHBI aUcTa
oOyMmaru.

YTouHeHue popMbI KOHTYpa B OJIOKE 5 BbI-
TOJIHSIETCSI C IIOMOIIBIO AJITOPUTMa aKTUBHOTO
KOHTYpa, OITKcaHHOro B padote [6]. B 61oke 6
M3 MOCTPOSHHBIX KOHTYPOB HOCKA BBIAC/ISIOT-
CS UCKOMBIE KOHTYpHI L.

ITocTpoenne npuoIMKEHHOTO pelIeHHs

[IpubnukeHHOE pellleHWe CTPOUTCS Ha
OCHOBE JIBYX MPEIINOJIOXKEHUIA: BBICOTOI KOH-
TypoB S', u S', MOXHO IpeHebpeyb, TO €CTh
S, =S,u S, =S, Kouryp S', JeXUT B ILIO-
CKOoCTH (), mpoxonsiueil yepe3d Touku A u B
MepIeHIUKYSPHO K MIOCKOCTH T0Ja, TO €CTh
S', =S, (puc. 7).

Puc. 7. Konyp S, nexur B mrockoctu Q,
MPOXOJSIIEH Yepe3 Touku A, B meprneHauKyasipHO
IUTOCKOCTH MOJia
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ITopsimok OIIMOOK, MOPOXIA€MbIX 3TUMU
MPENNoJI0OXEHUSIMU, OLIEHUBACTCS B CIEOYIO-
LLIEW TJIaBe.

Jlnst mpeoOpasoBaHusi KOHTYpoB L, B S,
OIPENESIIOTCS MaTPUIIbI IEPCIIEKTUBHBIX MpE-
obpaszoBanuit C' (cM., Hampumep, [7]), cooT-
BETCTBYIOLIME 3adaHHBIM (oTorpadusm. Bbi-
YUCJIEHUE ITUX MATPUIL BBIIIOJHSIETCS IO TPEM
M300paxXeHMSIM JINCTa OyMaru U3BECTHOIO pas-
Mepa, IpPUCYTCTBYIOIIEro Ha ¢oTorpadusx, ¢
MOMOLIBIO aJITOPUTMA, MPEAIOXEHHOTO B [8].
JaHHBIIA aITOPUTM CTPOUT UCKOMBIE MaTPUIIbI
KaK IPOM3BEACHUE MATPHUIIbl BHYTPEHHEN Ka-
JMOPOBKU Kamepbl K Ha MaTpullbl BHEIIHEH
KanuobpoBku D':

C'=KD',i=1,2, 3. (1)

Martpuna K yuuThiBaeT OCOOEHHOCTH Ka-
MEpHI M, B YaCTHOCTH, MCKAXXCHUSI, BHOCUMBIC
3TUMHU O0coOeHHOCTIMU. MaTpuubl D’ onpese-
JISTIOT CHCTEMBI KOOPIMHAT KaMep B CHCTEME
KOOPIMHAT CLIEHBI, CBSI3AHHOW C JINCTOM OY-
Maru.

Ilycte matpunia C — onHa u3 matpui, C'.
OHa oToOpaxaeT MPOU3BOJIbLHYIO TOYKY M u3
CHUCTEMbl KOOPAUHAT CLIEHbI, CBA3AHHOM C JIU-
cToM Oymaru, B TOYKYy C KOOpAMHATaMHU v B
CHCTeME KOOpAMHAT, CBSI3aHHOU C oTrorpa-
¢ueit, kak mokazaHo Ha puc. 8. Mcmomb3ys
onHoponHble koopauHatel M = (X, Y, Z, 1)T
nv = (u,v, 1)T, tanHOE TIpeoOpa3oBaHNE MOXK-
HO 3amucaTh B BUIE:

v =CM, ()

rae z — MacluTabupyomnii KoagpUIeHT.
MatpuyHoe ypaBHeHUE (2) 3KBUBAJIEHTHO
TPeM OOBIYHBIM YPaBHCHUSIM:

w=c X +c,Y +c3Z +¢y,
=y X +c,Y +c37Z + ¢y, 3)

Z=cyX +c,Y + 072 +¢yy.
Hckimouenne z U3 TIEPBHIX YpaBHCHUIA
JlaeT IBa COOTHOIICHMS, CBSI3BIBAIOIIME TPEX-

MEpHbIE KOOPAWHATBHI TOYKHA W IBYXMEPHBIC
KOOpAWHATHI ee TPOeKINMN:

(e X +c,Y +c3Z +cyy)u =

=c X +c,Y +¢,Z + ¢y, @)

(e X +¢,Y +c3Z +¢;,)v =
=0, X +¢,Y +¢,Z +¢yy.
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bymaru
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Puc. 8. MaTpulia nepcneKTUBHOIO MPOELIMPOBAHUS OTOOpaXKaeT MPOU3BOJbHYIO TOUKY M
Touka O — mo3uIUs KaMepbl

DT COOTHOIIECHUS MO3BOJISIIOT ITO 3adaH-
HBIM KOOpAMHATaM MHUKCeNsI H300paxkeHus
(u,v) onpeneanuTbh COOTBETCTBYIOLIYIO €My TOU-
Ky CIIEHBI, €CJI M3BECTHA OIHA M3 KOOPIMHAT
X, Y unm Z. Tak, Hanpumep, €CJIu U3BECTHa
KoopIuHaTa Z, 3HaueHust X u Y onpenensiioTcs
U3 CUCTEMBI YPABHCHUIA:

(¢, —c; )X + (¢, —cpu)Y =
=(cZ +c)u—(c;Z +¢yy), 5)
(¢ — WX +(cy, —c,V)Y =

= (el +¢,)v = (¢ Z + ¢yy).

CorjmacHo chaejlaHHOMY BBIIIE IIPEIIO-
JIOKEHWIO, KOOpPAMHATHI Z TOYEK KOHTYPOB

S (I = 1, 2) paBubl Hymo. CJen0BaTeNbHO,
COOTHOIUEHUS (5) MOIYT MCIOJb30BaThCs
ISl BBIYUCJICHUST KOOpAUHAT X U Y KOHTYpOB
S'. = S, mo 3agaHHbIM KoopauHaTam (u, V)
KoHTypoB L. ITocjie Toro Kkak KOHTYpbl S, 1 S,
oIpene/ieHbl, OHU OOBEIMHSIIOTCS B MCKOMBIN
KOHTYp S IIyTe€M COBMEIICHMS OOIIMX TOYEK
A u B (puc. 9).

Touku A n B omnpenenstior ypaBHeHUE TIJ10-
ckoctu Q (puc. 7) napajujiebHoit ocu Z:

X =kY + f,
k:(XB_XA)/(YA_YB)9 (6)
f=(X,4YB _XBYA)/(YA _Yg)s

Y
B
V4 oov, 4-777
o
‘0
Nnct (o= S,
6ymaru 0 B,
v \
H —-- S
- T *
» v TTE=e o %
» X ;%‘ .
}1 o K
", 4--""
. 8 o
Nucer : e
0 - ) o
< S £

bymaru v /
¥ 7
: ’
: _-- B A
-
‘d” ;

X

Puc. 9. Kontypsl S, u S, 00beAMHAIOTCA B €MUHBIA KOHTYp S
MyTeM COBMEILLUEeHUST o0LIMuX ToueK A u B
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rne (X, Y, (X,, Y,) — KoopauHaThl TOYEK A
n B.

IToncranoBka ypaBHeHHUS (6) B COOTHOILIE-
HUS (4) JaeT CUCTEMY YpaBHEHMUI IJISI BBIUKC-
JIEHUSI KOOPIMHAT KOHTypa S

(e ku + cpyu — ¢k —c,)Y +(cu—c3)Z =
=¢,f — ¢ fu—cyu+cy,

(cy kv + v —cyk —cp,)Y +(c3v —¢3)Z =
=0 f —Ccufv—cyv +ay,

IIe B Ka4eCTBE ¥ U V BBICTYITAIOT KOOPIMHATHI
KoHTypa L, (puc. 4), a ¢; SIBJISIIOTCST KOMITO-
HeHTaMu Matpuibl C.

(7

Ouenka ommoOKH MPUOIMZKEHHOTO peleHust

IIpy nonydyeHur OpUOIMKEHHOIO pelle-
HUS Mpeamnojarajoch, 4YTO BBICOTA KOHTY-
pos S’ paBHa Hymo. OwmunbKa, mopoxuaeMas
5TUM MPEINOJOXEHUEM, MOXET OBITh OLIEHE-
Ha cienywoummM obpazom. Ilycte kamepa mo-
3UIMOHMPOBAaHA MapajUIeIbHO IOy B TOYKE
O, Haxoxsuieicsa Ha paccrosHun H_ or mona
(puc. 10). Ilycts Touka P' koHTYpa S' mmeer
BbICOTY Z = H ¥ pacnosioxeHa Ha pacCTOSIHAM
D ot ocu kamepsl OO'. Mckomasa ommbka A
paBHa IjIMHE oTpe3ka PP*:

A=HD/H,-H)~HD/H,. (8)

Kak mokazanu sKCHepuMeHTBbI, OIMMUCaH-
HBIE B TIOC/ieAHEM TJiaBe, mpousBegeHue HD
JOCTUTAeT MaKCMMyMa B 00JIacTy TISITKU (TOY-
Ka A), rome OHO MMeeT 3HaueHHe IopsaKa

Puc. 10. Otpe3ok PP* onpenensger pasHULy MeEXIY
LEHTPaJIbHBIM M MapaJUIeJIbHBIM TTPOCIIUPOBAHNEM
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Puc. 11. IIpoponabHoe M MomnepeyHoe
CCUCHUS CTOITBI

37 ecm? (H~2,5 cm, D~15 cm) st cTombl -
Hoit 30 cm. Bemwumna H_  wmmeer mopsimok
100—150 cm. CnenmoBatenbHO, BeIMYMHA a0-
COJIIOTHOM OIIMOKM, ITOPOXAEHHOW II€PBHIM
YIPOLIAIIINM TIPEAIIOI0XKEHNEM, COCTaBJISI-
eT mopsaka 3 MM sl cTorbl aiuHoi 30 cM.
C u3MeHeHHeM JJIMHBI CTOIIhl IIPOMNOPILIMO-
HaJbHO W3MEHSIOTCS BCE€ BEIWYMHBI, BXOIS-
mue B ¢opMyny (8), Tak 4TO MOPSIAOK abCo-
JIIOTHOM OIIMOKM HE U3MEHSIETCS.

Bropoe mpexanonoxeHue ycTaHaBIMBAeT,
4TO TOYKM KOHTypa S'; JieXaT B IJIOCKOCTU
Q. B NefCTBUTEBHOCTA 3TU TOYKM MOTYT OT-
KJIOHSITBCSI OT TUIOCKOCTM €2 Ha BEJUYMHY A,
VIMEIOIILYIO TIOPSIOK 5 % MIMPUHBI TIPOIOJIBHO-
nomnepeyHoro cedyeHus: cromnbl (puc. 11). On-
HAaKO, KaK I0Ka3ajud 3KCIIEPUMEHThI, BbIUKC-
JIEHHBIE 3HAYEHMs KOOPAMHAT KOHTypa S.,
BBIITOJTHEHHBIE B paMKaX 3TOr0 MPEeAIooXKe-
HUSI, UMEIOT TOYHOCTh MOpPsIAKAa MWLIMMETpA.
DTO OOBSCHSIETCS T€M, YTO M3-3a TJIaJKOCTHU
KOHTYpa MpPOIOJbHO-IIONIEPEYHOIO CEUYECHUS,
OTHOLIEHME A,/A, MaJIO TIPU MaJbIX A,.

Takum o0pa3oM, y4uThIBasi, 4TO a0bCO-
JIIOTHasI OIIMOKa B MOCTPOCHMU KOHTYPOB HeE
JIOJKHA IPEBbIIATh MUUIMMETpa, IS yTOY-
HEHUS MPUOJMXKEHHOTO pelleHus Tpebdyercs
OTKa3aTbCS TOJBKO OT IIEPBOTO MPEAIOIOXKE-
HUSL.

YToyHeHne NPUOIKEHHOTO pellieHus

OcHOBOI [JI1 TIOCTPOEHUSI YTOYHEHHOTO
pelleHusT SIBISIeTCSl DKCIIEPUMEHTAIbHO yCTa-
HOBJIECHHas1 (QYHKIIMOHAJIbHAsA 3aBUCUMOCTD
MeXIy 3Ha4eHUSIMU Z KOHTYpa S' M BBICOTOM
h KOoHTypa S, B LIEHTpe CcTombI (puc. 12):

Z=hf@,i=1,2 )

[Ie ¢ — mapamMeTp, OIPEACISIOIIUNA ITOJIOXKEHUE
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3t A

Puc. 12. Bennuuna / onpenesnsier BHICOTY
KOHTYpa S, B LIEHTPE CTOMbI

TOYKM Ha oTpe3ke AB; 4 — BbicoTa KOHTYypa S,
B Touke f = 0,5; f(f) — dyHKUMU 3HAYEHUI
BBICOT KOHTYpOB S', (i = 1, 2), NIpUBENEHHbBIX K
BBICOTE KOHTYypa S, B Touke ¢ = 0,5.

I'papuku ycpeagHeHHBIX (MO YMCTY DKCIIe-
PUMEHTOB) 3HAYEHUU 3TUX (DYHKIIUN TIPUBE-
JeHbl Ha puc. 13.

®opmyna (9) ucrmonb3yercst ISl YTOYHE-
HUS 3HAYEHMI KOOPAMHAT KOHTYpPOB S M S,
¢ momouplo cooTHoumeHuit (5). B kavectse
BEJIMUMHBL /1 OepeTcsl 3HaueHUe, IOJIy4eHHOe
B MPUOJIMXKEHHOM pellIeHWM, a 3HaYeHUEe Ma-
pamMmeTpa ¢ BEIYUCSETC 110 hopMyJie:

1= -Y,) /¥ -T,), (10)

rae Y, Y, u Y, takxke O6epyrcs U3 NpUOINKEH-
HOTO pellleHus. Pe3y1bTaToM yTOYHEeHUSI KOH-
TYpOB S, U S, ABJAETCA, B YaCTHOCTH, YTOU-
HeHue KoopauHat Toyek A u B. Tak kak atu
KOOpAMHATHl HCIIOJIb30BAJIIMCh JISI MOCTPOE-

a) 0)

f

A
0,6

0,3

0 1

HUSL KOHTYpa S,, TO OH TOXe NOJIKEH ObITh
YTOYHEH.

TTonHBIA anrOpuUTM YTOYHEHUS MPUOIU-
JKEHHOTO PEUICHUS SIBJISIETCS UTCPALlMOHHbBIM:

ITycte yepe3 S! 0603HaYEHBI KOHTYPHI S,
MOJy4EHHBIE B pPE3yJbTare IPUOIMKEHHOTO
peleHus.

k=0;

do {

k= k+1;
for (Bcex (u,v)eL, (i=1, 2)){

Boruucauts ¢ mo ¢popmyne (10), ucnonnsys
Sk

Boruncauts A, ucnonbsys S5

Boruncautes Z o popmyne (9);

Bobruncaure S*' ¢ MOMOLIBIO COOTHOLIE-
Huit (5);

}

Boruncnuth KoahuuneHTs k£ 1 f 1o ¢op-
mynam (6). KoopauHaTtel Touek A u B ussne-
KaloTCs U3 KOHTypa S 1

for (Bcex (u,v)eL,))

Boruncaurs S,! ¢ TIOMOILBIO COOTHOLIE-
Huii (7);

} while (max|S/*! — Sk|> & mns Bcex i = 1,
2, 3)

ITocTpouTh KOHTYp S nmyTeM oObeIUHEHUS
KOHTYpoB S * u S,*. ITonoxuts S, = St

SKCHepI/IMeHTbI N pE3yJbTAThI

IIpoBeneHHbBIE 3KCHEPUMEHTHI MpPECIeao-
Bajid IB€ LIEJU: OLIEHKY abCOMIOTHON OLLIMOKMU
NPUOIKEHHOIO WM YTOYHEHHOIO pelIeHUN M
noctpoeHne (PyHKIIMOHAJIBHBIX 3aBUCUMOCTEH
MeXIy 3HaYeHUsAMU Z KOHTYpoB S',, S', 1 BbI-
COTOi h XOHTypa S, B LeHTpe cTombl. B sKkc-

f

Puc. 13. DxcnepuMeHTaIbHO YCTaHOBJICHHAS (DYHKIIMOHAIbHAS 3aBUCUMOCTh
MEXIy 3HaYE€HMAMM Z KOHTYpa S' M BBICOTOM 4 KOHTYpa S; B LIEHTPE CTOILI:
@ — BHYTPEHHSIA 4aCTh CTOIbI; 6 — BHEIIHSS 4aCTh CTOIBI
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MeprMeHTaxX MPUHSIA yJyacThe 63 ueloBeka.
Crombl KaXI0ro yyaCTHMKA ObLIM OTCKAHMPO-
BaHbl 3D ckanepom Artec MH-T, obecneun-
BaIOIIMM TOYHOCTH mocTpoeHus 3D monmenu
He Huxe 0,1 MM.

C nomo1pio co3gaHHbIX 3D Momeneit mo-
JlydeHbl JaHHbIE, UCIIOJIb30BAHHBIC 7151 OLICH-
KM a0COJIIOTHOM OLIMOKY MPUOIMKEHHOIO pe-
LIEHMSI, U TIOCTPOSHHI rpaduKu yCpeaHEHHbBIX
3HaueHui PyHKuMit f(f) = Z/h 1na BHYTpEH-
Hero (i = 1) u BHellIHero (i = 2) KOHTypa CTO-
Mbl, TpUBeAeHHbIe Ha puc. 13. OTKIOHEHUS
U3MEPEeHHbIX 3HAYeHUN (YHKUMUI OT ycpend-
HEHHBIX He npeBbiam 19 %.

s olleHKM pa3MepoB abCOIIOTHON II0-
TPEIIHOCTY, BBI3BAHHOW  MCIIOJb30BAaHUEM
YCPEIHEHHBIX 3Ha4YeHui GyHKuMii f(7), mpo-
BEJIM pacyeThl, B KOTOPHIX 3TU (HYHKIIWUM 3a-
meHsaauch Ha (1 x 0,19)f() cooTBeTCTBEH-
Ho. PacueThl mokazaiau, 4YTO OLIEHMBaeMas
abCOJIIOTHAsl MOIPEIIHOCTh He IIPeBbIIIAET
0,55 mM.

C 1eb10 MPOBEPKU AJITOPUTMA MTPOBEACHBI
pacyetsl Mo ororpacdusim crom 63 ydacTHH-
KOB 3KcIiepuMeHTOB. DoTorpadupoBaHie BbI-
TOJIHSIJIOCH JIEBSITbIO PA3IMYHBIMU Kamepamu
(Tpu ¢oroamnmapara 1 1IeCTb cMapTHOHOB) C
pas3pellieHueM He Hibxe 5 Meramukceneit. I1o-
JlydeHHbIe (oTorpapuu ObUIM TPUBEACHBI K
€IMHOMY pa3pelieHuI0, paBHOMY 5 Meramnuk-
ceneit. Pe3ynbraThl pacyeToB CpaBHMBAJIUCH C
KOHTypaMH, HoJy4eHHbIMU u3 3D Mopenei
CTYIHEH MyTeM IlapajUleJIbHOro IIpoelrpoBa-
HUS. 3HAYeHUs ITOJYYEHHBIX MaKCUMAaJIbHbBIX
a0COJIIOTHBIX ITOTPEIIHOCTEN A, YIIOPSIOYEH-
HBIE TI0 BO3pacTaHUIO, ITPUBEACHBI Ha Tpadu-
Ke, MpeacTaBleHHOM Ha puc. 14.

Kak BugHO u3 rpaduka, CpeaHsisi MaKCU-
MaJibHasi aOCOJIIOTHAsI TOTPEIIHOCTh METoja,
MOJIy4eHHas Mo pe3yjabTaTaM 63 3KCIepuMeH-
ToB, coctaBisieT 0,61 MM, a MakcUMasbHasT —
1,18 MM.

B kayecTBe 3HaueHUs §, BXOMSIIETO B
YCJIOBHME OKOHYAHMS LIMKJIA alropuTMa yTou-
HEHUS pe3yJbTAaTOB pacuera, Obula BhIOpaHa
BeqmuynHa, paBHasa 0,1 MM, 4TO IMpUBOAMIO K
OKOHYAHUIO WTEPAlIMOHHOTO TIpoliecca IMocie

1 63
Puc. 14. 3HaueHns MakCUMaIbHbBIX a0COIOTHBIX
MOTPEITHOCTEN JUIsT 63 9KCIIEpMMEHTOB,
YIIOPSIAOYEHHBIE 110 BO3PACTAHUIO

IBYX-TpeX UTepalii. YMeHBIICHUE BeJIMINHEI
8, Kak IpaBUJIO, HE IPUBOIUIO K YMEHBIIIE-
HUIO abcomoTHo# morpemHocTy. IlocimemHee
CBSI3aHO KaK C HETOYHOCTBIO SKCIIEPUMEH-
TaJbHO YCTaHOBJIEHHBIX (DYyHKUMHA f(7), TaK 1
C HETOYHOCTBIO MCXOAHBLIX KOHTYpoB L, mo-
JIyYIeHHBIX M3 TUCKPETHHIX (poTorpacduii.

BpeMms, TpebyeMoe I TMOCTPOCHUSI KOH-
TypoB S ¥ S, M0 3aaHHBIM KOHTYpaMm L, s
OIHOI CTOmBbI, cocTaBisgeT mopsiaka 0,15 ¢
Ha mpoueccope Intel® Core™ i7-2600 CPU
3.40 GHz. Yka3zaHHag OIIEHKAa MOXET OBITh
CYIIECTBEHHO YJIy4YIlieHa 3a CYeT pacmapajuie-
JIMBaHMSI BBIYMCICHUIM, Hampumep, Ha GPU,
T. K. TeJ1a UMKI0B for, B IpuBeIeHHOM B CTaThe
aJITOPUTME, MOTYT BBHIIIOJHSITLCSA MapalieIbHO
Ha He3aBUCUMbBIX Habopax maHHbIX. OOlee
BpeMs1, BKJIIOUalolliee BpeMs BbIACICHUS KOH-
TypoB jiucta 6ymaru u L, u3 dororpaduii 6e3
pacnapajjieIMBaHUs BIYMCICHUM, COCTABIISIET
BeImuuHy mopsiaka 0,3 c.

PazpaboTaH utepallMOHHBINA aJTOPUTM I10-
CTPOECHUSI KOHTYPOB CTOIIBI IO TpeM ee (PoTo-
rpadusiM, coaepxKallMM CTaHAAPTHBIA JIMCT
OyMaru M3BECTHOTO pa3Mepa. AJITOPUTM y4u-
TBIBAa€T TIPUCYTCTBYIOIIME Ha QoTtorpadusix
MEPCIIEKTUBHBIC M pagdalbHbIe MCKAXKCHMSI.
I[Ipy mnocTpoeHUU TOPUBOHTAIBLHOIO KOHTY-
pa YYUTBIBAIOTCS BBICOTHI TOUEK KOHTYpa Haj
YpOBHEM I10J1a. JIJIsl BEIYMCICHUS 3TUX BHICOT
BKCMEPUMEHTANIbHO YCTAaHOBJIEHA UX (DYHKIIU-
OHaJIbHASI 3aBMCUMOCTb OT BBICOTHI CTOITHI B
ee LieHTpe. DKCIEePUMEHTaIbHO YCTAaHOBJICHO,
YTO TOYHOCTh ITOCTPOEHUSI KICKOMBIX KOHTYPOB
COCTaBJISICT BEJIMUMHY IOPSIIKAa MWIIAMETpA.
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YOK 004.93'12
A.A. XypulydoGB

OBHAPY)XXEHMUE NOKAJIbHbIX MPOCTPAHCTBEHHbIX CTPYKTYP
ONA PACNO3HABAHUA U3OBPAXXEHUN

IMonxon BEIIENIEHUS MPU3HAKOB, IIMPOKO TTPUMEHSIONIMIACS TIpU PEIICHUN MPUKIATHBIX 3a1ad KOM-
MBIOTEPHOTO 3PEHUSI, B HACTOSIIIEe BPeMsI BKIIIOUAeT B ceOs MCIOIB30BAHUE AJITOPUTMOB OOYUECHUS IIPH-
3HaKaM Oe3 y4MTesIsl, TAKMM KakK OrpaHM4YeHHas MallrHa bosbliMaHa M pa3peXeHHBbI aBTOSHKOAED, YTO
TI03BOJIIET N3BJIEKAaTh NIPU3HAKN aBTOMAaTHYECKM M3 TOMEHHO-CHeIM(UIHON 00Iei BeIoopku. OOydeHre
6e3 yuuteast 0cobeHHO 3(P(PEKTUBHO B COYCTAHMHM C MOACISIMM [IIyOOKOTrOo OOyYeHUs, TAKUMH KaK CBEp-
TOYHBbIE HEWPOHHBIE ceTH U TIyookue cetu noepus (DBN). OmHako mpu o0paboTKe BBICOKOYPOBHEBBIX
W CTPYKTYPUPOBAHHBIX JAHHEIX, TTOABEPKEHHBIX MHBAPUAHTHBIM TpaHChOpMaaM (4TO OCOOEHHO aKTy-
aJIbHO JIUISI KOMITBIOTePHOTO 3peHUs B 3D U B IBMKEHUHN), TOCTPOCHUE CIIOBApS MPU3HAKOB IS OTACIHLHO
B3SITOrO 3JEMEHTa BBLIOOPKU MOXET OBITh MPOOJIeMAaTUYHbBIM.

IIpemmoxeH aTbTepHATUBHBIN ITOIXO0/, BKIIFOUAIOLINI B ce0s 0OOHapyKeHNe HEKOTOPBIX ITPOCTPAHCTBEH -
HBIX CTPYKTYP B M300paXKeHMSIX, XapaKTEePHBIX IJISI KOHKPETHOU BHIOOpKU. [1omoOHBIE CIIOCOOBI MMEIOT
HMCTOPUIO IPUMEHEHMS B 3a1a4aX Paclo3HaBaHMS JJIs1 OTAEIbHBIX, Y3KOCHEIU(PUIHBIX TOMEHOB (TaKHUX KakK
oOHapy:KeHIEe B3aMMOOTHOIIICHWI MEXIy IMpU3HAKaMM YepT JINIa). PacCMOTpeHHBIN alTOpUTM TIpeuiaraet
o0IIMii momxon K mpobjieMe, SKCIUTyaTHpPYsI HEKOTOPHIE CBOMCTBA OPMEHTAIIMOHHBIX KJIETOK TICPBUYHON
3PUTEJIbHOM KOPHI TOJIOBHOTO MO3Tra, ¢ UX IIOMOIIbI0 OOHApYyK1Basi 0000ILIEHHbBIC CBOMCTBA M300paxkKeHUIA
W arperupys WX i MOJIyYeHNST MH(GOPMATHUBHBIX CTATUCTHUECKUX ITapaMeTpoB, KOTOPhIe B HaJdbHEHIIIEM
MOTYT MCIIOJIB30BaThCSI HETIOCPEICTBEHHO UIST PACITO3HABAHUS M KJIACCHU(DUKALINU.

BBIAEJIEHUE ITPU3HAKOB; 3KBUBAPUAHTHOE ITPEOBPA3OBAHWME; 3PUTEJBbHAS
KOPA; PASPEXEHHOE KOAMPOBAHUE; ®UJIBTP 'ABOPA.

A.A. Khurshudov

DISCOVERING LOCAL SPATIAL RELATIONSHIPS
FOR IMAGE RECOGNITION

Nowadays the feature detection approach widely used in lots of computer vision applications has
been particularly improved by using unsupervised feature learning techniques such as Restricted Boltzman
Machines and Sparse Autoencoders. It helps to learn features from large amounts of generally unrelated
(or domain-related) data. Unsupervised feature learning has especially become useful combined with deep
learning models like convolution neural networks and Deep Belifef Networks. However, when dealing with
complex and high-level structured data, as long as with data exposed to lots of invariant transformations
(which is highly relevant to a computer vision in 3D and motion), it can become a problem to construct
a bag-of-words like a feature dictionary to contain all the possible changes an object can take. Instead,
the study offers a different approach involving discovering some relevant spatial relationships that appear
across the dataset. The idea by itself is not a new one. The classical example of using spatial structures for
recognition would be a distinct pattern of a human face, with two eyes and a mouth. However, most of the
existing solutions are strictly limited by a certain domain. The study proposes an algorithm inspired by some
properties of a primary visual cortex V1. It mimics the functionality of orientation cells, discovers general
properties of a natural image and aggregates them together to extract some useful statistics to be further used
in a classification algorithm.

FEATURE DETECTION; INVARIANT TRANSFORM; PRIMARY VISUAL CORTEX; SPARSE
CODING; GABOR FILTER.

I[lpy u3ydyeHUM  HENPOOMOJIOTMYECKUX  CTBEHHBIX IPU3HAKOB M300pPaXKeHHOTO 00BEK-

OCHOB 3pUTEIBbHOMN CUCTEMBI U 3(PPEKTUBHBIX
aJITOPUTMOB TIPEACTABICHUS] BU3YyaIbHOI WH-
dopmaum I pacro3HaBaHUs M300pakeHU
ObLI MpeaoXeH MOAX0d OObeAUHEHUS CYILe-
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Ta B HEKOTOPYIO HEpPapXUUecKyl0 CTPYKTYpY,
Ine MPU3HAKW HUBIIETO0 YpPOBHS, TaKMe Kak
rpaHULbl U IUTPUXU, KOMOMHUPYIOTCS B OoJjiee
CJIOXXHBIEC, TaKW€ KaK YIJIbl, I€TaJl KOHTYPOB
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00BEKTOB, BJIEMEHTHI (PUTYPHI VI JIUIL, U T. 1.
B OnonornyeckoM HampaBJIeHUM MOATBEPXKIIE-
HHEM CYIIECTBOBAaHUS HEpapXvWM ITPU3HAKOB
SIBJISIIOTCS KJIETKU 3PUTEJIbHOM KOPBI TOJIOBHO-
ro Mo3ra, Uil KOTOPBIX HEOTHOKPATHO OBLIO
nokasaHo [1, 2] cymiecTBoBaHUE OpHUEHTAIM-
OHHOM WM30UPATEIHLHOCTU (YYBCTBUTEIBHOCTU
K TpaHMIIaM IO OIpeAeJIeHHBIM YIJIOM), U
OTIIEJIbHBIC KJIACCHI «CJOXHBIX» KJIETOK, KOM-
OMHUPYIOIIUX IIpeACTaBIeHUs IIpOoCcThIX. W3-
BECTHO TaKXK€ O CYIIIECTBOBAHUM KIIETOK, aK-
TUBHUPYIOIIMXCS B OTBET HA HCKIIOUUTEILHO
Y3KOCIIEIIUAIM3UPOBAHHBIE W CJIOXHBIE O0b-
€KThl, TaKue KaK OTIEJIbHBIA YeJOBeK, IIpU-
YyeM CHOCOOHBIX IPU 3TOM IPOSIBISATH BBICO-
KyI0 CTEIleHb TOJIEPAHTHOCTU K MCKaXKCHUSIM
[3]. Bonpoc o mpeacTaBieHUM B KOpe TOJ0OB-
HOI'O MO3Ta CJIOXHBIX, (DYHKIIMOHAJIBHO 000-
COOJIEHHBIX MPU3HAKOB O CUX ITOP OCTaeTCs
HEepeLIeHHBIM.

B npuknagHbIX 00JIACTSIX, TAKUX KAaK KOM-
MBIOTEPHOE 3pEHHE W MAIIMHHOE OOy4YeHUe,
npemiarajich CBOM BapMaHTbl IOCTPOEHUS
hepapxuy IMPU3HAKOB, Hambojee M3BECTHHIM
M3 KOTOPBIX SIBJISIETCS OOYYeHME NpU3HAKaM
Ha OCHOBe pa3pexxeHHoro koza [4]. [TonoOHbI#i
MOIXO[ ITOKa3ajl BEICOKYIO 3(h(eKTUBHOCTh Ha
TECTOBBLIX HaOOpax JaHHBIX, TAKMX KaK BEIOOP-
ku ImageNet [5] (MaccuBHasI CTPYKTYPUPOBAH-
Hag 0Oa3a m3o00paxkeHU#, ne-(pakTo cTaHAaApT
CpaBHEHHMSI aJTOPUTMOB PACIIO3HABaHMS), HO
TIPY 3TOM ITIOJBEPTaeTCsI KPUTHKE B OTAEIHHBIX
WCCAEAOBAHUSX 3a CTaTUCTUYECKYI0 Hea(p-
(beKTUBHOCTh M M30BITOYHOCTH I10Jy4aeMOIO
koma. OTnenbHYIO0 CJIOXHOCTbh TPEACTaBISIOT
co00li MPOCTPaHCTBEHHBIE MpeoOpa3oBaHUS,
TakKMe KaK MacluTaOMpoBaHUE, TPAHCIISLIMS
W BpallleHue, CIIOCOOHbIE PaauKalbHO H3Me-
HUTh (hOpMY M300paAKEHHOIO OOBEKTA U Tpe-
Oyrollie OTACAbHOro Habopa MPU3HAKOB IJIS
Pa3HBIX BO3MOXHBIX IMO3WIINIA U KOMOMHAIIUIA,
BIMSIONIMX Ha BOCIPUATHE XapaKTePUCTUK
n300paxeHus (TakKux KakK SIPKOCTb, KOHTPAcCT
u T. a.). [Ipeamonoxenue o0 MCIIOJb30BAaHUU
pPa3pexXeHHOTo Koaa B 3PUTEIbHOM CHCTEME
KMBOTHBIX U 4YeJIOBeKa IIpeACTaBIIsIeTCS yOe-
JUTEIbHBIM Ha HEKOTOPBIX (HU3IIMX) YPOBHSIX
0o0HapyXeHUsI MPU3HAKOB, HO IS TPAHUYHO-
TO CJIydasl HEeCJIOKHO IoKa3aTh [6], UTO KOmM-
poOBaHVE KaxJJI0ro MpeaCTaBIeHUs] OTAEIbHBIM
3JIEMEHTOM Pa3peXeHHOIo aHcaMOJIsl Hellpo-

HOB TpeOyeT HE COOTBETCTBYIOIIETO peaJibHO-
CTU KOJIMYECTBA HEMPOHOB.

Takum o00pa3oM, [JI9 BBHICIIMX YPOBHEH
WepapxXuy MPU3HAKOB HEOOXOIUM OTICIbHBIN
MEXaHU3M, YCTOMYMBHIN K IIPOCTPAHCTBEHHBIM
peoOdpa3oBaHUSIM.

IIpoGaemb1 00ydeHust
BbICOKOYPOBHEBBIM IPU3HAKAM

OTOT BUA OO0ydYeHMs, KaK IpaBWIO, MPO-
BOIMTCA 0Oe3 yuyuTeas, He cuuTas (IIph He-
00XOJIMMOCTU) OpPraHM3aliMio BbIOOPKU Ta-
KM o00pa3oM, 4YTOObI OHAa COOTBETCTBOBAJIA
BbIOpaHHOMY OOMeHY. Ilpu 3ToM MoOryTr MHc-
MO0JIb30BaTbCSl pPa3IMYHbIE AJITOPUTMbI, TaKKe
KaK aHaJM3 TJaBHBIX KomIloHeHT (Principal
Component Analysis — PCA) [7], pa3pexeH-
HBIIA aBTO3HKOAEP [8], OpPTOroHaJIBLHOE CO-
rjacoBaHHoe  TmipecienoBaHue  (Orthogonal
Matching Pursuit — OMP) [9], pemarooine,
MPUHIMUIIMAIBGHO, OJHY 3adady: aIlpoKCH-
Malldio BBIOOPDKM HAOOpPOM OrpaHUYEHHBIX,
HE3aBUCUMBIX M (KaK MpaBWJIO, XKeJaTeJIbHO)
pa3peKeHHbIX KOMIIOHEHT, KOTOpbIE, B KOHEY-
HOM HTOTE, M MPEACTABISAIOT COO0I MpU3HAKKU
U300paKeHUsI.

I cocTaBieHUsI HepapXuUM IIPU3HAKOB
MPOBOAUTCS HECKOJBKO 3TallOB TaKOro oOy-
YeHUs Ha JIOKAJbHBIX (pparMeHTax u3oopa-
KEHMI pa3IMYHOIO pa3Mepa M AeTaanu3allvu.
Bo3MoxxHO KcIoNb30BaHNe MHGOPMALIMU, I10-
JIYYEHHOI Ha IEepPBBIX 3TaIlaXx OO0y4YeHUS, IJIsd
¢unbprpanium BeIOOpKU. Tak, 0OHAPYXKUB, YTO
M300paXeHWe HE COMEPKUT HU3KOYPOBHEBBIX
MIPU3HAKOB, aJITOPUTM MOXET OTOPOCUTH €ro
Opyu U3YYEHUU IIPU3HAKOB 00Jie€ BBICOKHUX
YPOBHEMN.

KoHeuHbIil pe3yabTaT CXeMaTUYHO BBITJISI-
IUT, KaK MOKa3aHo Ha puc. 1.

B nmpuMepe mpM3HAKU MOJYYEHBI C TTOMO-
1LIbIO AITOPUTMA Pa3peKeHHOI'O aBTO9HKOEPA,
HO IIOXOXMIA pe3yJbTaT MOXET ITOCTUTaThCs
JIIOOBIM 13 IIePEUMCICHHBIX BBIIIE METOIOB.

OueBUIHBIM CJIEACTBUEM ITOJOOHOrO MOJ-
X0Ja SBJISIETCS TO, YTO KaXKIBIK CIIEAYIOLIANA
YPOBEHb MEpapXuu OYHAET COCTOSATHh W3 OOJb-
1IeTO KOJIWYeCTBa IMPU3HAKOB, YEeM IIPEIbIAY-
1WA, B CUJY TOrO, YTO IPU3HAKU BBICOKHUX
YPOBHEHN TPENCTaBISIIOT COOOM HEKOTOpoe
MOIMHOXECTBO KOMOWHAIIWI MPU3HAKOB HU3-
Koro ypoBHs. KpoMe Toro, moIoJHUTEIbHYIO
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Puc. 1. Cxema uepapxuu pU3HAKOB IS Pa3IMYHBIX TOMEHOB
(cmaitm ECCV 10, EBpomneiickoit KOH(bepeHIINN 10 MpodieMaM KOMITbIOTEPHOTO 3PEHMST)

BapMaTUBHOCTh BHOCSIT TPOCTPAaHCTBEHHBIE
TpaHchoOpMallMi, OCOOEHHO TpeXMepHEIe,
KOTOpblE HAYMHAIOT UIPaTh POJb HAa YPOBHSIX
MIpencTaBieHUs] 1IeJIbIX 00BeKTOB. IloBopoT
yIrja KamMepbl B TPEeXMEPHOM IMPOCTPaHCTBE,
TPAHCJISALNS M OKKJII03Us (YJaCTUIHOE 3aropa-
>KMBaHME) CIIOCOOHBI PaguKaJbHO H3MEHUTH
Bug o0bekTa. C TOUKM 3peHUsI €CTECTBEHHOTO
3peHus MNomoOHbIe TpaHCHOpMALlUM CYMTa-
IOTCS WHBAapUaHTHBIMHM, HO aJITOPUTMBI pas-
PEXEHHOM JEKOMITO3UIIUM IIPU 3TOM BOCHPU-
HUMAaIOT KaXIblii TAKOU 3K3eMILISIP BbIOOPKU
KaK pa3jIdyHble U300pakKeHus.

Ha npaktuke oOydyeHue IIyTeM BblIE-
JICHUSI Pa3peXEHHBIX KOMIIOHEHT padoTaeT
TEM YCIEIHee, 4yeM 0o0jiee OrpaHM4YeHO IIPO-
CTPAHCTBO HMHBAapUAHTHBIX IIpeoOpa3oBaHUIA
00BeKTOB BBHIOOpKM. Tak, ¢ororpadum yeso-
BeUYeCKUX Jull ((PUKCUPOBAHHAS YaCTh (DUTy-
PBI, HE MMEIOIIAs COCTABHBIX M3MEHSIIOIIXCS
3JIEMEHTOB) YCHEIIHEe ITOABEPXKEHBI KJIACCH-
¢uxkanmnu, yem ¢ororpaduu cobak (Ha HoTo
M300paxXeHOo TeJIO LIEIUMKOM, CIIOCOOHOE IpU-
HUMAaTh MHOXECTBO Pa3INYHBIX ITOJIOXECHUN 1
BBITJISAAAIIEE TT0-pa3HOMY C Pa3MYHBIX YIJIOB
3pEHUS).

74

Jns1 pellleHUs1 TTOCTaBJI€HHBIX 3aaad ObLIO
MPOBEICHO TECTUPOBAHME aJlTOpUTMa pa3pe-
JKEHHOTO aBTOSHKOIEpa Ha BbIOOpKAxX 4YeJso-
BEUECKMX JIMII M CHUJIY3TOB XMBOTHBIX. Ecim
chopMyIMpOBaHHOE IIPEANOJIOXKEHUE O (yH-
JaMEHTaJIbHOM OrpaHMYCHHOCTU MOIXOAA BbI-
JeIeHUs] pa3peKeHHBIX KOMIIOHEHT BEPHO, TO
BBIOOpKA, comepxaiiasi B cede OOJIbIIoe KOIH-
YECTBO TPEXMEPHBIX MHBAPMAHTHHIX IMpeodpa-
30BaHMI, OYAET IJTOXO MOAJABATHCS O0YUCHUIO.
Pesynbrarthl TecTHpOBaHMSI IMOKAa3bIBAIOT, 4YTO
3TOT BBIBOI ITOATBEpXKIaeTcs (CM. puc. 2).

TakuM o0pa3oM, MpeacTaBIsIeTCs] Bepo-
SITHBIM, 4TO HeCcMOTps Ha 3(POEKTUBHOCTH
npu OOYYEeHMHM HU3KOYPOBHEBHIM IIPU3HA-
KaM, METOJ JEKOMIIO3MIIMUA BHIOOPKM Ha
COCTaB/ISIIOIIME KIJIIOYEBbIC MPU3HAKU Hedd-
(bexTHBeH Ha BBICOKUX YpoBHsX. Cama mues
MOCTPOCHUSI HepapXuu MPU3HAKOB, IIPea-
CTaBJISIOIINX COOOM KOMIIOHEHTHI JEKOMIIO-
3ULIMKU U300pakeHU BHIOOPKM, HEIoJiHA 0e3
y4yeTa IPOCTPAHCTBEHHBIX 3aKOHOMEPHOCTEH
U XapaKTepPUCTUK, KOTOPbIe MPU3HAKU IIPU-
00peTaloT ¢ yBeJIMYEHUEM pa3Mmepa, CI0XKHO-
CTU U AeTaiau3anuu. Tak, IpU3HAKKU IIEPBOTO
YPOBHSI H€PAPXUU, OOBIYHO COOTHOCSIIIINECS C
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Puc. 2. O0ydyeHne BBICOKOYPOBHEBBIM MPU3HAKAM
Ha mpumepax LFW Face Database u Kaggle's Cats vs Dogs Challenge
BTopa;{ BI:I60pKa IIPAKTUYCCKHU HE NOoAaacTCA JEKOMITIO3UIIUU (BCJ'ICHI:IM OTMCUYCHLI yJ1a4YHbIC peSyJ'[LTaTbI)

pPELENTUBHBIMU TOJISIMU TTIEPBUYHOM 3pUTEITb-
Hoit kopsl (V1) u mpeacramisiioline coOoi
KOHTPACTHBIC IITPUXM Pa3IMIHON OpUEHTa-
LMW, Y3KOCTIeIM(UUYHBI M HE TOABEPKEHBI
WHBAapUMaHTHBIM TpaHcdopManusaM: Joboe
W3MEHEHWE OpHUEHTAIlUM IITPUXa TpPeIcTaB-
JieT coboil Tepexon K APYyroMy Npu3HaKy, B
OTJINYME OT PACCMOTPEHHBIX MPU3HAKOB BbI-
COKMX YPOBHEH, Tleé OAMH U TOT X€ CHUIYdT
JINIIa MOXKET PacCMaTPUBATLCS C Pa3IMUHBIX
YIJIOB, TPAHCIISILIMEH B TI0JIe 3pEHUS WU pa3-
HBIM MacIITaboM.

OrpaHnyeHHasi pa3pexkeHHas! anMpOKCHMAIUS
¢uasrpamu I'abopa

PaccMoTpyM orpaHMYEeHHYIO BEPCHIO aJliro-
pUTMa OPTOrOHAJIBHOTO COIJIACOBAHHOTIO IIpe-
CJIeIOBaHMS CO CIICAYIOIIMMU TPaBUIaAMMU:

B KauyecTBEe CJIOBapsl MCIOJIb3yeTcsl Habop
IBYMepHBIX (UiabTpoB [abopa, oTIMYaOIIMX-

Ccsd YIJIOM OpHUEHTalUU ¢, IOCIeA0BATEIbLHO
MEHSIIOIIUMCS OT HYJIS 10 27;

KOIMYECTBO KO3(MGUIIMEHTOB, OTIUYHBIX
OT HYJIS, IS pe3yabTaTa padOThl aJropuTMa
BbIOEPEM pPaBHBIM €IUHUIIE.

Bxonmnble paHHBIE: CUTHalA b, Marpuiia
¢unsTpoB TI'abopa A, KpuTepuili OCTaHOBKM
(TIoporoBoe 3Ha4YeHNE; BApbUPYETCS B 3aBUCH-
MOCTH OT IPUJIOXKEHUS) A.

BrIxomHbIe JaHHBIE: BEKTOP aIlllIPOKCUMALIN
¢, COOTBETCTBYIOLIWI JTMHEHHOMY pPa3IOXEHUIO
CUTHAJIa b Ha KOMITOHCHTBI MaTPUIIEI A.

AJITOpUTM:

1. YcraHoBUTL OCTATOK 7,
utepauuii t = 0 1 BekTOop V = .

2.v, = I, TOEe @, YIOBJIETBOPAET YCIOBUIO
max < r,,a, >, TAe a, — CTPOKM MaTpULbl A.

3. lo6asuts v, B BekTOop V, : V, =V, J{v,}.

4. JIng BeKTOpa ¢ pelluTb METOAOM Hau-
MEHBIINX KBaIpaTOB:

b, cueTymk
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t
min b—Zc(vj )a,
Jj=1
5. PaccunTaTth HOBBIi OCTATOK C MUCIIOJIb-
30BaHUEM C:

6. t=1+1.

7. Eciim KpuTepuii OCTAaHOBKU TOCTUTHYT,
TO JUI KaXAOTO 3HAYCHUS ¢, # maX(c),c,. =0.
BepnyTs c.

N300paxkenus BLIOOPKU KOJIUNPYIOT-
csd CIEIYIOIIUM O00pa3oM: KaXIblii OTAeJ]b-
HBIA 3K3eMIUISIp pa30MBaeTcsl Ha MHOXKECTBO
(parMeHTOB, IS KaxXXAOTO M3 KOTOPHBIX BHI-
MOJHSIETCS aJAroOpuUTM orpaHuyeHHoro OMP.
Takum o6pa3oM, Kaxablid (pparMeHT Wu30-
OpaxkeHus aIIpoKCUMUPYETCS OOHUM (HUIb-
TpoM [abopa, urparoimiuM poJjib JOKaJIbHOTO
PELIENITUBHOIO MOJSI MHPOCTOM KIIETKM 3pU-
TEJIbHOW KOpbl. EAWHCTBEHHBI HEHYJIEBOU
KO3 GULIMEHT, TIOJyYeHHBLIA B pe3yjbTaTe
OMP, nipu 3TOM ompenesieT CUJIy aKTUBallun
OTAEIbHOM KJeTKU. Pa30uBKa M300paxKeHUs
Ha (pparMeHTHI MOXET ITPOUCXOINUTh KaK IPO-
CTOM IIPOIOJIbHO-IIONEPEYHOM CETKOM, TaK U C
MEePeKphITUEM Y TOCIEAYIONIMM YCpeaHEHUEM
MepeKphIBAIOLIMXCS aKTUBaLMil (puc. 3).

TecroBble pe3yabTaThl IOKAa3bIBAIOT, YTO
HECMOTPSI Ha Ipy0OCTh allpoKCUMaluuu (Kax-

JIbIii HeOOJIbIION (hparMeHT U300pakeHUs 3a-
MEHSIeTCSI Ha MAaKCUMAaJIbHO COOTBETCTBYIOIIMIA
€My IpsSIMOI OTPE30K 3aJaHHOU OpUEHTAIIUM),
pa3dbueHne C IepeKPhITUEM COXpaHsET OO0Jb-
IIIUHCTBO JeTajell, HEOOXOAMMBIX IJII pac-
MO3HABaHUsI, YCTPaHSIS IIPU 3TOM YacTh IIyma,
OTTEHKHU Y TEKCTYPhI MOBEPXHOCTEM.
ITonyyeHHBIA pe3yabTaT IIPEACTaBISCTCS
MOJIEJIbIO TOTO, KaK BOCIIPUHMMAET U300paxke-
HH€ COBOKYIHOCTb KJIETOK 3PUTEIbHOI KOPHI
V1. ®unerpel 'abopa B KayecTBe IpU3HA-
KOB HCIIOJIb3YIOTCS BBUIY HECKOJbKUX IIPU-
yyH. OHU HEOMHOKPATHO MCIIOJIb30BaJNCh B
KauyecTBe MOIEJMPOBAHUS PELENTUBHBIX IIO-
JIell MepBUYHON 3puTeabHOI Kopbel [10, 11].
Hx. beprctpa u WU. benmxwuo [12] onuchBamOT
CTaTUCTUYECKUE MOCTOMHCTBA TaKUX IpU3HA-
KOB IO CPaBHEHUIO C TMpPU3HAKaMM, OOHapy-
JKEHHBIMM C TTIOMOIIBI0 00yueHusI. KirroueBbIM
BJIEMEHTOM B W3BJIEYEHUN BBICOKOYPOBHE-
BBIX IIPM3HAKOB WM OCHOBHBIM ITpeMMYIIIC-
CTBOM JIaHHOIO ajJirOpUTMa II0 CPaBHEHUIO C
kjnaccudeckum aiaroputMom OMP mipu stom
OKa3bIBaeTcsd TOT (akT, uyTo UILTPhl ['abo-
pa MO3BOJISIOT MPUIATH JOKAJIBHBIM y4acTKaM
M300paxXeHUsI IPOCTPAHCTBEHHYIO CEMaHTUKY.
3a CcYeT TOro YTO KaXIbIii U3 HUX COOTHOCUTCS
C OIlpeleIeHHbIM, 3apaHee M3BECTHBIM YIJIOM
OPUEHTAIIMU ¢, OKA3bIBAETCSI BO3MOXXHBIM BbI-
JIeJIUTh HEIpephIBHbIE YYAaCTKM OJMHAKOBOM
OpPUEHTAIIMM, COOTBETCTBYIOIIME TTPOTSIKEH-
HBIM TpaHUIaM, U Y9aCTKU COWJICHEHWUi, rae

Puc. 3. Pesyabrar 06paboTky nzobpaxeHuss orpaHndyeHHbIM OMP ¢ ¢unbrpamu I'abopa
(kxapTa aKTHBALIWIA)
CreBa HampaBo: OPUTMHAJ U300paXkeHMsI, pe3yJIbTaT pa3oueHust 0e3 MepeKPhITUS U C TIEPEKPHITUEM COOTBETCTBEHHO.
HauGonee TeMHbIe y4acTKM M300paxkeHUs MPEACTABISIOT HAUOObIINE 3HAYCHUS] aKTUBALIUKA
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Ha OrpaHUYEHHOM ITPOCTPAHCTBE BCTPEYAIOT-
cd aKTUMBALMM KJIETOK pa3IWYHBIX OpUEHTa-
uuii. bojrlee Toro, mMogoOHBIA MOIXOMA ITO3BO-
JISET BBECTU METPHUKY CXOXECTU PasINyHbBbIX
KJIETOK, OIPEIEIUB €€ 4Yepe3 pasHUlly YIJIOB
OpHEHTALIVMN:

s =], — ¢, mod ., (1)

Ie (¢, — 3HaYCHME OPMEHTALNN TIePBOii KIeT-
KU; (0, — 3HaUCHME OPUEHTALIUU BTOPOIl KJIeT-
KM; @, — MaKCHUMaJbHOE 3HaYeHUE OPUEeH-
TalUH.

TakuM o00pa3oM, KIETKH, KOAMPYIOIINE
OPTOrOHAJIbHBIE JIPYr APYry (DUILTPLI, OymyT
BOCIIPUHUMATHCS MOJENBIO KAK MAaKCUMAaJIbHO
pasInYHbIE.

JlokaibHbIe MPOCTPAHCTBEHHBIE CTPYKTYPbI
Ha 0a3e rpynn OpueHTANMOHHBIX KJIETOK

HanpHeiiass o0paboTKa M300paxkeHUs
CTPOUTCSI Ha MPEIANOJOXEHUHU, YTO YCTOMYM-

Bble KOMOMHAIIMM JIOKAJbHBIX y4acTOB M30-
OpaxeHUsl OIpeAesIeHHO OpUeHTaluu U
YYaCTKOB-COWIeHEHUI MOTYT 3¢ (PEKTUBHO UC-
MO0JIb30BaThCSl B KayeCTBE IIPU3HAKOB IS 3a-
Ja4yu paclio3HaBaHus. PaccMoTpuM B KauecTBe
npuMepa 0a3y MaHHBIX PYKOIMCHBIX LMpp
MNIST. CuMBOIBI MUCBMEHHOCTU B Ka4€CTBE
00BEKTOB KJlacCU(UKALIMK OCOOEHHO XOPOIIIO
MOAXOAAT JJISI WITIOCTPALlMM MCIIOJIb3YeMOMU
HIeu, MOCKOJbKY, KaK IIpeICTaBIsIeTCsI B CO-
BpeMeHHbIX pabdorax [13], MMCbMEHHOCTb U3-
HavyaJbHO COCTaBJIsLIaCh TAKMM 00pa3oM, 4YTO-
Obl pa3iuMuyHble ee 3HaKU ObLIU 3P (HEKTUBHO
pas3aryaeMbIMU HabopaMM IITPUXOB U IIepece-
yeHuii. [1pu 3TOM 3HaAKM MUCBMEHHOCTU MO/ -
BepxKeHbl MHBApUAHTHBIM IIPe0Opa30BaHUSIM
(CylIecTByeT OrpOMHOE KOJIMYECTBO HIPUPTOB,
Bapyalil mo4yepKa M MaTepUaliOB, BIUSIOIINX
Ha BHELIHUN BUI), YTO OOBEAMHSIET 3TOT MPU-
MeEp C paccMaTpUBaeMbIMM paHee MHBapUaHT-
HBIMU NpeodpazoBaHUSIMU B 3D.

3o [ e

- H

Puc. 4. Kapter opuentanuii mudpp MNIST mocie mpeobpazoBanmst orpanndyeHHBEIM OMP
Kaxmplil IMKCeb COOTBETCTBYET OMHOM KJIETKE, LIBET ONPEIEsieT OPUEHTAIMIO. Bin3Kue oTTeHKu
MU300paxaroT CXOXHUe KIETKU
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KapTtel opueHTanuii AEMOHCTPUPYIOT CXO-
KM€ LIBETOBBIE YIACTKU B M300paKeHMSIX OTHO-
ro kjacca (puc. 4). CTaHOBUTCS BO3MOXKHbBIM
BBIIEISATh IIPOJOJDKUTEIbHBIE <«IJIaAKWe KpU-
BbI€», TNI€ OPUEHTAIMM COCEIHUX KJIETOK W3-
MEHSIIOTCSI HE3HAYMTEIbHO, COWICHEHUS WIN
TepexXoabl MEXIY OTHOPOOHBIMU YYaCTKaMMU,
a TakKe KOHIbI JuHuil. OmHako pa30oueHue
n300paXeHnii Ha (pparMEHTBHl C IIEPEKPHITHU-
€M OCTaBJISIET HEKOTOpPOe KOJIMYECTBO IIlyMa —
CIyJaiiHbIX OMVHOYHBIX aKTUBaIUiA. JI1st puis-
TpalMy U YCWJIEHUS MO3UIIUI CYIIECTBYIOIINX
TPYII aKTUBHBIX KJIETOK IIPUMEHUM aJITOPUTM,
BKCIUTyaTUPYIOIIUI UACI0 JaTepalbHOrO MHIH-
oupoBaHug [13], copeBHOBATEJILHOIO B3aUMO-
JNEUCTBUS MEXIY COCEIHMMU KJIETKaMM, B XOOe
KOTOPOTO KJIETKM C BBICOKMM 3HAYEHUEM aK-
TUBALIMM U TOIAEPXKONM CO CTOPOHBI CXOXKHX
cocelell pacIpOCTPaHsIIOT CBOE BIMSHUE Ha OT-
JINYAIOIIUXCSI COCENeil, KOPPEKTUPYSI UX aKTH-
BallMIO B CTOPOHY CBOEIA.

AnroputM:

BxonHble naHHbIe: KapTa opueHTauuii O,
Kapra aKkTMBauUMid A ., MOpOroBo¢ 3HAYCHHE
aKTUBaLMU A, TOPOroBO€ 3HAYEHHME CXOXKE-
ctu O, MaKCMMaJlbHOE 3HAYEHUE OPUEHTALUK
(Pmax'

BrixomHble maHHBIE: (DUIBTPOBAHHbBIE Kap-
ol O A’map.

L. d’,map - Omap’ A'map - Amap'

2. YCTaHOBUTH CYETYMK U3MeHEeHMI ¢ = 0.

3. Jlng xaxmoil kietku (i, j) B Ipenesax
KapThl OpUEHTALIWIA:

KOHLbI NWHWA

coeguHeHWAa

3.1. Ilomyunts n, ; ~ MHOXECTBO BCEX CO-
ceneil kietku (i, j);

32. Ecmm A4, > A, W HET HU OIHO-
To 3JIeMEHTa 7, , TaKOro, 4t0 A, > A n

mod ¢, < O,, TO yCTAHOBUTb

_ Zni,nj map,; »;

[On, -

_ Zni,nj map,;

0,,, ="mu T g = :
map; ; length(ni’j ) Amapi,j length(ni,j)
3.3. Ecu A

hap, . < A, VM HET HU OJIHO-
1]
To 3jleMEHTa 7, , Takoro, 4ro A, > A n

Ho )

map; ; map,,; .

35. c=c+ 1.

4. TToBTOpATH, MOKa ¢ # 0.

ITocne cHuXeHUs 1iIyMa JlaTepajabHbIM UH-
TMOMPOBaHMEM TIOSIBJISIETCS BO3MOXHOCTh TO-
WICKa JIOKAJIbHBIX 2JIEMEHTOB C OOJIbIIEH CTOX-
HOCTbIO, TaKMX KaK COSAMHEHUS] OTHOPOIHBIX
PETMOHOB M KOHIBI JMHUU. B coBpemMeHHOM
NcUX0(U3NOJIOTUN CYLLIECTBYET OOJIBLIOE KO-
JIMYECTBO ITOATBEPKIACHUI TOMY, UTO UMEH-
HO Takue JeTaju M300pakeHusT MCCIEeIyIOTCs
3pUTEJbHONM CUCTEMOM XWBOTHBIX M YEJIOBE-
Ka C HauOOJbIIMM BHUMAaHMEM U, BEPOSTHO,
BaXKHBI JUIST paclio3HaBaHMSI.

Takum o6pasom, usodbpaxenue MNIST
(28x28, pasMmepHOCTb 784) mpeacTaBisieTcs
KOMITO3UIIMEl TOYEK IepeceYeHUii U KOHILIOB
JIUHUM, KOTOPBIX ISl JOCTOBEPHOTO OTOOpa-
KEeHUS J11000i 1M@pbl 10CTaTOYHO He OoJjee
1ecTy (1o aHaJoTUM ¢ CUMBOJIAMU MOYTOBOTO
uHaekca). Takoe ImpeacraBieHue, KpoMe TOro,

map,; ,;

mod ¢, <0, T0 A, =0;

coeJMHEHWNA

Puc. 5. U3obpaxeHnue, odpaboTaHHOE JaTepaJbHbIM MHTUOMPOBAHUEM,
U JanbHelllee BblACJAeHUE COCAUHEHU U KOHLIOB JIMHUI
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Puc. 6. ITpumepsl 3k3eMIusipoB BeiOopkn MNIST ¢ BpaieHnem

CNOCOOHO 00ECIeYUTh BBICOKMI YPOBEHb PO-
TallMOHHON YCTOMYMBOCTH, €CIU KaxXIylo
mudpy NpeACTaBUTH B BHUAEC MapuipyTa o00-
Xolla IOJIydeHHOro rpada, rae KaxKAablid 3Je-
MEHT Mapuipyta OyneT IpeacTaBIsATh COOOM
yroJl Mexnay nByms pedbpamu. Tak, Ha puc. 5
YToJI 1/2 MeXIy JIEBOM BEepXHEUM 4epTOil U TO-
PU30HTAJIbHOI MOIEPEYHON COXpPaHUTCS, BHE
3aBMCUMOCTH OT TOTO, Ha KaKOi Yrojl OymeT
MOBEepHYTO u300paxkeHue. MHBapMaHTHOCTh
K MacITabMpOBaHUIO MOXET HJOCTUTAThCS,
ecli IJUHBL pebdep rpada HOpPMUPOBATH OT-
HOCHUTEJBHO CPEOHEN MM MAaKCUMAaJIbHOW BeE-
JUYKUHEBL. [Ipy 3TOM aJropuT™M pacrno3HaBaHUs
OyaeT BOCIIPMHUMATh OTHOCUTEIBHBIC PacCTO-
SIHUSL MEXIY y3JaMu, a He aOCOJIIOTHEIE.

OueHka pe3yibTaToB PadoThl AJITOPUTMA

151 OLIeHKY Pe3yJIbTaToOB MOJYYEeHHOTO aJl-
ropuTtMa ucronb3oBaHa 6aza MNIST c uckyc-
CTBEHHBIM paclIMpeHneM BBIOOpKU. Kaxkmbrii
obpasel] ObIJT MOABEPIHYT HECKOJBKUM IIPO-
CTPAaHCTBEHHBIM TPeOOPa30BaHUSIM, BKIIIO-
YalolUuM B Cce0S YIOMSIHYTbIe TPaHCJSLUIO,
BpallieHre U MaciuTadbupoBaHue (puc. 6).

B kauecTBe oOydalomiero ajroputMa uc-
noJjib3oBajgach codTMaKc-perpeccust (Myjb-
TUHOMMANIbHAs1 perpeccust) [14]. B kavectBe
STAJIOHHBIX TMIOKas3aTejlell B 2KCIEPUMEHTE
MPUMEHSIIUCh Pe3yJIbTaThl pabOThl KJIaccuye-
CKOTO MHOTOCJIOMHOTO TepLenTpoHa U CBep-
TOYHOM HEHMPOHHOU ceTu apxutekTypbl LeNet
[15]. [Insg Kaxaoro aaropuTMa B CTaTbe TMPU-
BEJICHO IPOLIEHTHOE 3HAYeHME YCIECIIHO pac-
TMO3HAHHBIX 3JIEMEHTOB BHIOOPKM.

Pe3ynbraThl 3KCIIEpUMEHTa JIE€MOHCTPU-
pYIOT MPEUMYIIECTBA PACCMOTPEHHOIO AaJro-
pHUTMa Ha BBIOOPKAX C OOJIBIIAM KOJIMYECTBOM
MPOCTPAHCTBEHHBIX TMpeodpa3oBaHuii. [lpu
5TOM Il OTHEJIBHOTO KJjlacca Ipeodpa3oBa-
HU TpaHCISIUMU 3(G@HEKTUBHOCTD AITOPUTMA
YCTYITA€T CBEPTOYHOU HEUPOHHOW CETH, O-
HUM U3 KJIIOYEBBIX CBOWCTB apXUTEKTYPhl KO-
TOPBIX KAaK pa3 U SIBJSIETCS TPAHCISILIMOHHAS
YCTOMYUBOCTb.

s xinaccupukauuyd U300paxkeHu, nme-
IOIIMX OOJIBIIYIO CTPYKTYPHYIO CJIOXHOCTD,
MpeaCTaBIsIeTCsl 11e71eCO00pa3HbIM JIOKAJIbHOE
BBIICIACHUE YCTOMYMBO ITOBTOPSIFOLIUXCS T'pa-
(oB B 000COOIEHHBIX yJ4aCTKaX M300paKeHMS
(Takux Kak IJla3a, HOC U pOT IS pacIio3Ha-
BaHUs YEJIOBEUYECKUX JIMII). OTU JIOKaJIbHBIE
CTPYKTYPBI 3aT€M IIPEACTABIISIOTCS €AMHCTBEH-
HBIM 3HAYeHUEM Ha CJIeIYIOIIEM YPOBHE Mac-
mraba, Irae ajJropuT™M MCCIeAyeT MPOCTpaH-
CTBEHHBIE CBSI3M YK€ MEXIY MX COUYCTaHUSIMU
M CTAaHOBUTCS CIIOCOOCH OIpeeuTh TaKue
YCTOMUYMBEIE TATTEPHBI, KaK B3aMMHOE pac-
MOJIOXKEHUE 4YepT Juna. JlomoIHUTEbHBIMU
CBOMCTBAaMM JIOKAJIBHBIX ITPOCTPaHCTBEHHBIX
CTPYKTYP MOTYT OBITh HE TOJIbKO COUJICHEHUS 1
KOHIIBI JIMHUM, HO ¥ YCTOMYMBBIEC ACTaIN KPU-
BBIX, IIPOCTEUIIINE FeOMeTpUIecKue PUryphl, a
TakKe mapameTphl BblaeIeHHOM obmacTtu. Tak,
ansg uudp MNIST craHoBUTCS BO3MOXXHBIM
ONpeAe/INTh Tpeodafalollyld och M300pa-
KEHUS IUMPBI, YTO MO3BOJISIET OCYIIECTBIIATh
MEHTaJIbHOE BpalllcHNe K CTaHIapTU3MPOBaH-
HOMY ITIOJIOXEHUIO.

OueHka pe3yJbTaToB aJIrOpUTMA

BhiGopka MHoOroca0iHbII CaeproyHast PaccMoTpeHHbI
MIEePLENTPOH, % cetb CNN-5, % aiaroput™, %
MNIST xknaccuyeckas 98,74 98,91 95,3
MNIST BpaileHue 61,23 73,23 85,14
MNIST TtpaHcassuusa 72,0 98,45 94,8
MNIST macmtabupoBaHue 65,22 70,11 78,0
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JIocTOMHCTBAaMM METO/AA SIBJISIIOTCS 3HAYM-
TEJIbHOe CHIKEHHE pa3MEpPHOCTH IIPM3HAKOB
U HCTIOJIb30BaHUE MPOCTPAHCTBEHHON CeMaH-
tuku. IlocnenmHee mpencTaBiasieTCs] BaXXKHBIM
BJIEMEHTOM CHUCTEMbl 3PUTEJBHOTO BOCIIPUSI-
TUSI U ITIO3BOJIIET (DMKCHPOBAaTh MHBApUAHT-
Hble TIpeoOpa3oBaHUsI, KOTOPhbIE BO MHOTHUX
MPUTIOXKEHUSIX KOMIIBIOTEPHOIO 3pEHUSI MOIYT
WUTpaTh CYILIECTBEHHYIO pojib. Tak, 3puTeIbHOM
CHCTeMe HeoOXOOMMO 3HaTh, Ha KaKOil MMEH-
HO Yrojl TOBEPHYT M300pa’k€HHBI OOBEKT,
Iae B IoJjie 3peHUs] OH HAXOMUTCS, WIX YMETh
paznnyarh B 00beKkTax ogHoro kiacca MNIST

HECKOJIBKO Pa3JUYHBbIX CTWJIEeH HalMcaHus.

IlepcneKTUBHBIM  HampaBlIeHUEM allb-
Helileil paboOThl SIBISETCS paclpocTpaHEeHUe
MeTOJa Ha TpeXMEpHBIe OOBEKTHl 1 KOMOWHA-
1M JIOKAJBbHBIX ITPOCTPAHCTBEHHBIX CTPYKTYP
¢ mpearnojaoxureabHoi 3D-Momensio o0beKTa.
Takoli moaxon caenaeT BO3MOXHBIM MEHTAIb-
HOE BpalllcHUE B TPEXMEPHOM IIPOCTPAHCTBE U
JACT BO3MOXHOCTb OIPEACNISITH OPUEHTAILIUIO
M PacIIoJIoKEeHUE IIPEeAMETOB B IIPOCTPAHCTBE,
no aHajoruu c¢ npumepom MNIST, He Tpe-
Oysl Hanuuus MEeperoJHEeHHOro Habopa Ipu-
3HAKOB.
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YAK 159.931
[1.A. Opnoé6, B.B. Jlanme6, B.M. N6aHoB

K BOMPOCY O NPUMEHEHUU CUCTEM AU-TPEKUHTA

[Toka3zaHbl TMEePCIeKTUBBI MCIIOJIB30BaHUS ali-TPEKMHTOBOTO 00OPYIOBAaHUS B 00JACTU KOTHUTUBHBIX
OUCLHUIUIMH Y YeJOBEKO-KOMIIBLIOTEPHOTO B3aMMoeicTBUs. Iloka3aH M YaCTMYHO DPACKPHIT ITOTCHLIMAI
Kak cranmoHapHoit yctaHoBku (SMI RED250) mist mpumMeHeHus B 1a0OpaTOPHBIX YCIOBUSIX, TaK W Tepe-
HocHoI — rojioBHOM cuctembl SMI HEDS50. OnpeneneHbl OCHOBHBIE 00JIACTH, B KOTOPBIX 1EJIeCO00pa3HO
WCTIOJIB30BaTh ali-TPEKMHTOBOE 000PYIOBaHNE: KOTHUTUBHBIE UCCIIEOBAHNS, UCCIIEAOBAHUS TpapuIecKux
MOJIb30BaTEIbCKIX MHTEP(DEIICOB, YeIOBEKO-KOMITBIOTEPHOE B3aMMOACHCTBIE U TICUXOJIOTHS IIPOrpaMMu-
poBanwmsi. PazoOpaHo perieHre KOHKPETHOW 3aaud TI0 3pUTETbHOMY BOCIIPUSITUIO HECMBICIIOBBIX XyT0XKe-
CTBEHHBIX KOMMNO3uLMil. [IprBeaeHBI TTOJYyYEeHHbIE pe3yIbTaThl UCCIeIOBAHUA.

AV-TPEKEP; INTASOJABUTATEJIbHASI AKTUBHOCTD; YEJIOBEKO-KOMITbIOTEPHOE B3A-
UMOIEVCTBUE; UHTEP®ENC; TIPOTPAMMUPOBAHUE.

P.A. Orlov, V.V. Laptev, V.M. Ilvanov

REVISITING THE ISSUE OF EYE-TRACKING APPLYING

The given paper focuses on the opportunities how to use eye-tracking systems in the field of cognitive
science and HCI. We have shown both possibilities of a table based eye-tracking system (SMI RED 250) for
the laboratory studies and a head mounted system SMI HEDS50. The aim of the paper is to define the basic
task for an eye-tracking technique to solve. We have achieved such tasks as cognitive studies, the studies of

GUI, HCI and the psychology of programming. The obtained results have been provided for each task.
EYE-TRACKING; EYE MOVEMENT; HCI; GUI; PROGRAMMING.

Bonpochl 3puTENbHOTO BOCIIPUSATHUSI BU-
3yaJbHBIX CTHUMYJIOB, ONMpaIIuecs Ha 3a-
KOHBI KOMIIO3UINN 1 NHPOTpaPUKNA, UTPAIOT
OOJBIIYI0 POJb B OpraHU3alMUd YeJOBEKO-
KOMITBIOTePHOTO B3auMmoneiicTBus. OTBe-
Thl Ha 3TU BOIIPOCHl AUKTYIOT NMPUMEHEHUE
COOTBETCTBYIOIINX WHHOBAllMOHHBIX IIOM-
XOHOB IIpYM IIPOBEICHUM MCCIECIOBaHUMA.
OnHMM U3 TaKMX COBPEMEHHBIX IIpOTpaM-
MHO-aMIapaTHhIX KOMILJIEKCOB MOXHO CYM-
TaTb CUCTEMBl (UKCAIUA OKYJIOMOTOP-
HOIl akTMBHOCTU ail-TpekuHra [2]. Cucrte-
MBI ali-TpeKuHra, mnosiBuBmmecsa B 50-x IT.
XX Beka [13], npollJin BEICOKOTEXHOJOTUY -
HBIA MNYTb Pa3sBUTHUS W Ha CETOAHSLIHUN
MOMEHT HCIOJb3YIOTCS B Be€ChbMa IIMPOKOM
0o0JIacT! TIPMIIOKEHUH.

OcHOBHOIt 3ajgayeil all-TPEKUHIOBOTO
KOMILIEKCa SBIISIETCS PEeTrHCTpallvdsl U Mepe-
Jaya B peXuMe peaJlbHOro BpeMeHHu (B Ha-
meM ciaydae ¢ yactotoir 250 ') maHHBIX O
IBUXEHWHU TIya3a. MI3BeCTHO BOCEMb TUIIOB
IBUXKEHUSI 4yeyoBedyeckoro riasa [13, 6, 2],
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U3 KOTOPBIX HauOOJBIIMI WHTEpeC IIpel-
CTaBJIAI0T UKcaUuU U cakkaabl. Pukcanuu
(kak ompedejeHHass 4acTh apeiidpa) — 3TO
apeii — MemeHHOe, IUIaBHOE IepeMellie-
HUe Tia3a B HebOosbmoi 3oHe [2]. Cuura-
€TCsl, 4YTO BO BpeMs (pUKcalUil MPOUCXOAUT
mpueM 3puteabHoil nHpopMmauuu [12]. Cak-
KajJa — pe3Kuil cKayok rjasza, mIpu KOTOPOM
pPE3K0 M3MEHSeTCs IO3UIHUS I1a3a 1, B CBOIO
oyepeab, MEHSETCsl MOJoXeHUe (QUKCaALUM.
OHU OTIMYAIOTCS BEBICOKON CKOPOCTBIO U
TOYHOCTBIO [2].

To, kak 4JenoBek paccMmarpuBaeT Irpadu-
yeckoe M300paxkeHue, YUTaeT, peluaeT 3pu-
TeJIbHbIE 3aJauu, MPUHITO Ha3bIBaTb OKYA0-
MOMOPHOU AKMUBHOCHbIO. DTa AESITEIIbHOCTD,
KakK M JIesATeJbHOCTh BOOOIIE, OIpeaeIseTcs
Texyue 3amauveir [3, 4, 9]. Takum oOpa-
30M, M3ydas OKYJOMOTOPHYIO aKTHMBHOCTD,
Mbl MMEEeM BO3MOXHOCTh BECTH MCCJIEI0Ba-
HUS B 00JJaCTU KOTHUTHUBHBIX IWCLUTIIAH
U YEeJOBEKO-KOMIIBIOTEPHOTO B3aMMOMACH-
CTBUSL.
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IIpunuunuanbHas cxema padoTbl
Ail-TPEKUHIOBOW YCTAHOBKU

AI-TpeKMHIOBbIE YCTaHOBKM KaK CTa-
IIMOHApHbIE, TaK U MOOWIbHbIE PabOTAIOT MO
OITHOMY IIPMHIIANY — BHAECOOKynorpadpuu. Ha
pOroBMlie Ijla3a MCHBITYEMOIO pErucTpupy-
eTcs OJMK, MO KOTOPOMY OIpeJesieTcsl Ha-
npaBjieHHE B3opa. PaccMOTpuM cxemy pabOThI
MOOWJILHOIO ail-TpeKepa, MpeaHa3zHAauYeHHOIo
JUTSL TIOJIEBBIX YCIIOBUMA.

IIpuHIIMO pa®OTHl MaHHOTO armapara 3a-
KJIIOYaeTcsd B BUACOPEIMCTpalliM CMEIIEHUI
3pauka 1 OJiMKa OT HaIpaBJIEHHOTO B IJla3 UC-
TouHuKa uHdpakpacHoro (MK) nznyuenus. Ha
poroBuliie obpazyercsl 01K, BUAUMBII KaMepe
KaK CBETJIOE IISITHO, 3payoK pacIlO3HAETCs KakK
yepHoe. Perucrpanusi Benercs Ha OJHOM TJjia-
3¢. B 3aBUCMMOCTM OT 3agay M YCJIIOBUM HC-
cJIeIOBaHUSI MOXET ObITh BHIOpPAH Kak JIEBBIA,
TaK M MOpaBblil T1a3. YTOOBI He 3aropaxXuBaTb
WUCTIBITYEMOMY B30p, MCITOJb3YeTCS 3epKalo,
npo3payHoe 1S BUAUMOro crekrtpa (puc. 1).
[MosyyeHHas Touka ukcaiuu B3opa COBMe-
1IaeTcsa ¢ M300paxeHWeM BTOPOI BUIEOKaMe-
PBI, KOTOpasi CHMMAaeT TO, YTO BUAUT HMCIIHI-
TyeMblii mepen coboit. ITo M300paxeHUIO CO
BTOPOI Kamepbl MPOU3BOAWUTCS KaluOpoBKa
CHCTEMBI JUISI COBMEILIEHMSI KOOPAMHAT IT0JI0-
KeHMs1 (pMKCalluM M 3KpaHa Kaapa.

IIpu KanuOpOBKE MCIBITYEMOMY Mpeaia-
raeTcsl TIOCMOTPETh TTOC/IeIOBAaTeIbHO HA IISITh
ToueK. TOUKM pacriojlaraloTcs B MOJIE 3PEHUS
HCIIBITYEMOT0 TaKUM 00pa3oM, YTOOBI OH MOT
UX BMIETb, He ITOBOpauuBasi royioBbl. Koop-
JUHATBhl 3TUX TOYEK 3aHOCSATCS HCCeaoBaTe-
JIeM B IIpWjIaraéMoe IporpaMMHoOe olecrieye-
ane SMI IViewX, 1 mo HUM aBTOMaTHMYECKU
aMIPOKCUMUPYIOTCS BCE IIOCJIECOYIOIINE BHI-
qyucjieHus. AJTOpUTM paboThl Ha mpuodope,
npemjiaraéMblii  MIPOU3BOAUTENEM, BKIIIOUAeT
cleAylollye IIaru: yCTaHOBKA U 3aKpeIlIeHue
npubopa Ha IoJI0BE€ UCIBITYEMOIO; KaJHuOpOB-
Ka ali-Tpekepa Ha pacCTOSHUM, 3aZaHHOM
YCIOBHUSIMA 3KCIIEpUMEHTa; COOp HaHHBIX;
OCBOOOXKIEHNE MCITBITYEMOTIOo OT Ipudopa.

OO6opynoBaHUE Pa3MEIIAETCSI C MOMOIIBIO
lIJTeMa Ha rojioBe 4ejoBeka. JIerkuii ILuieM c
KamMepaMM yOOOHO KPEINUTCS peMelIKaMM 3a
noa0opoaoK, YTOOBI HE YIACTh C UCIBITYEMO-
ro. VcnibiTyeMblii, HaaeB TaKOM 1LLJIEM, HE UC-
MBITBIBA€T TMCKOMMOPTA 1 IIPUBBIKAET K HEMY
B TeUeHME HEeCKOJbKMX MHUHYT. Bpems ycra-
HOBKM CHCTEMBbI M TIPOBEICHUSI KAIMOPOBKM
OOBIYHO 3aHMMaeT okoyio 10 MuH.

Ocob6eHHOCTh UCMOJIb30BaHUS Mprbdopa Ha
HeOOJIbILINX PACCTOSIHUSIX (HECKOJBbKO METPOB)
3aKJII0YaeTCSI B TOM, YTO €r0 MOXHO HCIIOJb-

30BaTh TOJBKO [JISI JEMOHCTPALIMUA CTHUMYJIb-
HOro Marepuaja B OIHOM, 3apaHee (DUKCH-
pyeMOIi TIJIOCKOCTH.

Puc. 1. T'onosHas cuctema aii-tpekudara SMI HEDS0 [View X™
B paboyeM MOJOXEHUU ISl JIEBOTO IJla3a Ha UCTIBITYEMOM:
A — KaMepa, CHUMarouiasda rnaHopamy rnepel UCIbITyEMbIM, Ha KOTOPYIO HaKJIaabIBa€TCs yKa3aTeb
HampaBJICHUs B30pa, B — a3 UCTBITYEMOI'O, C KOTOPOro ¢ nNoOMOIIbIO KaME€pPbl C cHuMaeTcst OTpa>k€HUE
3payka 1 01mKa Ha porosulie oT uctouHuka MK umsnyuenus D; E — UK 3epkaio
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3agaun NOABISIONIMECS NPH MCIOIb30BAHUI
CHCTEM ail-TpeKepa

KornutuBnbie ucciaenoBanusa. Ilon KorHu-
TUBHBIMM HCCJIENOBAaHUSIMU Mbl IIOHHMaeM
LIMPOKUI KPYT 3aa4, B KOTOPBIX YEJIOBEK BhI-
CTYIaeT B IulaHe cyObekTa mo3HaHus. [1o3Ha-
BaTeJIbHAs AeATeIbHOCTh YeJIoBeKa, Ha TTprUMe-
pe CTYyIEeHTOB BTOPOTO Kypca, Obuia 00J1acThiO
WCCIEAOBaHUS TIPU OLIEHKE CYOBEKTUBHOM
cloXHOCTH 3amauu. Llenaplo wMccaenoBaHMS
ObIJIO CcpaBHEHME «(OKATbHO-aMObLEHTHOIO»
MOAXO0Ma K WHTEPIPETAUUU OKYJIOMOTOPHOM
aKTUBHOCTH [ 5] M Toaxoma «ImpooIeMHOCTEN» —
cyobeKTUBHOM ciioxHocTu [7]. Ilepen ucnbl-
TyeMbIM CTOSIJIM JIBE 3aJa4M Pa3HOW CTerneHu
cinoxHoctu. IlepBast — 4dreHHMe IBYX3HAYHBIX
mudp, BTOpass — pellleHue 3amadyd IIporpam-
MmupoBaHus. Kak mokaszan aHalu3 TUCHEPCUI,
BEPOSITHOCTh TOTO, YTO M3MEHEHHE YpPOBHEM
KauyeCTBEHHOIO Mpr3HaKa (CJI0XHOCTU 3aJa4ul)
3HAYMMO BJIMSIET Ha BEJMYMHY KOJUYECTBEH-
HOro (Impo0JIEeMHOCTH), COCTABJISIET IIPUMEPHO
97,3 %. B T0 Xe BpeMsI COOTHOIICHUE UCIIOJIb-
30BaHMUST aMOBEHTHOTO M (POKAJIBHOTO 3PEHUS
He TIOABEPXEHO KayecTBEHHOMY (akTopy
(p.value = 0,21). UuTepnpeTupys pe3yabTaThbl
MaTeMaTUYECKOTO aHajin3a, MOXHO 3aKJIIo-
YHUTh, YTO KaYE€CTBEHHBIN (paKTOp HE KOPpEIu-
pyeT ¢ rpauueckKoil KOMMIO3ULIMEH CTUMYyJa
(UX-Russia 2012).

CrenyommM MOpUMEPOM MCCIEAOBAaHUI
MO3HABATeJIbHON  NIESITEJbHOCTU  4YeJoBeKa
MOTYT OBITH BMIIMPUYECKHE JIabOpaTOpHBIE
SKCIIEPUMEHTHI II0 OIpedeJeHUI0 KJIacTepoB
3PUTENbHBIX (DUKCALMI TTPU «dTeHUun» 2D mo-
ToKoBbIX quarpamMm Cankeu [8]. Lleab paboTsl —
BbIOOp MaTeMaTUYECKOro armrapara MHOTIO-
MEpHOI KilacTepu3alluMd (UKcaluii B3opa U
MOCTPOEHUE Ha 3TOIl OCHOBE MaTeMaTUYeCKOM
monenu. Mojenb paccMaTpuBaHUSL MOXKET BbI-
CTyHaTh KakK 0a3uc IS BBISIBICHUS BIIMSTHUS
¢akTOopoB MHPOTPAPUKHN Pa3TMIYHOIO poja Ha
MpolLiecC pacCMaTPpUBaHUS 1 YCIOBHOIO TTOHM-
MaHUsI TUarpaMMBbl.

IIpoitecchl BOCTIpUATHS BHU3YaJIbHOI'O CTH-
MyJa, MIpeACTaBJIeHHOIO B MOHO- W B CTe-
peopexumMe, Takke MOTYT ObITh OTHECEHBI K
KOTHUTHUBHBIM MCCIeA0BaHUSIM. VIcmosb3ys
crepeockonnueckoe obopymoBanue (Christie
hd3 c¢ 3arBopHbIMM oOukamMu Mirage HD3),
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Mbl TIPOBEJM UCCAEAOBAaHUE, LEIbI0 KOTO-
poro ObUIO CpaBHEHHE IIaTTEPHOB paccma-
TPUMBAHUSI CTEPEO- M MOHOBMIEOMAaTepUaa.
IToctaHoBKa 3agauu TpeOoBaja COBMELIECHUS
ali-TPEKMHTOBOTO OOOPYIOBAaHUSI U CTEPEO-
CUCTeMbl Ha 0a3e BBICOKOYACTOTHBIX OYKOB,
YTO SIBJISIETCS HETPUBUAIBHON TEXHOJIOTMYE-
cKoil 3apaveil. OgHa rpymmna UCIbITYyeMbIX Ha-
Oromasa IOArOTOBJICHHBIM BUACO(GPArMeHT B
MOHOpPEXMME, a BTopasi rpyIa — 3TOT XK€ BU-
neodparMeHT, HO MOJATOTOBJEHHBIN B CTEPEO-
(opMmare. Pe3yabraThl KJIacTepPHOIO aHaaM3a
(pukcanmii B3opa mokazajiv OTJIM4YMe B pacro-
JIOKEHUM 1LIEHTPOB KJIACTEPOB U B KOJIUYECTBE
KJlactepoB. Takum o0pa3oM, MOXHO CTaBUTh
BOIIPOC 00 OCOOEHHOCTSIX ITOCTPOCHMST BUALCO-
KajJpa B CTEPEOU300paKEHNMSIX MO CPAaBHEHMIO
C MOHO.

HccaenoBanus rpaguiecKux moJb30BaTeb-
ckux uHTepdeiicoB. OlLeHKa 103a0UJINTU BeO-
CalTOB U rpaduyecKuX MHTepGeiCcoB SIABIIETCS
OIHMM M3 MOITYJISIPHBIX BapUAHTOB MCIIOJIb30-
BaHUs ali-TPEKUHIOBOIO O0OPYIdOBaHUS. DTO
00YCJIOBJIEHO CPaBHUTEJbHOU JIETKOCTbIO HC-
MOJIb30BaHUsI OECKOHTAKTHOTO 000pYyI0BaHMs,
OBICTPOTOI HACTPONKM U HEOOJBILUMMU 3aTpa-
TaMU Ha TIPOBEACHMWE HEMOCPEACTBEHHO 3KC-
nepuMeHTaJbHON yacTh. OgHAKO yYallle BCEro
B KaueCTBE pe3yJibTaTa MOXHO BMJETh TOJbKO
rpacuUecKylo BU3yaanu3aluio (TEIJOBYIO Kap-
Ty) 30H (pUKCallMM ITOJIb30BATEIBCKOIO B30pa.
Cnenysa FO.B. T'umneHpeilTep, Mbl CUMTAEM,
YTO «IJIa3HbI€ IBWKEHUS MOTYT OBITb WHIM-
KaTopaMy CJIOXHBIX (OpM JeSITeIbHOCTH,
TOJIBKO €CJIM YYMTHIBAIOTCSI MHOTOOOpa3HbIe U
MHOTOYPOBHEBBIE IIPOLIECCHI, KOTOPhIE «IIpOE-
LIMPYIOTCSI» Ha 3TU IBWXKEHUS WA B HUX OT-
paxarTcs» [6].

IIpencrapisieT MHTEpPEC IMOCTPOEHUE HO-
BbIX METOAMK M MOAXOIOB KaK K MHTEpIIpe-
Taluy pe3ybTaToB, TaK M K BUIaM MaTema-
TUYECKOIO aHajau3a JaHHBIX OKYJIOMOTOPHOI
akKTUBHOCTU. B Hacrtosueir paboTe 1Mo BbI-
SIBJICHUIO «ITPOOJIEMHBIX» 30H B MHTepdeiice
caiiTa HaMu ObLT OCYIIECTBJIEH MOMCK KOppe-
JISILIUMKA OTHOCUTEJIbHO YPOBHSI KOTHUTHUBHOM
Harpy3ku U IPOOJIEMHOCTA MCTIBITYeMBbIX [7].
dakTopHbBIi aHaIKU3 ¢ MOKpbITUEM Oosiee 70 %
BBISIBUI JIBa (DaKTOpa W KOPPEISILUUU: MEXITY
MEHTAJIbHOW Harpy3Koi, (pU3MUecKoil Harpys-
KOI, CKOPOCTbIO BBITTOJTHEHUS 3aa4l U YPOB-
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HEM MpOOJEeMHOCTH; MEXAY YPOBHEM ITPOM3-
BOIMTEILHOCTH, KOJMYECTBOM 3aTpauyeHHbBIX
cui (OLEHUBAEMbIX CYOBEKTUBHO) U peakliueit
Ha (pycTpanuio.

Ye10BeKO-KOMIBIOTEPHOE B3aHMOJIEHCTBHE.
HMcnonb3oBaHue ail-TpEeKMHIOBOrO 000OpYyI0-
BaHMs KaK YCTpPOMCTBAa BBOJA M YIIPaBJICHUS
MpOrpamMMoOii MOCPEJACTBOM Tjaza. B kiaccu-
YeCKOM TIpeACTaBIICHNM (PU3UOJOTUU U TICHU-
XOJIOTUH TJ1a3 SIBIISIETCS OPTaHOM BOCITPHSITHS.
YenoBek mosiyyaeT JaHHBIE M3 OKpPYXKalollen
cpelbl U IIpeodpasyeT X B XKU3HEHHO BaxKHYIO
uHdopmanuio. [71a3, TOCTOSIHHO HaxodsCh B
JIBVDKCHUM, HE SIBJISIETCSI OPTaHOM «IIPOM3BO/I-
CTBa» ACHCTBUSI B MPSIMOM CMBIC/IE, KaK, Ha-
npumep, denoBeueckas pyka. ITo H.A. bepH-
IUTEMHY, 3ada4a OEMCTBUS — 3TO «pPE3YJbTAT,
KOTOPBI OpPraHM3M CTPEMUTCS JOCTUTHYTH»
[4]. 3amaua, cormacHo A.H. JleoHTheBy, —
3TO 1IeJib, JaHHASI B OIPEAEICHHBIX YCIOBUSIX
[9]. Takum oGpa3oM, €Ciiu YCJIOBUS TUKTYIOT
HOBBIM BapUaHT AOCTVDKCHUS 1IEJIH, TO IIpel-
CTaBJISIETCSI MHTEPECHBIM PacCMOTPETh paboTy
Iia3a KakK 4YacTh YeJIOBEKO-KOMIIBIOTEPHOTO
B3amMogeiictBus. Maes mMcmoiab3oBaTh B30pP
YyeJIoBeKa JJIsT PEIICHUST KOMITBIOTePHBIX (TIpo-
rpaMMHBIX) 3aJa4d He gBisieTcsl HoBoil [11].
OnHaKo IICUXOJOIMYeCKMe 0COOEHHOCTH, 0CO-
OeHHOCTU AP (PEeKTUBHOCTU B3aUMOACUCTBUS
TAKOro poja, psili TEXHOJIOTUYECKUX BOIIPOCOB
B3aMMOJICICTBUS «IJla3 — KOMIIBIOTED» IIpea-
CTaBJISIIOT aKTyaJbHyl0 Ipobjemy [18, 23].
B pabore no omnpeaeneHuio 3¢GEEKTUBHO-
CTU B30p-coaepXallux uHTepdeilcoB mpoe-
MOHCTPMPOBAaHO cpaBHeHUE 3GGEKTUBHOCTU
IBYX TUIIOB B3ammoneiicTBus. CpaBHHUBajIach
3¢pGEeKTUBHOCTh MCIOJAb30BaHUSI KOMIIbIO-
TepHOW MBIIIM U yIpaBieHUs B3opoMm. Mc-
MBITYEMBIM TIpeljiarajach 3amadya BU3yaJbHO-
ro IoucKa OmnpeAeJeHHOIo 00beKTa Ha IoJe,
MpUYeM HCKOMBII IapaMeTp MOSIBISJICS Ha
9KpaHe TOJIbKO IIPY HAaBEASHUM Ha HEro Kyp-
copa B IEpPBOM cJlydyae WJIM B30pa — BO BTO-
poM. AHaIK3 MPOAEMOHCTPUPOBa 0oJiee BbI-
COKY10 3(p(DEeKTUBHOCTD pelleHMs 3a1a4u Ipu
B3aUMMOJIEMCTBUM CO B30pOM (0oJjiee yeM Ha
40 %). be3ycinoBHO, 3TOT pe3yiabTaT MOXET
OBITh OTHECEH TOJIbKO K 3aJayaM OIIpeacsIeH-
Horo tumna. Pe3yabraThl 3TON pabOTHI Mpea-
CTaBJ€HBl Ha CUMIIO3MYME II0 OKYJIOMOTOP-
HOM akTUBHOCTH «SpOyc-100» [22].

Ilcuxonoruss mporpamMmupoBanusas. OTaelb-
HO CJedyeT OTMETHTb WCIIOJIb30BaHUE aii-
TPEKMHTOBBIX CUCTEM B cepe UYTSHUS U IIPO-
M3BOJICTBA MpPOTrpaMMHOIO Koja. Ilcuxosorus
TpyJda MPOTPaMMICTOB B YCJIOBUSIX COBPEMEH-
HOro o01IeCTBa IBASIETCS aKTyaJbHOU cdepoit
ucciaenoBanuii. B 2012 r. HamMu ObLIO IIpO-
BEICHO IOJIEBOE HMCCIEIOBAaHUE PabOTHI MPO-
TPaMMUCTOB C MWCIIOJb30BAaHUEM II€PEHOCHOM
rojoBHOM cuctemsbl aii-TpekuHra SMI HEDS0.
OTa cucTeMa MO3BOJWJIAa IPOBOAUTH 3aIlUCh
OKYJIOMOTOPHOI aKTUBHOCTM IIpOrpaMMUCTa
npsMO Ha ero paboyeM mecTe 0e3 OTphIBa OT
MIPOU3BOJCTRA.

Llenslo wucciemoBaHusi OBUIO OIMpeaesie-
HUE YPOBHSI CYOBEKTMBHON CJIOXHOCTU IIpHU
pelliecHN KOHKPETHBIX ITPOM3BOICTBEHHBIX
3aJa4 M OILIEHKAa II0 3TOMY YPOBHIO IIpU-
TOOHOCTH HOBBIX COTPYIHHMKOB KOMIIAHHWU.
B utore ObUIM MOJYYEHBI CAEAYIOLINE OCHOB-
HBIE pPE3yabTaThl: YPOBEHb CYOBEKTMBHOM
CJI0XHOCTU (MPOOJEMHOCTb) TMPHU PEIIeHUU
TEKYIIMX MPOMOECCUOHANBHBIX 3adady 3KCHeEp-
TaMH OCTaeTCsI Ha HU3KOM ypPOBHE (HE BBIIIE
Tpethero, no Kocruny-I'onukoBy). B To Bpe-
MsI KaK HOBbIE€ COTPYOIHUKM KOMIIAHUM, W3
yucia OBIBIIMX CTYICHTOB, IOKA3bIBaIOT OoJice
BBICOKUI ypOBEHb CYOBEKTMBHOI CIOXHOCTH
(Tpetuii u Bole) [20].

BusyaneHbiii aHanm3 @dukcaumii  B3opa
MporpaMMMCTa Yallle BCero IpoBOIUTCS B IIPU-
BSI3KE K CeMaHTHKe OJIOKOB MCXOZHOTO Koja.
ITocnenoBatenbHOCTh paccMaTpUBaHUS OJI0-
KOB M OCOOEHHOCTH pacCMaTpUBaHMSI OTHOTO
0710Kka MOTYT ObITh OOBENMHEHBI B IMATTEPHBI
paccmatpuBanus [17, 14]. Tunbsl marTepHOB
M UX OIlpeAesieHue TakKe SIBISIETCS aKTyaslb-
Holt 3amaueii [19]. M3BecTHO, uTO Y mIpodec-
CHOHAJIbHBIX IIPOrPaMMUCTOB U HOBHUYKOB
naTtTepHbl oTiMyaloTcd [15], HO maxe cpenu
npodecCUoOHaJIOB HEeT eIWHON KapTUHbI. B
Buny dyero Ha 13th KOLI Calling International
Conference on Computing Education [21] B
paMKax BOPKIIIOIA I10 INIa30JBUTaTeIbHON aK-
TUBHOCTA B OOyYE€HUHM IIpOrpaMMHUPOBAHUIO
ObLIO MpeACTaBIEHO MpOorpaMMHOE obecreye-
HUe IS AMHaMU4YecKoit Busyanuzauuu. C mo-
mouublo VETool cTaja BO3MOXHOW HarIsiaHas
JeMOHCTpalLMsI He TOJIbKO (uKcauuu OJ0Ka
HMICXOTHOTO KOJIa, HO M Pa3BUTHS PEIICHMS 3a-
Jlauu BO BpeMeHu [22].
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I'nazonsurare/ibHass AKTHUBHOCTb U 3PUTENIbHOE
BOCHPHUATHE HECMBICJIOBBIX XYA02KECTBEHHBIX
KOMIO3UIIUi

B pamMkax ucciaenoBaHMi BONPOCOB KOTHU-
TUBHOIO KJjacca IIPOBOAATCS CEpPUU HCCIEHO0-
BaHWI Ha OMMCAHWE TIJIa30BUTATEJIbHON aK-
TUBHOCTH IIPH 3aTIOMUHAHUM U BCTIOMUHAHUU
HECMBICJIOBBIX I'paUUECKMX KOMIIO3ULIMIA.
PaccmoTpuMm onHoO uccienoBaHue noapobHee.

BeiaBuraemasi ruroresa: CYILIECTBYET JIU
Kakoe-JIM00 pasiuyuhe MeXIYy CTpaTerusMu
paccMaTpuBaHUSI HECMBICJIOBBIX XyI0XKECTBEH-
HBIX KOMITO3ULIUI IPU PELICHUN 3a1a4M 3a110-
MMHAHUS U300paXeHUsI U eT0 ITOCICAYIOLIEro
BCIIOMUHAHUS, T. €. Y3HABAaHUS CPEIU IIPOYMX
nocjeaylommx u3oopaxenuin. nu, apyrumu
CJI0BaMM, €CJIM CTpaTerMd paccMaTpUBaHUS
U300paXkeHUil Mpu 3amavax 3allOMUHAHUS U
BCIIOMMHAHUS M300paXkeHUsT pasiudyHbI, TO
BO3MOXHO JIM OIpPENEIUTh 3TO IO ITOKa3aTe-
JISIM TJIa30[IBUTATEIbHON aKTUBHOCTH.

ITocTanoBka 3KcHmepuMeHTa. DKCIIEPUMEHT
MPOBOAMIICS B JIAOOPATOPHBIX YCJIOBUSIX Ha CTa-
nuoHapHoM aii-tpekepe SMI RED250 (puc. 2).
ITog MOHUTOPOM pacCIOJIOXEHO CaMO YCTpPOI-
CTBO BO BKJIIOUEHHOM COCTOSHUM. BumHo nBe
paboratomre MK namnbl moncBeTky (cheMka
Benachk 0e3 MK ¢wibstpa). B peanbHoctn MK
M3JIy4eHUE YEJIOBEYCCKUI TIJIa3 HE BOCIPU-
HuMaeT. ['ojloBa MCMBITYEMOTrO OMUpaeTcs Ha
MOACTABKY JJISI YMEHBILIEHUS TBVDKCHUS.

B oskcmepuMeHTe IIpMHSIM ydacTHE Ha
n006poBoJIbHOM ocHOBe 30 McHBITyeMBIX. Bce
WCIIBITYEMBIE OBLIM OTOOpaHbI CPeAu CTYICH-
TOB KaK TEXHMYECKHUX, TaK YU I'yMaHMTapHbBIX
YHUBEPCUTETOB. OCHOBHBIMY KPUTEPUSIMU OT-
6opa saBasIMCh Bo3pacT ot 18 mo 30 jeT u oT-
CYTCTBHE KaKON-JIMOO XYyHZOXECTBEHHOM ITOMI-
TOTOBKHU.

Ilepen HenmocpeACTBEHHBIM HAYaJIOM 3KC-
MepruMeHTa MCIBITYeMOMY ITOSICHSUIACh IIENb
ydacTtust: cOOp IaHHBIX O ABIDKCHUM IJ1a3 B
TpoIecce PelIeHNs MPeACTaBIeHHBIX 3aIaHWA.
[IpoBommiicsT MHCTPYKTAaXX O XOme OSKCIIepH-
MEHTa, paboTe 00OpYIOBaHMSI U OOLLIMX LIEJISIX
WICCIIETOBAaHUS, HE BHABasCh B ITOAPOOHOCTH.
OcylecTBiasiIach KaJMOpPOBKa 000pyIOBaHUS
JUIST KaXJIOTO YeJoBeEKa, IPOM3BOAMIICS BBHIOOD
OITUMAJIbHOM ITO3BI 7151 paOOTHI C ali-TPEKEPOM.
Paccrostnue mo skpaHa coctaBisuio 60 cMm.

IIpouenypa skcmepumenta. lcciemoBaHue
COCTOSIJIO U3 TPEX ITAIlOB.

Ha mepBoM 3Tame 3KcHepuMEHTa MCIIbI-
TyeMOMY TpeabaBiIsioch TITh KapTuH K.C.
ManeBuya. HeobOxoaumo OBLIO 3alIOMHUTD
M300paxXeHusI. YUYaCTHUK 3KCIepUMEHTa pac-
CMaTpUBaJ IPEAbIBISIEMOE N300pakeHNE 1 10
Mepe TOTOBHOCTU MEPeXoausl K CleaylolIeMy
ctumyiry. Ilocie KaxXmoro cTuMysia MCITBITYeE-
MOMY TIPEIBSIBIISIIICS ITyCTON 3KpaH C TOUYKOM
(ukcamum B3opa. Ilocnae ¢uxkcanuu B3opa Ha
TOYKE, MCITBITYEMBI MOT TIEPEUTH K CIIENYIO-
1eMy CTUMYJLY.

Puc. 2. CraumonapHas cuctema aii-tpekuHra SMI RED250
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Ilocne mpenbsiBAEHMST BCEX IMSITU M300pa-
>KEHU ObUIO HEOOXOAMMO OTBJICYb YYaCTHUKA
BKCIEepUMEHTa OT M3obpaxkeHuid. [y mocTu-
JKEHUsI 5TOM Ledu eMy Mpeniarajoch 3aroJ-
HUTb aHKETY YY4aCTHMKA 1 BBIIUTH 4aro. [lepe-
pbIB cocTaBisn 10 MuH.

Jlajee UCIIBITYeMOMY IPeUIarajoch BCIIOM-
HUTh TSITh MCXOOHBIX wu3o0paxeHuii. Ilpu
MNpPEenbsBICHUN KaxXIOro CTUMYJIa MCIIBITYe-
MOMY HEOOXOIMMO ObIJIO JaTh OTBET «Ia» WJIU
«HET», T. €. IPUCYTCTBOBAJIO JIN IIPEAbSIBISC-
MO€ M300paXkeHne Cpeay ISITH UCXOIHBIX.

Tpetnii 3Tanm 3KCIIEpMMEHTa IPEACTABIISIIT
co00lf aHAJIOTWYHYIO TMPOLEAYpPY IO y3HaBa-
HUIO TSTU W300pakeHWid M3 TIEPBOM TPYIIIHI
CTHMYJILHOI'O MaTepuaja, IpoBeASHHYIO Yepes
Heneso.

Yuactue skcnepuMeHTaTopa ObUIO MUHU-
MaJIbHBIM: (DUKCUPOBAJIMUCH O3ByYEHHBIE OTBE-
THI IO Y3HABaHUIO M300paXKeHMUIA.

Bei6op crumyabHOro martepuaia. Ha mpo-
LIECC 3PUTEIHLHOTIO BOCIIPUSITHUS IIPOU3BEICHUIA
MCKYCCTBa, apXUTEKTypbl W Au3aiiHA BIMSIET
Pl B3aUMOICUCTBYIOIINX (PAKTOPOB: CMBIC-
JIOBBIE CBSI3U, IIPUCYIIUE OOBEKTY; HCIIOJb-
30BaHHBIE CpEACTBAa KOMIIO3MIIMU; IiejieBast
YCTAHOBKA 3pUTENISI M €T0 MPOILILIA OIBIT U
np. [10]

¥YXo1 OT ceMaHTUYECKOM HArpy3ku B CTH-
MYJBHBIX M300paXeHUsIX (B BUOE pealn3Ma)
OBLT cHelaH HeCyJaliHO. DTOT IIar IMMO3BOJIMII
HaM MCKJIIOUYMNTH (PaKTOp JUYHOCTHOU OIIEH-
KM WIM SMOLIMOHAJIBLHON 3HAYMMOCTU CMBbIC-
JIOBOTO O0BEKTa B CTUMYJIHHOM MaTepHuae.
[Ipu BBIOOpE MOCTATOYHO BBIPAZUTEIHLHOTO
M B TO X€ BpeMs JAKOHMYHOTO MaTepuasa
OBLIIO peIIeHO OCTAaHOBUTHLCS Ha aOCTpaKT-
Hbix KoMmozuumsax kHuru K.C. ManeBudya
«Cynpematusm». OHU COCTaBJIEHBI U3 OAHUX
M TeX Xe IMPOCTEHIINX TeOMETPUUIECKUX IJIe-
MEHTOB: MPSIMO, IJIOCKOCTH, KPUBOM, KpYy-
ra, IpsIMOYrojbHUKa (IpUMep M300paKeHUs
cM. puc. 3).

Bce xymoxecTBeHHBIE KOMIIO3ULIMU SIBJISI-
IOTCS OeCIpeIMEeTHBIMUA, HECMBICIIOBBIMU, OJI-
HAaKO B HUX BBIpaX€HBI MHOTWE OTHOIICHUS
M B3aMMOCBSI3W pealbHBIX mpeameroB. U3 34
paboT ObLIO BBIOPAHO MSITh KOMITO3ULIMIA, 00-
JlafalollMX, Ha Halll B3MJIsA, Haubojee YMCTOU
XYIOXECTBEHHOI OpraHu3alueil >3JeMEHTOB.
WMeHHO 5TM MOATH M300paXkeHMil U IOCIY-

KWJIM TapreT-o0beKTaMU ISl SKCIIepUMEHTA.
K HuM B pgomosiHeHue OBbUIM BBIOpAaHBI eliie
JIecaTh M300paxkeHUin — aucTpakTopoB. Eiie
MSITh KOMIO3ULIMK ObLIM IIOJYyYEHBI ITyTeM I10-
BOPOTA IISITM OCHOBHBIX CTUMYJIOB Ha 180 rpa-
IIyCOB, 00pa30BaB, TaKNM 00pa3oM, OOpaTHBIC
TapreT-00beKThI.

Pesynbratel. [IpenBaputesibHbIE pe3Yiib-
TaThl IIOKA3aJd CTAaTUCTUYECKOE pa3Indue
MEXIY AOJSIMU MCIOJb30BaHUS aMObEHTHOTO
u ¢okanpHoro tuma 3peHus [5]. I[lo b. Be-
JIMYKOBCKOMY, aMOBEHTHBI TWUI 3PEHUST pe-
IIaeT 3aJa4yd, CBSI3aHHBIE C OTBETOM Ha BO-
npoc «rae?», B TO BpeMsl KaK (OKaIbHBIA THUIT
3peHUs. — «4T0?». JleJeHre 1Mo TUIlaM 3peHUs
MPOUCXOIUT B 3aBUCMMOCTU OT AMILIUTYIBI
cakkan. B cBsI3m ¢ 3TMM 119 aHaNMM3a HAaMU U
ObLIM BBIOpAHbI AMIUIMTYAbI CaKKaj.

bei1 mpoBemeH NMCIEPCUOHHBINA aHAIU3
JaHHBIX MO (POKaJbHOMY (T. €. MPEeIMETHOMY),
a TakKke aMObEHTHOMY (T. €. IPOCTPAHCTBEH-
HOMY) 3pUTEJIbBHOMY BOCIPUSITUIO Ha HaJlM-
Y€ CTaTUCTUYECKUX Pa3IMUUil B CTpaTEeTUSIX
paccMaTpuBaHUSI M300paKEeHUI IpU 3amadax
3alIOMUHAHMUSI M BCIOMUHAHWS. PesymbTaThbl
aHaJiu3a TpeacTaBjieHbl B Tada. 1 u 2.

Puc. 3. Ilpumep cTUMYIBHOTO M300paXKeHMsI
W3 TPYIIbl CTUMYJIOB ISl 3aTIOMUHAHUS
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-
I
Ta6numa 1
3uauenns p-value cpaBHEHMIA AMILIMTY/ CAKKAA NPH (POKAJILHOM THIIE 3PEHHUS
2 otan, 10 MuH 3 oram, 1 Hen.
| s1am 3armomu- P ; P -
HaHMe paTHBIIA paTHbIIA
Tapret Tapret Huctpakrop| Taprer Taprer Juctpaktop
Taprer 0,00056 * - - - -
2 omart, | OOPaTHBIi | 3943 | | 246.05 - - - -
10 MmuH |Taprer
Hwuctpakrop | 0,153 0,05007 | 0,02526 * - - -
Taprer 0,6289 0,1747 0,3717 0,7888 * - -
3 oman, | O0pamit | g 8912 | 0,01356 | 0.6847 | 0282 | 0.6351 . -
Hex. |Taprer
Hucrtpakrop | 0,3223 0,5416 0,1618 0,7277 0,6398 | 0,07182 *
Ta6numa 2
3unavenns p-value cpaBHeHHIA AMILIMTY/ CAKKAJA NPH aMObEHTHOM THIIE 3PEHHs
2 otan, 10 MuH 3 oran, 1 Hen.
1 5tan 3anomu- - N
HaHye Taprer OopatHbiii | Juc- Taprer OOpatHbIit Huc-
Taprer TpaKTop Taprer TPaKTOp
Taprer <2.2e-16 * - - - - -
2 9tan, | O6paTHbIt
10 it | Taprer <2.2e-16 | 0,04513 * — — - -
Hucrpakrop | 2.89¢-14 | 0,4665 0,00461 * - - -
Taprer 0,1778 1.7¢-08 | 1.92e-12 1.8e-07 * - -
3 oman, | O0pambil 1 0.00345 | 0,011 | 7.19¢-05 | 0,0457 | 0,0027 . -
Hej. | Tapret
Hucrtpakrop | 0,1762 0,0041 3.62e-05 0,0135 0,0503 | 0,4812 *

OTMeTHM, 4YTO CpaBHMBas BBIOOPKU TIpU
3allOMUHAaHUM CO BCEMHU BBIOOpKAMU BTO-
poOro M TpPEThero 3Tama, Mbl BUAUM TOJIb-
KO OIHY IIapy CTaTUCTUYECKM Pa3TUYMMBbIX
BeIOOpPOK (p-value: 0,00056): mapy «raprer
(10 MuH) — 3amoMuHaHue». OYEBUIHO, UTO
3TO MOXHO WHTEPHPEeTUPOBaTb TEM, YTO HC-
neiTyeMblit 3a 10 MUH He ycresa 3a0bITh CTH-
MyJIbHOE M300paXKeHWe M paccMaTpUBaeT €ro
YX€ MOo-ApYromy.

Yepes 10 MuHyT npu cCpaBHEHUU BHIOOPOK
amrumutyn «tapret (10 MuH) — oOpaTHBIN Tap-
reT» Mbl BUIMM CUJIBHOE pa3jinuMe B BbIOOpKax
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(p-value: 1.24e-05). Ilpuuem, ecau TpUHSTH
3a ypoBeHb 3HauuMmocTu p-value 0,01, To BbI-
o6opku map «raprer (10 MuH) — AUCTpaKTOp»
U <«JUCTPAKTOp — OOpaTHBI Taprer» OydyT
cratucTudecku cxoxumu (p-value: 0,05007 u
0,02526 COOTBETCTBEHHO).

Yepes Hemeao BbIOOPKU CpaBHEHUI MeX-
Iy TpeMsl TpyHIlaMu MOKa3bIBalOT CTaTUCTUYE-
CKO€ CXOJCTBO.

M3 Tabmuibl aMOBEHTHOTO THUMA 3PEHMS
BUIHA IPOTUBOIIOJI0XHAsA KapTuHa. CpaBHUBas
BBIOOPKM aMIUIUTY[ cakKam Ipu 10-MUHYTHOM
nepepbiBe, OUEBUAHO CUJIBHOE pa3indyre B BbI-
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6opkax (p-value<2.2e-16; p-value = 2.89¢-14).
BeposiTHO, UTO ITpM aMOLEHTHOM TUIIE 3PESHUSI
(c oTBeTOM Ha BOMPOC «Tae?») UCIBITYeMbIil
«II0-pa3HOMY» OTBeYaeT Ha BOIPOC «Ime?»
NPy 3alIOMUHAHUU U TIPU BCIIOMUHAHWU, BHE
3aBUCMMOCTM OT Tuma ctumyna. Yepes Hende-
JII0 KapTMHA MEHSETCS U CTaHOBUTCSI OOJIb-
1Ie Moxoxei Ha (OKaJNbHBIA TUI, BBIOOPKU
CTAHOBSITCSI CTAaTUCTUUECKM CXOXMMHM, 32 UC-
KJIIOYEHUEM TIaphl «3allOMUHAHUE—O0OpaTHBIN
tapreT» (p-value = 0,00345). MoxXeT ObITb 3TO
CBSI3aHO MMEHHO C «IePEeBEPHYTOCTHIO» CTHU-
MyJia, OMHAKO B HallleM UCCJIEIOBAaHUU MBI HE
KacaJluCh 3TOrO BOIIPOCA, KOTOPBIA OYEBUIHO
TpeOyeT AajbHEeMIIero n3y4eHus.

CpaBHuBas BBIOOPDKM aMIUIUTYA CaKKal
MeXay co0O0ii, MOXHO OTMETUTb, YTO CXO-
CTBO Tap <«IWCTpaTOp—Taprer», cxoxee ue-
pe3 10 mun (p-value: 0,4665), TepsieT 3TOT
nokazaTenb 4depe3 Hedemaro (p-value: 0,0503).
B 10 Bpemsa kak mapa «OOpaTHBIM Taprer—
JOUCTPAKTOP» MOKa3bIBACT MPOTUBOIOJIOXHYIO
IMHaMUKy oT p-value = 0,00461 (10 muH) K
p-value = 0,4812 (1 Hem.).

Takum o00pa3oMm, Ha BOIIPOC O CXOXKECTU
CTpaTeruii paccMaTpUBaHUSI HECMBICJIOBBIX XY-
JIO>KECTBEHHBIX KOMITO3UIIMI MPU 3alTOMUHAHWN
Y BCIIOMUHAHUW Mbl OTBEYAaeM I10 OOJIbIIEH Ya-
CTU ToJIoxXUTeNIbHO. [1o rmokaszaTessiM I1a301BU-
rateJIbHOM aKTHUBHOCTU MOXHO OMNpeAeIuTh BU-
JeJl JIA UCIIBITYeMbIA TPEAbSIBICHHBIM CTUMYII
yepe3 10 MUH, OOHAKO yXe 4epe3 HeHeslo 3TO
cienarb He ynaetcs. Mcxonst u3 HallMx pesysib-
TaTOB, MOXHO CAeJaTh MPEANOJOXEHUE OTHO-
CUTEJILHO paccMaTpUBaHUSI OOpPaTHOIO TapreT-
M300paKeH sl Yepe3 Helest0, YTo TIpu TOBOpOTe
JACT HaM MCKOMBII Taprer. OTOT pe3y/ibTaT He
SIBHO TTOATBEPKAAETCS CTATUYECKUMM METOIAMU
(p-value 0,00345 < 0,01), HO OIM30K K HHM.
Taxke oOpaTHBIN TapreT SIpKO IPOSBIISIETCS
yepe3 10 MUH NpU CpaBHEHUM C JIPYTrUMU Ta-
paMu, YTO TTO3BOJISIET €r0 UACHTU(UIIMPOBATD.
WpenTuduxkanys CTUMYJIOB Yepe3 HelebHbII
MPOMEXYTOK CTaHOBUTCS OoJsiee 3aTpydHM-
TEJIbHOM, HO BCE Xe& U B HEM MPOCIEKUBACTCS
mapa «00paTHbI TapreT—aucTpakTop». Cym-
MUpPYSI, Mbl MOXEM yKa3aTb Ha TO, YTO B Ha-
IIUX pe3yJbTaTaX OCOOEHHBIM 00pa3oM ceds
BeIET UMEHHO IIEPEBEPHYTOE MCXOTHOE M30-
OpakeHue: OOpaTHBIN TapreT.

O0Oo0mast  pe3ynbTaThl  IKCIIEPUMEH-
TOB II0 BCIIOMMHAHHUIO KapTUH MajeBuua,
MBI 00paTMMCS K 3KCHepuMeHTy 3. Pyomn-
Ha 1915, a UMEHHO K WHTEpPIIpEeTallud €ro
AitaxBepnoBbIM. MICOIBITYEMBIM IIPEAbSIBIISI-
JINCh a0CTpaKTHBIE M300paxkeHUs (YEPHUIb-
HBIe KISIKChI) C MHCTPYKIUENH 3alIOMHUTh
¢urypo-¢hoHOBOE OTHOILIEHUE Ha HeM. bbiio
0OHapyXeHO, 4TO, TT0 MHEHUIO AJITaxBepao-
Ba, «...MCIIBITYEMBIC Y3HAIOT IpEeIbsIBIICHHOE
n300paxeHWe, HO He OCO3HAIOT 3TOro. 3Ha-
YUT, CYIIECTBYET KaKoe-TO HEeOCO3HAHHOE
Bocrpugatue?»[1]. B Hamem skcnepuMeHTe
WCOBITYEMBIM HE CTaBuUJach 3amadya ped-
JIEKCMM Ha TeMy IePEeBEpPHYTOTO CTUMYJIa, U
JIVIITb HECKOJBKO YeJIOBEK COYJIM HYKHBIM
JaTh YCTHBI OTYET O TOM, YTO CTUMYJ OBLI,
HO OblL1 mepeBepHYT. BeposdTHO, Halle uc-
cJiefoBaHME ITOCTaBUJIO HOBEIC BOIPOCHI IS
JaJbHEeNIero n3bICKaHus.

Ilo Bompocy mnpuUMeHEHUSI CHCTEM ali-
TpeKMHTa HaMW OBUIM BBIIEIEHBI OCHOB-
Hble HaIlpaBJI€HUs UCCIEAOBAaHU B 00-
JIacT! KOTHUTHBHBIX JUCLUTIINH u
YeJIOBEKO-KOMITBIOTEPHOTI'O B3aMMOJICIICTBUS,
B KOTOPBIX IIeJIeCOO0pa3HO IIpUMEHEHUEe
ail-TpeKMHrosoro obopyaosBaHus. Ilokaszan
M YaCTUYHO PaCKpBLIT ITOTeHIMaJ KaK cTa-
nuoHapHoit ycraHoBku (SMI RED250) apns
NpUMEHEHUSI B JIADOPAaTOPHBLIX YCIOBUSX,
TaK M TIEPEHOCHON — TOJIOBHOM CHUCTEMBI
SMI HED50. B Hacrtosiiiee Bpemst B Jlabo-
paTopuM HIOYT COBMECTHBHIE MCCIEIOBAHUS
¢ Vuusepcutetom r. MoeHcyy (BocTounas
Dunnguausg). B KorHUTUBHOM J1abopaTopun
YuuBepcutera . Moencyy ¢ 80-X IT. aKTUB-
HO pa3pabaThIBAIOTCS BOIIPOCHI TICUXOJOTMH
MpOrpaMMUPOBAHUS U ali-TPEKUHIra B LIEJIOM.
IlepBbIM pe3yabTaTOM B3aUMOIEHCTBUS SIBU-
Jlach pa3paboTKa COBMECTHOTO MPOrpaMMHO-
ro obecreyeHus s onpeaeaeHusT GopMbl U
pa3Mepa OIepallMOHHOTO IOJIs 3PeHUs Mpo-
rpammucta — Screen Masker [16].

Bricokuii mHTEpec K 3KCOEepUMEHTaM C
TaKM O0OPYIZOBAaHMEM CO CTOPOHBI OYIYIINX
MarucTpoB Kadeapbl WHXEHEPHOU TIpaduKmu
n nuzariHa CIIOI'TTY mnoxa3biBaeT Heo0XO-
JUMOCTh Pa3BUTHUSI 3TOrO HAIIpaBJICHUS U B
00pa30BaTeIbHON NESITeIbHOCTH, Ha YpPOBHE
MpernogaBaeMbIX TUCLIMUILIAH.
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CucteMHbIN aHANU3 N ynpaBieHue

H.B. Pocmo@8

AHAJIN3 AJITOPUTMOB PELLEHUA OBPATHbLIX 3AA4AY KUHEMATUKU
B CUCTEMAX YNPABJNNEHUA ABU)XEHUEM POBOTOB

PaccMoTpeHb! GOpMyITMPOBKY OOpaTHBIX 3a1a4 KWHEMATUKMY, PEIIAEMBIX B CUCTEMAX YIIPABICHUS IBU-
KEHMEM MaHUMYJIALMOHHBIX POO0TOB. OOCYXIEHbI TPYIHOCTU PELIEHUs TaKUX 3a1a4 aHAIUTUYECKUMU U
YUCJIEHHBIMUA MeTomaMu. [IpoaHanm3upoBaHa CXOOUMOCTh AITOPUTMOB UTEPALIMOHHBIX METONOB C PEryJIsi-
pu3alMeil Ha TPaeKTOPUSIX ABUXKEHUST CXBAaTa C y4aCTKAMU BHE €ro 30HbI JOCTHXXKMMOCTH. [IpuBeneH npu-
Mep UTEPALIMOHHOIO pacueTa TPAEKTOPHUIA 3BEHBEB TPEX3BEHHOIO POOOTA C BBIUMCIEHUEM MATPULIBL SIKOOM
0 PEKYPCUBHOMY aJITOPUTMY.

CUCTEMBI YITPABJIEHUA ABUXEHUEM POBOTOB; OBPATHBIE 3AJAYU KUHEMATU-
KHW; MATPULIA SIKOBU; UTEPALIMOHHBIE METOAbI; CXOOAUMOCTb AJITOPUTMOB; PET'Y-
JTAPU3ALIUAL.

N.V. Rostov

ALGORITHM ANALYSIS FOR SOLVING THE INVERSE KINEMATIC
PROBLEMS IN ROBOT MOTION CONTROL SYSTEMS

The given article covers the general formulations of inverse kinematic problems for robot motion control
systems. We have discussed the difficulties how to solve such problems using analytical and numerical methods.
We have also analyzed the convergence of iterative algorithms with the regularization on the trajectory with
the points outside of the gripper reachability. The example of an iterative calculation of joint trajectories for a

3-link robot using the recursive algorithm for the Jacobi matrix calculation has been presented.
ROBOT MOTION CONTROL SYSTEMS; INVERSE KINEMATIC PROBLEMS; ITERATIVE
METHODS; ALGORITHM CONVERGENCE; REGULARIZATION.

[Ipu MogenmpoBaHUU CUCTEM YIIpaBICHUS
npukeHreM (CY) MaHMITYyISIIMOHHBIX PO-
00TOB TpebyeTcsl pellaTh ¢ nomMolupio HBM
obpatHbie 3agaun kruHeMatuku (O3K) mis ux
UCHOJHUTENbHBIX MexaHu3mMoB (M) aHanu-
TUYECKUMU WJIA UTEPALUOHHBIMU METONAMU.
AJITOPUTMBI pellIeHUs] TaKUX 3aJa4 COCTaBJISI-
JOT MaTeMaTUYECKyI0 OCHOBY pa3padotku CVY]]
pobOTOB.

B TeopeTnueckoii poOOTOTEXHUKE HJISL pe-
weHug O3K yacTo UCMOAB3YIOT aJlTOPUTMBI Ha
OCHOBE aHAJIMTUYECKUX BbIpaXXeHUI, TpeOyIo-
IIMX BBIYUCICHUS OOPATHBIX TPUTOHOMETPU-
YEeCKUX M TpaHCUECHIECHTHBIX (yHKUMNA. Takue
aJITOPUTMBI TIOJYYalOT HEIMOCPEACTBEHHO II0

TEOMETPUYECKUM MOJEIIM KUHeMaTuku MM,
JIU00 TII0 BEKTOPHO-MAaTPUYHBIM MOMAEIISIM
B IpenctaBieHuu JleHaButa—XapteHOepra,
OMMMCHIBAIOINM KMHeMaTnky UM B omHOpOI-
HBIX KoopauHaTtax [3—9].

OnHako 1711 poOOTOB CO CI0XHOM KMHEMa-
TUKOU aHanuTudeckue pewieHus O3K Ha 3a-
JAHHOU TPAaeKTOPUM CXBaTa MOTYT OKA3bIBaTh-
CSl OLUMOOYHBIMU B OCOOBIX KOH(UIypaLusx
UM (nonoxxeHusix 3B€HbEB), a TaKXKe Ha Ipa-
HUIIE M BHE 30HBI TOCTIXKMMOCTH CXBaTa 13-3a
BBIPOXKIAeMOCTU MaTpUllbl SIKOOU BCIeACTBUE
MOHIKEHUsI ee paHra. B momoOHBIX ciydasix
MOTYT OBITb MOJYY€HBI TOJIbKO ITPUOIMKEH-
Hble pewieHuss O3K uTepalMOHHBIMU METO-
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gamMu. Ho mpu nmpuMEHEHMM TakKuX METONIOB
HEeoO0XOAMMO MPOBOAUTH MCCIAEAOBAHUE CXO-
JUMOCTHU UX aJTOPUTMOB.

B nmpemnaraemoii crathbe 00CY:KHOAIOTCS
TPYAHOCTU aHanuTu4eckoro peueHus O3K Ha
npuMepe TPEX3BEeHHOro poOOoTa ¢ BpalllaTeslb-
HBIMU 3BEHbSIMU, OOpallaeTcsi BHUMaHUE Ha
HEOOXOAMMOCTb peryjsipu3aliid WTepaloH-
HBIX aJIFOPUTMOB JIJISI OOECIIEUEHUs X CXOIM-
MOCTH, OIMCHIBACTCS PEKYPCUBHBIA aJrOPUTM
BBIYMCJICHUS] MaTpUILIbl SIKOOM 1 aHAIU3UPYET-
csl pabOTOCIIOCOOHOCTh UTEPALMOHHEIX aJIro-
PUTMOB Ha TPAaeKTOPUSX CXBaTa, COMEpKaIIUX
YY4acTKM ¢ 0coObIMU KOHpurypaumusmMu M.

Oomue dopmymposkn O3K. B cucremax
MO3UIIMOHHOI0, CKOPOCTHOTO U CUJIOMOMEHT-
HOTO yIpaBJieHUS ABVKEHUEM POOOTOB pellia-
I0TCSI pa3Hble OOpaTHBIC 3aJa4l KUHEMATUKM.

03K 0 noaoxcenusx 3eenves. I1o 3amaHHO-
My 6x1 BeKTOpy JMHENHBIX KOOPAMHAT IIO-
JIOKEHUS 1 YIJOBBIX KOOPAMHAT OPUEHTALIUU
cxBaTa

Sc = (xc: YesZcrPes eC5 \Vc)T

BbruucaseTcs Nx1 BeKTop 0000ILEHHBIX KOOP-
JIWHAT 3BE€HbEB

q= (qlaqzs ) qN)T = ®71(SC)> (1)

rne ®'() — Nx1 Bekrop-(QyHKIMS, 0O6paTHAs
6x1 BekTOp-byHKLINU D(g), COOTBETCTBYIOLIEN
KuHeMaTndeckoit cxeme MMM pobora. 3amaua
(1) gaBnsercsd Haubojiee CIOXHON C BBIYKC-
JINTEJIbHOI TOYKM 3peHHus, T. K. OHa TpeOyeT
peleHus CUCTeMbl HEJIMHEWHBIX ajaredopanye-
CKUX YPAaBHCHUU BUOA

®(q) - S, = F(g) =0,

rae 0 — HyneBoi 6x1 BekTOp.

03K o ckopocmsx 36enves. 110 3amaHHBIM
BEKTOpaM JIMHEWHBIX U YIJIOBBIX CKOPOCTEMH
cxBara

Vo=@, Vv

39 VZ)T; Qc :((DW ®y, (DW)T

BeIuncisgercss Nx1 BeKTop 0OOOIIEHHBIX CKO-
pOCTEl 3BEHBEB

q:(qla a4 - QN)T :J_I(Q)'(cha (2)

rne J'() — marpuua, obpatHas (WM TICEB-
JoobpaTtHas) Matpune fxobm J(g) Bekrop-
¢byskuun ®D(g). 3amaua (2) mpeacTaBisieT
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c000i1 pellleHne CUCTEMBbI JIMHEMHBIX aJireOpa-
MYECKUX YpaBHCHMI BUIA

. (Y
J(q)-q{gcj-

O3K o cunax u momeHmax 6 wapHupax 3ee-
Hbes. I10 3amaHHBIM BEKTOpPaM MPOSKIINIA CUIIBI
M MOMEHTA B CXBaTe

F.=(F, F, F)"; Mc=(M,, M,, M)’

OmpenessieTCs] BEKTOpP OOOOIIEHHBIX CHII B
HIapHUpax

F,
0=(0,0, .., 0y)' =JT(Q)'[MC J 3)
C

Beipaxenue (3), TpeOyioliee BbIUMCICHUS
¥ TPAHCIIOHMWPOBAaHUS MaTpullbl Akobu, crpa-
BEIIMBO TOJILKO JJISI ClTydas uaeanbHoro MM,
HE WMMEIOIIETO MOTeph PHEPTUU B IIAPHUPAX
3BEHBEB.

Martpuna fAxobu B 3amavax (1)—(3) B 3a-
BUMCHUMOCTH OT YKcCJia 3BeHbeB N poOoTa MOXET
OBITh KBaAPATHON WJIN UMETh MPSIMOYTOJIbHBIN
BUJ:

od(q) _ 0 F(q) _

J(g) = /2~
(q) P o

_J0E@ 1 TN
0gq,

B OGosee o6uieit mocraHoBke 3agaya (1)
MOXeT (OpMYJIMPOBATbCS KakK 3agaya MUHM-
MU3alUU KBajJpaTa HOPMbl BEKTOpA HEBI3KU

[F@ — mig, “

M pellaTbCcsl UTepalMOHHBIMM MeTojaMu 0e3
BBIYMCJICHUS] MaTpUIlbl SIKOOW WiIu rpagueHT-
HBIMM METOJAMM, MCHOJb3YIOIIMMU €€ YMUC-
JIeHHbIe anmpoKkcuMau. OqHaKo CXOIMMOCTh
aJITOPUTMOB TaKUX METOIOB OoJjiee MeIjIeHHasI
U TIpU MX OPUMEHEHUU TpedyeTcs OoJibliiee
YUCJIO 1IaroB UTepallMOHHOI0 mpoliecca [2].

B [4] npuBeneH npumep UTEpPaLMOHHO-
ro pewienus O3K B ¢opmynuposke (4) nias
6-3BeHHOTO po0OTa, Ha MPOrpaMMHON TpaeK-
TOPUM CXBaTa KOTOPOTO IMOCTOsIHHASI OpUEHTAa-
1IMs cxXBaTa 3ajaHa He yrjaMmu Ditiepa, a BeK-
TOPOM HAaIIPaBJISIOLIMX KOCUHYCOB.

Ecnu xe 3HaueHUs BEKTOpa OOOOIIEHHBIX
KOOpAMHAT OrpaHWYEHbl JONYCTUMOU 001a-
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cteio ¢ € DV, To 3anaum Buna (4) 1OKHBI pe-
1IaTbCsl METOAAMHU YCJIOBHONM MMHMMU3ALIUU.
ITpu sToM TouHble petieHus O3K B mpuHLM-
e MOTYT OTCYTCTBOBATb.

Anamutnyeckoe pemenue O3K. Paccmo-
TpuM 3-3BeHHbIN po6oT BBB-Tuna, padoraio-
IOMA B aHTYJISIPHOM CUCTEME KOOpAMHAT, IS
koToporo 3amada (1) pelraercsi HEOMHO3HAY-
HO M 3aBUCUT OT 3HAKa YIJIOBOIO ITOJIOXKEHMUS
TPETHIro 3BeHa (HUXXHEH WM BepXHEel KOH(pU-
Typauuu pyKu):

q, = arCtg(yc/xc);

g, = T arccos(C);

q, = arctg((z. — L) / R,) F arccos(D), (5a)
rme L, L, L, -
Ry, =x+ 32+ (e - L)

C=(x+y2+(~ L) -
- B-D)/QLL);
D=(x2+yi+(z.- L)+
+ L - L)/ QLR,).

Pemrenne O3K M0XHO Takke MOJTYYUTH T10
JPYTUM BBIpaXXeHUSIM [5]:

q, = arctg(ye /x¢);
E =+1-C?; g, = +arctg(E/C);
q, =arctg((zo - L) / R,) -

JJIMHBI  3BCHBEB,

— arctg M . (56)
L, + L cos g,
Opnako peurenus O3K  dyHkumsamu

MATLAB 1no BelpaxeHusM (5a) Ha TpaeKTo-
pUM cxBaTa ¢ TOYKAMU BHE €ro 30HbI JOCTH-
KMMOCTHU OKAa3bIBAIOTCSI KOMILIEKCHBIMU YUC-
JlaMU, HE UMEIOIIMMHM MPAKTUYECKOTO CMbICIA.
st mojrydeHus BelllecTBeHHBIX petneHuint O3K
3HaueHUs IepeMeHHbIX C u D, SBISIOIIAXCS
KOCHUHYCAMU, JOJDKHBI OTPaHUYMBATHCS €IM-
Huiieir. Pemienust ke O3K mo BbIpaXeHUSIM
(56) monyyaroTcst BelIECTBEHHBIMU B TOYKAX U
BHYTPHY, U BHE 30HBI JOCTWKMMOCTU CXBaTa,
MO3TOMY HET HEeOOXOAUMOCTH OrpaHUYMBATH
3HayeHus nepeMeHHbIx C u E.

AJITOpUTMBI WTEPALMOHHBIX MeTOmOB. Pac-
CMOTPUM aJITOPUTMBI UYHMCJICHHOTO pPEIICHMUS
3agayu (1), B KoTopbix MaTpuua SIKkoOu BHI-
YHCIISIETCSI B IBHOM BUIIE.

Aneopumm memoda Hviomona. Teopernde-
CKM B cjIy4yae KBaapaTHON MaTpulibl SIkoOwu,
Harmpumep, korga N = 3 wian 6, MOXHO NpH-
MEHUTD CJIEAYIOIINI aITOPUTM:

"' =q" -, I (") F(¢g"), (6)

rae o, <1 — ckanxsgpHas BeJIMYMHA MOCTOSH-
HOIO WX mepeMeHHoro Iuara. Ilpu sToM Ha
KaxJIOoM I1are MTepallMOHHOTO Tpoliecca Tpe-
OyeTcs BBIYMC/ISATHL OOpaTHYX MaTpHUIly, CO-
OTBETCTBYIOIIYI0 Marpuile SIkoou. OmHako B
0co0bIx KoHpurypauusax UM npu mioxoit 00-
YCJIOBJIGHHOCTU WJIM TIOJTHOM BBIPOXXIAEMOCTHU
MaTpullbl AKoOM u3-3a MOHWXKEHUS €€ paHra
paboTocrocoOHOCTh anroputMa (6) Tepsiercs,

Ynpowennoiii aneopumm memoda Hvromona.
IMpu 3ameHe B anroputMme (6) obGpaTHOU Ma-
Tpulbl J ' Ha TPAHCIIOHMPOBAHHYIO MaTPUILY
Axobn

¢ =q" -0, J7(q") F(q"), (7
MOTYT OBITb ITOJYYEHbI T'pyOble pelIeHUs 3a-
nadu (1), Ho B 0coObIx KoHpurypamusx MM
CXOOMMOCTh ajiroputMma (7) Takxke He rapaH-
TUPYEeTCS.

Aneopumm memooa Iaycca—Hvromona. Ilpu
pelIeHUM 3a1a4 C IPSIMOYTrOJbHOU MaTpulEei
SAxo0u, KOrma 4nciio 3BeHbeB U30LITOYHO (N> 6)
win HegoctatouHo (N < 6) B anropurme (6)
BMECTO 00OpaTHOI Marpuubl J ' HeobXoZuMo
ucnone3oBats Jesylo J'=(J"-J)'J" wm
mpasylo J* =J"(J-J")"' ncesnooGpaTHbIE
matpuisl [1]. IIpy sTOM momy4yaem clieayro-
UM aJITOPUTM:

¢ =q" ~ o, JJ(q") F(g"). ®)

Aneopummot  memoda Jlesenbepea—Mapk-
eéapoma. B anroputme (8) mpu BBEIYMCICHUMN
IICeBAOOOPATHBIX MATPUIL 1U3-3a TOTO, YTO Ma-
tpuusl (J'-J) u (J-J) MOryr okasbiBaTbcs
ILUIOXO OOYC/IOBJICHHBIMU WJIM BHIPOXXIACHHBI-
MU, Uil 00ecCIeYeHMsT CXOAMMOCTU UTepalM-
OHHBIX IIPOLIECCOB HEOOXOAMMO OCYILECTBISATD
(pakTOpM3aIMI0O HA OCHOBE MaTPUYHOIO pPa3-
JIOXKEHMS WU UCIIOJIb30BaTh MPOCTYIO PEryJisi-
pu3aIuio:

g = ¢" — o, [(JTT + oy E) T TIF(gY); (9)
g =g — o, [JTIIT + o, E)1F(g"), (10)

rae E — enMHu4YHasg martpuua; o, — peryJs-
PU3UPYIOLLIUIA CKAJISIPHBINA TapameTp.
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ITpy mpuMeHeHWU T1000T0 U3 AJITOPUTMOB
(6)—(10) marpuma J(gq) MOXeT BBIUMCISATHCS
JINOO 1O ToJy4aeMbIM NPSAMBIM JUddepeHIN -
poBaHueM BeKTop-GyHKIMU P(g) aHAIUTIYE-
CKMM BBIpaXE€HUSM, TOCTaTOYHO TPOMO3IKUM
npu N > 3, 1ubo 1o 6onee 3¢hpPeKTUBHOMY pe-
KYPCUBHOMY aJITOPUTMY [9], UCHONB3YIOIIEMY
MaTpUIlbl IIpeodpa3oBaHUs OTHOPOOHBIX KO-
OpIMHAT W OIepaluu IepeceyeHus (BEKTOP-
HbIE MPOU3BEICHUS) CTOJOIIOB MATPUIIBI IIO-
BOpoOTa cxBarta (1, 0, @) — BEKTOPOB HOpMaJIH,
OpHEeHTAallM U IIOIX0Ma.

PexkypcuBHbIii aJarOpuT™M BBIYMCJIEHHS Ma-
Tpuipl Akoou. B 6a30Boil cucteme KoopauHaAT
poborta MaTpuua JKobu ocylecTBIsIeT Mpeod-
pa3oBaHMEe BeKTOpa OOOOILIEHHBIX CKOPOCTEM
3BEHBEB:

VC,O °
[QCJ =J,(q) g,

e Vo, m Q. , — BEKTOPBI MPOEKIIMIA TUHEH-
HOW W yTJI0BOM ckopoctu cxBarta. [lpu stom
Marpuiia dKoOu ornpeaensieTcs Kak Mpou3Be-
nerne Jo(q) = J,(q) - Jy(q), tne Jy(q) — 6xN
MaTpuua fxobu npeodOpa3zoBaHUSI CKOpOCTeit
B CUCTEME KOOPAMHAT CXBaTa

VC,N -
[QC’NJ - JN (q) g,

J,(g) — 6x6 marpuua npeoOpa3oBaHUs JIU-
HEMHBIX U YIVIOBBIX CKOPOCTEN cxBaTa U3 N-i
B 0a30ByI0 CUCTEMY KOOPIMHAT

VCO \] [VC N J
Cl=s@-| )
(Qc,o g Qc y

JUta BeluucaeHus: matpuubl J,(g) Tpedy-
oTca 4x4 MaTpHULbl, ONpPeNesSIoIre I10JI0-
XKEHUE U OPUEHTALMIO CXBara B j- CUCTEME
KOOpAMHAT, T. €. OTHOCUTEIbHO (j — 1)-ro 3Be-
Ha:

Uj(q) = Aj(ql)Aj+l(Q2) co AN(CIN) =
_ Ry,  Pn;
000 1)
rie Ry, =(ny,, oy,, ay,)' — MaTpuua mo-
BOPOTA C BEKTOPAMM OPMEHTALMH CHCTEMBI
KOODIMHAT CXBATA; Py, = Xy, Yy ,» Zy,) —

BCKTOP IOJOXKCHUA LHCHTPpAa CUCTEMbI KOOPIAU-
HaT CXBarta.
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Cron6ust matpuuist J,(q) =(J,y J,y
... Jg ) BBIUUCIAIOTCH MO OOPaTHOM pEKyp-
cun (j=6, 5, ..., 1):
d, )
N —I1s1 j-3BeHa B-thmna;
j
J,\N 5
( J j — a7 j-3BeHa Il-Tuna,
3x1
rme d; — 3x1 BEKTOp, COCTABJIECHHBIA W3
Z-COCTaBJISIIOIIMX BEKTOPHBIX ITPOU3BEACHUI

(pN,j XAy )z Dy My = Py N
d/ = (pN,j XON,/)z Dy 0y = Py Ok |
(pN,j x aN,j)z

8, — CAMHWYHBIA 3x1 BEKTOp, HATIPABICHHbII

BIOJIb OCU IBUXKXEHUS j-TO 3BEHA

Dy 4y = Py

0 nz,j
T .
8, =Ry,;-|0]=l0, |5
1 a

2.

0,,, — HyzneBoit 3x1 BekTOp.
Marpuua J,(g) B 0J104HOM IpeaCcTaBie-
HUU UMEET CJAeNYyIOIINi BUI:

RN,O 0545
@) _(03)@ RN,O ’

rae 0,.; — HyneBasg marpuua; Ry ,(q) — 3x3
MaTpMila MOBOPOTAa C BEKTOPaMHU-CTOJOLIAMU
HOpMaJIi, OpUEHTALIUU U TTOAXOAA, BEIYMCIICH-
HBIMU B 0a30BOI1 cUCTEME KOOpIAMHAT.

bonee meranbHO pPeKypCUBHBIN aJrOPUTM
BBIYMCIECHUS MaTpulbl AKobu onucaH B [5].

AHaIM3 CXOAMMOCTH HTEPAIMOHHBIX AJIr0-
purMoB. [IpoaHanu3upyeM MpoOLIECCHl UTe-
pamonHoro pemenuss O3K mo aaropurmam
(6)—(10) ¢ BBIUMCIEHHEM MaTpulbl SIKobu ¢
HCIIOJIb30BAaHMEM PAaCCMOTPEHHOIO BBIIIIE peE-
KYPCUBHOTO ajJirOpMTMa Ha JABYX TPAcKTOPHUSIX
cxBata poboora BBB-tuna (puc. 1). Tpaekro-
puH 3a1aHbl 6a30BBIMU TOUKAMU Sg ={X, Y, Z},
nepBast — B 30HE JOCTMKMMOCTU CXBaTa, BTO-
pas — ¢ HEKOTOPHIMU TOYKAMHU BHE €€ TpaHu-
LIbL.

Ha puc. 2 u 3 nmokazaHbl TpaeKTOpUU 3Be-
HbEB, IOJyYeHHBIE IJISI BepXHeil KoH(purypa-
UM poboTa aHAJIUTUYECKUMU MeTomaMu (5a)
U (50), a BBIYMCIIEHHBIE 110 3TUM TPaeKTOpU-
SIM TIyTeM pElIeHUs TMpsSIMOI 3aJayy KMHeMa-
TUKM COOTBETCTBYIOIIME TPACKTOPUU CXBaTa
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S . =1{X, Y, Z} nokasaHel Ha puc. | cruiom-
HBIMU JIMHUSIMU.

Ha puc. 4 npeacraBieHbl rpaMKU MOJIY-
JIeil ompepenuTeas MaTpuilbl fkobu pobota
BBB-tuna, BBIYMCIEHHOW IO PeKypCUBHOMY
aJITOPUTMY [JI IBYX BapHMaHTOB TPaeKTOPUI
3BeHbeB (cM. puc. 2 U 3). TouHO Takue Xe
rpapuKu IIOJy4YarOTCs IPU BBIYMCICHUM 3JIe-

MEHTOB MaTpMubl SIKOOM MO aHAIMTUYECKUM
BeIpaxkeHusiM. Ilo rpacdukaM BHIHO, YTO IJIS
BTOPOTO BapuaHTa TPAaeKTOPUII B TOYKax Ha
IrpaHUIE 30HBI JOCTMKMMOCTH CXBaTa OIpec-
JIUTEJIb BBIPOXKIECHHON MaTpuilbl SIkodou mpu-
HUMaeT HyJIeBO¢ 3HAUYCHUE.

Ha nmepBooii TpaekTOopru cxBaTta pelleHus,
MoJIy4aeMble BCEMU CPAaBHUBACMBIMU aJITOPUT-

L _ _

P

Puc. 3. Pesynbrathl pemieHus O3K Ha BTOpoii TpaeKTopuu cxBaTa
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0.2

0.15

0.1

[ detJO |

0.05

Puc. 4. Tpadbuku Moayneit onpenennrtesss MaTpulbl koou

Mamu (6)—(10), coBmamamOT ¢ TPaeKTOPUSIMU
3BEHbEB (CM. pUC. 2), BBIYMCICHHBIMUA aHAIN-
TUYEeCKUMU MeTomamu. I1pu aToM mist Kaxmo-
TO U3 aJrOpUTMOB OBLIM HACTPOEHBI 3HAYCHMUS
MTOCTOSIHHBIX MapaMeTpoB a, U a,,, obecre-
YMBAIOIINE CXOAUMOCTDH MPOIECCOB PEIIECHUS
O3K 3a yucnao urepaumii k,, < 100.

Ha BTopoii TpaekTopuu cxBaTa M3-3a BbI-
poOXIaeMOCTH MaTpullbl fKoOM B 0COOBIX
TOYKaX CXOAMMOCTH aJlrTOpUTMOB (6) 1 (8) Te-
psietcsi. Anroputmsl (9) u (10) ¢ perynsipusu-
POBaHHBIMM JIEBOI M TIPaBOii TICEBIOOOPATHBI-
MU MaTpullaMM HauOosiee ycToiuumBble. [1pm
3HaYeHUAX a, =2, o, = 0,1 oHu naror Takue
JKe pellleHus, KaK Ha puc. 3, 3a 4YUCIO UTe-
pauuit k., < 30. Anxroput™m (7), UCIOJIB3YIO-
1M1 TPaHCIIOHUPOBAaHHYIO Matpully fkoowu,
CXOAUTCS, HO JAaeT OUYEHb IpyObie pelleHus.

Takum o6pazom, mo pel3yabTaTaM IpOBeE-
JEHHOTO UCCJIENOBAaHMSI MOXHO AaTh CJICAYIO-
e NMpakTu4YeCKue p€KOMCHIALuN.

[Ipu MopmenmupoBaHMM U pPa3pabOTKe CH-

CTEeM YIIpaBJIeHUS ABMXKEHUEM MaHUITYJISLIM-
OHHBIX POOOTOB IIEJIECOOOPA3ZHO MNPUMEHSTH
UTepalMOHHBIe anroputMmbl peireHuss O3K.
AHaJIUTUYECKHE PEIIECHUS I10 BBIPaXKEHUSM,
coaepXalluM oOpaTHbIE TPUTOHOMETPUUECKIE
¢yHKUMHU, B 0cOObIX KOH(puUrypauusax UM mo-
TYT OKa3bIBaThCSI HEKOPPEKTHBIMU.

Hau6onee Tounsie pemreHnss O3K MHoro-
3BEHHBIX POOOTOB MOTYT OBITh IIOJYYEHEI IO
agroput™aMm (9) m (10) ¢ peryasgpusanueit,
B KOTOpBbIX MaTpuly fKoOGuU peKOMeHIyeTCs
BBIYUCIATL 0€3 uucieHHOro auddepeHin-
pOBaHUS MO PEKYPCUBHOMY aJTOPUTMY, MHC-
MOJIB3YIOIIEMY KMHEMAaTHMYECKHE MOIEIN B
OTHOPOIHBIX KOOPAUHATAX.

ITpu nmporpaMMupoBaHUM (TLIAHMPOBAHUM)
TpaeKTOpUIA CcXBaTa B CHUCTeMax YIIpaBJICHUS
IBUKEHWEM pOOOTOB CJEMYeT CTapaTbCd W3-
OeraTh CUTyalluii, ITOKa3aHHBIX Ha puc. 1 u 3.
bazoBble TOUKM JOJDKHBI 3aIaBaThCsl B pabodeit
obnact poboTa, orpeaessseMoit TabapUTHBIMU
pa3MepaMu 3BE€HbEB U JOMYCTUMBIMU JTUAIIa30-
HaMU U3MEHEHUsT 0000IIEHHBIX KOOPAWHAT.
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KBASUONTUMAJIbHOE BUOMOPDHOE NOAABJIEHUE
CJZTYYAUHbBIX KOJIEBAHUM YMPYTUX OBbEKTOB

PaccmorpeHa MogenbHas 3agadya O IOAABACHUU CIyYailHBIX KOJICOAHUI IIApHUPHO OIEPTOM OalKu
C TIOMOILbIO PAaBHOMEPHO paclpeleeHHbIX MO0 Hell aKTUMBHBIX racuteneid. IlpemnokeHO CUHTE3UpPOBaTh
pPeryJIsiTopbl HA OCHOBE MOMAJIbHOM JEKOMITO3UIIMU YIIPABISIEMOIro 00beKTa ¢ MCIIOJIb30BAaHUEM JTMHEHHO-
KBaApaTUYHOI0 KpuUTepus KadecTBa. IIpenyiokeH KBa3MONTUMAJbHBIM MOAXOA ¢ MMHUMMMU3alMeil MHOXe-
CTBa JIMHEWHO-KBAAPAaTUUYHBIX KPUTEPHUEB IOCJIECA0BATEIbHO, HAYMHAs C MEPBOM COOCTBEHHOU (DOPMBEIL.
IIpoBeneHo MaTeMaTUUECKOE MOMAEJIMPOBAHME KAaK CaMHUX BbIHYXKIEHHBIX CJIyJyalHBbIX KoJiebaHMiA, TaK U
pa3UYHbIX AIrOpUTMOB mnonasieHus. [IpoBeaeHo uccienoBaHue poOACTHOCTU MOJANbHBIX PEryJSITOPOB
NyTeM U3MEHEHUS TOYHOCTHU 3aIlaHUS WX MapaMeTpoB.

OIITUMAJIBHOE YITPABJIEHUE; POBACTHOCTDb; KOJEBAHUWS; JEKOMITO3M1I M.

V.V. Kotov, D.G. Arseniev, V.A. Polyanskiy

QUASIOPTIMAL BIOMORPHIC MITIGATION
IN RANDOM VIBRATION OF ELASTIC OBJECTS

The given paper investigates the model problem of mitigating random vibrations of a hinged beam using
evenly distributed actuators on it. It has been proposed to synthesize the regulators based on the modal
decomposition of a controlled object using the linear-quadratic criterion of quality. We have also proposed a
quasioptimal method with the minimisation of multiplicity linear-quadratic criteria successively starting with the
first eigenform. The mathematical modeling of forced random vibrations and various algorithms of mitigation
has been conducted. The robustness of modal regulators has been investigated by varying their parameters. The
results have demonstrated a very good degree of mitigation forced random vibrations of a modeling object,

especially in the modal control case in comparison with other strategies to solve control problems.
OPTIMAL CONTROL; ROBUSTNESS; VIBRATIONS; DECOMPOSITION.

IIpyMeHeHrEe ONTUMANbHBIX aJIrOPUTMOB
yIpaBJeHUs MPU aKTUBHOM ITOAABJICHUU BbI-
HYXIEHHBIX KOJeOaHUI YIPYIrUX CUCTEM HMeE-
€T MIYyOOKUI (PU3NIYECKUI CMBICH, T. K. OOJb-
ILIMHCTBO KPUTEPUEB ONTUMAIbHOCTU HOCAT
«OHEpreTUYeCcKmii» Xxapakrep. Hwuskasg sHep-
TYsl BBIHYXKIEHHBIX KOJe0aHUIl COOTBETCTBYET
MUHUMYMY KpUTEpUS. DTOT TMOAXOM IITMPOKO
npumensercs [1—5].

BMecte ¢ TeM u3BeCTHBIE PE3yabTaThl OT-
HOCSTCS K YIIPYTUM CUCTEMaM C OTHOCUTEILHO
HEeOOJIbIINM KOJIMYECTBOM JaTYMKOB OOpaT-
HOI CBSI3U M aKTyaTopoB. Ilo MexaHMYeCKUM
COOOpaXEeHUSIM 3TU JaTYMKWA HE TO3BOJISIOT
C JOCTaTOYHOU TOYHOCTbIO KOHTPOJMPOBATh
OoJIbIIIE MBYX-TPEX COOCTBEHHBIX YACTOT KOJ€E-
0aHUil ynpyroro oobekrTa (HalpuMmep, BOCeMb
JaTYMKOB U BOCEMb aKTyaTOPOB Ha KBajapar-
HOM yIIpyroil IUTacTMHE). DTO TPUBOAUT K
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¢akTMUeCKOl HeHaOJI0JaeMOCTH yIIpaBJsie-
MOro o0bEeKTa. YBeJIMUeHHUe KOJMYEeCTBa JaT-
YUKOB IIPUBOIUT B Clydae paclpereeHHbIX
VIIPYTUX CHUCTEM K IIJIOXO OOYCIOBICHHBIM
HEJIMHEWHBIM CHUCTEMaM ypaBHEHUI OOJBILION
pa3MEpHOCTH [UIST ONpeACeHUS BEJIMIMHBI
VIIPaBISIOIINX CUTHAJIOB.

B [6] mts ipeomoneHUs TII0X0M 00YCIOB-
JICHHOCTY MpemIOXeH AeKOMIO3ULIMOHHBIN
noaxona. Ho ero npumeHeHue 3¢hEHEKTUBHO
TOJIbKO IIPU MPOBEACHUHN MapasIeIbHON ONTU-
MM3aLMN PACIIOIOKEHUS JaTYNKOB U aKTyaToO-
POB CUCTEMBI YIIPaBJICHUS Ha pacIipeaeIeHHOM
o0bekTe. IlprMeHeHne IeKOMITO3MIIMOHHOTO
Moaxoja K 3agayaM CMHTe3a ONTUMAaJIbHBIX CU-
CTEM YITPaBJICHUS 110 IMHEIHO-KBaAPATUIHOMY
KpUTEPHUIO HE JaeT OJHO3HAYHOIO pe3y/bTaTa,
T. K. JUIST TIocKa KOo3(pGUINECHTOB YCUICHUS
B KOHTypax oOpaTHOM CBSI3U HEOOXOIMMO pe-
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1IaTh CUCTEMY CBSI3aHHBIX HEJIMHEWHBIX ypaB-
HEHUM OOJIBIION Pa3MEPHOCTH.

BwmecTe ¢ TeM ONTUMU3AaLIMOHHBINA MOAXO.
MO3BOJISIET aBTOMATUYECKHU MOJIyYaTh YCTOMYUM -
BbI€ CUCTEMBI yrpaBieHus. HecMoTps Ha OT-
JeJbHEIE MPOOJeMbI, B CPeIHEM KayeCTBO IIe-
PEXOIHBIX TIPOIIECCOB U CTEIEHb MOMaBICHUSI
BBIHYXKIEHHBIX KOJIeOaHUI B TaKHUX CHCTeMax
— ONTHUMAJbHBIE, YTO BaXXHO IS IIPAKTUKU.
M3-3a OOJBIIOTO KOJIWYECTBA MEPEMEHHBIX
COCTOSTHUS (TEOpeTUYECKU OECKOHEYHOIo) M
JIIPYTA€ METOAbl CUHTE3a YCTOMYUBOW CUCTEMBI
YIIpaBJICHUS SBISIOTCS OYEHDb TPYIOCMKUMU.

bonpime mpeumyllnecTBa  MOJAJbHOIO
YIIpaBJI€HUs W AEKOMMIO3UIIMOHHOIO ITOAXoAa
MO3BOJISIIOT MCKaTh pelleHUs] 3adayd CUHTE3a
PETYJIITOPOB CUCTEMBI YIIPABICHMS pacIipee-
JICHHBIMU O0BEKTaMM C IIOMOILbIO KBa3MOMNTH -
MaJIbHBIX aJITOPUTMOB.

HenocrtaTrok MHOTMX OITHMMAJIBHBIX ajro-
PUTMOB — 0OJIbIIAS YYBCTBUTEIBHOCTD MIPUHU-
MaeMbIX pellleHUIA K M3MEHEHUIO ITapaMeTpoB
pacripeneaeHHoro oonekra. Iloatomy wmccie-
JOBaHUE POOACTHOCTU MOIAJIBLHOIO YIIpaBiie-
HUS SBISETCS KPUTUYECKM BaXXHBIM IS MX
NPUMEHEHUST Ha IIPAKTUKE.

ITocTanoBKa 32124l ONTHMAJIBHOIO YIPABJIECHHS
KOJICOAHUSAMH pachpeneeHHOro 00beKTa

3a MCKIIOYEHUEM CIEUUAIbHBIX CIIy4yaeB
ABTOKOJIEOAHWIA U TapaMeTpUYecKoro pe3o-
HaHCa MOXHO CYWTaTh KOJEOAHUS YIPYTUX
CHUCTEM MaJIbIMU MO aMIuiuTyzae. B atom ciry-
Yae YpaBHEHMUS YIIPABISIEMOTO MEXaHUYECKOTO
00beKTa MOXHO paccMaTpvBaThb B JIMHEWHOM
TMPUOTVKCHUU:

X = AX + BU + Gf,
Y =CX, (D)
X©0) = X,,

rae X — BEeKTOp NMepeMEeHHBIX COCTOSIHUST 00b-
eKTa pa3MepHOCTU [n]; Y — BekTOp HabJoae-
HU1 pasmepHocTH [m]; U — BeKTOp yIpaBie-
HUM pasMepHOCTH [/]; f — BEKTOp BHEILIHUX
BO3ICHCTBHIT pasMepHOCTH [g]; X, — BEKTOp
HavyaJbHBIX YCJIOBUi; A — MaTpula JuHea-
pU30BAaHHOM CHUCTEMBI YPAaBHCHUM, OIUCHI-
BalOLLE OOBEKT YIPaBICHUS, Pa3MEPHOCTU
[nx n]; G — maTpulia BHESIIHUX BO3ICUCTBUIA
JIMHEapU30BaHHOM CHCTEMBI YpaBHEHUIl pa3-

MepHOCTU [nx[]; B — Marpuuia ympaBieHUs
JINHEAPU30BAHHOM CUCTEMbl YPABHEHUI pas-
MEpHOCTH [n x ¢q]; C — marpuiia HabomaTess
pa3MepHoCTU [m x n).

TpeOyeTcss HalTU BEKTOp YMPaBISIONIAX
Bo3aeicTBuil U, obecrieuynBarolIil CHIKEHUE
aAMITIATYNl YOPYTUX KOJEO0aHWM TEepEeMEHHBIX
COCTOSTHUS X TS IIIMPOKOTO KJIacca BHEUTHUX
TapMOHMYECKUX BO3JAEWUCTBUIA f.

3agaya cOCTOMT B MUHUMU3ALIMU (QYHKIIU-

oHana J(U) = ]:||X (o>)||2 y(w)dw, rae ® — yacro-

Ta BHEIIHETO 0rapMOHI/meCKOFO BO3IEHCTBUS;
y(®) — BecoBas GyHKUMS; X(w) — BEKTOp aM-
IUIMTYAbl TapMOHMYECKUX KOJeOaHUil mepe-
MEHHBIX COCTOSTHUS.

Penrenue aToil 3amauu B cilydae YIIPYTrOro
00beKTa C COCPEIOTOYCHHBIMU aKTyaTOpamu
U JaTYMKaMHU, U3MEpPSIOIIMMU TeKYyIllee CO-
CTOSTHUE CUCTEMBI [6], MPUBOAUT K JTUHEWHBIM
ypaBHEHUSIM OTHOCUTEIbHO BEJIMYMHBI YIIpaB-
JIFIoIUX Bo3aevicTBuit Buma AU = B, tne A —
MaTpulia IoAATIMBOCTU 00beKTa IO OTHOIIIE-
HUIO K BO3JEUCTBUIO aKTyaTOPOB.

ITonyyeHHOe oONTUMAJbHOE YIIpaBIeHUE
TpeOyeT U3MEPEHUS BCETO BEKTOPa COCTOSIHUS
M XOpollei OOYyCJIOBJIEHHOCTHM MaTpUlbl A.
M 1o u npyroe TpeboBaHUE B yIPYIUX pacipe-
JeJICHHBIX CHUCTeMax He BBHINOJIHsIeTCsS. BBumy
OECKOHEYHOTO 4YHMCJIa COOCTBEHHBIX (hOpM, Yy
HUX (opMaJbHO HapyILIEHO YCJIOBUE HAOIIO-
Ja€MOCTH, a 00YCJIOBJICHHOCTh MaTpuULIbl A 3a-
BUCUT OT COOTHOIIEHUSI pa3MepoB U B Cllydyae
CTEpKHEW, TNTOCKUX OOBEKTOB WJIM O00JIOYEK
B IPUHIIUIIE HE MOXET OBITh XOPOIEH.

Eme omHuM HemocTaTKOM JaHHOM OITH-
MaJbHOI TIOCTAaHOBKHU SIBJISIETCSI IIPOrpaMM-
HBIIA XapakTep OITMMAJIBHOIO YIIpaBJICHUS,
4YTO B ClIy4yae HETOYHOIN MAEHTU(UKALINUU MO-
JeJn pacipene/eHHOro o0bekTa aBToMaTuye-
CKM IIpUBEIET K IONOJHUTEIbHBIM OLIMOKaM
perynupoBaHusl. K aHaJIOrMYHBIM pe3yibTa-
TaM TIPUBOIMT MCIoOJb3oBaHue H, u H Kpu-
TEepUeB.

ITosToMy OoJiee TOIXOASIIEH IMOCTa-
HOBKOHM 3aJauM TpeACTaBIsIeTCS JIMHEWHO-
KBaIpaTUYHbIA KpUTEpUI KayecTna,
YUMTHIBAIOIIMI 3aTpaThl Ha YIIpaBJIeHUE U aB-
TOMATUYECKU OOECIIeYMBAIOILINI YCTOMYUBYIO
CHUCTEeMY YIpaBJieHUs] JUHEHHOU OTpuLIaTe)b-
HOM 0OpaTHOI CBSI3bI0, CTATUYECKUE OILLMOKMU

101



HayuHo-TexHMueckmne segomoctu CI16IT1Y 5' (205) 2014

MHdopmatnka. TeneKoMMyHUKaLMn. YnpasneHue

peryimpoBaHus B KOTOPOM 3aBUCAT TOJBKO OT
BEJIMYMHBI KO3 GUIMEHTOB 00paTHBIX CBSI3Ei
U B TIEPBOM MPUOJMKEHUM HE CBSA3aHbI C TOY-
HOCTbhIO uaeHTUuKauuu. I[Ipsmoe UCIIOIb30-
BaHME KPUTEPMS MPUBOAUT K CUCTEME HEJIM-
HelHbIX ypaBHeHMI Jlypre—PukkaTu.

J1s1 TipeofoieHus BbIYUCIUTEIbHBIX MPO-
OseM mpemiaraeTcsl MCIOJb30BaTh KBa3WOIM-
TUMaJbHBIA  JI€KOMIIO3ULMOHHBIMA  IOIXOI.
[ToMyMoO  yHOpolEHUS  ONTUMM3ALMOHHEIX
MpoLeayp OH IO3BOJSIET PELIMTb PSa ApPY-
TMx mpoOJjieM IIpU MPOEKTUPOBAHUU CUCTEM
yIpaBJeHUs pacnpeneieHHBIMUA 00beKTaMMu.

CraHmapTHBIN IIOAXOM IpearojaraeT, 4ro
JaTYMKN OOpaTHBIX CBS3€il pPacloJIOKEHbI B
MecTax IIPWIOXEHMUS YIIPABJISIOLINX BO3IEii-
ctBuit. Takum obpa3zom, yuciaa m u [/ coBnaga-
10T, 1 MOXHO IOCTPOUTH M KOHTYPOB JIOKAJIb-
HOI O0paTHOM CBSI3U, B KaXIAOM M3 KOTOPBIX
OpraHM30BaTh yIpaBjeHUE BUIA

U=-Hy, @

rae U, — KOMIIOHEHTa BEKTOpPA YIPaBICHHUS;
};— KOMITOHEHTa BEKTOpa HaOJIIOAEHUS; 1-5 -
oIepaTop CUCTEMBI YIIPABJICHUS B j-M KOHTYpe
00paTHOM CBSI3M.

Kak mpaBuiio, B KOHTypax oOpaTHOI CBSI-
31 ucnoas3ytorcsa ITUI-peryasTtopsl, T. €. B
OpPOCTPAHCTBE TepeMeHHBbIX Jlarmmaca Hj(p)
SABJSIETCS NPOOHOI pallMOHANbHON (PyHKIIUEH
CO 3HaMeHaTreJeM M YUCIUTEIEM BTOPOTO IO-
psnxka. Ilpu TakoM Ioaxode 4acTh OOBEKTa,
yIIpaBjJicHHE KOTOPBIM IIPOM3BOAUTCS B JIO-
KaJIbHOM KOHTYype OOpaTHOIl CBS3U, MOe-
JINPYETCS] B BUIE COCPENOTOYECHHOIN MAacChl M
VIIPYTUX CBS3€l, YTO MPUOIKEHHO OTpaXaeT
peangbHOe TIOJ0XEeHHE.

B nmaHHOM ciyyae MOSIBASIETCSI PSio IIPO-
oneM:

e OTcyTCTBUE yuyeTa B3aMMOBJIUSHUS IIPU-
BOJIOB, YCTAHOBJICHHBIX Ha OTHOM pacIipeic-
JIEHHOM OOBEKTE, IPYTr Ha JApyra v CBA3aHHbBIC
C OTUM 3aTpaThl JOIOJHUTEIHFHON MOIIHOCTU
M OLIMOKU peryairpoBaHUsI.

e BoJbimoe KommyecTBO M30JIMPOBAHHBIX
KOHTYPOB OOpaTHBIX CBsI3€ll CHIMXKAET IIOME-
XO3aIMIIEeHHOCTh BCEI CUCTEMBI YIIPaBJICHUS,
T. K. KOHTYpbl YyHOpaBJIeHUS CBSI3aHbI 4epe3
caM YIpPYIuid OOBEKT, M BIMSHHE ITOMEX MO-
JKeT HapacTaTb C POCTOM 4ucjia KOHTYpoB. bo-
Jlee TOro, BO3MOXHBI 3(pdeKThl TUIAa «camMo-
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CHMHXPOHM3allMM BUOPAaTOpPOB». YMEHbIIEHNUE
KOJIMYeCTBAa OOpaTHBIX CBSI3€l aBTOMATHUUYECKU
MPUBENET K YBEIUYCHMIO OIIMOOK, T. K. YaCTh
MPUBOIOB OKAXKETCSI HE 3aICHCTBOBAHHOM.

¢ He pazpabortan oOmmit moaxom B ciayyvae,
KOrma KOJIMYECTBO JaTYNMKOB OOpaTHBIX CBSI3Ei
HE COBMAAAET C KOJMYECTBOM IPUBOAOB.

Ilposenem nexkomrmo3unio. CoOCTBEHHbBIE
(opMBI IBMKEHUS YIPYTroro OOBEKTa 3adaroT
MaTpuIly Heoco0oro mpeoOpazoBaHuUsS S, Ta-
KOro, 4yto SAS™' uMeeT IMAroHaJIbHBIA BUI.
VYMHOXUM IIpaByI0 U JIEBYIO YaCTU CUCTEMBI
(3) Ha maTpuily S M coelaeM 3aMEHY BHIa
SX = g, Torma moay4uM CUCTEMY

G =SAS'q + SBU + SGf,
Y =CS'q, (3)
q(0)=SX,,

rae ¢ — BeKTop Ko3(PUILIMEHTOB COOCTBEHHBIX
(opM IBUKEHUS YNPYroro odobeKTa pa3Mep-
HOCTH [n], KOTOpPBIIA 3aMEHUT BEKTOp Iepe-
MEHHBIX COCTOSTHUS.

HexkoTtopkbie CI0XXKHOCTA MOTYT BO3HUKHYTh
TpU ONpeNeICHUU BEKTOpa ¢ 110 JaHHBIM AaT-
yuKoB Y. OgHaKO MBI I10jlaraeM, YTO KOJIMYe-
CTBa MaTYMKOB JOCTATOYHO i1 HEBBIPOXKIECH-
Hoct MHpopMmanoHHoit Matpuusl (C'C).
Torma o1 ompeneneHUsT BEKTOpa ¢ BOCIIOJb-
3yeMcsT 0000IIIeHHOM MPOoLIeaypoi oOopaleHus
matpuusl C.

qg=S(C"C)'C"y, 4

e S(C'C)'C" — marpuia nepecyera BEKTO-
pa HabJIIoeHNI B MOYJIM COOCTBEHHBIX (DOPM
YIIPYTOro O0BEKTA.

VYnpaBneHue OydaeM BbIOMpaTh B BUIE
U=kF(q -q), tne q* — 3aJaHye Ha 3Haye-
Hue Moayseit hopmbl; kK — KO(OULIMEHT yCU-
JIEHUSI, KOTOPBIII MOXET OBbITh B 00ILIEM ClIydae
orepaTopom (Harpumep, ITU]/I-peryasTopom);
F — marpuna takasi, ytro SBF umeer nuaro-
HaJIbHYIO CTPYKTYPY.

HomycTuM, 4TO BBIOOp Takoil MaTpuubl F
Bo3MoxeH. Toraa u3 cucteMsl (1) moaydum:

q= AAq +kAB(q* _Q)"‘SGfs
g=SC"0)y'C", %)
q(0) = SX,

me A, =SAS" u A, = SBF — nuaroHajb-
Hble MaTPULIbL.
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VYpaBHeHus (5) B OTIUYME OT ypaBHEHUM
(1) aBSAIOTCS HECBSI3aHHBIMM, YTO ITO3BOJISIET
MPU CUHTE3€ YMPABICHUS UCTIOIb30BATh TOIb-
KO 4YacTb MEPEMEHHBIX BEKTOpa ¢, BApbUPYS
YUCJIO TIEPEMEHHBIX B 3aBUCUMOCTU OT Tpe-
0OBaHWI K KA4yeCTBY IMOMABJICHUS BUOpAIIUIA.
J7s1 MCTONIb30BaHUS TIPEUMYIIIECTB JEKOMITO-
3ULIMU TIPOBEJEM ONTHUMU3ALUIO TIO KAXKIOMY
YpPaBHEHUIO CUCTEMBI (5) OTOEIbHO. DTO MpH-
BENIET K CUCTEME KPUTEPUEB BHUIA

JAUY = [0, + UiR)dt, k =1, .., n,
0

rae U, g, — KOMIIOHEHTHI COOTBETCTBYIOLIMX
BekTOpOB ¢, U, Q,, R, — BecoBble KO3 bu-
LMEHTHI KPUTEPHSI, COOTBETCTBYIOIINE HOMEPY
COOCTBEHHOM (hOPMBI pacHpeaeIeHHOIO YIIpy-
roro oobekTa. MUHUMHU3AINSI KPUTEPUEB MO-
JKeT OBITh ITPOBEIeHAa MOCIeA0BATEIBHO U I10-
3BOJISIET MOJYYUTh TMHAMUYECKUE PETYIISITOPHI
MEepBOro MOpsSIAKa IS KaXIoil MOHdbl KOJe-
O0anmii. BecoBble KO3(DUIIMEHTHI TTO3BOJISIOT
YUYUTHIBaTh KE€CTKOCTb KaXIOW COOCTBEHHOM
¢opMBI, 1 X BEIOOP BO3MOXEH KakK IO CTaH-
JApTHBIM MU JIMHEHHO-KBaApaTUYHOIO KpH-
Tepusl MpaBWwiIaM, TaK U C YYETOM OIpaHU-
YEHUI Ha BEJIMYMHY W YaCTOTHBIM Iuara3zoH
VIIPABJISTIOIINX CUTHAJIOB.

CpaBHeHne pa3J'lI/l‘lelX nmoaxoaoB
K IIOJABJICHHUIO BBIHy)KZ[e}IHLIX KOJIeﬁaHI/Iﬁ
HA MOJEJLHOM O0BEeKTe

B kauecTtBe MOAEIbHOrO 00OBEKTa BHIOpaHa
6anka bepHyiun, mIapHUPHO onepTasl Mo KOH-
nam. KonebdaHus 0aiku Bo30yKI1al0TCs MPUIIO-
JKEHMEM B €€ cepelurHe U3rubarolIero MoOMeH-
Ta M, UBMEHSIOLIETOCS CITyYaiiHBIM 00Pa3oM.
Yronm moBopoTa KacaTeJIbHOM K CpeaHeil JIu-
HUU OIKK ¢, = ¢(x, 7) B KaXIblii MOMEHT
BPEMCHU U3MEPSIETCS B IECATH ITOMEPEYHBIX
CEUCHUSX, BBIOPAHHBIX PABHOMEPHO MO JJIM-
He 0anKM, UCcKIodasd KOHIbI. B aTux Xe ceue-
HUSIX MOTYT OBITh HPUJIOKEHBI YIIPABISIONINE
MOMEHTBI M, C 11eJIbI0 YMEHBLICHNST aMILTUTY-
bl U3TMOHBIX KOoJieOaHUI Oalku. YpaBHEHUS
JIBVKEHUS TIOAPOOHO OIMMCAHEL B [7].

OnTuMusupyeM yIIpaBieHUE B Hallleil CH-
CTeME C IOMOILIbI0 M3BECTHOIO B JIMTEpaType
MOIX0Ma; JTUHEMHO-KBAAPATUIHOTO PETYJISITO-

pa [8].

PaccMoTpuM ypaBHeHME IS IIABHBIX KO-
OpIMHAT:

B+ NB+QB=

= MBu'(é)JriMj(xj)u'(xj), ©)

rme N — xoadpdumueHt aeMiipupoOBaHUS,

EI ((kn\* y
= _A T — KBaJapar CO6CTBCHHOI/I ya-
P,

CTOTBHI M3TMOHBIX KonebaHmit Oanku;, M, —
BHEIIIHWI U3rM0amIIii MOMEHT.

IIpeobpasyem (8) K AMHAMWYECKOW CHUCTE-
M€ IIePBOro IOopsaKa:

X = AX + BU +Gf,

Q2

(7

Y =CX,

p :
rme  X(t) = 5 — BEKTOp COCTOSIHUS;
4 0 1

= — MaTpuMlla CHCTEMBbI,;
-0’ - N P

B = { 0 } — MaTpula yIIpaBJICHUSI.
u'(x)

B ciiyyae paBHOMEPHOIO COCTOSIHUS 3aKOH
yIIpaBJI€HUsI, OCHOBaHHBIII Ha OOpaTHOM CBS-
31, ABJISACTCS JIMHEHHBIM BpEMEHHBIM MHBapU -
AHTOM COCTOSIHMI W MOXET OBITh 3alucaH B
cnenytomein ¢opme U = —KX, tne K — pery-
JISTOP, KOTOPBIA HY>KHO OIPEICIUTD.

B pamkax kjaccuyeckoro ympaBieHUsT C
TMOMOIIbIO JTMHEWHOT0-KBaApaTUYHOIO pPEry-
ngropa (LQR) MunuMu3upyercs: Ciaemayoimii
¢dyHKUIMOHAI:

J= % [(XTQX +UTRU)dt - min,
0

rme Q u R NpeacTaBisiOT BeCOBbIe KO3 hu-
LIMEHTHl Ha Pa3IMYHbIX KaHajlax COCTOSTHUS
u ynpasiaeHusi. COOTBETCTBYsI 3ajaye OITU-
MaJIbHOTO YIpaBjieHus, marpuiia @ JO0JDKHA
ObITb CUMMETPUYHON M HEOTpHUIIATEJbHOM, a
Marpula R CUMMETPUYHOU U TOJOXUTEIbHO
ONPEIEICHHOMN.

3aKoH yMpaBJeHUs] NAeTCsl CIEAYIOLIUM

BbipaxeHueM U= —K . X, ¢ K03 duimeHTOM

ycunenus K . = R'BTP.

LOR
HOCTOﬂHHaH MaTpuia P ABJIACTCA PCIIC-

HueM ypaBHeHUs JIypbe—Pukkaru
A"P+PA+Q-PBR'B"P=0.
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angle [rad]

08 ! ' !
0 5 10 15 20 2 Ell

Time [g]

Puc. 1. OcumutorpamMMa curHazia ¢ gaTauka 2
TIPY YIIPaBJICHUN C TTOMOIIBIO
JIMHEMHO-KBAJIPAaTUYHOIO perysropa

Torma ypaBHeHUE COCTOSIHUSI M3 CHUCTEMBI
(9) mpeobpa3zyeTcs K CIEAYIOIIEMY BHUIY:

X =(A-BK, ;)X +Gf.

PesynbraT yrpaBieHuss KojieOaHUSIMUA MO-
JIeILHOTO0 00BbeKTa MOXHO YBUAETh Ha puc. 1.

HeoOxomguMbIM ~ yCIOBUEM IIPUMEHEHMUS
KBa3MOINTUMAIbHBIX TTOAXONOB SIBJISIETCSI HU3-
Kasi 4yBCTBUTEJBHOCTb PE3yJIbTaTOB IOAABIC-
HUS KoJieOaHMIA C IIOMOIIBIO CHMHTE3MPOBaH-
HBIX PETyJISITOPOB K U3MEHEHMSIM ITapaMeTpOB
00BbeKTa U TOUHOCTHU 3aJaHUsI KO3 PULIMEHTOB
PEryIsITOPOB. AHAJIUTUYECKOE MCCIeIOBaHUE
TpeOyeT B cTydae Halllero MOACILHOTO OOBEeKTa
TPOMO3AKMX BBIUMCICHUI, TTO3TOMY IIEIECO-
00pa3HO MPOBECTU YHUCICHHOE MOJCIMPOBAHNIE
paboOTHl CUCTEMBI YIPaBJICHUS, MOCTPOCHHOMN
MO MPUHLUMITY MOIAJbHON AEKOMIIO3ULIMU, U
CpPaBHUTbH PE3yJIbTaThl C MPUMEHSIEMBIMU IS
STOM LENM JIOKATBHBIMU PETYISITOpaMu. Tem
0ojiee YTO B LIEJIOM psiiec MCTOYHUKOB [1—35]
JIOKaJIbHOE YIIpaBJIEHUE paccMaTpUBaeTCsl Kak
0oJiee ToUHOE U pobACTHOE.

Js1 1mopaBiaeHMST CAy4YalHBIX KoOJaeOaHUit
0ajlkM NOpPUMEHUM [JIBa JPYIUX ajJroputMa
YIIpaBJICHUS.

[lepBblii COOTBETCTBYET MEXaTPOHHOMY
noaxony [9, 10] (puc. 2), B paMKax KOTOPOIO
OpraHM3yeTCs YIIpaBJIeHNEe ¢ OOPaTHOU CBSI3BIO
M0 U3MEPEHUSIM YIJIOB:

M, =-K o(x,,1), (8)

J
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rae Kj — Ko3(PUUMEeHT 0OpaTHOM CBSI3U B j-M
CCUYCHMUN.

Btopoii anroput™ oTpaxaeT CyTb MOAAIb-
HOro KOHTpoJs (puc. 3, 4), B KOTOPOM YIIpaB-
JIIOIIMA MOMEHT B KaXIOM cedyeHUu cdop-
MUpPYEM B BHUIIE

M,(t)=-K,> s, ;p(1), )
k=1
10
rie  p(t) =Y o(x;,1)9,(x;) — cKansipHOe
=1

0.6

0.4

0z

angle [rad]

-0.2

-0.4

-0.6

1
a 5 10 15 20 25 30
Time [s]

Puc. 2. OcuunnorpaMma curiaja ¢ gaTymka 2
IIOJ, YIIpaBJICHUEM IIPH JIOKAJTHHOM 3aMbIKAHUM
JIECATH KOHTYPOB OOpaTHOM CBSI3U

angle [rad]

I
1] 5 10 15 20 25 30
Tirne [s]

Puc. 3. OcummiorpamMma curHajia ¢ gaTymka 2
TPV MOIAJIEHOM YIIPABJICHUM IO YeThIpeM hopMam
(4eThIpe KOHTYpa 0OpaTHOM CBSI3M)
Becosrie KOB(i)(I)I/IL[I/IeHTI)I skJ 3aaHbl C TOYHOCTBIO
J10 YETBIPEX 3HAYaAlIMX L[I/I(pr nocJje 3angaTon
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0.025

0.0z

0018

0m

0.005

angle [rad]
{u]

-0.005

0.m

0Ma

-0.02

0025 1 I I I I
1} a 10 18 20 25 3n

Time [s]

Puc. 4. OcumutorpaMmMa curHaia ¢ gaTavika 2
MpY MOJAJIbHOM YIIPaBJAECHUM 110 YEThIpEM
¢dopmam (UeTbIpe KOHTypa OOpaTHOU CBSI3M)
BecoBbie KoapuLIMEHTbI s, ; 3allaHbl
C TOYHOCTBIO 10 3HAKa

MPOU3BEICHUE BEKTOpa, 00pa30BaHHOIO 3Ha-
YEeHUSIMU YIJIOB B CEUCHMSIX, TIe YCTAHOBJICHEI
JaTUMKU, U BeKTopa k-ii (hopMbl KoJieOaHUA,
COCTaBJICHHOTO M3 3HAYCHUN, BBIYMCICHHBIX B
TeX Xe CeYCHUsIX; S, — BECOBBbIC KO3(hduim-
eHTel; m < 10.

KoadduuueHtsl obOpaTHOI CBS3UM KaK B
ciydae JIOKAJIbHOTO, TaK U B ClIydae MOAAJIbHO-
rO yIIpaBcHUS OymeM OpaTh ONMHAKOBLIMU BO
BCEX CEYEHUIX U PaBHBIMU Kj= 100 Hwm/pan.

PaccMoTpyM  pe3ynbTaThl  IPUMEHEHMUS
npeaiaraeMoro KBa3uonTHMalbHOIO MOAXO0Ia.
Ha puc. 5, 6 npencrasieHbl pe3yabTaThl IMO-
JaBJICHUS IIMPOKOIIOJOCHBIX CIyYalHBIX KO-
JnebaHuii Tipu TnocaenoBaTenbHoir LQR onTu-
MU3alUU 10 Pa3IMYHOMY YMCIIy COOCTBEHHBIX
¢dopM KonebaHUI.

PesynbraThl MoOmennMpoBaHUSI ITOKA3bIBAIOT
3HAYMTEJIbHBIE TIPEMMYIIECTBA MOIAIHHOTO
yIpaBJAeHUsI 0 CPAaBHEHUIO C KJIACCUYECKUM
MOJAXOAOM, OCHOBAaHHOM Ha MCIIOJb30BaHUU
JIMHEeTHO-KBaApaTUYHOTO peryistopa. B cBoio
odepelb MOJAJIbHOE YyMpaBiIeHWE TPU MEHb-
1IeM Yucjie KOHTYPOB OOPaTHOM CBSI3U YEThI-
pe MIPOTUB ACCSATU OKa3biBaeTcs 3 (GEeKTUBHEE
JIOKaJIbHOIO yrpaBieHus. Jlaxke B TOM ciydae,
Korma Ko3hGULMEHTH pacpeacIeHUsT YCUINA
aKTyaTOpOB I10 ¢opMaM 3aaHbl C TOUHOCTHIO
JI0 3HaKa, yAaeTcs IOJYyYUTb 00Jjiee BBICOKYIO
CTEIIeHb TOJaBJICHUS] KOJiebaHWil, 4eM IIpu
JIOKQJIbHOM YIIPaBJICHUU I10 AECSITU KOHTYpam
¢ 00paTHOM CBS3bIO.

IIpoBeneHO wMccilenoBaHUE  PA3IUUYHBIX
MOIXOMOB TOAABICHUS KOJEOaHUl YIpyrou
6aJ'IKI/I, BbI3BAHHBIX IIPUJIOKEHUEM BHCUIHETO
M3rubarolero MOMeHTa, M3MEHSIOIIETrocs Mo
CJIy4allHOMY 3aKOHY.

ITonyyeHHBIE pe3yabTaTbl MOAEIMPOBAHUS
MoKa3aju, 4TO IIPUMEHEHHE pa3pabOTaHHBIX
KBa3WONTUMAIbHBIX aJTOPUTMOB MOJAJbHO-
ro KOHTpPOJISI CIIOCOOCTByeT 0o0jiee TOUHOMY
YIIpaBJICHUIO CUCTEMOI IO CPaBHEHUIO C KJac-

1.5

0.4

03

02

0.1

0

angle [rad]

0.1

-02

-0.3

-0.4

1
] ] 10 15 20 25 30
Time [s]

Puc. 5. OcummiorpamMma curiajga ¢ gaTyvka 2
MPY MOJAJTEHOM YITPaBJICHUH 10 OXHOM (popme
(omyH KOHTYp OOpaTHOM CBS3H)
BecoBbie Koa(hpuLIMEHTBI s, ; 3allaHbl
C TOYHOCTBIO OO0 3HAKa

angle [rad]

qns 1 1 1
1] ] 10 15 20 25 3o

Time [s]

Puc. 6. OcuwiiorpaMMa CUrHaja ¢ jatyuka 2
MIPY MOIAJIbHOM YIIPABJIICHUM IO TpeM (popmaM
(TpY KOHTYpa OOpaTHOI CBSI3U)
BecoBbie koahdULIMEHTHI 8, 3alaHbI
C TOYHOCTBIO 1O 3HaKa
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CUYECKMM ONTHMMAaJIbHBIM IOAXOIOM Ha 0ase
JIMHEeTHO-KBaApaTUYHOIO peryiasaropa. Takxke
BBISICHEHO, 4YTO TIPM COIOCTAaBUMOM UMCJIE
OOpaTHBIX CBSI3eM M TeX Xe KoapduimeHTax
YCUJICHUS K/ 3(PPEeKTUBHOCTE MOJAIBLHOTO
yIIpaBJIeHUsI Ha MOPSIOK BhIle 3((EKTUBHO-
CTU YIMpaBIEHUS C JIOKAJbHBIMU OOpaTHBIMU
CBSI3SIMU.

Ha monenbHOM 00BeKTE yHaloch TakKxKe
YCTAaHOBUTH POOACTHOCTh MOAAJIBLHOTO YIIPaB-
JIeHUS.

Bricokast cTeneHp IIoHaBlIeHMSI BHUOpa-
Luii OblIa JOCTUTHYTA C MOMOIIBIO MOJAb-

HOTO YIIPaBJICHMS MaxXe B TOM CJIydae, Korma
BecoBble KO (ULIMEHTHI 8, 3alaBajluch ¢
TOYHOCTBIO 0 3HaKa, MOKa3biBasl TEM CaMbIM
pOo0ACTHOCTh IIPEIIOXKEHHOIO OINTUMAIbHOTO
aJropuTMa.

IIpemnoxeH KBa3MONITUMAJIBHBINA aJITOPUTM
MOCJIeN0BaTEIbHOM HACTPOMKM KOHTYPOB MO-
JajabHOro yrpasieHus. IIpuMeHeHHe TaKoro
aJITOPUTMa Ha TPAKTUKE TTO3BOJISIET SKCIIEPU-
MEHTAJIbHBIM IIYT€M OIpPEACIUTh KOJINYECTBO
COOCTBEHHBIX (POpM, HeoOXoAMMOe IJISl moaa-
BJICHMSI BEIHYKICHHBIX CIyYaliHbIX KOJeOaHUit
C 3aJaHHOM TOYHOCTBIO.
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1. OBLUUE NMOJIOXXEHUA

XKypnan «HayuyHo-TtexHuuyeckue BegoMocTu CaHKT-IleTepOyprckoro rocyaapCTBEeHHOIO IMO-
JIUTeXHUYecKoro yHusepcurera. MHpopmaruka. TereKoMMyHUKaluu. YTIpaBleHUE» SBISICTCS
MEepUOINYECKUM IIeUYaTHBIM HAydyHBbIM pPELEH3UPYeMbIM M3AaHMeM. 3apeructpupoBaHo Pene-
pajJbHOI ClIyX00i1 M0 Ham30py B cdepe MHOOPMALIMOHHBIX TEXHOJIOTUI M MAaCCOBBIX KOMMY-
Hukamuii (Pockomuanzop). CeunerenbctBo o peructpauuu [T No dC77-51457 ot 19 okTsa6ps
2012 1. C 2008 roma BbIMycKaeTcsl B COCTaBE CEPUABHOTO TMepuoanyeckoro n3nanust «HayuHo-
texHunyeckue Begomoct CIIGITIY» (ISSN 1994-2354).

HMzpanue ¢ 2002 roga BxoauT B IlepedyeHb BeaylUMX HAYYHBIX PELIEH3MPYEMbBIX XYPHAJIOB
n u3naHuit (nmepeyeHb BAK) u mpuHuMaeT mjis medyaTd MaTepualibl HayYHBIX MCCIEIOBaHUMA,
a TaKXKe CTaThM ISl ONYOJIMKOBAHUSI OCHOBHBIX Pe3yJIbTaTOB AUCCEPTALIM HA COMCKAHUE YYEHOM
CTEIEeHU JTOKTOpa HayK M KaHIMJaTa HaykK IO CJAEAYIOIIMM OCHOBHBIM HAayYHbIM HaIlpaBIeHUSIM:
NMHOOPMATUKA, BBIYNCIIUTEIBHAA TEXHUKA, PAAIMOTEXHUKA N CBS3b,
DJIEKTPOHUKA, USMEPUTEJIbHAA TEXHUKA, YIIPABJIEHUE B COLMAJIb-
HbIX 1 DKOHOMMWYECKHNX CUCTEMAX. HayuyHble HampaBieHUs XypHaja YYUTBI-
Baiorcss BAK MuHo6pHayku P® npu 3ammrte TOKTOPCKUX M KaHAWAATCKUX OUCCEPTALUil B
COOTBeTCTBUU ¢ HoMeHKIaTypoli crielMaJbHOCTEe HayYHbIX PAOOTHUKOB.

CBeaeHus1 o nyonukanusx npeacrabieHnsl B PUHIL, B PedepatuBHom KypHaie
BUHHWUTHU PAH, B MexnyHaponHoii cipaBouHoil cucteMe «Ulrich's Periodical Directory».

[MeproaMYHOCTH BBIXOMIA XypHasla — 6 HOMEPOB B TOJ.

2. TPEBOBAHUA K NMPEAOCTABJISEMbIM MATEPUAJTIAM

2.1. Odopmiaenne MaTepuajon

1. PexoMeHayeMblii 00beM CTaTEi MJISI aBTOPOB C YUEHON CTEIEHbIO JOKTOpa HAyK, 3BaHUEM
npodeccopa, corucKaTelneil yuUeHOU CTeIIeHN JOKTOopa Hayk (mokTopaHToB) 12—-20 crpanui ¢op-
mata A-4 ¢ yuyeToM rpacduyeckux BioxeHuil. KonnyecTBo rpauiyecKux BIOXEHUN (quarpamm,
rpacMKOB, pUCYHKOB, TaOauL, ¢poTorpaduii U T. M.) He JTOJDKHO MPEBLIIIATD 4.

2. PexoMeHayeMbIli 00beM cTaTeil mIsl MperogaBaTesieii, aBTOPOB 0€3 yU4eHOU CTeleHU, COo-
MCKaTejel yueHOM CTeleHM KaHauaaTta HayK — 8—15 crpanunr dopmara A-4; aciupaHTOB — §
crpaHull ¢popmata A-4 ¢ yueToM rpadmyeckux BiaoxeHuii. KoanaecTtBo rpa¢pnIecKux BIOXCHUN
(mnarpamm, rpacMKOB, PUCYHKOB, Tabaull, potorpaduii U T. M.) HE TOJKHO MPEeBbIIATH 3.

3. ABTOpPBI JOKHBI HPUAEPKUABATHCS CAEAYIOIIEH 0000IEHHONW CTPYKTYPhI CTaTbU: BBOTHAS
yacTth (0,5—1 cTp., aKTyaJbHOCTb, CYLIECTBYIOLIME MPo0JieMbl); OCHOBHAs 4acTh (ITOCTaHOBKAa U
oInMcaHue 3aJauyy, U3JIOKEHWE M CYTh OCHOBHBIX pe3yJbTaTOB); 3aKiatouuTesbHas dacth (0,5—1
CTp., IPEIJIOKEeHUsI, BBIBOAbI), cicoK autepatyphl (odopmiaeHue mo 'OCT 7.05.-2008).

4. Yucno aBTOPOB CTAaThU HE JOJDKHO IIPEBHIIIATH TPEX UEIOBEK.

5. Ha6op Tekcra ocymectsisercs B pexaktope MS Word, dopmyn — B pegakrope MathType.
Tabauupr HabMparTCI B TOM Xe (hopMaTe, YTO U OCHOBHOM TEKCT.

6. llIpudr — TNR, pasmep mpudra ocCHOBHOro tekcrta — 14, mHrepBan — 1,5; TaGauLbl
0O0JBIIOrO pa3Mepa MOTYT ObITb HaOpaHbl 12 kerneMm. IlapameTpbl CTpaHUMIIBL: TOJSI clieBa —
3 cM, cBepxy, CHM3Y — 2,5 cM, cIlpaBa — 2 CM, TEKCT pa3MelaeTcs 0e3 ImepeHoCOB. AO3alIHbIiI
orctyn — 1 cMm.



2.2. IIpenocTaBiieHHe MATEPHAJIOB

BmecTe ¢ MarepuanamMu cTaTby JOJDKHBI ObITH 00513aTE/IBHO IIPEIOCTABIICHBI:

e HoMep YIK B cooTBeTCTBMM C KiacCU(DUKATOPOM (B 3arojIOBKE CTaTbH);

e QHHOTAlIMSI HA PYCCKOM U aHIJIMMCKOM SI3bIKAX;

e KJIIOUEBHIC CjI0Ba (5—7) Ha PyCCKOM M aHIJIMIICKOM SI3BIKaX;

e CBeJcHMSI 00 aBTOpax Ha PycCKOM M aHrimiickoM s3bikax: ®UMO, MecTo padOTHI, HOIXK-
HOCTb, YIEHOEC 3BaHME, yUeHas CTeIIeHb, KOHTAKTHEIE TeiedOoHbI, e-mail;

e ACMMPAHTHI MPEICTABISIOT JOKYMEHT OT/Ae]a aCIIUPaHTYPhl, 3aBePEHHbII MeYaThlO;

e aKT 9KCTNEPTU3bl O BOBMOXHOCTHU OTMYOJIMKOBAHUS MaTepUaoB B OTKPBITOM Mevarw.

C aBTOpaMm cTaTeil 3aK/I04aeTcsl U3AaTeIbCKUM JTULICH3MOHHBIN JOTOBOP.

IIpenocraBneHue Bcex MaTepuaioB OCYIIECTBISIETCSI B 3JEKTPOHHOM BHIE 4epe3 JIMYHBIN
ka6buner DJIEKTPOHHOMU PEJAKIINY o anpecy http://journals.spbstu.ru

2.3. PaccMoTpeHne MaTepuaioB

IIpenocraBmenHbie MaTepuanbl (M. 2.2) IEepBOHAYAJBHO PacCMaTPUBAIOTCSI PeAaKIIMOHHOMN
KOJUIeTUe U mepenaroTcs s peueH3upoBaHusd. [locine ogodpeHus MaTepuanaoB, COrJIaCOBaHUS
pa3IMYHBIX BOMPOCOB C aBTOPOM (MIpU HEOOXOAMMOCTH) pelaKLMOHHAsl KOJIJIEerusl cooOlIaeT
aBTOPY peliecHue 00 OIyOJIMKOBaHUM CTaTbU. B ciydyae oTkasa B myOJMKallMM CTaTbU PEeIaKIIvs
HaIIpaBJIIeT aBTOPY MOTUBUPOBAHHBIN OTKa3.

IIpy oTKIIOHEHMM MaTepHajoB M3-3a HApYIIEHMS CPOKOB MOIauM, TpeOoBaHUI 11O 0dOopM-
JIEHUIO WJIM KaK He OTBeYalollMX TeMaTuKe XXKypHaja MaTepuaibl He MyOJMKYIOTCS U HE BO3Bpa-
1LIAFOTCSI.

PenakiimoHHasi Kosuterusi He BCTYIIAeT B AUCKYCCUIO C aBTOPaMU OTKJIOHEHHBIX MaTepUajoB.

[TyGaukanuss MaTepuaaoB acIMpPaHTOB OYHOM OIOMKETHOH (pOpMBI OOYUYEHMST OCYILIECTBIISICT-
cs1 OeCIUIaTHO B COOTBETCTBUU C OYEPEAHOCTHIO.

[Ipu mocTymieHU B peAaKiio 3HAYMTEILHOIO KOJMYECTBA CTaTei MX MPUEM B OYEPEIHOM
HoMep MoxeT 3akoHuYuThes JJOCPOYHO.

Bonee noapoonyo nngopManuo MOXHO MOJYYHTb:

Ha caiite XypHana http://ntv.spbstu.ru

no Tejedony peaakuun +7(812) 552-62-16 ¢ 10 o 18 Tammna AnekcaHapoBHA

wm no e-mail: infocom@spbstu.ru



