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AHOTAIIA

Bimwox A.€. Metonu 1 nporpaMHi 3acoOM Il aBTOMAaTW3allll yNpaBIIIHHS
poOOTU30BaHOIO KIHIIBKOIK. — KBamigikaiiiina HaykoBa Ipais Ha [IpaBax pyKOIuCYy.

Hucepraniss Ha 3700yTTS HAyKOBOTO CTyIeEHs JokTopa diurocodii 3a
cnenianbHICTIO 121 «IHXeHepist mporpaMHOro 3ade3neyeHHs». Po0oTa BUKOHAaHA Ha
kadenpi iHGOpMATUKH Ta MporpamMHOi iHXeHepii HarioHanpbHOTO TEXHIYHOTO
yHiBepcuTeTy YkpaiHu «KUWiBChbKHI MOJMITEXHIYHUA 1HCTUTYT IMeHiI Irops
Cikopcbkoro» MiHICTEpCTBA OCBITH 1 HAYKU Y KpaiHU.

JucepTraliiro IpUCBSYCHO JOCIIKCHHIO TPOTPaMHMX 3aCO01B JIJIsl YIIPABIIHHS
pOoOOTU30BaHOIO KIHI[IBKOIO Ta METOJaM aBTOMAaTH3allil MpoUecy iX po3poOKd 3
BUKOPHUCTAHHSM QJITOPUTMIB HEHPOEBOJIIOIT].

Knacuyni Mozeni mporpaMHUX 3aco0iB JIsl YNpaBIiHHS POOOTH30BAaHUMU
KIHI[IBKaMH 0a3yloThCsl Ha TOYHHUX cHEHU(IKALIAX 3aBJaHb 1 TOYHHX MOJEISAX
[IJTLOBUX 00’€KTIB, 3 SSIKUMH B3aeMoji€ poOOoT. Taki MiIX0[U TapHO MPAaLIOIOTh Y
71a00paTOPHUX YMOBAX, IPOTE MAIOTh OOMEXKEHY IPHUAATHICTh B YMOBaxX peajbHOrO
cBiTy. HoB1 mporpamHi 3aCTOCYHKH JJisl yOpaBiIiHHS POOOTHU30BAHMMHU KIHIIBKAMU
NOBHUHHI NPALIOBAaTH 3 HEJOCKOHAIMMU JaTYMKAMH Ta BUKOHABYMMH MEXaHI3MaMH.
Po3pobka Mozeneit ynpasiiiHHS poOOTH30BAaHOO KIHIIBKOIO HOBOT'O TTOKOJIIHHS Mae
OyTH aBTOMATHM30BAHOIO, AK€ 3aBJaHHS Ta poOOYl cepenoBHINa ISl pOOOTIB
YCKJIaIHIOIOThCSI, 3pOCTa€ MOTpeda B METO/AAaX HAaBUAHHS Ta MOIIYKY, SIKI MOXYTh
IUIaHYBaTH JOCSTHEHHS LUI, HE MOKJIAJal0yuCh Ha BXKE ICHYIOUY CTPYKTYpPY
/132124, po3po0JICHY JIOIMHOIO.

TakuMm 4YMHOM, BKa3aHl 3a/ladyl BU3HAYalOTh aKTyaJbHY HAYKOBO-TEXHIUHY
3aa4y BJOCKOHAQJECHHSA TEOPETHMYHUX (METOMIB) Ta NPAKTHUUHUX (IPOrpaMHUX
3ac00iB) OCHOB aBTOMAaTHM30BAHOI PO3POOKM aNaNTUBHUX MOJEICH yIpaBIiHHSI
pPOOOTH30BAHOIO CHUCTEMOIO 3 3aXBATHUM NPUCTPOEM, sIKA BUPIMIYETHCA y TaHIH
JTUCepTaIliitHIi poOOTi.

Mertorw nucepraniiiHoi po00TH € TiABUIICHHS €(PEKTUBHOCTI PO3pPOOIEHHS

MPOTPAMHOT0 yMIpPaBIiHHA POOOTHU30BAaHOK PYKOIO, sika OTpUMY€E 1H(OpMaIlito mpo



CTaH CEepeloBUINA 3 KaMepH, NUIIXOM BUKOPUCTAHHS METOIB aBTOMAaTH3AIlil
CTBOPEHHSI HEHPOEBOJTIOIIMHUX MO/IETIEH.

Pe3ynbpTaTi BUKIIaIeHO Y YOTUPHOX PO3ALIAX AMCEPTAIIii.

Iepmmii po3aia IpUCBSYEHO OTJIALY Ta aHaJ3y MPOOJIeM aBTOMAaTU30BaHOTO
yIpaBJiHHSI POOOTU30BAHOIO PYKOI poOoTa. PO3risiHyTo 0COOIMBOCTI B3aeMOIT
areHTa Ta CEPeNOBHUINA. 3alPOIMIOHOBAHO METOIW HAaBYAHHS I1HTEICKTYaJbHOTO
pPOOOTH30BAHOIO areHTY JIJIi BUKOHAHHS 3aJlad MaHIMYJIALIl ITOBUMHU 00’ €KTaMu
poOoTH30BaHOI0 pyKoro. Po3rmsHyTo mporpamHi  3aco0M Ay HaBYAHHS
HEHPOKOHTPOJIEPIB POOOTU30BAHUX CUCTEM.

JIpyruii po3aijl MPUCBSYEHO OIJISIYy METOMIB KOMIT IOTEPHOTO 30py st
0o0poOKU BizyanbHOI 1HGOpMAIlli, sKa MOXe OyTH BHUKOpHUCTaHa POOOTH30BAHUM
areHTOM sIK BXIJHI JaHl CTaHy cepefoBHINA. PO3MISIHYTO 3alIeKHICTh TOYHOCTI
BXIJTHUX JAHHUX 3 Bi3yaJIbHOI'O CEHCOpa Ta SIKOCTI MO3UIIOHYBaHHS pOOOTHU30BAHOI
CUCTEMH. 3ampoIllOHOBAHO METOJM Ta MporpamMHi 3acoOW [Ji OLIHKU BIUIMBY
MOXHOOK MapamMeTpiB KaMepH Ha SIKICTh PEKOHCTPYHOBAHOI MOJIEITI CepPEeOBHIIIA.

Tperiit po3ain NpUCBIYEHO METOJAaM HEHWPOEBOJIOLIT JUIsl  yIpaBIIHHS
pOOOTU30BAHOI0 CHCTEMOIO 3 MaHimyisiTopoM. Posrisayro anroputm NEAT mos
aBTOMaTH3allll PO3POOKH HEUPOKOHTPOJEPIB [JIsi YHpPaBIIHHS POOOTH30BAHOIO
KiHI1BKOIO. Po3po0JieHO HaBUalIbHE CEPENOBUINE /JISI aBTOMATHU30BaHOI PO3POOKHU
MOJIeJII TIO3UIIIOHYBaHHSI poOoTu30BaHOi pyku. [IpemcraBieHo MeToau ajmarnTartii
HEWPOEBOJTIOLIIHOTO MIX0IY 10 BUKOPUCTAHHS B IIUILOBUX 3a/1auax poOOTU30BaHO1
PYKH.

B yeTBepTOMY PO31iJ1i pO3TISAAETHCS POIPOOIICHHS TPOTrPAMHOTO 3aCO0Y st
aJanTUBHOTO HaBYaHHS KOHTPOJEPIB POOOPYKHM HAa OCHOBI HEHWpOMEpEexK 3
BUKOPUCTAHHSAM METOIIB HEUPOEBOIIOMIT 1 3a/1a4, € BX1/IHI JJaH1 IPEICTABIICHI Y
BUTJISIAI 300pakeHb 3 kKamepu. [IpencraBiena peanizallis IporpaMHOTO PIllIEHHS TSI
HaBYaHHS POOOTHM30BAaHOI PYKU 3aJaHoi KOH(Irypaiii BHKOHAaHHS 3ajJad y
TPEHYBAJIBHUX CEPEIOBHINAX.

VY nucepraniiitiii poOOTI OTPUMAHO HU3KY HOBHX HAYKOBHX pe3yJbTaTiB, a

camMe:



Bnepie 3anponoHOBaHO METOJ| MOLIYKY HOBH3HM B HEWPOEBOIIOLIT IS
aBTOMaTH3allli CTBOPEHHS MOJENl MPOTPAMHOIO YHpPaBIiHHS POOOTHU30BAHOIO
KIiHI[IBKOIO, IIIO JTO3BOJISIE IPUCKOPHUTH MPOIIEC PO3POOKH CHUCTEMH YIIPABIIHHS IS
HOBUX 3a7a4 pOOOTH30BAHOI KIHIIIBKH, 30KpeMma JyIs ajanTaiii KoH}iryparii
KIHI[IBKM a00 cepefoBHINa, IO MIATBEPIKYEThCS 3a JOMOMOTOI0 HAaBYAHHS Y
TECTOBHX CEpPEJOBHILAX Ta OIHKKM OTpuUMaHoi Mmoxeni. [IpeacraBrnenuit meton
BIJIPI3HSAETHCS Bl ICHYIOUMX THM, IO HE MOTpPeOye pecypciB po3poOHUKA IS
pPYYHOTO HaJallITyBaHHS MapaMeTpiB YMIPaBIiHHA POOOTH30BAHOIO KIHIIIBKOIO 3
METOI0 OTPUMAaHHsS HaMOLIbII ePEeKTUBHOI CTpaTerii BUPIMICHHS KOXHOI OKpeMOi
3aJlayl yrpaBIIiHHS.

Bnepmie 3anmponoHOBaHO METOJ HaBYaHHS Ha OCHOBI Tinmepky0Oa s
MIPOrpaMHOTO YMPABIIHHS B 33JladyaX areHTa-poOOpyKH, 10 OTpUMYE 1H(OpMaIlio
PO CTaH CEepelloBUIlA 3 Kamepu. BukopucTaHHs METOy Ha OCHOBI TilepKyoOa Juis
IPOrPaMHOrO YMPAaBIIHHSI areHTOM Ha OCHOBI 300pakeHb 3 KaMepu MOKpAILye
e(deKTUBHICTh HABYaHHS MOJIENI 32 PaXyHOK BUKOPUCTAHHS B1IOOPaKEHHS T€OMETpii
dbeHoTumy cyOcTpary IITY4HOI HEMPOHHOI Mepeki Ha Horo mabjioH 3B’S3KIB Ha
OCHOBI1 TINEPKyOy, CHPHUSIOUM PO3BUTKY OUIBII YHIBEpCAJIbHUX 1 MOTYKHHX
apXITEKTYp HEHPOHHUX MEPEK.

Bnepiie po3po0aeHo METOT T1IBUILICHHS SIKOCTI BX1JTHUX JIAaHUX 3 KaMEpH, K1
BUKOPUCTOBYIOTBCS ~ JUJIS ~ aBTOMATHU30BAHOTO  YIPaBIiHHA  pPOOOTH30BAHOIO
KIHI[IBKOIO, 110 HAJa€ MOKJIMBICTh HAaBUaHHS pOOOTHU30BAHUX areHTIB Ha TECTOBUX
CEpEeloBUILAX B YMOBaX, 110 HAOIMKEHI A0 PEaIbHUX, /)K€ BPaXOBYIOTh MOXUOKH
kamepu. el meTo1 103BOIIsIE HANTAIITOBYBATH KOHPITYpaIlito KaMepH Y HaBYaJIbHIM
CUCTEMI JIJIs aJanTallii MOJENl JO peaibHOi KOH(Iryparii poOOTU30BaHOI CUCTEMH,
110 3a0e3neuye 3MEeHIIeHHs TOXUOOK MapaMeTpiB KaMepH i 4ac KamiOpyBaHHs Ta
CYTTEBE MiABUILEHHS YCIIITHOCTI CTIHKOTO 3aXBaTy KiHIIIBKOIO.

IIpakTuuHe  3HAYeHHSl  OJCpXKAHUX  peE3yJIbTATIB  TMOJATAE Yy
EKCIIEPUMEHTAIFHO TMIATBEPKEHIH €(PEKTUBHOCTI MPEJCTaBICHUX METOJIB Ha
BimoMux TecToBUX cepenoBumiax OpenAl Gym anda  nepeBipkd  SKOCTI

HEHWPOEBOTIOLINHUX aJTOPUTMIB SIK JJISI JBOBUMIPHUX MOJEJIEH CepeloBHUII, TaK i
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Ui TPUBUMIPHHUX, 1€ 1H(GOpPMAIIO0 MPO CTaH CepelOBHILNA POOOTH30BAHUI areHT
OTPUMYE 3 KaMepH, 1110 HAOIMKEHO 0 pOOOTH CUCTEMHU B YMOBAX PEANLHOIO CBITY.
OTpuMaHO AaTEHT Ha 3aCO0M KaIiOpyBaHHs KaMepH IS M1IBUILICHHS SIKOCT1 BX1THUX
JaHUX 3 KaMepu, IO BUKOPUCTOBYETHCS Jii ABTOMATHU30BAHOIO YIIPAaBIIHHS
pOOOTU30BAaHOIO KIHIIIBKOIO. PeanizoBaHO MeETOJ TOIIYKY HOBH3HM TIiJl 4Yac
aBTOMATHU30BAHOTO HAaBYaHHS MOJIETl CUCTEMHM JJisi JBOBHUMIPHOTO CEpelOBHUIIA Ta
METOJI Ha OCHOBI TimepKyOa JJisi TPUBHMIPHOTO CEpeOBHUINA TPH BUKOHAHHI
MaHIMyMAMIKHUX ~ 3a7ad  poOOTH30BaHOIO  KiHIIBKOKO. BcTaHoBineHo, 110
BUKOPUCTAHHS TIPEACTABICHUX METOJIB y HEHPOCBOJIOMIMHOMY TMPOIECT s
BUPIIICHHS 3aJ1a4l MO3UI[IOHYBAHHS JI03BOJISIE€ MIABUIIUTH €(PEKTUBHICTH MPOIECY
HaBYaHHSA MEPEX1 Ta OTPUMATH ONTHUMAJIbHY TOMOJIOTIIO YIIPABJISIOUOT MEPEXI.
OcHoBHI pe3yJbTaTH AUcCepTALiiiHOI po0oTH 0mMy0JiKoBaHO y 9 HayKOBUX
mparsix, 30KpemMa, y 5 HayKOBUX CTaTTSX, 3 AKUX 4 CTaTTi omyOJIiKOBaHO y (haxoBUX
BUJIAaHHSAX, BKJIIOYCHUX JI0 TMEPETiKy HAyKOBUX (DaxOoBUX BHUIAHb YKpaiHU 3
npucBOeHHIM Kateropii «b», Ta 1 crartio y iHmux Buganusax. Kpim toro, 3 crarti y
MaTepianax HayKOBO-TEXHIYHUX KOH(pepeHiii. Takox onyOnaikoBaHo 1 maTeHT.
Kuro4oBi ciioBa: aBroMartuzariisi po3poOKu MOJIeNi, HeUpOMEpPEKeBl MoIel
yIOpaBIiHHSA, pOOOTH30BaHa KiHINBKA, KamiOpyBaHHS KamepH, HEUPOEBOJIOIIIS,

NEAT, koMmn'toTepHumii 31p, arOpUTM HaBYAHHS.



SUMMARY

Vitiuk A. Methods and software tools for automating control of a robotic arm.
Qualifying scientific work on the rights of the manuscript.

Ph.D. thesis in the field of knowledge 12 Information technologies in a
specialty 121 Software engineering. — National Technical University of Ukraine «lgor
Sikorsky Kyiv Polytechnic Institute», Kyiv, 2023.

The dissertation is devoted to the research of software tools for controlling a
robotic limb and methods of automating the process of their development using
neuroevolution algorithms.

Classical software models for controlling robotic limbs are based on accurate
task specifications and accurate models of the target objects with which the robot
interacts. Such approaches work well in laboratory settings, but have limited
applicability in real-world settings. New robotic applications require controllers that
can work with imperfect sensors and actuators in changing environments. As tasks
and work environments for robots become more complex, there is a growing need for
learning and retrieval methods that can plan to achieve a goal without relying on a
pre-existing structure of human-designed subtasks.

Thus, the specified tasks determine the actual scientific and technical task of
improving the theoretical (methods) and practical (software) foundations of the
automated development of adaptive control models of a robotic system with a
gripping device, which is solved in this dissertation work.

The purpose of the dissertation is to increase the effectiveness of the
development of a neural network model in the means of software control of a robotic
arm by using methods of automating the creation of neuroevolutionary control models
for a robotic agent that receives information about the state of the environment from
a camera.

The results are presented in four sections of the thesis.

The first section is devoted to the review and analysis of the problems of
automated control of a robotic arm of a robot. The peculiarities of the interaction

between the agent and the environment are considered. Methods of training an
6



intelligent robotic agent to perform the tasks of manipulation of target objects with a
robotic arm are proposed. Software tools for training neurocontrollers of robotic
systems are considered.

The second section is devoted to an overview of computer vision techniques
for processing visual information that can be used by a robotic agent as input to the
state of the environment. The dependence of the accuracy of the input data from the
visual sensor and the positioning quality of the robotic system is considered. Methods
and software tools are proposed for evaluating the impact of camera parameter errors
on the quality of the reconstructed environment model.

The third section is devoted to neuroevolutionary methods for controlling a
robotic system with a manipulator. The NEAT algorithm for automating the
development of neurocontrollers for controlling a robotic limb is considered. A
learning environment for the automated development of a robotic arm positioning
model has been developed. The methods of adapting the neuroevolutionary approach
to the use of a robotic arm in target tasks are presented.

The fourth section deals with the development of a software tool for adaptive
training of robot controllers based on neural networks using neuroevolution methods
for tasks where the input data is presented in the form of camera images. The
implementation of a software solution for training a robotic hand in a given
configuration of performing tasks in training environments is presented.

A number of new scientific results were obtained in the dissertation work,
namely:

For the first time, a method of searching for novelty in neuroevolution is
proposed to automate the creation of a model of software control of a robotic limb,
which allows to accelerate the process of developing a control system for new tasks
of a robotic limb, in particular for adapting the configuration of the limb or the
environment, which is confirmed by means of training in test environments and
evaluation of the obtained model. The presented method differs from the existing ones

in that it does not require developer resources to manually adjust the control



parameters of the robotic limb in order to obtain the most effective strategy for solving
each individual control problem.

For the first time, a learning method based on a hypercube is proposed for
software control in the tasks of a robotic agent that receives information about the
state of the environment from a camera. The use of a hypercube-based method for
programmatic control of an agent based on camera images improves model training
efficiency by exploiting the mapping of the phenotype geometry of an artificial neural
network substrate to its hypercube-based connection template, contributing to the
development of more versatile and powerful neural network architectures.

For the first time, a method for improving the quality of input data from a
camera used for automated control of a robotic limb has been developed, which
provides the opportunity to train robotic agents on test environments in conditions
close to real ones, because camera errors are taken into account. This method allows
you to adjust the camera configuration in the training system to adapt the model to
the real configuration of the robotic system, which ensures a reduction in camera
parameter errors during calibration and a significant increase in the success rate of
stable limb grasping.

The practical significance of the obtained results lies in the experimentally
confirmed effectiveness of the presented methods on the well-known OpenAl Gym
test environments for checking the quality of neuroevolutionary algorithms both for
two-dimensional models of environments and for three-dimensional ones, where the
robotic agent receives information about the state of the environment from the
camera, which approximates the operation of the system in real world conditions.
Received a patent for camera calibration tools to improve the quality of input data
from a camera used for automated control of a robotic limb. The method of searching
for novelty during automated learning of a system model for a two-dimensional
environment and a method based on a hypercube for a three-dimensional environment
when performing manipulation tasks with a robotic limb are implemented. It was

established that the use of the presented methods in the neuroevolutionary process to



solve the positioning problem allows to increase the efficiency of the network learning
process and obtain the optimal topology of the control network.

The main results of the dissertation work were published in 9 scientific
works, in particular, in 5 scientific articles, of which 4 articles were published in
specialized publications included in the list of scientific specialized publications of
Ukraine with the assignment of category "B", and 1 article in other publications. In
addition, 3 articles in the materials of scientific and technical conferences. Also
published 1 patent.

Keywords: automation of model development, neural network control models,
robotic arm, camera calibration, neuroevolution, NEAT, computer vision, learning

algorithm.
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BCTYII

AKTyaJbHiCTh TeMH. JlaHi1 CHOTO/HI BiITPalOTh BAXJIUBY POJIb 1 HEOOXiAHI
JUIA CTBOPEHHS Ta OLIHKH MporpamMHoro 3a0esmeueHHs Ta Mozenei. [lpuyomy,
PO3MIpH JaHUX MTOCTYIIOBO 301IBIIYIOTHCS, III00 MOJIEII1 pO3POOICHUX CUCTEM Kpallle
B1I0Opakaj YMOBH PEATHHOTO CBITY. Take 30UIBIICHHS TaHUX CTBOPIOE TOTATKOBI
CKJIaJIHOIII JUIsI po3poOHUKIB. ['MOOKI HEHPOHHI Mepexi, sIKi MOXKYTh BHBYATH
OaraToBUMIpHI TPEICTABICHHS, TPAIOIOTh HA0araTo Kpaiie, HiXk 1HII aJTOPUTMH,
y Oarathox cdepax, 30KpemMa TakuX SK KOMITIOTepHE OadeHHs, 10
BUKOPUCTOBYEThCS i1 OOpOOKM JMaHMX 3 KaMmepu poOoTu3zoBaHoi cuctemu. Lli
MO/I€JI1 HAITO BEJIMKI Ta CKJIa/IH1 13 COTHSIMU MUIbHOHIB IApAMETPIB, K1 IOTPEOYIOTh
BEJIMKOI KUIBKOCTI OOYHMCIIOBAIILHUX pecypciB. Kpim Toro, iX mHpoayKTHUBHICTH
CWIBHO 3aJICKHUTh BiJl apXITEKTypu Mepexi Ta KoHbirypamii mapametpiB. OTxe,
MONIYK MPaBHJIbHOI TOMOJIOTII Ta TilepnapaMmeTpiB MO CyTi 3BOJUTHCA 10 IPOLECY
ONTUMI3AIlll YOPHOTO SITUKA.

i napameTpu KoH(Irypamii 3a3BU4Yail BHU3HAYAIOTBCA 3 MOIMEPEAHIX
JOCIIKEHb, OCKIJIKH PYYHE TECTYBAHHS Ta OL[IHKA € BUCHAXJIMBUM 1 TPYIOMICTKUM
polecoM, SIKMil moTpeOdye NOCBiNY Ta 3HaHb. AJBTEPHATHUBHUMN MIJX1J TOJIATAE Y
BUKOPHUCTaHHI aJTOPUTMIB HEUPOEBOJIOLIT JJI1 JOMOMOTH TTMOOKUM HEUPOHHUM
MepexkaMm y ToOy0B1 apXiTEKTypH Ta BUBUCHHS TirepriapaMeTpiB.

Takuit miaxigx Moke OyTH BUKOPUCTAaHUH JUIS aKTyaldbHUX  3a]a4
pOOOTOTEXHIKM, TaKWX $K TJIaHyBaHHS CTIAKOro 3axBary Ta €(EeKTUBHE
nepeMilieHHs: 00’ €KTIB B HECTPYKTYPOBAHOMY CEPEIOBHIII, aJK€ PIBEHb TOUYHOCTI
Ta e()EKTUBHOCTI pOOOTU30BAHOI PYKH BCE I1I€ HE MOXKE JIOCATHYTH PIBHS JIFOJICHKO1
pyku. A 3 OrjIsAy Ha AaKTUBHY aBTOMATH3aI[ll0 IPOMHCIIOBOCTI, IOMUT Ha
poOOTHU30BaHI CUCTEMHM, SIKI MOXKYThb BHUKOHYBaTH CKJaJHI Ta TOYHI 3aBJIaHHS,
nocuiauBcs. Big BHUpOOHUIITBA 1O OXOPOHU 370pOB’s, BiJ JIOTICTUKH JI0
ACpPOKOCMIYHOI Trajiy3i, pO3ropTaHHs pOOOTU30BAHUX CHUCTEM s  3ajad
MaHIIMyJIIOBaHHS 00 ’€KTaMH CTajl0 TOBCIOJAHUM, PEBOJIIOIIOHI3YIOUM TpaaMIIiiiHI

po0oul MpoIecH Ta BIAKPUBAIOYN HOBI MOMKJTMBOCTI.

14



binpuricts poO0TH30BaHUX 3aBAaHb BUMAaraloTh BUKOHAHHS 0araTOKpOKOBHX
ien, I SKUX TOTpiOeH MexaHi3M IlaHyBaHHs. TpaauiiiiHi poOOTHU30BaH1
KOHTPOJICPH 3a3BHUYall pO3pOOJIAIOTHCS BPYYHY, a PO3MOILUI 3aBIaHb Ha Mia3amadi
BUKOHY€E JTIOAUHA-KOHCTPYKTOP. OCKUIBKM 3aBAaHHS Ta poOOdl CepeloBMINA IS
poOOTIB YCKIIAIHIOIOTHCS, 3pOCTae€ MoTpeda B METOAaX HaBYaHHS Ta MOIIYKY, SKi
MOXYTh IUIAHYBaTH BHPIIICHHS 3a/4ayi, HE TMOKJIaJal0ouyuCh Ha BXKE ICHYIOUY
CTPYKTYpY Iiji3a7a4 abo CTaHiB, pO3pO0JICHY JIFOAMHOIO.

CkiagHicTh, TpUTaMaHHA CY4acHMM pPOOOTaM, BHMAara€ yIpaBJISIOUHAX
IporpaMHUX 3aco0iB, SKI BUXOISATh 33 MEXI1 TPAIUIIMHUX METOAOJOTrIH, IO
3aCHOBaHI Ha TmpaBWiax. [HTeNeKTyajdbHI MOJEINI YNpaBIiHHS, 3aCHOBAaHI Ha
MEePEIOBUX TEXHOJIOTISIX, TaKMX SK IITyYHWW IHTEJEKT, MAIIMHHEC HAaBYAHHS Ta
HEHPOHHI Mepexi, OOILSIFOTh MOI0JIATH PO3PUB MK MOMIIMBOCTIMH pOOOTH30BAHOT
PYKH Ta BUMOTaMH CKJIAJIHHUX CIIEHApiiB peasbHOro cBiTy [1].

3ajaya MO3UIIIOHYBAHHS POOOPYKHU Ta MaHIMYIIOBaHHS IIJILOBUM 00’ €KTOM
XapaKTEPU3y€EThCS CBOEIO CKIIAIHICTIO, Tependayaroyll TOYHUM KOHTPOJb KITBKOX
CTyNHEHIB CBOOOAM Ta B3aeMOJIi 3 JUHAMIYHUM CEPEJOBHUIIEM HEBIJIOMOIi
KoHpiryparii. HeliponHi Mepexi, 3 iXHbOIO 3/IaTHICTIO HABYATHUCS Ta MPEICTABIATH
CKJIAJIH1 3aJIKHOCTI BiJl BX1JIHUX JAHUX, MPOMOHYIOTh aBTOMATHU30BAHHUM IIAX JIsI
BUpPIIEHHS LUX MpobiemM. KpiM Toro, aganTUBHICTh CTPYKTYP HEHPOHHOI Mepexi
JI0JIaTKOBO HAJa€ TAaKUM CHUCTEMaM 3/IaTHICTh AMHAMIYHO HAJIAIITOBYBAaTH CBOIO
apXiTEeKTypy BIAMOBIIHO O BHUMOI pPI3SHOMAHITHUX 3aBAaHb, 110 MOXYTh
3MIHIOBATHUCH.

BaxnuBicTh aBTOMAaTHU30BaHOI PO3POOKH MIAKPECIIOETHCS TOTPEOOI0 B
VIPABISIIOYUX TPOTPAMHMX 3aC00aX, sIKi MOXKYTh JIETKO aJanTyBaTHCS 10 MiHJIUBOTO
cepenoBuia, pizHUX (HopM 00’€KTIB MaHIMYTIOBaHHS 1 (PaKTOpiB, MOB’SI3aHUX 13
cepenoBuiieM. HaBdanbHI MOXIMBOCTI HEUPOHHUX MEpPEXK, OCOOIUBO 3
aJanTUBHUMHU CTPYKTypamu, poOsiATh iX A00pe NMpuIaTHUMHU AJis CLIEHApIiB, i€
KJIaCUYHE TpPOTrpaMyBaHHS HE MOKE 3a0€3MEeYUTH 3HAXO/KCHHS MIiHIMabHOT

MOJIEITi, pO3MIp SKOT € KPUTHUYHO BAKIUBUM ISl CACTEM PEabHOTO Yacy [2].
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Ha BigMiHy BiJ KJIacHMYHUX MiAXOMIB, y JaHId poOOTI PO3IIIAJAETHCS
peanizallisi CUCTEMH HABYaHHS 3 BUKOPUCTAHHSAM HEHPOEBOIIONII MpPU CTBOPEHHI
KOHTpOJIepa JJIsl yIpaBIIiHHS pOOOTH30BAHOI PYKOI0. BUKOpHCTAaHHS €BOTIOIIMHIX
ITOPUTMIB € 0COOJIMBO €(DEKTUBHUM JUIsl 3a7]a4 3 BUKOPUCTAHHSM POOOTHU30BaHOT
PYKH, y SIKUX KIHIIEBE MOJIOKEHHS MOKe OyTH JOCITHYTO OaraTbMa ONTUMaIbHUMU
cnocobamu, a omxke mnoTpeOye HaBuyaHHA 3 miAKpimiaeHHsM. Kpim Toro
HEHWPOEBOTIOMIMHUN TIAX1] J03BOJISIE OTPUMATH ONTHUMAIbHY TOIOJOTII0 MEpEexi,
sIka pOOHMTH MOJICITb OUTBII pecypcoeEKTHBHOIO Ta JIETTIOo0 i aHamizy [3]. OTxke
TOCTIKEHHSI PO3pOOKH aBTOMATH30BAHUX 3ac00iB YIPaBIIHHSI POOOTH30BAHOIO
KIHI[IBKOIO MPEJICTaBIsI€ OCOOIUBHI 1HTEpEC.

3B’5130Kk po0OTH 3 HAYKOBHUMH MporpaMaMu, IJIAHAMH, TeMaMH.
PesynbraT MOCHIDKEHHS 3a TEMOIO JUCEPTAIliiHOT POOOTH BIPOBAHKEHO Y
HaBYAJIbHUN Tponec kadeapu iHGOpPMALIWHUX CHUCTEM Ta TEXHOJOTIH (akKylbTeTy
iHQOpMaTHKK Ta 0OYMCITIOBAIbHOI TeXHIKHM HallioHambHOTO TEXHIYHOTO YHIBEPCUTETY
VYxpainu «KuiBcbkuii nmomitexHiuHuid iHCTUTYT iMeHi Iropst Cikopebkoroy». Kpim Toro,
pe3ylbTaTH, OTpUMaHi y JHCEpPTAllifHOMY JOCHI/DKeHHI, peali3oBaHi MpH
BIPOBA/DKEHHI pO3POOKH aBTOMATH30BAHOTO YIIPABIIIHHSI POOOTU30BAHUMHU CUCTEMaMU
3rigHo aktiB ([lomgaTok A).

Merta i 3aaa4i gocaigxenHss. Metor qucepTaiiitHoi poOOTH € IMiABUILEHHS
e(eKTUBHOCTI pO3pOOJICHHS MPOTPAMHOTO YIPABIiHHSI pOOOTU30BAaHOIO PYKOIO, KA
oTpuMye iH(OpMaIli0 PO CTaH CEepelOBHUINA 3 KaMepH, NUIIXOM BHUKOPHUCTaHHS
METO/I1B aBTOMATH3AaIlli CTBOPEHHS HEHPOECBOITIOLINHUX MOJICIICH.

BiamosigHo 10 mocTaBiIeHOl METH OCHOBHUMH 3aJadyaMH JOCIIIHKEHH €.

® pO3pPOOMTH METOJl AaBTOMATH3aIlil CTBOPEHHS HEHWpPOMEpex s

IPOrPAMHOTO YIPaBIiHHSA POOOTHU30BAHOIO KIHIIIBKOIO.
® pO3pOOMTH METOJa IIiJABUINCHHS TOYHOCTI CHCTEMH aBTOMAaTH30BaHOI
PO3pPOOKH HEHPOMEPEKEBOTO MPOTPAMHOTO YIPABIIHHS POOOTH30BAHOIO

KIHI[IBKOIO 3 BUKOPUCTAHHSM BX1JIHUX JIaHUX 3 KAMEPH.
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® pO3pOOMTH TpPOTrpamMHy peaizaifilfo i OIIHKH BIUIMBY TTOXHUOOK
napamMeTpiB  KaMepu Ha  TOYHICTh  MPOrPAaMHOrO  YNpaBIIiHHS
POOOTH30BAHOIO KIHIIIBKOIO.
® pPO3pPOOUTH TMPOTPaAMHY peami3allifo isi aBTOMAaTH30BAaHOTO HaBYaHHS
HeHpoMepexKeBOT MOJIEII CUCTEMH /ISl BUKOHAHHS MAaHIMYJISIHHUX 33/1a4
POOOTU30BAHOIO KIHIIIBKOIO Y HABUAJILHUX CEPEIOBUIIIAX.
® BUKOHAaTH EKCIEPUMEHTaJbHI pPOOOTH 3 TEpeBIpKH ePEKTUBHOCTI
PO3pOOIEHUX METO/IIB Ha BITOMHX TecTOBUX cepenoBuiax OpenAl Gym.
IIpeaMeTom pociaigKeHHsI € BAKOPUCTaHHS HEHPOEBOIIOLIMHOIO MIIX01Y Ta
METOJIIB KOMIT'IOTEPHOTO 30pYy IS aBTOMAaTH3allii pPO3pOOKH MPOTPAMHOTO
yIpaBIiHHS pOOOTHU30BAHOIO KIHIIIBKOIO POOOTa, OCHAIIIEHOTO KaMepoIo.
00’exTOM 0CTIIZKEHHSI € METOJM Ta IPOrPaMHI 3acO0M Il aBTOMaTH3aLli
PO3pOOKM MPOTPAMHOTO YIPABIIHHS Ta MIABUILEHHS SIKOCTI BXIJIHUX JaHUX Y
dopmari 300paxkeHb I POOOTH30BAHMX CHUCTEM 3 POOOYOI0 KIHI[IBKOIO-
MaHIIMyJISITOPOM Ta KaMepow 3 BHKOPHUCTAHHAM METOAIB HEHPOEBOIIOUII Ta
KOMIT IOT€PHOTO 30pYy JJII IBOBUMIPHUX Ta TPUBUMIPHHUX CEPEIOBHIIL.
MeToau aociaigeHHsI: TEOpis MPOrpaMyBaHHS, TEOPis aJITOPUTMIB, TEOpis
HEHPOHHUX MEPEX, MAIIMHHE HAaBYaHHS.

HaykoBa HOBHM3HA I0JIAra€ B HACTYITHOMY:

1. Bnepiie 3anpornoHOBaHO METO/I MOITYKY HOBU3HU B HEUPOEBOJIIOLIIT SISt
aBTOMAaTHU3allli  CTBOPEHHA  MOJEIl  NPOrpaMHOrO  yIpaBIiHHS
POOOTH30BAHOIO KIHIIIBKOIO, 1110 TO3BOJISIE TPUCKOPHUTH IIPOIIEC PO3POOKH
CUCTEMHU YIIPaBIIHHS JJIsl HOBUX 3a]1a4 pOOOTHU30BaHO1 KIHI[IBKH, 30KpeMa
JUIS  ajanTaiii  KoHdirypamii KIHIIBKM a00 cepeaoBuIla, 10
MIITBEPIKYETHCS 3a IOMMOMOTOI0 HABUAHHS Y TECTOBUX CEPEIOBUIIAX Ta
OIIIHKM OTpuMaHoi Mojeni. IIpeacrtaBiaeHuil MeToj BIAPI3ZHAETHCA Bij
ICHYIOUMX THUM, 110 HE MOTpeldye pecypciB pPo3poOHMKA JJISI PYUHOTO

HaJAIITyBaHHS TMapaMeTPiB YIPaBIiHHA POOOTHU30BAHOIO KIHIIIBKOKO 3
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METOI0 OTpUMaHHS HalO1IbI €(EeKTUBHOI CTpaTerii BUPIIEHHS KOXKHOT
OKpEeMOi 3a/1a4i YIpaBIiHHS.

2. Bnepie 3ampornoHOBAaHO METOJ] HaBYAaHHS HA OCHOBI TinepkyOa ams
IPOrpaMHOrO YIPaBIiHHSA B 3ajadyax areHTa-poOOpyKH, IO OTPUMYE
1H(pOopMaIlito PO CTaH cepeioBUIlla 3 Kamepu. BukopucTanHs MeTOy Ha
OCHOBI TimepkyOa Jisi MPOTPaMHOTO YIPaBIIHHSI areHTOM Ha OCHOBI
300pakeHb 3 KaMmepH IMoKpailye e(eKTUBHICTh HaBYaHHS MOJEIl 3a
paxyHOK BHKOPHUCTaHHS BioOpa)keHHs reoMeTpii ¢peHotumny cybcrparty
MTYYHOT HEWPOHHOI MEpeXi Ha WOro malJjIoH 3B’S3KIB Ha OCHOBI
rinepkyOy, CHpPUSIOYM PO3BUTKY OLIBII YHIBEPCAJTBHUX 1 MOTYKHHX
apXITEKTYp HEMPOHHUX MEPEK.

3. Bnepuuie Briepiie po3po0aeHO METO ITiIBUIIICHHS SKOCT1 BX1THUX JaHUX
3 KaMepH, sIKI BUKOPUCTOBYIOTBCS ISl aBTOMATHU30BAHOTO YIPABIIIHHS
pOOOTU30BaHOIO  KIHIIBKOIO, 1[0 HAJa€ MOMKJIUBICTh HaBYaHHS
pOoOOTU30BAHUX areHTIB Ha TECTOBUX CEPEJOBHMILNAX B yMOBaX, LIO
HaOJMKEH1 /10 peajbHUuX, aJKe€ BPaxOBYIOTh MOXMOKKM Kamepu. Llei
METO]I J03BOJISIE HAAIITOBYBATH KOHQITYpallil0 KaMepHu y HaBUYaJbHIN
CUCTEMI JJI aJanTallii MoJeli A0 peasibHOi KoH(Dirypaiiii po60TH30BaHOi
CUCTEMH, 1110 3a0e3reuye 3MEHIIEHHS! TOXMOOK MapaMeTpiB KaMepH il
yac KamiOpyBaHHS Ta CYTTEBE MIABUIICHHS YCHIITHOCTI CTIMKOTO 3aXBaTy

KIHI{IBKOTO.

IIpakTHyHe  3HA4YEHHS  OJEPKAHUX  Ppe3yJbTaTIB  MoJsTae y
eKCIIEPUMEHTAJIbHO MIATBEP/KECHIN e()EKTUBHOCTI TPEACTABICHUX METOJIB Ha
BimoMux TecToBHX cepefoumax OpenAl Gym st TepeBipKd  SKOCTI
HEHWPOEBOTIOLINHUX aJTOPUTMIB SIK JIJI1 IBOBUMIPHMX MOJIENICH CEpeOBHII, TaK 1
JUTsl TPUBUMIPHHX, /1€ 1H(QOpMAIIII0 MPO CTaH CepeoBUINa pOOOTU30BAHHUI areHT
OTPUMYE 3 KaMepH, 10 HAOJIMKEHO 10 POOOTH CHUCTEMH B YMOBAaX peajibHOTO CBITY.
OTrpumaHO maTeHT Ha 3aco0u KamiOpyBaHHS KamepH JJsi MIJBHUILEHHS SIKOCTI

BXiI[HI/IX JaHUX 3 KaMCpH, 10 BHKOPHUCTOBYETHLCA JJII aABTOMATH30BAHOTO
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YOpaBIiHHS pOOOTH30BAHOKO KIiHIIBKOIO. PearnizoBaHO METOI MONIYKY HOBU3HU ITiJT
yac aBTOMAaTHM30BaHOI0 HABYAHHS MOJIEJl CUCTEMH JJIs IBOBUMIPHOIO CEpEIOBUIIA
Ta METOJ Ha OCHOBI Timepky0a JUis TPUBUMIPHOTO CEPEJOBHINA MPU BUKOHAHHI
MaHINyJAMIRHUX ~ 3aj7ad  poOOTHU30BAaHOIO  KIHIIBKOIWO. BcTaHoBieHO, 110
BUKOPUCTAHHSI MPEJCTABICHUX METOMIB y HEHPOEBOJIOUIMHOMY TMpoIeci s
BUpIMIECHHS 3aJ]a4il MO3UIIIOHYBAaHHS TO3BOJISIE MABUIMATA €()EKTUBHICTH MPOIECY
HaBYaHHS MEPEX1 Ta OTPUMATH ONTUMAJIbHY TOIOJIOTII0 YIPABISIOYOi MEPEKI.
OcoOucTuii BHecok 37100yBaya. Bci OCHOBHI pe3ynabTaTH AUCEPTALIHHOTO
TOCIIKEHHS, SIKI TIPEICTaBIICHI JO0 3aXHCTy, OJep)KaHi aBTOPOM OCOOHCTO. Y
nyOJiKallisix, HaMMCAaHUX Y CIIBaBTOPCTBI, 3700yBayeBl HajekaTh HACTYIIHI
pesyabtatu. Y poboti [1] 3m00yBaueM 3ampornoOHOBAHO BUKOPUCTAHHS METOIY
HOBU3HHU 11 anroputmy NEAT, 1110 BUKOPUCTOBY€ETHCS 1151 HABYAHHS YIIPABIISIOUOT
HelpoMepeKi TBOBUMIPHOIO poOOpyKoro. Y po6oTi [2] 3100yBavyeM 3amporioHOBaHO
METOJ Ta NporpaMHHil 3acid 1y BukopucTaHHs anroputMy HyperNEAT s
HaBYaHHS TPUBUMIPHOT CUCTEMH 3 POOOPYKOIO, sIKa OTpUMYE 1H(OpMaIlito Mpo CTaH
cepenoBuIla 3 kamepu. Y po06oTi [4] 3m00yBaueM 3arporioHOBaHO METOAM Ha OCHOBI
HEHWPOEBOJIONIT J/IJII HAaBYaHHS MOJENl y TPOrpaMHUX 3aco0ax yIpaBiIiHHS
pobopykoro. Y po6oTi [9] 3m00yBaueM 3aporoHOBAHO AITOPUTMIUHE 3a0e3MeUeHHS
CUCTEMH YIPaBIIHHA AJIA 3IIMCHEHHS CTIMKOro 3axBaTy pOOOPYKOIO 3 BXIAHOIO
iHdopMaliero 'y BUMISAL 300pakeHb 3 Kamepu. Y poboti [24] 3m00yBavem
3alPOMOHOBAHO METOJ Ta MPOTrPaMHY peaiizallito Jjisl OLIHKUA BIUIUBY MOXUOOK
KaiOpyBaHHS KaMmMepu Ha SKICTh 1H(popMalii, mo Moke OyTH oOoTpuMaHa 13
300pakeHHs Kamepu. Y poOoTi [56] 3mo0yBaueM 3ampOIOHOBAHO aJITrOPUTMIYHE
3a0e3ne4eHHs OLIIHKU SIKOCT1 KaJIIOpyBaHHS KaMepH J1Jis cTepeo300paxeHb. Y poOoTi
[57] 3mo6yBaueM 3ampornoHOBaHO METOAM OIIHKH SKOCTI 3aXBaTy IIJIbOBUX 00'€KTIB
pOOOPYKOI0 Ha OCHOBI 300pakeHb 3 MOHOKamepu. Y po6oti [99] 3m00yBauem
peanizoBaHO METOAUKY KaniOpyBaHHS MPUCTPOIO 3 OaraThbMa Kamepamu. Y poOOTI
[98] 3m00yBaueM 3anmpornoHOBaHO METOT OLIIHKK TOYHOCTI MOJIENI 00’ €KTa JIs 3a1a4i
CTIMKOIO 3aXBaTy Yy KOMOIHOBaHIN CHMCTEMI MPOMO3UIIIi 3aXBaTy Ta PEKOHCTPYKIIIT

TPUBUMIPHOI MOJIEN] 00’ €KTA.
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Anpobanis pe3yabTatiB auceprauii. OCHOBHI pe3ylbTaTH IUCEPTALIHHOTO
JOCJTIIKEHHS JIOTIOB1IAJIUCS Ta OOTOBOPIOBAJIUCS HA MIKHAPOIHUX Ta HAIlIOHAJILHUX
HAyKOBO-TIPAKTHUYHUX KOH(EPEHITIAX:

1. MixkHapoaHa HaykoBO-TexHiuHa KoHepeHiis « The International Conference
on Security, Fault Tolerance, Intelligencey», Kuis, 2018.

2. CEUR Workshop Proceedings Proceedings of the 13th International Scientific
and Practical Programming Conference UkrPROG, Kuis, 2022.

3. Ilepma HaykoBo-TeopeTnyHa KoHbepeHuis «lIpioputeTd 1 BUKIUKU
peaizalii cTpaTerii po3BHTKY IITy4HOTO iHTENEKTy B YkKpaini», Artificial
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Ily6uaikanii. OCHOBHI pe3ynbTaTH qUcepTariitHoi poOoTH omyOmikoBaHo y 9

HAyKOBUX MpalsX, 30KpeEMa, Y 5 HAyKOBHUX CTATTSX, 3 IKUX 4 CTATT1 OMyOJIIKOBAHO Y
(haxoBUX BUJIAHHSX, BKIIOYEHUX JI0 MEPETIKYy HayKOBHUX (haxOBUX BUJIaHb Y KpaiHU 3
MPUCBOEHHAM Kateropii «by», Ta 1 cTarTio y iHmux BuganHsax. Kpim toro, 3 crarri y
MaTepiaiax HayKOBO-TeXHIYHUX KoH(epeHiliil. Takox omyOiikoBaHo | mareHrT.

Crpykrypa pobOoru.. /[lucepramiiina poOoTa CKJIAIaeTbCcsl 31 BCTYIMY,
YOTUPHOX PO3/IIIB, BUCHOBKIB, 6 JOJATKIB Ta CIIUCKY BUKOPUCTAHUX JKEPE, IO
BKJIOYae 99 wHaliMeHyBaHb. 3arajdbHUN 0OcCAT poOOTH CTaHOBUTH 185 CTOpIHOK,
OCHOBHUH TEKCT poOOTH BUKJIaAeHO Ha 138 cTtopinkax. Po6oTa MicTuth 27 puCyHKIB

Ta 6 TaOINULb.
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PO3/1J1 1. AHAJI3 METOJIB ABTOMATHU3AILI PO3POGEKHU
MNPOTPAMHUX MOJIEJIEN YIIPABJIIHHSI POBOTU30BAHUM
AI'EHTOM

1.1 OcHoBHi MeTOAM PO3POOKHM NPOrPAMHUX MoJeJedl ynpaBJIiHHSA

POOOTH30BAHUMU AT€HTAMHU

B ocTtaHHi poOKM MallMHHE HaBYaHHA 3pOOWIIO PEBOJIOLII0 Y cdepi
pOOOTOTEXHIKM Ta aBTOMaTu3allii. BUKOpHUCTOBYIOUHM aJIrOPUTMHU, POOOTIB MOYKHA
HABYUTH BUKOHYBATH Pi3HI 3aBJIaHHS 1 HABITh HABYATHUCS caMOCTiiHO. Lle 103Bommio
CTBOPHUTH OUIBII JOCKOHAIMX POOOTIB, SIKI MOXKYTh CAMOCTIHO OpPIEHTYBAaTHUCS B
CKJIa/IHUX CEPEOBUILAX, B3AEMOAISITH 3 JIOJbMU OUIbII IPUPOAHUM YHHOM, a TAKOXK
BUKOHYBAaTH BUPOOHUYI1 3aBJIaHHA O11bII €()EKTUBHO.

MarHHe HaBYaHHS J103BOJIsIE POOOTaM 0OpOOIISITH BEJIUYE3H1 OOCSITH TaHUX Y
peabHOMY daci, J03BOJISIIOUM iM MPUHAMATH IIBU/III Ta TO4YHImN pimeHHs. Le
JornoMarae podoTam Kpalie po3yMiTH HaBKOJIUIITHE CEPEFOBHILIE Ta 00’ €KTU HABKOJIO
Hux. Hampukian, iXx MokHa 3amporpamyBaTtv 1IeHTU(]IKYBaTH 00’€KTH 3a
JOTIOMOTOr0 KOMO1Hali BI3yaJIbHUX, TAKTHUJIBHHX 1 3ByKOBUX JaT4MKIB. Lle 1o3BosI€
pO3IM3HABaTH Pi3HI O00’€KTH B HABKOJMIIHHOMY CEPEJOBUINI Ta BiAMOBIIHO
pearyBatu [4].

MamuHHe HaBYaHHS TAKOX J03BOJII€E poOOTaM BUUTHUCS HA iIXHBOMY JTOCBIII.
BuxopucroByroun naHi, 3i0paHi 3 monepeaHix 3aB/iaHb, pOOOTH MOXKYTh KOPUTYBaTH
CBOIO TOBEAIHKY, 100 Kpalle BUKOHYBaTH MailOyTH1 3aBaaHHs. Lle ocoOmuBo
KOPHUCHO B 00JIaCTAX, /€ poOOTaM MOTPIOHO MIBHUIKO aJanTyBaTHUCS 10 MIHJIMBUX
YyMOB 1 cepeloBHINa. biablIicTh pOOOTOTEXHIYHMX 3aBJaHb BHMAararTh
0araToKpoKOBUX IIiJIeil, SKI BMMaraloTb MEXaHI3My IUIaHyBaHHS. TpaauiiiiHi
poOOTH30BaHI KOHTPOJIEPH 3a3BUUal MPOEKTYIOTHCS BPYUHY, @ PO3MOALI 3aBJJaHb HA
Mi3a/1a4l BUKOHYE JIoauHa [46].

Bbararo cuenapiiB Bumararoth ajanTtaiiii poooTiB 10 HOBUX YMOB a00 HaBiTh
HaBUaHHA aOCOJIOTHO HOBIM ToBediHI. PoOotry, skuit BUpoOsie aBTOMOOLI,

HaIPUKJIAJ, Yac BiJl 4acy JIOBEIEThCS aIallTyBaTHUCS 10 HOBUX MOJIEJIE aBTOMOO1TiB.
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Jns OaraTbOX peanbHUX JOAATKIB JOCTaTHBO 3allporpaMmyBaTH HEOOXIIHY
MOBEJIHKY BpY4HY, ajIe 4YacTo 1€ HEMOXKJIMBO, OCKUIBKH CEPEIOBHILE MOXKE IPOCTO
3MIHIOBATHUCS HAJITO YacTO a00 HaBITh OyTH 3a37aJ€TiIb HEBIIOMUM 1H)XXEHEpaMm, SKi

IPOrpamyroTh CUCTEMY

1.1.1 OcHoBHi 3a1a4i po00TH30BAHOI0 AreHTA 3 PO00YOI0 KiHIIBKOIO ISl

B3acMO/ii 3 HIJILOBMMH 00’ €cKTaMHu

CydacHi pob6OTH MOXYTh OyTH 3amporpaMoOBaHi JUisl BUKOHaHHS OaraThox
CKJIQJHUX 3aBJaHb I[10 MAaHIMYJIOBAaHHIO, TIOYMHAIOUM BiJ BUKOPUCTAHHS
IHCTPYMEHTIB Il 30MpaHHs CKJIAJHUX MAIIHMH, 1 10 MPOBEICHHS BUCOKOTOUYHHUX
MeIuuHuX omeparliii [8]. Aje, aBTOHOMHE 3aXOIUICHHS NEpea4acHO HEB1JOMOTO
00’€KkTa 3 BHUKOPUCTAHHSIM MIHIMAJIBHOTO HA0OpYy [MaT4YMKIB, IO OTPUMYIOThH
iH(opMalil0 MpPO CTaH HABKOJUIIHBOTO CEPEIOBUINA, BCE IIE 3aJUIIAETHCS
CKJIaJIHOIO MPOOJIEMOIO.

[Ipu copoOi 3axoruieHHS 00’€KTy, XapaKTEpPUCTHKU SKOTO € 3aBYaCHO
BIJIOMHMH, a00 SIKIIO BijoMa MOBHA TPUBUMIPHA MOJIeNIb O0’€KTa, TO ICHYIOTh
QITOPUTMH 3 PI3HUMH MIAXOJAMH TPOBEJEHHS MPOIEAYpPH 3aXOIUICHHA. AJie, Ha
MPaKTHULIl OTPUMAHHS MOBHOI Ta TOYHOI PEKOHCTPYKIIi1 00’ €KTa, 1110 € HEB1IOMUM IS
po0oTa, € OKPEMOIO CKJIaIHOIO 3a7aueto. il TaCUBHUX CTEPEOCUCTEM, TPUBUMIpHA
PEKOHCTPYKIliSE 00’€KTIB 3 MaJOTEKCTYpPOBAHOIO TOBEPXHEI0 € HEPO3B’ SI3HOIO
3ajayero. Y  BapiaHTi, KOJM CTEPEOICUC Ja€ 3aJOBUIBHUM  pe3yJbTar,
PEKOHCTPYIOIOTHCS 3a3BUYAM JIMIIE BUIAUMI JUISHKH 00’ €KTA.

ABTOMATUYHE 3aXOIUJICHHS HEBIIOMOTO O00’€KTy 3a JOTMOMOTOI OJHOTO
300paK€HHsI € CKJIaJHOI0 MPOOJIEMOI0, TOMY IO MOJIOKEHHS Ta (popma 00’€kTa €
HEB1JIOMUMH Ta MOXJIMBI KOH(ITYypaIlii 3aX0II0I0Y0r0 MPUCTPOIO, IS 3MIMCHEHHS
KOPCTKOIO 3aXOIUICHHS, MOKYTh BapitoBatucs. [Ipu npoMy 111 pyxoMoro pooora,
0 MIEPEMIIIYETHCS y TIPOCTOPI, MOCTAHOBKA 3a71a41l PO3PaXyHKY TOUOK 3aXOIJICHHS
Ma€ BiAMiHHI YMOBH. Ha BX1J1 Takoi CUCTEMHU MOJIA€THCS HE JIUIIE OJTHE 300pa’KeHHS

CLIE€HU 3 LIIIbOBUM 00’ €KTOM, a MOCIIIIOBHICTh KaJpiB (B1J€0), 32 JOMOMOTOIO SIKOTO
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MO>KJIUBO OTpUMATH 300paKeHHS 00’ €KTY 3 PI3HUX PaKypCiB Ta PO3paxyBaT UIUIbHY
TPUBUMIPHY PEKOHCTPYKIIito [9].

B ocraHHI mecATWIITTA MpoOJieMa aBTOMATHYHOTO 3aXOIICHHS HEBIIOMUX
00’€KTIB cTajia BiJIirpaBaTh Bce OUIBIIY POJib B MAaIIMHHOMY OauyeHHi. binbmricTs
PO3IIISIHYTUX aJTOPUTMIB BUKOPUCTOBYIOTH NEBHUI BHJI HABYaHHS ISl 3A1MCHEHHS
CTiiiKoro 3axoruieHHs. OCKUIbKH 3aXOIUICHHS Mepei0avyae KOHTAKT Ta CUJIU MaJIbLIiB
Ha MTOBEPXHIO 00’ €KTA, TO BAXKJIMBO MaTH JOCTOBIPHY 1HGOPMAIIIIO K PO PYKY, TaK
1 IpO MOBEPXHIO L1THOBOT0 00’€kTa [9]. HeoOXinHO BpaxoByBaTu 0OMEKEHHS PYKH
poboTa Ta kKoH(pirypairii 00’€kTa, a TAaK0XK 0OMEXKEHHSI TOCTaBIEHOTO 3aBaanHs [10].
He3Baxaroun Ha HasBHICTh MIAXOAY 31 3MIMCHEHHS 3aXOIUICHHS JIMIIE T10
JIBOBUMIpHUM 300pakeHHsM [11, 12], OUIbLIICTh TEXHIK MOJSATAIOTH y 00poOII
TPUBUMIPHUX JIaHHMX. 3 OIVISAY Ha CKJIQIHICTh IOCTaBJICHOI 3adadi, 0arato pooiT
Oynu crOpsMoOBaHI Ha CHPOIICHHS TPUBUMIPHOI (OPMH, 30KpeMa IUIOCKUX
npeacTaBiieHHs X [13] Ta KOMIUIAaHAPHOCTI, 110 KOMOIHYEThCA 3 1H(OpMaILII€0 MPo
komip [14]. Inmi migxoau nependayaroTh HAsIBHICTH TOYHOI Mojeni 00’ekta ado
TaKOi, 10 CKJIAAAETHCS 3 BUCOKOPIBHEBUX MPUMITHUBIB. [IprKIag0oM € BUKOPUCTaHHS
npuHIuny cuneprii pyku [15, 16, 17]. Takox icHye miaxij 13 3aCTOCYBaHHSM
MaIIMHHOTO HaBYaHHS, 30Kkpema anroputmy Support Vector Machines (SVM) Ta
BUKOPHUCTaHHSM MIPUMITUBIB (POPM BUCOKOTO piBH: [18]. AIropuT™m 3 HAaBYUaHHSIM Ha
OCHOBI SIKOCT1 IBOBUMIPHHX 3aXOILJICHb, 1110 0a3y€ThCsl HA HEUPOHHUX MEpexax Ta
TCHETUYHOMY aJrOpuTMy, mpeiacraBieHuit y pobori «Real-Time Visual Grasp
Synthesis Using Genetic Algorithms and Neural Networksy [19].

3amaua MOOYJOBU PEKOHCTPYKII HABKOJHUIIHHOTO CEPEOBHUINA POOOTOM €
aKTYaJIbHOIO Ta aKTUBHO JOCTIIKYEThCSl. OCKUIBKYA KaMepH IITMOMHU HE € HACTUIbKU
MOMIMPEHUMHU, SK KOJHOPOBI Kamepw, OaraTto poOIT MOB’s3aHi 31 NIUIBHUMU Ta
HaIMIBIIUIPBHUMHA ~ METOJAaMHM  OJHOYACHOi JoKami3amii Ta KaprorpadyBaHHS
(simultaneous localization and mapping - SLAM) 1o 300paskeHHsM 3 OJIHI€T KaMepH
[20, 21, 22].
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1.1.2 OcHOBHI NPUHUIMIIM POTPAMHOIO MPeACTABJICHHA POOOTH30BAHOIO

arceHrTa

PosrissHemMo Mozennb poO0TH30BaHOT PYKH, TIPEACTABIICHY K 1HTEJICKTyaIbHUI
areHT B 0OMEeXEHOMY CepeZIOBHILI. ATEHT — II€ Cy0 €KT, SIKMi 31aTHUI CIIpUHMaTH
CBO€ OTOYECHHS 3a JIOIOMOTOIO JATYHKIB, a TAKOXK BIIMBATH HAa CBOE OTOYCHHSA 3a
JIOTIOMOTOI0 MPHUBOJIB. ATEHTH 3a3BHYall MOXKYTh CHPUHMATH BJAcHI Jii, ajie HE
0OOB'SI3KOBO BIUIMB IMX Jili HAa HABKOJUIIHE CepeloBUIIEC. ATEHT MOXe OyTH
MaTeMaTUIHO OMMCAaHUM (PYHKITIEIO areHTa, SIKa BU3HAYAE J110 areHTa Ha OCHOBI BCI€T
HOro MOCIHIOBHOCTI CHPUUHATTA. TakuM YMHOM, MOBEIIHKA areHTa MOXKe OyTH
MMOBHICTIO OIMMCaHa MUIIXOM BU3HAYEHHS M1 AJIS KOKHOI MOKJIMBOI ITOCJIIIOBHOCTI

cpuitHaTTs. CxeMa B3aeMOJIii are’Ta 1 cepeloBUIIa MPeICTaBlieHa Ha PUCYHKY 1

[4].
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Puc. 1. B3aemoiiss KOMITOHEHTIB HABYAJILHOTO CEPEIOBUILA

Konkpetna peanizaiiist GyHKIIII areHTa Ha3WBAETHCS IPOTPaMOI0 arenra. Mera
pPO3pOOKH areHTa MoJjsirae B ToMmy, oo oTpuMaTi Moro npaBuibHy noBeaiHKy. [1[00
BU3HAUMTH sKI (QyHKLII areHTa OyayTh XOpOIIMMH, a sIKI NMOTAaHUMH, 3a3BHYail
3aCTOCOBYIOTHCS OKAa3HUKH €(eKTUBHOCTI. BOHM 3anexath Bij TUY 3aBIaHHS, SIKE
Ma€ BUKOHATH areHT. SIKII0 po3po0JIATH areHrta, 3JaTHOr0 KepyBaTH aBTOMOOLIEM,
HaIMpUKJIa], MOXHa 0a3yBaTH MOKAa3HUKU MPOIYKTUBHOCTI Ha CIIOKMBAHHI TAJINBA,
yacy Moi3AKu 1 cTyneHto BukoHanHs [1JIP. 3aramom, moBeaiHka areHTy BBAXKA€ThCS

IIPpaBUJIIBHOIO, SAKIIO BIH YCHiHIHO BUKOHY€ IMOCTABJICHEC IICPCI HUM 3aBJIaHHA.
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CepenoBuilia, sIKi areHTH CIIPUIMAIOTH 1 3 IKUMU B3a€MOJIII0Th, MOXKYTh OyTH
Iy’)XKe pI3HOMaHITHUM. BOHHM MOXYyTh OyTH MNpPOCTHMH, SIK HACTUIbHA rpa, abo
CKJIQJJHUMH, SK >XBaBa JOpPOTa 3 BEJIMKOI KUIBKICTIO aBTOMOOLIIB, MIIIOXOIIB,
JOPOYXKHIX 3HaKiB 1 1ixTapiB. [Llo0 kparie 3po3yMiTH CYyTHICTh CEPEOBHINA, X MOYKHA
Kjacu(iKyBaTH 3a KIJIbKOMa BJIACTUBOCTSIMU.

SIKII10 areHT MOKEe CIIPUMMATH BECh CTaH HABKOJIHUIITHHOTO CEPEIOBUIIA B OYIh-
SAKUW MOMEHT 4acy, BiH HA3WBA€THCS TMOBHICTIO CIOCTEPEKYBAHUM, 1HAKIIE BIH
HA3WBAETHCS YaCTKOBO CIIOCTEpeKyBaHUM. CepeoBHUIle MOKe OYyTH HEAOCTYITHUM
JUTSI TIOBHOTO CIIOCTEPEKEHHS, OCKUTBKY JaTUYMKH areHTa He 3/IaTHI BUMIPIOBATH BCl
BIJIMMOBIAHI BX1HI JaH1 a00 yepe3 Te, 10 MOoKa3aHHsS JaTYMKIB € IyMHUMHU. Yacto
TakoX OyBae Tak, M0 MOKAa3HUKU HABKOJHUIITHHOTO CEPEIAOBHINA MIPUXOBaHi, 1 TOMY
iX HeMOXJIMBO croctepiraTd. [I0OBHICTIO CHOCTEpEKyBaHE CEPEOBHIIE CIPOIILYE
3aBJaHHS areHTa, OCKUIbKY HOMY HE TOTPiOHO JOCIIKYBATH Ta BIICTEKYBATH OY/Ib-
AK1 (DaKTH, K1 paHille 3yCTpIYaInCs.

CepenoBuilie HA3UBAETHCS JETEPMIHOBAHUM, SKIIO HOTO CTaH 3aJICKUTD JIUIIE
Bil TIONIEPETHBOTO CTAaHy Ta il areHTa. [HaKmIe CcepemoBHUINE HA3UBAETHCS
CTOXaCTUYHUM. BoMiHHS aBTOMOOUIS € MPUKIAJAOM CTOXaCTHYHOTO CEPEeOBHIIA,
TOMY 1110 HETIOJIAJK! IBUTYHA MOXYTh BiI0yBaTUCS 0€3 MepeIuacHUX MONepPeKeHb,
a IWHW IHKOJM MOXYTh JIOMMHYTH. SIKIIO CEpeNoBHINE € IEeTePMIHOBAHUM Ta
BUKJIIOYAE Jii 1HIIUX are¢HTIB, BOHO Ha3UBAETHCS CTPATECTIYHUM CEPEIOBUILICM.

SAxio cepenoBuIle MOAUISETECS HA HE3aJSKHI 3aBIaHHS, 110 CKIIATAIOTHCS 3
Ha0Opy BXOMIB 1 OJHIET Mii, BOHO HAa3WMBAETHCS EMI30JMYHUM. B emizoauuHux
CepeIoBHUINAX [I1i areHTa IPYHTYIOTHCS JIUIIE Ha BX1IHUX JTAHUX TTOTOYHOTO €301y,
ajie He Ha nornepeHix enizoaax. [Ipuknaaom 1is em30JUYHOTO CEPEIOBUIIA € ATSHT
kinacudikarii, 3aBIaHHS AKOTO TMOJSTa€ B TOMY, 1100 BU3HAYUTH, YU € JCTasl Ha
KOHBEEpl SAKICHUMU Y Hi. [IpOTHIEKHICTIO €Mi30AMYHOCTI € TIOCIiIOBHICTD.
BoninHs aBTOMOO1JIs1 € TUTTIOBUM MPUKJIAIOM JIJISI TIOCIIIOBHOTO CEPEIOBHIIIA.

CepenoBuiiia MOXyTb OyTH CTaTUYHUMH a00 AuHaMiYHUMU. CTaH CTaTUYHOTO
CepelIOBUINA HE 3MIHIOETHCS JIOTIOKW areHT He Ji€ Ha Hboro. lle Hamae meperary,

a/pke areHTy He MOTPIOHO CTEKUTH 3a HABKOJMIIHIM CEpPEIOBUILEM i Yac
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MIPOCTOIO, 1 TPUIHSATTS PIIICHHS] MOYKE TPUBATH JOCTATHHO A0Bro. OMHAK OUIBIIICTh
CEpEelIOBUII € IMHAMIYHUMHU, 1[0 03HAYAE, 1110 TOKU areHT BUPIIIYE, [0 pOOUTH Jaii,
BiIOYBAIOTHCSI 3MIHHM CTaHY CEPEIOBHINA, IO MOKE MATH HETAaTUBHHMM BIUIMB Ha
POJYKTUBHICTh areHTa. BomiHHA aBTOMOOUIS TaKOX € MPHUKIIAJIOM JTUHAMIYHOTO
cepeaoBuIIa. SKIo aBToMOO1Ib Iepe ] aBTOMOOLJIEM areHTa 3arajibMye, aBTOMOO1Ib
areHTa po3i0’eThCs, SIKIO BiH HE BUPIMIATH BXKUTH BIAMOBITHUX A1l BYACHO.

k1o cepefoBUIlE Ma€ JUIIE CKIHYEHHY KUIBKICTh CTaHIB, BOHO Ha3WBAETHCS
JTUCKPETHUM  CEpPEIOBUINEM, 1HAKIIe BOHO  HA3WBAETHCS  OE3MEepPEPBHUM
cepenoBuieM. [IpuxiramoMm TUCKPETHOTO CEPEIOBHUIIA € TTPOCTA HACTLIbHA I'Pa, CTaH
AKOI CKJIQJAa€TbCs BHUKJIIOYHO 3 TMO3WIIN irpoBux ¢iryp Ha momii. Bominus
aBTOMOOUIA, 3 IHIIOTO OOKY, SIBHO HE € JIUCKPETHUM CEPEIOBUILEM, OCKUIBKU
MO>KJIMBI TIO3HIIIT Ta IIBUAKOCTI 1HIITMX aBTOMOOLIIB Ha 0031 HeCKiHUYeHH1. B3araii,
Oynp-sika ¢GopMa 3MOJEIBOBAHOTO CEPENIOBUIA € JUCKPETHOIO, OCKLUIBKH
KOMIT'FOT€PU HE MOXKYTh NMPEJCTABIATH Oe3nepepBHi 3HaueHHs. OMHAaK, OCKUIbKU
KUIBKICTh MOXKJIMBUX CTaHIB y 3MojJieTboBaHOMY 3D-cepeloBullll MPaKTUYHO
HECKIHUEHHA, 111 CEPEIOBUINA TAKOXK KIACU(PIKYIOTHCS SIK O€3MepepBHI.

SkIo areHt Jie Ha CepeloBHUIIE Pa3oM 3 IHIITUMHU areHTaMmu, 116 Ha3UBAETHCA
MYyJbTUAT€HTHUM CEpeloBUILEM. SIKIO areHT JIMIe OJUH, 1€ HA3UBAETHCS
OJIHOAreHTHUM cepenoBuieM. OIHaK 1HOA1 HE3PO3yM1IO, YU CIIA pO3rasAaTH 1HII
CYTHOCTI SIK areHTIB UM MPOCTO SIK 00’€KTH 31 CTOXACTUYHOIO MOBEIIHKOI0. SKIIIO0
are’HT Kepye aBTOMOO1IEM 1O »KBaBIi J1I0pO3i, 1HII TPAHCIIOPTHI 3aCO0M € areHTaMu
4y Hi? BianoBiap Ha 1€ 3aNIUTaHHS 3aJI€KUTh Bl TOT0, YU BIUTMBAIOTH 1HIII CY0’ €KTH
Ha TTOKa3HUKHU €()eKTUBHOCTI areHTa YM Hi. Y TPUKJIAJll BOIIHHS 1€ 3a3BUYall HE TaK,
OCKIJTbKM TMPOAYKTHBHICTh areHTa (BYacHe NpuUOYTTS, AOTPUMAHHS MpaBUI
JOPOKHBOTO PYyXy, ONTUMI3allis CIOKMBAaHHS MMajluBa) 3arajioM HE 3aJIe)KHUTh BiJ
MOBEIHKA I1HIMUX TPAaHCIOPTHUX 3aco0iB. OnmHAaK AKIIO0 BUMIPIOBaHHS
IIPOYKTUBHOCTI PO3IIUPEHO, MO0 BKIIOYATH «YHHUKHEHHS 3ITKHEHBY, 1€ 3aJICKHUTh
BiJI TIOBEJIHKH IHIIUX BOJIIiB, SKI TaKOX € areHTamu. CepenoBHINe, ¢ KIFOYOBUI
aCIeKT TOKAa3HUKIB MPOAYKTUBHOCTI (YHUKHEHHS 3ITKHEHb) MPU3BOJUTH [0

IMOKpallCHHA HpOIIYKTI/IBHOCTi JJIIAA BCIX aFCHTiB, Ha3HWBA€TbHCS KOOIICPATHBHUM
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MYJBTHAr€HTHUM cepenoBuiieM. OHaK y aBTOMOOUIbHUX MIEPEroHax BCE HaBMAKH,
TOMYy 110 €(deKTUBHICTh (IepeMora B IIEPEroHax) OJIHOIO areHTa 3pOoCTae, a
NPOAYKTUBHICTh IHIIMX AareHTIB 3HUXKYEThCSA. Take cepefoBHILE HA3UBAETHCS

KOHKYPCHTHUM MYJIbTHAI€HTHUM cepeaoBuiiem [5].

1.1.3 Orasia miaxoaiB 10 HABYAHHS iHTEJEKTYaJIbHOI0 po0OOTH30BAHOIO

arcHra

[ToTyxH1 1HTENEKTyajlbHI areHTH NOTY)XHHUMH IOBHHHI MaTH MOXIIMBICTh
aJanTyBaTHCS [0 3MIH HaBKOJMIIHBOTO cepefoBuIla. Jlas 1IpOro BaKIUBO
BUKOPHUCTOBYBAaTHM  BIJINOBIJHI ~ aNrOpuTMU  HaByaHHiA. L1 anroputmu
BUKOPUCTOBYIOTHCA HE JIMIIE ISl TOTO, 00 JT03BOJUTH poOOTaM aJanTyBaTUCS J10
HaBKOJIMIIHBOTO CEpPEIOBMILA, ajl€ ¥ JJis BUBUEHHS aOCOJIOTHO HOBHUX MOAENeH
MOBEIIHKH, SIKI MOXYTh OyTH HAATO CKJIAJHMMHU, OO 3aaaBaTUCS BpydHy. SK 1
JIOAM, IITYYHI ar€éHTH MOXKYTh HaBYaTHUCS PI3HUMHU CLIOCOOAMHU.

Haesuanua 3 yuumenem. Y 1UbOMY THUIl JTOPUTMIB HaBYAHHS, SIKMM TaKOX
BiJIOMHI SIK KEpOBaHE HABYAHHSI, ar€HT CYMPOBOIKYETHCSI HABYAIOYNM E€K3EMILIIPOM
[6]. et ex3emmuisip Mae BOyi0BaHi 3HaHHS PO OaxkaHy (HyHKI[IOHATBHICTE. [Tporiec
HaBUYaHHSA 1TEpaLIHUI. Y KOXKHIN iTepallii areHTy Ta BUMTENI0 HAJAETHCS MPUKJIIAL]
BXIHOTO BekTopa. IloTiM areHT oOYHuCIIoe pe3ylbTaT BIAMOBIAHO JIO0 CBOIX
MOTOYHUX 3HAHb, & BUUTEIh CTBOPIOE OaKaHUU pe3ynbTar. Pi3HMIIS MikK BUXOIOM
are’ra ta 0a)xaHuM BUXOJO0M, TOOTO 3HAUYEHHS TOXUOKH, MOTIM IIEPEIAETHCS areHTY.
BukopucToByroun 1€ 3HA4Y€HHsS, areHT MOX€E IOCTYINOBO MOKpPAIyBaTH CBOIO
MOBEIIHKY. 3PEIITOI0, ar€HT BUUTHCS HACTIAYBaTH BUMTENS, IKUN MOMY OLblle He
Oyne notpideH. Habip npukiagiB BXiAHUX 3HAYECHB Pa30M 13 O0aKaHUMH BUX1THUMHU
3HAYCHHSIMU Ha3MBAETHCS TPEHYBAILHIUM HAOOPOM TIpollecy HaBYaHHs [7].

Hasuannsa 6e3 yuumens. Y 0araTbOX BHIMAJAKaX HABYaHHSA 3 YYHUTENIEM
HEMOXKJIMBE, OCKUTHPKM HEMa€ MOMEpeHIX 3HaHb MPO IIIHOBY (PYHKINII0. SKIIo 11e
TaK, MOXHAa BUKOPUCTOBYBATH OKPEMHUH KJlaC aJFOPUTMIB, SIKMM BIJIOMUH SK
HaB4aHHs 0e3 Bumutens [6]. Lo rpyny anropuTmiB MOKHA PO3/IUIMTH Ha HABYAHHS 3

MIIKPIMJIEHHSM 1 HEKEpOBaHE HaBYaHHS.
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AJTOpUTMIYHUI KJIaC HABYAHHS 3 MIIKPIIJICHHAM € HalO1IbIII 3arajbHUM 3 YCiX
aJTOPUTMIB HaBUYaHHS 1 MOXkKe OyTH 3aCTOCOBaHMM 10 OaraTb0X MpooOjeM peasbHOTO
cBiTy. HaBuanus 3 migkpiruieHHsM Oa3yeThcs Ha (YHKIIT BUTpAT, AKa OOUMCIIOE
BUTPATHU MOCTIAOBHOCTI AiH. Ll ¢pyHKIIIS BUTpAT i€ K CHCTeMa BUHATOpoAu. SKIIO
areHT IMOBOAMTHCS MPABUIIBHO, BUTPATH 3HIKYIOTHCS, SKIIO BIH TMOBOJMUTHCS
HebakaHO, BUTPATH 3POCTAIOTh. BaknBo, mo0 (yHKIIS BUTPAT BpaxoByBaJIa ITY
MOCJTIIOBHICTD i, @ HE OJHY, OCKUJIBKH JOPOT1 JIIi MOXKYTh MPU3BECTH J10 3HIKCHHS
BUTpaT y MaiOyTHROMY. CKIIQIHOIO YaCTHHOIO I[HOTO THITY aJITOPUTMY € TIPaBUIHLHE
BiIOOp@XEHHA MK pPO3PAaxOBaHHMU BUTpAaTaMU Ta OKPEMUMH HdisiMH. Baxko
11eHTHdIKYBaTH 1, SIK1 BIAMOBIIal0Th 32 BUCOKI BUTPATH, 1 JI1i, sIK1 BIATIOB1Ial0OTh 32
HU3BKI BUTPATH. [HIIIOIO CKJIaTHOI0 YACTHHOIO ITLOTO aJITOPUTMY € BU3HAUCHHS CaMOi
¢byukuii Butpar. Lo ¢yHKIIIO cnaiy BUOMpATH PETENbHO, OCKUIBKKM BOHA
Oe3mnocepeIHbO BU3HAYAE YCITIX UM HeBIady mporpamu [5].

[Ipouiec BusiBIIEHHS WIA0JOHIB y BXIJHUX JAHMX HA3UBAETHCSI HEKEPOBAHUM
HaBuaHHAM [7]. )i 1bOTO THITy aNrOpUTMy HE HAJAlOThCA OakaHI BUXITHI
3HAQYEHHS, 1 areHT HE MOXE CIOCTEepIraTd 3a CBOIM cepenoBulleM. ToMy €auHa
MOXXJIMBICTh HABUUTHCA - 1€ TEPErVISIHYTH JlaHl, SKi TEepPelarThCs areHry, i
BU3HAYUTH, YW MOXKHA PO3AUIMTH iX Ha SKICh Kiacu. BakIMBO BiA3HAYWTH, IO
areHT, KU HaBYAETHCA aOCOJIIOTHO Oe3 HarJisiny, He MOXKE BU3HAUYWTHU, SIK JISTH,
OCKIJIbKM BIH HE B 3MO031 CIIPUHAMATH HACIIKHA CBOIX pe3yIbTaTIB 1 HEe Ma€ iHdopMaIIii

po Te, 110 € IIJUTIO, a IO Hi.

1.2 OcHOBHI MeTOIM €BOJIIOLIIiHOTO IIN00KOT0 HABYAHHS IJIA PO3POOKH

NPOrpaMHMX 32c00iB ABTOMATH30BAHOI0 YIIPABJIiHHA Aar€HTOM

['mnboke HaBYaHHS SK MEPCIIEKTUBHA TEXHOJIOTIS MTUPOKO BUKOPHUCTOBYETHCS
JUTSE BUPIMICHHS PI3HOMAHITHUX CKJIQJHUX 3aBJaHb, 30KpemMa 1 B PO3poOII
POrpaMHUX 3ac00iB yIpaBIiHHS B POOOTOTEXHII Ui aHami3y 300paxkeHs [58] i
po3mi3HaBaHHs 00pasiB [59].

CydacHi MeTonu TJIMOOKOTO HAaBYaHHS TOJIATAIOTh Yy PYYHIA po3pooii

MIMOOKUX MOJIENe Ta 3HAaXOMKEHHS BIAMOBIIHUX KOHDIirypariid merogom mpob i
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nomuiok. [lpukian HaBeneHO Ha PUCYHKY 2, NIeé 3HAHHA TPEAMETHOI 00JacTi
nepesaloThCsl 10 TIUOOKOrO HaBUaHHS Ha PI3HMX eTamax, TaKuX sSK po3pobOka
dynkmii [60], rerepartis moaem [61] 1 posropranns moneni [62, 63]. Ha xaib,
OOMEXEHICTh JOCTYIy 10 eKCIePTHUX 3HaHb YacTO YCKIATHIOITh PO3BUTOK
TITMOOKOTO HAaBYaHHS.

HaTtowmicTs, aBTOMaTH30BaHE MPOCKTYBAHHS TITMOOKMX HEHPOHHUX MEPEX Mae
TEHJICHIIII0 JIOMIHYBAaTH OCTaHHIMH JecaTWmTTsAMu [64, 61]. OcHOBHa mNpuYHHA
MOJIATA€ B THYYKOCTI Ta €()eKTUBHOCTI 00YMCIIEHh aBTOMATH30BAHOTO MAITMHHOTO
HaBYaHHS y po3podmi ¢yHkiii [60], onrumizarnii mapamerpis [65], onTumizarii
rineprapamerpiB [66], momryky HelpoHHOI apXiTekTypu [67, 68, 61] Ta CTUCHCHHS
monem [69]. Came ToMy aBTOMAaTH30BaHE MAIIMHHE HAaBYaHHS 0€3 Py4YHOTO

BTPYYAHHS [IPUBEPTAE 3HAYHY YBary Ta JOCSTa€ 3HAYHOTO MPOTPECY.

/ EBontoujitHe muBoke HaBuaHHA
3HaHHA 3 EBontouiiHi

npeameTHol obuncneHnHn
obnacTi

Jani ; . .
P OsHakn Mogenb KiHueBui NnprcTpin

— Ry e . — -~ L~ ~—
/7 36upanna / HoucTpyiosa /" Tenepauin /" PosropranH
3apaua ) ( ) - | tmnoshan ) ) ( ) e ( )

. AaHUX S N mogeni S A mogeni S

——— \ — - —

Puc. 2 Orasg rmuOokoro HaBYaHHS Ha OCHOB1 3HaHb IIPeAMETHOT 00J1acTi abo
€BOJTIOIIMHUX OOYHMCIICHD

EBounroniiiHi OOYMCIEHHS MIMPOKO 3aCTOCOBYIOTHCS ISl aBTOMAaTH30BAHOIO
rIMOOKOTO HAaBYAHHS 3aBMISKM CBOiM THYYKOCTI Ta MEXaHI3My, IO aBTOMATHYHO
PO3BUBAETHCS. Y EBOIIOMIMHUX OOYMCIICHHSX TOMYJAIIS 1HAUBIIYYMIB KEPYETHCS
B1I0OPOM CepeoBHIIa, PO3BUBAIOYNCH JI0 ONTUMAabHOTO piteHHs [70]. B manuit
gac iCHye 0arato METOJIB aBTOMAaTH30BAHOTO TJIMOOKOTO HABUaHHS Ha OCHOBI
EBOJIOIINMHNX OOYHMCIIEHDb, SIKI HA3WBAIOTHCS E€BOJIOIIMHUM TJIMOOKMM HaBYaHHSIM
[71, 72, 73, 74]. Hanpukmnaa, Oysio MPOBEACHO HHU3KY JOCIIIHKCHb C€BOJIIOIIHHUX
oOuucieHb mOA0 po3pobku Qyukimiin [60], renepamii momeneit [68, 61] Ta

po3ropranHs Mojeneit [63]. TakuM yuHOM, IHTErpallis eBOIIOIIHHIX 00YHCIICHD Ta
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rITuOOKOTO HaBYaHHS cTaja AKTyaJIbHOKO TECMOIO I[OCJ'IiI[)KCHB JK B aKaI[eMi‘-IHI/IX, TakK

1 B IPOMUCIIOBUX CITIJIbHOTAX.

1.2.1 ' 1u0oke HABYAHHSA

['muboke HaBYaHHS MOKHA omucatu sk Tpiiky M = (D, T, P) [68], ne D — 1ie
HaO0Ip JaHMX, 0 BUKOPUCTOBYETHCS IS MOJIeNi TiuOokoro HaBuanus (M), a T —
IJTbOBE 3aBJaHHs. P BKa3zye Ha MPOAYKTUBHICTH M. MeToro rmuboKoro HaBYaHHS €
M1BUIIEHHS TPOYKTUBHOCTI JJIsI KOHKPETHOTO 3aBHaHHs T, ke BUMIpIOeTbCa P Ha
Habopi ganux D. [lami mpencraBieHi Tpu (yHIaMEHTAIbHI MPOIECH TIIMOOKOTO
HaBYaHHS: po3poOKa (PyHKI[IHA, TeHepallisd MOJIEeI1 Ta PO3TOPTAHHS MOJIEIIL.

Po3pobka ¢yuxyiii cipsiMmoBaHa Ha TOIIYK BUCOKOSIKICHOTO Habopy aaHux D
JUISL TIOKpAIllEHHS TMPOAYKTUBHOCTI P wmojeni rimbOokoro HaBuaHHis M ais
KOHKpEeTHHX 3aBlaHb 1. Ha mnpaktumi npoctip ¢yHKmiii D MoXe MICTUTH
HaJIJTMIIKOBY Ta 3alllyMJICHY 1H(OpMaIlito, sika IIKOAUTh OIpOIyKTUBHOCTI (P) Mozeni
(M). Hanpukian, y MmeauunoMy HaOopi manux Prostate dataset posmip migHabopy
o3Hak (65), BuOpaHoro B [ /5], craHOBUTH Juie 1% BiJ 3arajbHOTO PO3MIPYy O3HAK
(10509).

I'enepayiss mooeni Mae Ha MeETI ONTUMI3alil0 abo reHepauiro monem M 3
0akaHOIO TPOAYKTUBHICTIO (P) 17151 KoHKpeTHOro 3aBaanHs (T) Ha 3ajaHux Habopax
nanux (D) [67]. ['enepariito Moiei MOXKHA PO3UTMTH Ha ONITUMI3AIliI0 TTapaMeTpiB,
ONTHUMI3alllI0 apXITEeKTypu MOJENl Ta CHUIbHY onTuMmizaiito [61]. OnTumizaris
napameTpiB MOJISIra€ B TOLIYKY HaWKpalux NapameTpiB (HampuKiaa, Bar) Ui
nonepe b0 BU3HAYCHOI Mojiesti. OnTuMizalis apXiTeKTypH CIpsIMOBaHa Ha TMOIIYK
ONTUMAJIBHOI TOMOJIOTIi Mepexl (HampuKiIaa, KUIBKOCTI IIapiB 1 THUITIB OTMepalliii)
Mojen raubokoro HaBuaHHs (M) [76]. CoinbHa onTuMi3allis OB ’s3aHa 3 JBOMA
BUIII€3a3HAYCHUMH TPOOJIeMaMH ONTHUMI3allii IUIIXOM aBTOMATUYHOTO MOIIYKY
notyxHoi Mozenm (M) B Habopax manux (D) [77].

Pozeopmannsa mooeni cnpsiMoBaHE Ha PO3TOPTaHHS MOJETl TIUOOKOTO

HaBuaHHs (M) auis BUpimeHHs 3aBaaHHs T 3 MPUIHITHOIO MPOIYKTHBHICTIO (P) Ha
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BX1HUX JaHuX (D) y Mexax oOMeXeHUX 0O0UMCIIIOBaIbHUX pecypciB. KirouoBum
NUTAHHSIM PO3TOPTAaHHS MOJENI € Te, K 3MEHIIUTH 3aTPUMKY, 0OCST mam’sTi Ta
€HEepProCIoXKUBAHHS, KOJU KIJIBKICTh MapaMeTpiB MOENi TIHOOKOTO HaBYaHHS €

3HauHor0. Hanpukian, Transformer-XL Large mae 257 M mapametpis [ 78].

1.2.2 EBoJroniiigi o0uucjaeHHs

EBomromiitni  oOuncieHHsT — 1€ METOAM INTYYHOIO 1HTENEeKTy, SKi
BUKOPHUCTOBYIOTh O10JIOTI4HI Ta MPUPOIHI MPOLECH Jii BUPIMICHHSA CKIAJIHUX
npobnem. Jliig omucy UbOro CiMEMCcTBAa alrOpUTMIB BUKOPHUCTOBYETHCS CIIOBO
«EBOJTIOLIIS», OCKUIBKH SIK OCHOBY BUKOPHUCTOBYIOTH T€OPi0 MPUPOIHOTO BIAOODY.

bazyrounics Ha Teopii mpupoanoro Biadopy Yapawia JlapBiHa, 1o onucaHa y
roro kHu3l «lIpo moxomkenHs BuaiB» (1859, Jxon Mioppeii), OCHOBOIO
€BOJIIOLIMHUX OOYHUCIIEHb € KOHUENis MOJEIIOBaHHS 1HAUBIAYyMa a00 MOMYJIALii
IHIUBIYYMIB y CHCTEMI JIJIsl TIOIIYKY HaWKpamoro. Meta mojisira€ B TOMy, 1100
BHUBECTH 200 PO3BUHYTH IHIMBIIYYM, IKHIl MOXKE BH)KUBATH Ta MPOIBITATH B TAKOMY
IITYYHOMY CEpPEIOBHILI, JT03BOJSIOUM oMy 3MiHIOBatucd. Lleli mMexaHi3M 3MiHU
IHIUBIYYMY BIJIPI3HSETHCS 3QJIEKHO BiJl METOJY €BOJIIOIINHUX OOYHMCIIECHDb, ajle B
yCIX BUIAJKaX ICHY€ MEXaHI3M, SKUWA KUIbKICHO BU3HAYa€, HACKUIBKU J100pe
1HIMBIAYYM BH)KHBAE.

TepwmiH, 10 BUKOPUCTOBYETHCS JIJIs1 KITbKICHOT OI[IHKU TOTO, HACKLIBKU 100pe
IHIUBIYYM MOXE€ BWXXHUTH a00 pPO3BUBATUCSA, HA3UBAETHCA JomacoBaHicTio. Lle
YHIBEpPCAIBHUI TEPMiH, SIKHA BUKOPHCTOBYETHCS B €BOJIOIIIHUX OOYMCIICHHAX Ta
BU3HAYA€, HACKIIIBKU 100pE THAMBIYYM MOKE BHKUTH UM ICHYBAaTH B CEPEIOBHILIL.
JlormacoBaHiCTh MOKHA BUMIPATH Oarathbma crioco0amu, ajie B yCiX BUMAJAKaX BOHA €
TOJIOBHUM BHU3HAYAJIBHUM (PAaKTOPOM TOTO, HACKUIbKU €(EeKTUBHUN IHIWBINYYM YU
MOMYJISALIS IHIUBIIIB Y BUPIIICHH] TOCTaBJIEHOI 3a/1a4i.

Konneniii npupogHoro BigOOpYy Ta I0MACOBAHOCTI OyJIu BUKOPUCTAHI SIK
OCHOBa KUIBKOX OOYMCIIIOBAJIbHUX METO/IB, PO3POOJEHUX ISl BIIATBOPEHHS
OloJioriyHOTO TIpoIlecy penpoaykiii. Jleski 3 IHMX METOIB HaBiTh IMITYIOTh

FeHETUYHUI MITO3 y KJIITHHAX, KU BiAOYBa€ThCs MiA 4Yac MOAULY XpPOMOCOM 1
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cuninbHoro Bukopuctanus [IHK. Huwxde HaBeaeHO KOpOTKHI mepenik HaWOLIbII
B1JIOMUX aJITOPUTMIB €BOTIOINHUX OOYNCIICHb !

o  [lmyune swcumms. Y 1bOMY aJTOPUTMI MPOIECH IMITYIOTh IITY4YHUN
MPOIIEC CaMOTO KHUTTS 3a JIOMOMOTOI0 areHTiB («rpa B XuTTsS» KoHBes Ta
KIITUHHUN aBTOMaT (oH Heitmana). ATeHTH 4acTo mepeMilyoThCs, )KUBYTh a00
THHYTH 3QJIEKHO BiJ iX OJM3BKOCTI O IHIIMX areHTiB abo cepenoBHIl. Xoya
MOJIETIIOBAHHS areHTIB YacTO BUKOHYETHCS IS IMITaIlll peagbHOro CBITYy, HOTO
TaKOX MOKHA BUKOPUCTOBYBATH JUIsl ONITUMI3AIi1 MTPOIIECIB.

o  Jlugepenyianvua esontoyis. Ilpouec, y sSIKOMy MHOLIYK ONTHMI3y€ThCS
HUIIXOM  TO€IHAHHS  JU(EpPEHIIaTbHOTO YHUCJIEHHS 3  EBOJIOLINHUMHU
anroputMamiu. L{s TexHiKa 4aCTO MOETHYETHCS 3 THIITUM METOJIOM €BOJIIOIIITHOTO
OOYHMCIICHHS, HAMPUKIAM IITYYHUM XKUTTAM. Y TIIbOMY aJITOPUTMi arcHTH
pPO3BUBAIOTHECA a00 3MIHIOIOTHCS, OEpydyd PI3HUII BEKTOPIB 1 MOBTOPHO
3aCTOCOBYIOYH X JIO MOIYJISIIII.

o  FEgomoyitni ancopummu. lupma karteropis METOJIB €BOJIOLIMHUX
o0YHuCIIeHb, SKI 3aCTOCOBYIOTH JIO 3aJladl €BOJIOIII0 y (opMi HPUPOTHOTO
BimOopy. Lli Meroam YacTto 30CEpeKYIOThCS Ha MOJEIIOBAHHI IMOMYJIAIi
0COOUH.

o  FEgonmoyitine npoepamysanns. CremiamizoBaHa (opMa eBONIOIIHHUX
ITOPUTMIB, SIKI CTBOPIOIOTH aJTOPUTMH 3a JIOMIOMOTOI0 KOJy. Y IMX METOjax
OKpEeMUM I1HAMBIIYYM TpEeACTaBICHUM OJIOKOM KOAYy, 1 WOro BIJMOBIAHA
JIOTIACOBAHICTh ~ BUMIPIOETBCS IO  JIEAKOTO  ONTUMAJIBHOTO  3HA4YeHHS,
3r€HEepOBAaHOr0 MiJ 4Yac BUKOHAaHHA KoXy. ICHye Kigbka crocoOiB peasisarii
reHepamii Koay Juisi €BOJIOLIMHOTO TMporpaMmyBaHHsA, 1 B 0aratbox
BUKOPUCTOBYIOTHCS O1TBIIT KOHKPETHI METOJIU, TaKi K €KCIIPECis TCHIB.

o  [enemuunuu ancopumm. lleil MeTO] BUKOPUCTOBYE KIITUHHUN MITO3
HU3BKOTO PIBHSA, KWW CIOCTEPIra€ThCcsl B OpraHizMax Ta J03BOJISE TIepeaBaTh
TeHETHYHI O3HAKH HalIakaM. [ eHeTHUHUN allTOPUTM — 11€ MOJICTFOBAHHS ITHOTO

OpoLecy HUIIXOM KOJYBaHHSA XapaKTePUCTUK I1HAMBIAYyMa B TOCIHIJIOBHICTb
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TeHa, /i€ 151 IOBLJIbHA MOCIIIOBHICTh F'e€Ha, IKa MOXKe OYTH TaKOIO X MPOCTOIO, SIK
nocioBHICTE 0 200 1, OLIHIOETHCS 32 IEBHUM IMOKAa3HUKOM A0macoBaHOCTI. Lls
JIOTIaCOBAHICTh BUKOPUCTOBYETHCS NJISi MOJICNIOBAHHS Mporiecy O10J0T14HOTO
BiIOOPY Ta cHaproBaHHA OAaThbKIBCBKMX OCOOWH JUIS OTPUMAaHHS HOBOTO
KOMOIHOBaHOTO TOTOMCTBA.

o  [enemuune npocpamyeanns. Lled MeTO CTBOPIOE MPOTPAMHUNA KOJ 3a
JIOTIOMOTOI0 TE€HETHUYHOTO aIrOpuUTMy. Y TEHETHUYHOMY aJrOpUTMI pPHCU
1HIMBIAyyMa € OUTBIN 3arajJbHUMHM, ajle B TEHETUYHOMY IIpOorpaMyBaHH1 O3HaKa
ab0 TeH MOXKe MPEAICTaBIATH OyAb-AKYy KUIBKICTh (PYHKIIIH a00 1HIITy POTpaMHy
noriky. ['eHeTnyHe mporpaMyBaHHs — II€ CIEI[lali30BaHa TEXHIKA, sIKa T03BOJISIE
PO3pOOIATH HOBHM anropuTMIYHUM Ko. IIpuknanu nboro BUKOPUCTOBYBAIUCS
JUTSl HAITMCaHHS KOy CUMYJISILIL areHTa, IKMi MIT 3HaXOJUTH BUX1]l 3 JIa0IpUHTA
ab0 CTBOPIOBATH 300paXKECHHS.

o  [Ipoepamysanns ekcnpecii ecenig. lleli anroput™M € TOAATBIINM
PO3LIMPEHHSIM TE€HETHYHOIO MpOorpaMyBaHHs, fAKe po3podssie koj abo
MaTeMaTu4Hi QyHKII. Y TeHeTUYHOMY MporpamMyBaHHI KoJI adCTparyeThest 110
(yHKIIA BUCOKOTO PIBHS, TOJMI SIK Y MPOrpaMyBaHHI €KCIPECli 'eHIB METOIO €
pO3po0Ka KOHKPETHUX MaTeMaTUYHUX PIBHSIHB. KITIOUOBOIO BIIMIHHICTIO MiX
IpPOrpaMyBaHHSIM €KCrpecii TeHIB 1 TEHEeTHYHUM TMPOTPAMyBaHHSIM €
BUKOPUCTAaHHS NI€pEB BHUPA3IB ISl NpeacTaBieHHS (QyHKUIA. Y TOH Yac siK y
TreHEeTUYHOMY IPOrpaMyBaHHI JiepeBa BHUpa3iB MPECTABIAIOTh KO, Y BUpa3ax
MporpaMyBaHHSI €KCIpecii TeHIB BOHM MPEICTaBISIOTh MaTeMaTU4YHE JEPEeBO
BupasiB. [lepeBara nossirae B ToMy, 10 KOJ CJiAyBaTUME YITKO BU3HAYEHOMY
MOPSIIKY OIeparliii Ha OCHOBI PO3MIIIICHHS.

o  Onmumizayia poro. lle pi3HOBUJ IITYYHOTO KUTTS, KU MpEACTaBISE
c00010 MOJIETTIOBaHHS IITYYHUX 1 IEBHOIO MIPOIO IHTEJIEKTYaJIbHUX €IEMEHTIB. Y
[[bOMY aJTOPUTMI OIIIHIOETHCS JIOMACOBAHICTh KOXXHOTO €JIeMEeHTa polo, 1
HaKpaImuii eJIEMEHT CTa€ EHTPOM ISl PEIITH eIEMEHTIB.

o  Potiosuu inmenexm. lleit anroput™M € METOIOM MOIIYKY, SIKUH 1MITYy€

MOBEIHKY POI0 KOMax abo MrTaxiB, mo0 3HAUTH MaKCHUMAaJIbHI 3HAYEHHS IS
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3amad ontumizaiii. Lle gyxe cxoxke Ha ONTUMI3AIIIO POIO, alie BIAPI3HIETHCS B

peaizarliii 3aJIe)KHO BiJI OLIHKU JIOMTAaCOBAHOCTI.

Ha pucynky 3 mokazaHo ie€papxil0 METOIB E€BOJIIOIIHHOTO OOYHCIICHHS, SIKi
BUKOPHCTOBYIOTHCSl JJII €BOJIOIIHHOTO TIMOOKOTO HaBYaHHSA. [HIN MeToau
€BOJIIOIIIMHOTO HaBYaHHS MOXXYTh OyTH BHUKOPHCTaHI JJISl MOKPAIICHHS MOJEIEH

[JIMOOKOTO HABYAHHS.

EB0mUiMHi 064MCNEHHA

Cumynauia [eHeTHYHE
HHTTA CHMYNALLA

L . s ~ -
NeodazHa \'- { FoioBKA \'- i leHeTHYHE | -'/ MeHeTHyHi

OnTmamizauia ) ( ] { 1 {

'-\ Do J '-\ SBOAKLIA VAN iHTENEKT /-' "\ NporpamyeaHHa /" o ANTOPHTMH
/7 Nporpamys aHH ™, T HETMHE T3 ™ I Esontowiiki
{ A ekcnpecii ) | eBOOUiHHE ) | anropwTh
\\_._ FeHiB _._,/ \___ nporpamMyBaHHs _._/ \___

Puc. 3 Metoau eBOMIOIIHOTO OOYMCIICHHS 17151 €BOTIOIIMHOTO TJIIMOOKOTO
HaBYaHHS

OTxe, eBOJIOLIITHI OOYMCIIEHHS] — 1€ HAa0lp CTOXaCTUYHHUX METOJIB MOILIYKY
Ha OCHOBI MOMYJISAILT, 1110 0a3YIOThCS Ha MEXaHI3Max €BOJIIOIII1, TAKUX K TPUPOTHUI
B1101p 1 TEHETHKA, 1110 HE TOTPEOYIOTh rPaAleHTHOI iH(OpMaIlii Ta 31aTHI 00pOOIATH
3a/1auy ONTHMI3aIlli SK YOPHY CKPUHBKY 0€3 SBHUX MaTeMaTHYHHX (DOpMyItOBaHb
[79, 80]. 3aBusiku BUIlE3a3HAYCHUM XapaKTEPUCTUKAM CBOJIOIIAHI OOYMCICHHS
IIUPOKO BHUKOPUCTOBYIOTHCS JJII aBTOMATHU30BAHOTO MPOEKTYBAHHS y TITHOOKOMY
HaBYaHHI.

3arajioM BCl PO3TJISHYTI BHINE METOJAM E€BOJIOIIMHMX OOYMUCICHh MOXKHA
PO3IUIMTH Ha JBI KaTeropli: €BOJIONINHI aJTOPUTMH 1 poiioBuii iHTeNneKT [61]. Bei
BOHHM BIANOBIJAIOTh 3arajibHii CTPYKTYpi, K IOKa3aHO Ha pHUCYHKY 4, fKa

CKJIAAAa€TbCA 3 TPHOX OCHOBHHUX KOMIIOHEHTIB.
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OHoBREHHA
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Puc. 4 3aranbpHa cxeMa eBOIIOLIHHUX O0YUCIICHb

Iniyianizayiss BAKOHYETHCS IJII CTBOPEHHS TOIYJISAIT 1HAWBIAIB, K1 KOITYIOTHCS
BIJIMOBIAHO /10 MPOCTOPY pillieHb (200 MpOCTOpy MOUIYKY Ta MPOCTOPY 3MIHHHX)
ONTUMIZAIIMHOI 3a7a4i, HampuKIaa Habopy (YHKIIM, MapaMeTpiB Mol Ta
TONOJIOTTYHO1 CTPYKTYPH.

Oyinxka crpsMoBaHa Ha OOYHMCICHHS NPUAATHOCTI OKPEMHX 1HJIUBIIIB.
®dakTUYHO, OI[IHKA I1HAUBIJIB Yy €BOJIOIIHHOMY TJMOOKOMY HaBUYaHHI €
o0umncIIOBaIbEHO JoporuM 3aBaaHHsaM [81]. Hampukman, poborta [82] BukopucTtana
3000 GPU-nHiB, 100 3HalTH OaxkaHy apXITEKTYypY.

OHoenents Ma€e Ha METI T€HepyBaTH PsJi HAAJKIB LUISIXOM PI3HOMAaHITHUX
omepallii penponaykiii. Hamnpukian, HOBE pIIICHHS TEHEPYETHCA 3a JOMOMOIOKO
(opMyITH MIBUAKOCTI Ta MOJOXKCHHS B ONITUMI3AIIiT POI0 YaCTHHOK [75]. 3 TOUKH 30py
T€HETUYHOIO AJITOPUTMY, AESKI ONepaTopu PenpoAyKIlii (HalpuKiag, KPOCUHIOBEP

1 MyTallisl) BUKOPUCTOBYIOThCS JUIsl CTBOPEHHS HOBMX 0coOuH [83].

1.2.3 EBoJroniiiai MeToau A onTUMI3aLil r-in00KOro HaBYaAHHA

EBomroniiine 1mMOOKe HaBYaHHS — 1€ KOHUENIIsA, L0 BKJIOYae Halip
IHCTPYMEHTIB 1 METOIB JIJIsl ONTUMI3ALll Mepex IIIMOoKoro HaBuaHHs. [Ipore BoHO
TaKOX MPeJICTaBiIsie HAO1p IHCTPYMEHTIB, K1 MOXKHA HAKJIACTH Ha TNTMOO0KE HaBYaHHS
a00 HaBITh 3aMIHUTHU HOTO.

EBoutoniiiiHe rimboKe HaBUaHHS Ma€ MUPOKY cepy 3aCTOCyBaHb: A 6a30BOi
omTUMi3allii TimeprnapaMeTpiB, MOIIYKYy Bar HeEHWpoMepexi s Oe3mepepBHUX
pimeHb, OaraHCyBaHHS 3MarajlbHUX MEPEK y TeHEPATUBHUX 3MarajlbHUX Mepexkax i
HaBITh 3aMIHH TJIMOOKOT0 HAaBYAHHS 3 IIIKPITUICHHSAM. EBOIFOITIHI METO M HaTaf0Th
MO>KJIMBICTb JIJIS1 MOJAJIBIIOI ONTUMI3allli 200 MOKPAILEHOTO PIIEHHS A1 Oy 1b-sIKOT

cucteMu rimbokoro HaB4yaHHsA. [IpoTe eBosroriiiHe rIMOOKe HaBUYaHHS MOTpeOye
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oOuHCclieHb 1 MOXXe OyTH HempuIaTHUM [JIsi mpocTimux cucteM. OpaHak, s
CKJIaJIHMX a00 HOBUX MPOOJIEM, €BOJIIOLIIS TPOTIOHYE PSIJ 1 IXOIIB.

['muboke HaBYaHHS — II€ MTOTY)KHA Ta cydacHa TEXHOJIOTis, SIKa Ma€ HE JIUIIE
nepeBaru, a i Henomiku. OAHUM 13 TakuX € MoTpeda po3yMITH Ta ONTUMI3yBaTH
mozenb. Ile mporec, skuii Moke BUMaratu Oe€3jid TOAWH aHoTarlli JaHux abo
HAJIAIITYBaHHS TiNEpriapaMeTpiB MOJETI.

Maiixe B ycix 3ajlayax MOJIEJIb HE MOXe OyTH BUKOpPUCTaHA O€3MOCEPETHBO Y
BUX1JHOMY BHUIJISI/I1, 1 TOMY BUHHKAE MOTpeda ONTUMI3YBaTH Pi3HI ACTIEKTH CUCTEMHU
rIMOOKOTO HaBUAHHS: BiJl HAJaIITyBaHHS IIBUAKOCTI HABYaHHS J0 BUOOPY (QYHKIIIT
aktuBailii. OnruMizailis MoJieal MepeXi 4acTo CTa€ OCHOBHOIO MPOOIJIEMOIO, 1 SKIIO
11e poOUTH BPYUHY, MOKE OTPeOyBaTH 3HAYHUX 3YCHUJIb.

OnTuMizalliss Mepexi TIUOOKOr0 HaBUYaHHS MOXKE OXOIUTIOBATU IIMPOKUN
cnekTp gakropiB. OkpiM 3BUYAITHOTO HAJAIITYBAaHHS TlIEpHapaMeTpiB, pO3POOHUKY
TaKOX IMOTPIOHO 3BEPHYTH yBary Ha camy apXiTekTypy Mepexi [88]. Konu B mporuect
J0J1aBaHHs IIapiB 200 PI3HMX THUIIIB BY3JIIB MEpeXa CTa€ CKIAJHIIION, 1e Oyle
0e3mocepelHbO BIUTMBATH Ha MPOLIEC MOIIMPEHHS HElo BTpaT abo momwmiok. Ha
PUCYHKY 5 mokazaHo HaWOUIBIN MOIIMPEHINI MpoOJeMH, SKi BUHUKAIOTh Iij Jac
CTBOPEHHSI OUTBII CKJIAHUX 1 BEIMKUX CUCTEM TJIMOOKOTO HAaBYAHHS.

VY BeNUMKUX Mepekax BEIUYMHY BTPAT MOTPIOHO PO3AUIMTH Ha AeAalll MEHIII
KOMITOHEHTH, SIK1 BPEIITI-peIlT HAOIMKAIOThCS 10 HyIs1. KoJu 111 KOMITOHEHTH BTpaT
a00 rpaJieHTH HAOJMKAIOTHCS 10 HYJIS, 1I€ Ha3UBAETHCS MPOOJIEMOI0 3HUKAIOYOTO
IpajJileHTa, sKa 4YacTo IOB’s3aHa camMe 3 T[JIMOOKMMHU MepekaMu. | HaBmakw,
KOMITOHEHTH TaKOXX MOXYTh CTaTH HAJ3BUYANHO BEIMKWMHU, MPOXOJSUH dYepe3
MOCJIIOBHI IIApH, SIKI MOCUJIIOIOTh BIAMOBIAHI BX1/1HI curHanu. Lle mpu3BoaUTh 10
TOTO, IO KOMIIOHCHTH TPaJI€HTAa CTAlOTh BCe OUIBIIMMHU, ab0 TaKk 3BaHUMU
PO3PUBHUMH T'PaTIEHTAMHU.

OO6uaBi MpobJIeMH 3 TPaiEHTAMH MOKHA BUPIIIMTH 32 JOMOMOIO0 PI3HUX
METOJIB, TaKMX SK HOpMai3allis BXIJIHUX JaHuX ab0 3a JOIMOMOTOI0 IapiB.
CnemianbHi  TUNM  QYHKIOIA 1Iapy, sKI HAa3UBAaIOThCS HOpMAaJli3alli€elo  Ta

BUKJIIOUCHHSIM, TTOKa3aHi Ha pUCyHKY 9. L{i MeToau no1arTh 10 00YUCIIOBAIBLHOI
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CKJIQJIHOCT1 Ta BUMOT J0 MEpPEeXl, a TAKOXK MOXKYTh SIBHO 3TJIaJKyBaTH BaXKJIUBI Ta
XapakTepHi OCOOJMBOCTI JaHWX. TakuM YHWHOM, JMJIs PO3BUTKY BHCOKOI
MPOAYKTUBHOCTI Mepeki MOTpiOHI OLIbIll Ta PI3HOMAHITHIIIN HaBYajdbHI HAOOPH
nanux. Hopmaiizaiiist Mo)ke BUPIIIUTH TTPOOJeMU 3HUKHEHHS Ta BUOYXY Ipajli€HTa
IMOOKUX MEPEK, ajie B MIpY 3pOCTaHHS MOJIEICH BOHU BUSIBJISIOTH 1HII IPOOJIEMHU.
VY wMmipy 3pocTaHHS 3AaTHICTb MojeNell 00poOisATH, Hampukiaa, OinblIl HabopU
BXIJTHUX JaHUX 1 300pakeHb, 3poctaec. OJIHAK 1€ MOXKE CHPUYMHUTH MOOIYHHI
e(heKT, BIIOMUH SIK MEPEKEBE 3amaM’ ITOBYBaHHSI, SIKE MOKE CTaTHCS, SKIIO BX1THUI
HaBYaJIbHUN HaOip 3amanmii. lle BigOyBaeThCcs depe3 Te, IO Mepeka HACTIUIbKU
BEJIMKA, 1110 MOXE [MOYaTH 3araM’ ATOBYBaTU HAOOPH BXITHUX (PparMeHTIB a00 HaBITh

LIUJT1 300paK€HHs Y1 HAOOPU TEKCTY.
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Puc. 5 Tlomupeni mpo6yiemMu po3poCTaHHS CTPYKTYPU CUCTEMHU TIIMOOKOTO
HaBYaHHS
IMepenosi moaeni DL, wanpukmang GPT-3 (mpoiecop mpupoaHOi MOBH Bif
OpenAl), 4yacTKOBO CTpakIalOTh BiJ 3amam’sToByBaHHsS. LI mpoOiieMa BUHHKA€E
HaBITh MICIAS TOro, SIK y Takli MOJIeJIl BBEICHO MIUIbAPAU JIOKYMEHTIB, IO

MPEACTABISIIOTh Pi3HI GopMu TekcTy. HaBiTh 3 TakuMu pIi3HOMAHITHUMHU Ta

37



MacHMBHUMHU Ha0OpaMu TpPEHYBaHb, OyJO MOKa3aHo, 1m0 Moxaeni Ha 3pa3ok GPT-3
BIITBOPIOIOTH 1IUJII a03aIy 3aram’siToBaHOTO TeKCTy. g «mpobiema» moxe OyTu
edexkTBHOIO (GYHKIIE Ui 0a3W JaHWX, SKa TMOTaHO BMHCYEThCA B Mojaenb DL.
Bynu po3po6eHi 00XiH1 MUISIXH IS BUPIIICHHS TPOOIeMHU 3armam’ ITOBYBaHHS, sIKa
HA3UBAETHCS «BIAMAJAHHAM», TOOTO MPOILIECOM, 3a JIOMIOMOIOI0 SIKOIO TEBHUHI
BIJICOTOK BY3JIIB Y MEPEKEBHUX PIBHAX MOKE OyTH €3aKTHBOBAHO TIiJ] 4aC KOXKHOTO
OpOXO/ly HaBYaHHSA. Y peE3ylbTaTi BUMHUKAHHS Ta BMUKAHHS BY3JIB IPOTITOM
KOXKHOT'O TIPOXOY CTBOPIOETHCS OUTBIN 3aranbHa Mepeka. OnHak 11e BiiOyBa€eThCs
1iHoto 30impmenHs Mepexi Ha 100—-200%.

OxkpiM 1UX mpoOJsieM, J0JaBaHHS OUIBIIOI KIIBKOCTI PIBHIB JJIS TIMOIIMX
MepeX BUMAarae J0/aBaHHsS OUIblIE Bar, Kl NOTPIOHO 1HAMBIAYaJbHO TPEHYBATH
IPOTATOM MUTBSIPAIB 1 TPUIIBHOHIB iTepaltiii. Jljis HaBYaHHS TaKUX MOJIEJIeH MOTpiOHE
€KCIIOHEHIIIaJIbHE 3POCTaHHA OOYHUCITIOBAILHOT MOTYKHOCTI, 1 6arato HaWKpaiux,
MepeoBUX MoJieNield 3apa3 po3poOJIAIOThCS JIUIIE B OpraHizaiisix, SKI MOXYTb
JI03BOJIUTH COO1 TaKy BUCOKY BapTiCTh.

TenaeHmis MmUpIIMX 1 TIMOMIMX Mepex He3abapoMm [OCATHE IUIATO IS
OLTBIIOCTI PO3POOOK TIMOOKOTO HaBYAHHS, 3alUIIAlOYM  OyIb-sIKi MaiOyTHI
nepeioBi po3poO0KH TiraHTaM MITYYHOTO iHTENeKTy, TakuM sk Google DeepMind.
ToMy npocTUM pIIIEHHSM € TOUIYK aJbTEPHATUBHUX MIAXOMIB, SIKI MOXYTb
ONTHUMI3yBaTH PO3BUTOK TaKUX BEIUKUX Mepex. [[nsg 1poro posriasHeMo
3aCTOCYBAHHS €BOJIIOLIMHUX OOYMCIIEHb J0 TIIMOOKOr0o HaBYAHHS JJISl ONTUMI3aIli
apXITEKTYPHU MEPEX1, BATOBUX KOE(ILIEHTIB 200 BCHOTO Pa3oM.

EBomromiiine ranOOKe HaBYaHHS HaJa€ KijJbKa MOTEHIIWHUX METO/IB,
OCKUIbKM BOHO MOYX€ aBTOMAaTMYHO ONTHUMI3yBaTH po3Mip 1 (hopMy Mepexi st
PI3HOMAaHITHMX 3aJa4. ABTOMAaTW4YHA ONTHUMI3AIlisi € OCHOBOIO EBOJIOIIAHOTO
rIMOOKOTO HABYAHHS.

OCKUJIBKM ~ €BOJIIOLIIHI ~ aJifOPUTMU  3a0€3MeuyloTh KiJlbKa Ia0JIOHIB
ONTHMI3allli, K1 MOXYTh BUPIIIUTH O€3I114 337a4, €BOJIOLINHE TTTHOOKE HAaBYaHHS

MOXe OyTHM BHUKOPUCTAaHO B PI3HUX acleKkTax MpoLecy po3poOKH MaIIMHHOTO
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HABYaHHs, 30KpeMa HaJalITyBaHHS TileprapaMeTpiB MOEINL Uid pO3POOKH JaHUX

a00 QyHKIIIH, mepeBipka Mojiel1, BUOIp MOJIEl Ta apXiTEeKTYpH.

1.3 OcHoBHi cTpaTterii 3acTOCyBaHHSI €BOJIIOUIHHOIO TIJIHOOKOIO

HaBYaHHHA

EBosromiitni 004MCIIEHHS MOXKHa 3aCcTOCYyBaTH 10 TJIMOOKOIO HaBYaHHS Yy
KUTBKOX (hOpMax, sSIKi OXOIUTIOIOTH Pi3H1 aBTOMATH30BaH1 CTpATerii B aBTOMATUYHOMY
MalllMHHOMY HaBuYaHHI. Ha pucyHky 6 moka3aHo pi3HI MiIMHOXHWHU €BOJIOIIIHOTO
oOumcieHHs: a00 €BOJIOIMHOTO TITHMOOKOTO HaBYaHHS, sIKI MOXKHA 3aCTOCYBATH JI0
MIMOOKOTO HaBYaHHS, 1 J€ BOHM MOXYTh 3aCTOCOBYBATHCSI B MPOIIECI PO3POOKHU

MOJIEJII IITYYHOTO 1HTEICKTY.

EsontouiHuit metop, CUMYNALLIA #HUTTA leHeTudHi anroputmu | TeHETUYHE MpOrpamysaHHs NEAT
y -, oy ™ ! - -,
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Bubip moaeni napameTpis napameTpis wabnoHy napamerpis
. Y, A A A M y . J
o ™ ™ . e
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Puc. 6 3acTocyBaHHS €BOIOIIHHUX OOYKCIIEHD ISl IPOLECY pO3pOOKH MoIeml
HITYYHOT'O 1HTEJIEKTY Y TNIMOOKOMY HaBYaHHI
Bubip mooeni.: Ilowyk eae
OOpana 6a3o0Ba MOJIeTb 1 TUIH IIAPiB YaCcTO OyAyTh 3aJ€KaTH BiJ 3aj1adyi, 110
BUPIITYETHCS. Y OUIBIIOCTI BUMAIKIB ONMTUMI3AIN0 BUOOPY MOJIEN MOKHA 3pOOUTH

IBUIKO 1 BpyuHy. OJIHaK BUO1p MOJENI MOJIsrae He JUIIe Yy BUOOpI TUITY I1apiB; BiH
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TAaKOXK MOXE BKIOYaTH (GopMy ONTHUMI3alii, MOYATKOBI Baru Ta BTpaTH, SKi
BUKOPHUCTOBYIOThCSI i1 HaB4aHHsA Mozeni. Illnsxom onTtumizamii TUITIB IIapiB
MOJIeTI, MEXaHi3My ONTUMI3alii Ta HaBiTh (OPM BTpPAT MOXKHA 3POOHTH MEPEXKY
HAJIAHIIIOW 1JI OUIbII €(DEKTUBHOTO HAaBUAHHS.

Apximexmypa mooeni: Onmumizayis apximexmypu

Yacrto, Oyayroun Mepexi riruO0KOT0 HaBYaHHSI, 3aBUIIYETHCS PO3MIp MoJeNi
a00 KUIBKICTh BY3JiB 1 mIapiB y mojem. [lotiM 3 yacoMm 3MeHIIyeThCcs MaciiTad
Mepexi, o0 BOHA cTana OUTBII ONTUMAJIBHOIO JAJIsl BUPIIICHHS 3a1a4i. Y 6aratbox
BHUIMAIKaX HASBHICTh 3aHAATO BEJIMKOI MEPEXi MOXKE TMPHU3BECTH IO
3amam’sITOBYBaHHS BXIJHUX JaHUX, 10 MpU3BEAEC 0 NepeHaB4yaHHs. | HaBmakw,
MepeKa, sika € HaJTO MaJIOKO JIJIi BUBYEHHS PI3HOMAHITHOCTI Ta BEJIUKOI KIJIBKOCTI
JaHUX, K TMPABUIIO, CTPAXKIATUME BiJ] HEJJOHABYAHHSI.

[[Io6 BupimmTH MpodIEeMU 3 MEPEHABUYAHHSIM Ta HEIOHABYAHHSIM, MOXKHA
3aCTOCYBaTH TEHETHYHI AJITOPUTMH JIJI1 aBTOMATHYHOTO 3MEHIICHHS MEpEexXi /10
MiHIMaJIbHO1 opmu. Lle He TUIbKK MOKpanlye NPpoOAYKTHUBHICTh MOJIENI Ta 0OMEXye
MepeHaBYaHHS Ta HEAOHABYAHHS HABYAHHS, aJle TAKOXK 3MCHIIYE Yac HaBYAHHS 3a
paxyHOK 3MEHIIeHHS po3mipy mepexi. Lle Texnika mgoOpe mpartoe mpu crpoOi
ONTUMI3yBaTH TJIUOII MEPExXi.

Hanawmyeanns/onmumizayis cinepnapamempis

HanamryBanHs rineprmapaMeTpiB — 1€ MPOIEC, SKUW BUKOHYETHCS B
MallMHHOMY HaBYaHHI1 Ta AKUH BUMAarae ONTUMI3alii MOIeN HUJITXOM HaJlallTyBaHHS
PI3HMX YIPABJISIOUMX 3MIHHUX, Kl BU3HAYAIOTH LF0 MOJIENb. Y TNIMOOKOMY HaBYaHHI
napamMeTpu BUKOPUCTOBYIOTHCS JJIsS TIO3HAYEHHS Bar Mojell. YTpaBisiodi 3MiHHI
MaroTh Ha3BY TineprnapaMeTpu.

EBomromiitHi 0oO0YMCIICHHS HAJalOTh KiJbKa aJIbTCPHATUBHUX METOMIB JIJIS
JI0JIaBaHHS aBTOMATHYHOI ONTHUMI3allli TimeprnapameTpiB ISl IMHUPOKOTO HAOOPY
MOJCJEH, BKJIIOYAIOYHM MOJeial TIInOoKoro HaByaHHsA. PolioBa omnTumizanis,
nudepeHItiagbHa eBOJIONIs Ta TeHETUYH1 alTOPUTMHU OyJiHM YCHIIIHO BUKOPHUCTaHI
TS PSAY 3ajad.

Banioayis ma onmumizayia pynxyii empam
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Po3po6ka HagiitHuX Mozienel rMOOKOTo HaBYaHHS YacTo 0a3yeThCsl Ha KITbKOX
BCTAHOBJICHUX IIA0JIOHAX [IJIi CTBOPEHHs SIKICHUX Mepex. Lleit mpouec Moxe
BKJIIOUATH BAJIIJAIII0 HABYAHHA Ta MPOJYKTUBHOCTI MOJIENI HUIIXOM 1T€PaTUBHOTO
neperssiay BTpaT HaBYaHHS Ta TECTYBaHHS, JUIsl TOTO 100 MepeKOHATHCS, IO O0UIBa
MOKa3HUKHU BTPAT HE BIAPIZHAIOTHCS AYKE CUIBHO.

Y TumoBoMmy creHapii HaBYaHHS 3 YYHUTEIEM YacTO BUKOPHUCTOBYIOTHCS
BCTAHOBJICHI TOKAa3HUKM, SKI BIJAMOBIJIAIOTh TOPIBHAHHIO MITOK. 3  OUIBII
MPOCYHYTUMH TEHEPATUBHUMH CIICHApisIMA TIMOOKOTO HaBYaHHSI CTalOTh
JOCTYITHUMHU MOYJIMBOCTI JUTsl ONTUMI3aIlil (hOpMH BTpPAT 1 HaBITh METOIIB BUTIIAITI].

MepexeBi apXiTeKTypHu, Taki SIK aBTOKOJYBaJlbHUKH, PIBHI BKJIQJICHHS Ta
reHEpaTUBHI 3MarajibHi MEpeXi, HaJalThb MOXKJIUBICTh BHKOPHUCTOBYBATHU
KOMOIHOBaHI BHM3HAa4Y€HHS BTpaT 1 BaliJalilo Mojaeli. 3 BUKOPUCTAHHIM
EBOJIIOIIMHUX OOYUCIICHb 3 SIBISIETHCS MOMJIMBICTE BHKOPHUCTOBYBATH METOU
aBTOMATH30BAHOT'O MAITMHHOI'O HABYaHHS /ISl ONTUMI3AIli [IMX TUITIB MEPEXK.

Hetipoesonioyia napocmarouux mononoziti

Heiipoepomrorist Hapoctatounx Tonojoriin (NEAT) — 1ie TexHika, sika MmoeHye
ONTHUMI3alliI0 TimeprapaMeTpiB 1 apXiTEeKTypH 3 MOUTYKOM Bar JJisi aBTOMATHYHOTO
CTBOPEHHSI HOBHX MOjIeJiel TJIMOOKOTO HaBYaHHS, SIKI TAKOXX MOXKYTb PO3POOUTH
CBil MeToj BTpatr Ta Bamijamii. He3Baxaroun Ha Te, 0 NEAT Oyno po3pobieHo
maiixke 20 pokiB TOMy, JIUIIE HEMIOJABHO II0 TEXHIKY MOYaJId 3aCTOCOBYBATH JIJIS
PI3HMX 3aCTOCYHKIB 3 BUKOPUCTAHHSM IMTMOOKOT0 HABYaHHS Ta IMTMOOKOr0 HaBYaHHS

3 M1JIKPIIEHHSM.

1.4 BUCHOBKH /10 IEPUIOTO PO3ALTY

B maHomy po3miii po3risiHyTO OCHOBHI METOJW PO3POOKH aTOMaTH30BAHOTO
MIPOTPAMHOTO YIIPaBIiHHSA POOOTU30BAHUMH areHTAMHU SIK CUCTEM, SIKI MOXKYTh OyTH
MIPE/ICTABJICH] y BUTJISI B3a€MOJIIT areHTa 1 cepeoBUINA JJIsi BUKOHAHHS [THOBOT
3amavi. BcTaHOBIEHO, IO CKITAHICTh CY9aCHUX POOOTH30BAHHMX CHCTEM BUMAarae
MPOTPAMHOTO YTPABIIIHHS, K€ BUXOATH 33 MEXI TPATUIIAHUX METOHOJIOTIH, 110

3aCHOBaHI Ha IMpaBujax. [HTeNneKkTyadbHE MpOrpamMHE YMOPaBIIHHSI Ha OCHOBI
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MITYYHOTO IHTEJEKTY, MAaIIMHHOTO HAaBYAaHHS Ta HEUPOHHUX MEPEK J103BOJISIE
OTPUMATHU CUCTEMY, 1110 aANTYETHCS JUIsl BAKOHAHHS LIJILOBOT 3a/1a4i.

Sk 1HCTpYMEHT aBTOMAaTH3allil PO3IIIHYTO €BOJIOIINHI METOIM Ta iX
3aCTOCYBaHHS JUIsi TIIMOOKOrO HAaBYaHHS MoOJeNied y MporpaMHUX CHUCTEMax
yOpaBIiHHS pOOOTH30BaHUM areHToM. Ha BiAMiHY BiJ TpaJUIITHOTO TIMOOKOTO
HaBUYaHHS, K€ 3HAYHOIO MIPOIO MOKJIAAE€THCSl HA 3HAHHS EKCIIEPTiB 200 mpeaMeTHOT
obnacti 11 MOOYIOBM MOl TJIMOOKOTO HaBYaHHS, €BOJIIOIIMHE TJIHOOKE
HaBUYaHHS aBTOMAaTUYHO MPOEKTYE TITMOOKY MOJIENh Yepe3 €BOTIOIIHHANA MPOTIEC.

3 TOYKHM 30py TTUOOKOTO HaBYAHHS, TpaaulliiHe rIrMO0Ke HaBUaHHS MOTpelye
0arato eKCIepTHUX 3HAHb ISl BUHANJACHHS Ta aHai3y 1HCTPYMEHTY HaBUYAHHS IS
KOHKpETHOro Habopy naHux abo 3aBmaHHs. HaBmaku, eBoidtoUiiHE TIMOOKE
HaBYaHHS MO>KHA PO3TJIANIATH SIK 3pYYHHUM JIJIST pO3pOOHHMKA 1THCTPYMEHT HAaBUaHHS,
SIKAH MOYK€ aBTOMATUYHO 3HAXOIMTHU BIAIIOBIAHI TJIMOOKI MOJIEIl Ha 3aJaHux
HaOopax pgaHux abo 3aBaaHHsIX. Omxke, €BOMIOLIMHE TJIMOOKE HaBYaHHSA
30CEPEIKYETHCS HA TOMY, HACKIIBKU JIETKO MO>KHAa BUKOPHUCTOBYBAaTH 1IHCTPYMEHT
HaBYaHHSA. 3 TOYKHA 30pYy CEBOJIOLIMHUX oOOYMCIeHb, KOH(Irypamii mojeni
IPE/ICTaBIICHI SIK 1HUBIIN, a TPOYKTUBHICTD SIK META, SIKY MOTPIOHO ONTUMI3yBaTH.
EBosmrornifini 00YMCIIEHHS BIIITPAIOTh BAKIIMBY POJIb B ONTUMI3AILi1, III0 0a3y€e€ThCs Ha
€BOJIIOLIMHUX MEXaH13MaxX. A €BOJIOLIIHE TTTMOOKE HABUaHHS MOXKHA PO3TIIAIATH SIK
€BOJTIOIIMHUN TPOIEC ONMTUMI3AIIIT JIJIS MOITYKY ONTUMAIbHUX KOH(ITYpaIiii Moemi
rIMOOKOTr0 HaBYaHHS 3 BUCOKOKO MPOAYKTHUBHICTIO. HelipoeBostonisi, eBomtoniiHa
onTHMi3allisl TineprnapaMeTpiB 1 HEHPOEBOJIOLIS HAPOCTAIOUUX TOMOJIOTIN €
IPUKJIaJlaMH €BOJIIOLIMHOTO IITMOOKOTO HaBYaHHs. EBouroliiifHe rimboke HaBYaHHS
BU3HAYa€ TIJIMHOKUHY METOJIIB €BOJIOLIMHOTO OOYMCIICHHS, SIKI MOXHA
BUKOPUCTOBYBAaTH JIJII aBTOMATH3allli Ta TMOKpAIIEHHS PO3POOKH Mojenei
rIMOOKOTO HABYAHHSI HA 0araThox eranax po0odoro mporecy MalmHHOTO HaBYaHHS.

TakuM yrHOM, CHOPMYITIOEMO KIIFOUOBI BUMOTH JI0 PO3POOJIFOBAHMX METOJIB
aBTOMATHU3AIll] YIIPaBIiHHS POOOTH30BAHUM areHTOM:

® [IIBUIIEHHS aIallTUBHOCTI YIPaBJISIOYOi MOJIEN IO 3aBlaHh HAaBUAHHSI

3a JIOMIOMOTOF0 T1IX0/Ty aBTOMAaTHYHOI pO3pOOKHU
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® JIOCATHEHHSI ONTUMAIbHOI MOJEJ BIAMOBIAHO 10 PO3POOIEHHUX LiIei
poOOTH30BaHOIO areHTa ab0 0OMEKEeHb CepeOBUINA

® BHUKODUCTAHHS  HEWPOEBONIOLIWHHUX  METOAIB, fAKI  IOEIHYIOThH
ONTUMI3AIIiI0 TiMeprapaMeTpiB 1 TOMONOTI] Mepexi 3 MONIYKOM Bar Jyis
aBTOMaTHYHOTO CTBOPEHHS HOBUX MOJENeit

e mnependadyeHHs MOXKIUBOCTI PO3UIMPEHHS 0a30BUX BXiIHUX JAHUX CTAHY
areHTa JaHUMH 3 KaMmepH, 10 3a0e3MeuuTh PO3pOOKY MPOrpaMHOIo
YIpaBIiHHSA areHTOM, po0OTa SIKOTO MaKCHUMaJlbHO HAOJIMKEeHa 10 YMOB

peabHOTO CBITY
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PO3A1JI 2. METOAU KOMII'KOTEPHOT O 30PY TA ITPOI'PAMHI
3ACOBH JIA YIIPABJIIHHA POBOTU30BAHOIO KIHIIBKOIO 3
BUKOPUCTAHHSAM JAHUX 3 KAMEPHU

2.1 OcHoBHi MeTOAM BHKOPHCTAHHS 300paskeHb UI  3ajadi

MO3UIIOHYBAHHS MOOIJILHOTO POOOTH30BAHOI0 AT€HTA

Hapiramisi areHta 3a J0mMOMOTOI0 Bi3yasibHOI iH(oOpMarlii mossrae vy
MOCTITHOMY OHOBJIEHHI CBOI'O PO3TAlllyBaHHA Ta KAapTHU CEpPEJOBHUINA IUIIXOM
3MIACHEHHS! BUMIpIB BIJICTAHI O OTOYYIOUUX OO’€KTIB. Y TEXHOTEHHUX yMOBax
MpOLIEC TPUBUMIPHOI PEKOHCTPYKIIII HA OCHOBI JIEKUIBKOX 300pa’keHb MOXe OyTu
BUKOPHUCTAHUH, 1100 JOMIOMOITH poOOTaM BHU3HAYATH X MOJIOKEHHS y MPOCTOP1 Ta
o0y IyBaTH TPUBUMIPHY KapTy HABKOJIMIIHLOTO cepeaoBuia [24].

ANTOpUTM OJHOYACHOI JOKami3aiii Ta kaptorpadysaHHs (Simultaneous
Localization and Mapping — SLAM) Bupiiirye 3aBaHHs OLIHKA MO3UIIIi MOOLIEHOTO
JaTdyuKa Ta MOOYIOBU KapTH HABKOJHUIIHBOTO CEPEOBHINA B PEKHUMI PEabHOTO
yacy. MoHokynsapauii SLAM, mo o6po6iisie 1aHi 3 0JHI€T KaMepH, CTaB 0COOIMBO
aKTyaJbHOI0 TEMOIO JIOCIHIIKEHb OCTAaHHBOTO MECATHINITTA. Manuii po3mip, Maia
Bara Ta HMU3BKUM PIBEHb E€HEPrOCIIOKUBAHHSI MOHOKYJISIPHOI KaMmepu poOsAThH 1i
1IXOISIIIIAM CEHCOPOM ISl aBTOHOMHHUX POOOTIB, TAKUX SK: aBTOHOMHI aBTOMOOLJT,
pOOOTU-MaHIMYISITOpU, OE3MIIOTHI  JIITalbHI  3aCO0M, CHUCTEMU JOMOBHEHOI
peabHOCTI.

OpnHe 3 HaliBaXuuxX 3aBllaHb MOHOKYyJsipHOro SLAM mnonsirae y oOIiHII
HIIJIBHOT KapTH JOCIIKYBAHOI ClieHH. MOHOKYIIsIpHA KaMepa Hajae iHGopMalliio 3
CEHCOPIB y BUIJISAI JBOBUMIPHUX 300pakeHb. ToMy riuMOMHA KOMXHOTO MIKCEJS
OLIIHIOETHCA 3 BIAHOLIEHHS KOOPJAUMHAT TOUYKH PEATBLHOrO CBITY MK 300pa’KEHHAMHU
3 pI3HUX MO3UIiN KaMmepu. Taki BIAMOBITHOCTI BUSBISIOTHCS IUIIXOM MOPIBHSHHS
dboTOMETpUYHMX MIA0JIOHIB Ha CYCIIHIX MIKCENSIX KOKHOTO OKpeMoro Tmikcesns. [Ipu
BUKOPUCTAHHI ~ TaKOro  MiJXOAYy BHHUKAIOTh  HETOYHOCTI:  MIKCeNIl  Ha

MaJOTEKCTypOBAaHUX OOJACTAX HE MOXYThb OyTH TOYHO CIIBCTaBJICHHI Ha
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300paXeHHX Ta TOUHA TPUBUMIpHA PEKOHCTPYKIIiS 3a3BUUail 0OMekeHa 00J1acTIMu
300pakeHb 3 BEJIMKUMHU rpajaieHTamu [24].

Cyudacui SLAM-cuctemMu MaioTh JBa OCHOBHI KOMIIOHEHTH: Bi3yaslbHa
OJIOMETpisl Ta TIoOalbHA ONTHUMI3Alls KapTh. Y Mpoleci poOOTH KOMIIOHEHTa
BI3yaJIbHOT OJ0MeTpii (III0 IOCTYMOBO OINHIOE IO3MINI0 KaMepu Ta CTBOPIOE
JIOKAJIbHY KapTy) HAKOMHYYIOTHCS HEBEJIHMKI MOMHIJIKH Ta 3 YacoM MOIMEpPEIHbO
OTpYMMaHa TO3UIli KaMepu MOYMHAE 3MINIYBATHCh BijJ AIMCHOTO PO3TallyBaHHS.
Skmo BUSABICHO TONEPEIHBO BiABIJaHY JIOKAIIO, 3CYB MOXKHAa YCYHYTH 3a
JIOTIOMOTOI0 METO/I1B II100aIbHOT ONITUMI3AIIIT KapT, TAKUX SIK 3aKPUTTS LUKITY HUIISIXY
Ta ONTUMI3allis rpady Mmo3uIlii. Xoda 3arajibHa IUTICHA KapTa CEPEIOBUINA MOXKE
OyTH OTpHMMaHa, HAKONMWYEHA IMOMMJIKA HE MOXe OYyTH MOBHICTIO BHUJIy4Y€HA 3
cuctemu. To0OTo, 3aranbHa epeKkTUBHICTh Oyb-1K0i SLAM-crucTtemMu BU3HA4Ya€ThCS
TOYHICTIO MOJIYJISI Bi3yaibHOI ojjoMeTpii. [IpoTsirom octaHHiX poKiB, JOCIITIKEHHS
BI3yaJIbHOI OJOMETPIi AOCATIM 3HAYHUX PEe3yibTaTiB MO MIABUIIECHHIO TOYHOCTI
aITOPUTMY, HaJIHHOCTI Ta epeKTUBHOCTI [25]. 3nificHeHo cipoOu peatizarii pi3HUX
BH/IIB BI3yaJIbHOI OJIOMETPIi, HAPUKIIA[, MPsMaA Ta HenpsAMa (Ha KIIOYOBUX TOYKaX),
I[iJbHA YW HAMBIIJIbHA OINTHUMI3AIS Ta po3pikeHa ontumizamis. OJHaK,
HE3BaXAIOYM HA TAaKy PI3HOMAHITHICTh MIAXOIB, BCE IIE 3AJIUINAETHCS MUTAHHS
MIJBUILEHHS MPOAYKTUBHOCTI MiJ] BILTMBOM SIKOCTI (DOTOMETPUYHOTO KaJllOpyBaHHS
KaMmepu. AJIKEe TIPU PO3paxyHKaX MOJIeNl Bi3yaJIbHOI OJJOMETPii HETOYHI MapaMeTpH
KaMepH BUKOPUCTOBYIOTHCS HA KOKHOMY €Tall Ta He MOXYTh OYyTH CKOMIIEHCOBaH1
B Pe3yJIbTaTl ONTUMI3AIII.

[Tikceni, 1m0 BIAMOBIIAIOTH OHIN 1 TiH K€ TPUBHMIPHIN TOYIll, MOXKYTh MaTH
PI3HY 1HTEHCUBHICTh Ha PI3HUX 300pa)KEHHSAX BHACIIZAOK ONTUYHOTO BIHBETYBaHHS
KaMepu, aBTOMATUYHOTO IMJCUJICHHS Ta AaBTOMATHYHUM HaJAIITYBaHHIM
ekcro3uilii. IcHye nexiapka miaxo/iB 10 (OTOMETPUIHOTO KATiOpyBaHHS 3 METOIO
npuOJM3HOTO  BIJHOBJIEHHS 3HAY€Hb IHTEHCUBHOCTI 300paxkeHHs. OcTaHHI
JOCIIKEHHS IOBETH, 110 (DOTOMETpUYHE KaTiOpyBaHHS MOKE 3HAYHO TMOKPAITUTH

e(PEKTUBHICTh IPSIMUX METOIIB Bi3yalibHOI ojtomMeTpii [26].
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Ha skicTb TpuBHMMIpPHOI PEKOHCTPYKIIli BIUTUBAE ACKiIbKa (HAaKTOPIB: PyX
KaMmepu Ta 00’ €KTIB CepeOBHILA, MPOCTOPOBE KBAHTYBAHHS KOOPIMHAT 300pakeHHs
[27], BimmOBIAHICTD KIFOYOBHX TOYOK [28], mapameTpu kamiOpyBaHHs kamepu [29],
HEBpPaxOBaH1 CIIOTBOPEHHS KaMEpH, a TAKOXK YMCIIOBI Ta CTATUCTUYHI BJIACTHUBOCTI
obpanoro Meroay pekoHcTpykiiii [30]. bxany Ta in. [31] Oys10 mpoaeMOHCTPOBaHO,
[0 PEKOHCTPYKIIIS IO 3MiH1 IMOJI0KEHb MOHOKAMEPH ITiIJIATAE 3HAYHUM ITOXHOKaM B
okosi ¢okycy posmupeHHs (focus of expansion - FOE), a pekoHcTpykiis 1o
CTepE0300paKEeHHSIM Ma€ HalOUTbITy TOXHOKY Ha Kpasx nodst 30py (field-of-view -
FOV). Xoua uncenpHi eKCIEpUMEHTAIbHI PE3YIbTATH JOCHTIKEHHS TTOKA3aJIH, 1110
JaHE TBEPDKCHHS € CIOpaBeJIMBUM, DPIIICHHS 1€l mpoOjeMu He Oylio
3anponoOHOBAaHO. /{151 OTpUMaHHS aHANITHYHUX PE3YJIbTATIB, B POOOTI PO3IIISIHYTO
QIrOpUTM HAOMMKEHOI OLIHKH, a MOTIM PO3paxoBYeThbCs TOYHICTH [32]. Takuit
miX11 poOUTHh PO3paXyHKH MPOCTINIUMU, TPOTE€ BUKOPUCTAHHS CYOONTUMAIBHOTO
AIrOPUTMY € OOMEKEHHSM, 3 OIJISly HA HAKOMUYEH] BTPATH TOYHOCTI.

JlocmipKeHHsT PI3HUX THUIIB MOMMJIOK Ta iX BIUIMB Ha SIKICTh TPUBHMIPHOI
PEKOHCTPYKIIIi, sika OyJia OTpUMaHa 3 BUKOPUCTAHHSAM TEXHOJIOT1i CTPYKTYPOBaHOTO
CBITJIa, TIpeJCTaBUB y cBOil poboTi A Ta iH.[33]. Bueni chopmyBanm aHagiTHYHE
IPEICTaBIICHHS MTOXUOOK, 1110 BUHUKAIOTH JIJIs TIOJIOKEHHSI TPUBUMIPHO1 MOBEPXHI, 11
opienTamii Ta kpuBu3Hu. [am, ['axxoyanTi Ta iH. [34] 3anponoHyBaiy Mmiaxia s
OI[IHKU TPaHUIlh MOXHUOOK BUMIPIOBaHb, III0 BPAaXOBYIOTh HETOYHOCTI, SIKI BHHUKAIOTh
M1 Yac KajalOpyBaHHA Ta TplaHryisuii. banacypamanss ta iH.[35] npoananizyBaiu
BIUIUB IIYMY (SIKUM JOCI BBa)KABCS HE3AICKHUM 1 PIBHOMIPHO PO3MOAIICHUM) Ta
reoMeTpii yCTaHOBKM 300pa’keHb Ha TOXMOKY PEKOHCTPYKIi HpaMuX miHii. Ix
aHaJi3 TEepPeBaKHO 0a3yeTbCsl Ha MOJEIhOBAHUX JOCIIKEHHsAX. PeBipa-Pioc Ta
1H.[36] mpoaHaNi3yBaJIM TOMWJIKY PO3MIPHUX OJIMHUIIL TMPH BHUMIPIOBAHHSX, IIi
MOMMJIKHA HalJacTiiie 00yMOBIICHI MOXUOKaMU JIOKai3allii Ha III0KHI 300pakeHb.

SIKicTh aNrOpuTMy PEKOHCTPYKIII KapTH HAaBKOJMIIHBOTO CEPEelIOBUINA 32
noromoroto mMetogy SLAM B icHyrouMX mifxoaax Oyna OIiHEHa BIAMOBIIHO JI0
TOYHOCTI OTPUMAHOI TPAEKTOPIi pyXy CEHCopa Ta MIBUAKOII anroputMmy. Ko

po3risnaty miaxoau SLAM 3 mMeToro moOyJ0oBHM TOYHOI IIUIBHOT PEKOHCTPYKIIIT
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00’€KTIB HABKOJMIIHBOTO CEPEAOBHUINA, TO HEOOXITHO BpPAaXOBYBAaTH TPU BUIH
NMOXHOOK: MOXHUOKK MOJIE KaMepH, MOXUOKH Mpu oOpoOI11i 300pakeHb Ta MOXUOKHU
KamOpyBaHHsT kamepu. Ha BinmMiHY Bij BUIE3rajaHUX JOCTIIKCHb, HAIl aHaJI3
30CEpeKCHII Ha TTOXUOKaX pe3yabTaTy (OTOMETPUYHOTO KamiOpyBaHHS KaMepH
JUISL JOCIIIJPKEHHST 3aJIeKHOCTI SKOCTI TPUBHUMIPHOI PEKOHCTPYKINT Bii TOYHOCTI

(doToMEeTpUYHOTO KaiOpyBaHHSI.

2.2 OCHOBHI MeTOIY MPOTrPAMHOI0 YIIPABJIIHHA POOOTH30BAHUM AT€HTOM

3 KaMepoI y cepeaoBHIILi

Kinemarnune 3’egnanHs [37] ckiagaeTrbess 3 HaOopy TBepAux Tul (IO
HA3MBAIOTHCA JIAHKAMH), MPUEAHAHMX OJIMH JIO OJHOTO uepe3 MeXaHI3MH (IO
Ha3UBAIOTHCS 3’€THAHHAMM ), IKI OOMEXYIOTh iX pyX. 3’€ITHaHHA MaroTh Big 1 10 6
CTENEHIB CBOOOAM, IO BHU3HAYAIOTh OOMEXKEHHS pYyXy MpUEIHAHUX JIAHOK.
3’eHaHHS, AKE MOEAHYE JaHKy A Ta jJaHKy B Ta Mae xoHbirypartiro i BiioOpaxkae
tpancdopmanito: TZ (q;) € SE(3), i AKIIO qj 3MIHIOETBCSA, TO TaK CAMO 3MiHIOETHCS i
TpaHcdopmallis Mixk JJaHkamu A Ta B.

[TepetrBopenHs Oyab-sKoi JaHKH L 111010 CTiiKO1 cucTeMu BiIiky W Moxke OyTr
pPO3paxoBaHO MIISXOM MPOXO/KEHHS KIHEMAaTHYHUM JIEPEBOM Ta OOUYMCIICHHS
3araJbHUX MEPETBOPEHb, 10 BEAYTh BiJ KOXKHOTO 3 €IHAHHA 10 KOpEHs epeBa (e
MPOIIEC HA3UBAETHCS MPSIMOIO 3a7a4€t0 KIHEMATUKH):

T =T, (qim1) - T2 (q)TY .

Konirypamuieto po6ora q € RN € Bexrop, mo noemnye creneni cBobomu BCix

3B’ SI3KIB:
q=1[q1-qn]".

YacTkoBa MoxiJHa 1-TOi CUCTEMH BIAJIIKY JIAaHKH 110  Ma€ Ha3By KIHEMaTUYHOTO

SIko6iaHa JTaHKH, Ta JJIs MPOCTUX KIHEMAaTUYHMX JIAHIIOTIB MOXKe OyTH e(peKTHUBHO

3HAWJICHO aHATITHYHE PIITICHHS:

0
Ji(q) = ETLVL-I/-
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2.2.1 JIaTuMky rJau0uHH 300pakeHHsA

Jlns BimoOpaskeHHSI CTPYKTYPH HaBKOJMIIHBOTO CEPEJOBHILNA 32 JTOTIOMOTOIO
CUCTEMH KOMIT IOTEPHOTO 30pPY, pOOOT MOBUHEH OYTH OCHAIICHHUHA NaTYMKaMH, IO
J03BOJISITh 3[INCHATA TPUBHUMIPHY PEKOHCTPYKIIIO CEpPEJOBHINA, a HE JIUIIE
JBOBUMIpPHE IOJIOKCHHS OTOUYIOUUX 00’ €KTiB. JlJist 11bOT0 MOXKE OyTH BUKOpHCTaHA
cTepeo kamepa abo rnmubuHHa kamepa. [lozHaunMo riambuHHEe 300pakeHHs [, SIK
(yHKIig 3 06nacTio BusHadeHHs QeR?. BifHOMEHHS MiK TPUBUMIPHHUMH TOYKAMH
CIICHH Ta JIBOBHUMIPHMMH TOYKaMH Ha 300pakKCHHI MOXKe OyTH 3MOJEIBOBAaHO 3a

JOTIOMOTOF0 MIPOCTOT MHXOJIBHOI MOJEN KaMEepH:

Proj(x,y,z) = [u,v] = [fx7x+ Cx:fyTy‘F cyl,

7€ U, V - e IBOMIPHI KOOPJIMHATH Ha 300paKeH1; X, Y, Z - TPUMIPHI KOOPJUHATH
TOYOK B CHCTEMI KOOPAMHAT KAMEPH Ta fy, f;,, Cx, C;y — BHYTPILIHI ITApaMETPH KaMEPH
(boxycHa BiACTaHBb 1 LEHTP Kamepu - f ma ¢ BIANOBIAHO). BU3HauMMO Takox
00epHEHY MPOEKIIHHY MOJIENb, SIKa MpUiiMae Ha BX1J KOOPAUHATH 3 KaMEPH U, U Ta
BUMIp TTTMOMHU TOYKH Z, Ta IEPETBOPIOE iX B TPUMIPHUIN BEKTOP BITHOCHO (DOKYCHOT
TOYKH Kamepu. OTpuMaHa MHOXHHA TPUMIPHUX TOYOK HA3UBAETHCSI XMApPOIO TOYOK
3a TJIMOMHHUM 300pa)keHHsIM. i KOHKPETHOTO MiKCeNs U,V 3 TIMOWHOIO Z,

BiJIMTOBITHA TOYKA 3 XMAPH TOYOK BU3HAYAETHCS HACTYITHUM YHHOM:
u—c, v—Cy

P 1 Y = NV
roj~ (u,v,z) = z| ' h

1].

2.2.2 PexkoHCTpPYKIUisl cepeoBHIIIa MOOITBLHIM POOOTOM.

Jlns BupilieHHd 3a4adi HaBiramii MOOUIBHOTO po0OTa BUKOPHUCTOBYETHCA
onHovacHa Jiokamizarisi 1 kaprorpadysanns (OJIK). Bona nmomnsirae y mobymoBi i
OHOBJICHHI ~Mamnu HEBIJIOMOIO OTOYYIOUYOTO CEpeoBUINA 3 OJHOYACHUM
BIJICTEKYBaHHSIM MiCIIE€3HAXOKEHHS T1]] 4ac PyXy Yy IIbOMY CEpPEOBHIIII.

IIpu 3amaHiii MOCTIOBHOCTI 300pakeHb O; 3 KaMepu poOoTa B JUCKPETHI
mpoMiXKKH vacy t, 3anauero OJIK € po3paxyHOK 1 BU3HAYEHHS TIOJIOKEHHS poO0Ta X4

i Marmu oTouyroUOoro cepenoBuia m;: P(mg, x:|01.;).
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Posrissremo peamizamito OJIK merogqom CNN-SLAM [38]. TlepeBaroro mporo
QITOPUTMY € BUKOPUCTAHHS 3TOPTKOBUX HEHPOHHUX MEPEX IS PEKOHCTPYKIIIT MO
300paxeHHSIM 3 MOHOKamepu. ToyHa Ta IIiIbHA TPUBUMIPHA PEKOHCTPYKIIiS
JOCATAETHCSI BHKOPUCTAHHSM ITPOTHO30BAHUX KAPT TTMOWHHM 3 TIMOMHHOI HEUPOHHOT
Mepexi. Taki TpOTrHO30BaH1 WIUIBHI KapTH TIAMOWHU 00’ €IHaH1 31 3HAYEHHSIMU
NIMOWHU, OTpUMaHUMU 3 IpsiMoro MoHoKysipHoro OJIK. Cxema Metony 300pakeHa

Ha PUCYHKY 7.

BXxigHuWI Kagp 3 Kamepu

OujHKa nosumuji YTOYHEHHA

Kamepu N6MHKU

BxigHe 306paxeHHA

Kntouoswit kKagp

MepeabayeHHn
rnbuHK 3a
Z10MoMoroio
3ropTKOBO|
HelpoHHOT Mepexi

IHiyjanizauin OnTtumisauis rpady LinicHa TpusumipHa

K/OYOBOTO Kagpy nosuLii kKamepu KapTa cepeaosuLLa

Puc. 7. Anroputm CNN-SLAM
ANTOpUTM Hazae nepeBary nependadeHi raMOnHI Ha YaCTUHAX 300payKeHHsI, JIe
miaxiag MoHokymsipHoro OJIK, six mpaBuio, He mpaioe. Hanmpuknaza, B30BXK Malo
TEeKCTypoBaHUX oOiacteil. KpiM Toro, HaaeTbes OliHKA a0COIOTHOTO MaciiTady
OTPUMAHO1 PEKOHCTPYKIIIi.
OuiHKa MOJOXKEHHS KaMepu BIJOYBA€THCS MLIISXOM BHU3HAYEHHS KIFOUOBUX
KanapiB kq, ..., k, € X AK CTpyKTypHUX €JEeMEHTiB, Ha sKuX 3aikcHIOeThCs OJIK.

Kosxen knrouoBuit Kaap k; MoB’si3aHuii 3 MO3UII€HO Kamepu Ty, MIUIBHOK KapTOkO
rbuHn Dy, Ta KapTor HEBU3HAYEHOCTI ruOuHu Uy, (CTEniHb NOBIPH KOKHOMY

3Ha4YeHHIO TNIMOUHM). [ToTouHa Mo3uIlis KaMepH sIBJIsiE COO0I0 TpaHcdopmariito t-ro
KJIFOUOBOTO KaJpy BIAHOCHO t-1 KJIFOYOBOTO Kajpy 1 CKIIAJA€ThCS 3 MOBOPOTHOI

marpuni 3x3 R, € SO(3) Ta TpumipHOro BekTopa nepeminieHns t; € R3:

TS = [Ry, t,] € SE(3).
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L TpancopMallis OLIHIOETHCA HUIAXOM MiHIMi3alli (OTOMETPUYHOI TOXUOKHU
MDK 1HTEHCUBHICTIO 300paXeHHs [; TOTOYHOTO Kajapy Ta I1HTEHCHUBHICTIO
300pakeHHs [, HaHOIMKYOTO KIHOYOBOrO Kajapy K;, 3aCTOCOBYIOUHM 3BAKEHY
onTtuMizallito ['ayca-HproToHa, 1110 6a3yeThes Ha PyHKIIII:

~ ki
E(TF) = Seap | —te)
o(r(@T, )
ne p - ue Hopma XbproOepa Ta 0 — 1€ (PYHKIIOHAJIBHHA BHUMIpP 3aJHIIKOBOI
HeBu3Ha4YeHOCTI [38]. DOoTOMETpUYHUN 3aUIIOK 1” BU3HAYAETHCS Ha OOMEKEHiH
MIIMHOXXHWHI TKCEITIB, M0 JeKaTh B 00JACTAX BEIUKOTO TPAMI€EHTY KOJIhopy (il C

u € (0) Ta BU3HAYAETHCA:
~ ki _ ~ . Kir,—1~ ~
r(u, T, ) = Iy, (@) — [;(Proj (KT, 'K~ Dy, (@1))).
ki . L :
Matoun 3Ha4eHHs T, ', IOTOYHY MO3UIIII0 KAMEPH Y CBITOBI CHCTEMI KOOPIUHAT

6 T _— Tle . L)
MoskHa o0umncautu sk Ty = T, 'Ty,. Jlani rpad nosuuii kaMmepu Ha KIIIOYOBMX KaJpax

YTOYHIOIOTHCS 33 JJOTIOMOT'OI0 METOIB onTtuMizarii rpadis [39].

2.2.3 JleTeKTYBaHHSI TNapaMeTPU30BAHMX IOBEPXOHb Yy TPUBUMIpHIil
KapTi cepe1oBHUINA
[Ticnst oTpYMaHHSI TPUBUMIPHOI KapTH CEPENOBUILA y BUTIISAI HIUIBHOI XMapH
TOYOK, BOXKJIMBOIO 337]a4€I0 € PO3MI3HaBaHHS TBEPAOTUINX 00’ €KTIB, 110 MOXKE OyTH
3/IiICHEHa Ha OCHOBI CErMEHTAIlll MeBHOI ClieHH cepenoBuia. Llei nporec nonsrae
y pO3MOALII XMapu TOYOK Ha TMIIMHOXWHM, 10 BIJAMOBIIAIOTh UITKUM
napaMeTprU30BaHUM MOJIENISIM, TaKUM SK: JIiHIi, IUIOIIMHM, KOJa, ITWIIHIAPUYHI
MOBEPXHI, cpepryH1 MOBEPXHI, KOHIYHI TOBEPXHI.
CerMeHTalist XMapu TOYOK 3/1MCHIOETHCA Ha OCHOBI JaHUX PO HOpMail TOUOK
3 xmapu. Kapra, oTpumana Ha eTari peKOHCTPYKIIii MICTUTh JIUIIE CYyKYITHICTh TOUOK
D;, 1151 KOJKHOI 3 SIKMX OIlIHKA HOpMaJTi TIPEJICTaBIIsie€ COOO00 aHaI3 BIIACHUX BEKTOPIB
Ta BJIACHMX 3HAa4YeHb KoBapiariiHoi marpuill C, mo BpaxoBye HAHOMMKIUX CYCITiB

3aJ1aHO1 TOYKU:
1 — — — —_— .
C= T —p)i—p), C+y =4+, je{0,1,2},
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ne k — KUIbKICTh CYCIAHIX TOYOK, IO PO3MIIICH] Yy JEIKOMY OKOJ1 TOYKH D;; D -
IEHTPOI[ HANOIMKYKUX CYCIAiB; /1]- € J-UM BJIACHUM 3HAYEHHSM KOBapialiiHOi

MaTpHIli, a U, - BIaCHUM BeKTOpPOM. OTPHMaHHii BEKTOP HOPMaJli BU3HAYAEThCS

Ao
O =——"—mr".
Ao+A1+2,

Jlami, Ha MHOXHHI TOUYOK p; Ta iX HOpMAaJeH 0; 3MIMCHIOETHCS CETMEHTAIlis 3
BukopucTanHaM MeTony RANSAC. Anroput™m 3HaXoAuTh pi3HI MapaMeTpUyHi
MOJICJI Ta TPEACTABIAE X Yy GopMi KIacTEPU30BAHOT XMapH TOUYOK, /1€ BCl TOUKHU

BiIlCCI‘MeHTOBaHi Y CK3CMILLAPU MOI[CJ'IGfI O6’€KTiB, SKHUM BOHH HAJICKATD.

2.2.4 O0uuciaeHHsd mo3uuii 3AilicHeHHS 3aX0ILICHHS HiJILOBOI0 00’ €KTa

Ha ocHOBI 1unicHOi WIIBHOT MOJENl 00’€KTa 3IMCHIOETHCA TUIAaHYBaHHS
3axorieHHs. J[JI1 [bOTO BHKOPUCTAHO METOJ, IO OIIIHIOE JIOKaJbHI BJIACTHBOCTI
cuMmetpii 00’ekra [40]. Lle Moxke OyTH JOCATHYTO MIJISAXOM OOUMCIICHHS CEPEAUHHOT
BICl, SIKa MPEJCTaBIsI€ TPUBUMIPHHI 00’ €KT K 00’ €THaHHS KyJb. J{aHi cuMeTpii, 1110
MICTHTh CEpEIMHHA BICh, MIJJIATAIOTh aHAM3y. CXeMy alrOpUTMY MPEICTABICHOTO

MeTOAy nepea0ayeHHs 3aX0IUICHHs 300paKeHO Ha PUCYHKY 8.

Mobyaosa
MiHiManbHoro
KicTAKOBOrO Aepesa ANa
KOXHOFO CermeHTa
cepeauHHOI BicCi

Po3paxyHOK LjinboBux
HanNpPAMKIB pyKu ana
BiZlTBOPEHHA
MONIOXKEeHHA 3aXBaTHOro
npucTpoto

O6umncneHHs
cepeaunHHOI Bici mogeni
Ta i cermeHTauifa

BubipKa TOYOK NoBepxHi
06’€eKTa, OTPMMaHOI 3
CNN-SLAM

OTpumaHHA
pesyNbTytoHOro 3axsaty

Puc.8. [InanyBaHHs 3aXOIJIEHHS Ha OCHOBI CEPEIMHHOI BiCI MOJIeNl 00’ €KTa

OTpumaBim MoJeNb 00’ €KTa AOBUIBHOI ()OPMH Y BUIJISIAI XMapH TPUBUMIPHUX
TOYOK, OOYMCIIIOETBCS CEepeIMHHA BICh 3a aIrOPUTMOM, IpeiacTaBieHuM y [41].
Otpumanuii Habip TOYOK, MO0 HAOJIUKEHO YTBOPIOIOTH CEPEAUHHY BiCh, TO3HAYMMO
aK M.

JlaH1 cepeIMHHOI BiCl HA MPOEKI[IHHIN TUIONIHMHI P TPEACTABISIEMO SIK 3BaKCHUI
MOBHUH Tpad Ta CEerMeHTyeMO Horo Ha Kiactepu c;. KoxeH yTBOpeHu# KiacTtep ¢
MiUIArae aHali3y Ta BiIMOBIAHOCTI IEBHOMY TUITY Cepell HACTYITHUX THUIIIB CTPYKTYD:
KOJI0, 31pKa 3 KUIbIIEM, IEPEBO, EIEMEHT OC1 CUMETPIi.

['eHepyBaHHsS KaHAWJATIB Ha 3aXOIUICHHS 3A1MCHIOETbCS 3 BUKOPHUCTAHHSIM

Ha0Opy €BPHUCTHUK, 110 BPaXOBYIOTh OTPUMaHI CTPYKTYPH y YaCTHHAX CEPEIUHHOT
ol



Bici. OCHOBHMM MiAXiA TMOJSATa€ y PO3TJSAAl KUIBKOX CYCIAHIX IUIOIIMH p; Ta
OTPUMAaHHI MEPCHEKTUBHUX IUJIBOBUX HANpPSMKIB Ta KYTIB IOBOPOTY PYKH IS
KOXKHOTO THUITY KJIACTEPIB.

[Tokazano, no inTerparis OJIK cucremu 3 nependadyeHHsIM KapTH TJMOWHU 3a
JOTIOMOTOI0 TJIMOOKOT HEHPOHHOI MEpPEXi B CHCTEMY PO3PaxXyHKY MO3HMIIT PYKH
poboTa s 3MIMCHEHHS 3aXOIUICHHS € 0araTooOIII0oYrM HAMPSIMKOM IS
BUPIIICHHS TTPOOJIeM pO3paxyHKy IMOJO0KEHb 3aXOIUIIOIYOr0 MPHUCTPO0. 30Kpema,
BOHA JI03BOJISIE 3MEHINUTU 3aJICKHICTh BIJl THUIIOBUX OOMEXKEHb TPATUIIIAHOI
PEKOHCTPYKINi 1O 300paKeHHSAM 3 MOHOKaMEpH, OCOOJMBO MIOMO OIIHKA
a0CONMIOTHOrO MaciiTaly, OTpUMaHHS UIIJIbHOI KapTH TJIMOMHKM Ha Malio
TEKCTYPOBaHUX 00JIACTAX 1 HA Kaapax, 10 MAlOTh JIKIIE TpaHCHOpPMAIIit0 TTOBOPOTY.
3anporoOHOBaHUHN MIIXi[ 10 BUKOPHCTAaHHS YTOYHEHHS KapTH TJIMOWMHU IIiJ Yac
PEKOHCTPYKIIli HABKOJMIIIHBOTO CEPEAOBUINA JI0IA€ 111 MPoOieMH, 30epirarouu npu
bOMY HAJIIAHICTh 1 TOYHICTHh MpsiMOro MoHokyisipHoro OJIK. 3aramphHa cuctema
3/1aTHa BUKOHYBATH PO3PaxXyHOK IMOJIOKEHHS 3aXOIIIOI0YOT0 MPUCTPOIO HA OCHOBI
3arajibHOi PEKOHCTPYHOBAHOI CIIEHU HABKOJIUIITHBOT'O CEPEAOBUIIA, il CErMEHTAIll] Ta

BHOKpPEMJICHHS MOJIeI 1iJIboBOro 06’ exra [9].

2.3 Meroau kajgiOpyBaHH KaMepH ISl 3MEHIIEHHH BILUIMBY NMOXHOOK

JAHMX i3 300paKeHb

Kamepa, ska BUKOPHCTOBYETHCA SK BI3yalbHUN JATYMK, € HEBIJ €MHOIO
YaCTUHOIO 0ararbOx CHUCTEM, cepell SKUX POOOTOTEXHIYHI, CHOCTEPEKyBalbHI,
JOCJIIKEHHS KOCMOCY, TTPOMUCIIOBa aBToMartu3alis. Jljisi 6araTboX 3acTOCyBaHb
BXXJIMBO 3HATH IMapaMeTpu Kamepu, 100 e(PEeKTUBHO BUKOPHMCTOBYBATH JaHl 3
300paKeHb.

[Ipomec oriHkKM MapaMeTpiB KaMepu HA3WBAETHCS KaliOpyBaHHSIM KaMepH.
Ham 1iuadopmariiss npo kamepy (mapamerpu abo koedirieHTH) Moxe OyTu
BUKOPUCTAaHA JIJI1 BU3HAYEHHSI TOYHOTO CITIBBIAHOIICHHS M1 TPUBUMIPHOIO TOUKOIO
B pEaJIbHOMY CBITI Ta ii BIAMOBIAHOIO JBOBUMIPHOIO MPOEKIli€l0 (TKCeleM) Ha
300pake€HH1, 3HATOMY III€I0 BiKAIIOPOBAHOIO KaMePOIO.
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3a3Buyail KaniOpyBaHHS MOJSATA€E y 3HAXOKEHH1 ABOX THITIB MTAPAMETPIB:

e BuyTpimHi mapaMeTpu cUCTeMH Kamepa abo 00’€KTUBY, HAIPHUKIIAI:
dboKycHa BIJCTaHb, ONTHYHHMM IIEHTP 1 KOEQIIMIEHT paaiaIbHOTO
BUKPUBIICHHS JIIH3H.

e 3OBHIIIHI MapaMeTpH, AKI BITHOCSATHCS 0O OpieHTaIli (IOBOPOTY Ta
3MIIIEHHS ) KaMepH BIJIHOCHO TEBHOI CBITOBOI CUCTEMHU KOOPAUHAT.

Jlis cTaTU4YHOI KaMepu 30BHINIHI TapaMeTpH BIAMOBIIAIOTH €IUHOMY
NEPETBOPEHHIO: kKamepa-cBiT. OJIHaK, SKIIO KaMepy BCTAHOBIICEHO HA PYXOMIiH pyIli
poOoTa, 30BHINIHI TMapaMeTpH CKIAJAloThCs 3 TpaHchopmarii mo3uiii kamepu
MO3UIIII0 B po0OoTa Ta TpaHnchopmallii mo3ullli podoTa B MO3UIIII0 B CBITOBINA CUCTEMI
koopauHat. Tpancdopmarris mo3uiiii KaMepH B MO3UIINIO poOOTa € PYHKIIEI0 PYXy
pyku podoTa [90].

30BHIIIIHI MapaMeTPU € BaXJIMBUMHU JIJII BUKOPUCTAHHSA KOHTPOJIHOBAHOTO
pPYXy KaMepH B CUCTEM1 aKTUBHOT'O 30pY, OCKIJIBKU pyX poOOTa 3a3BUYail BKa3yeTbCs
B CUCTEMI KOOpAMHAT poOoTa, ToAl sk 3D BUMIpIOBaHHS OTPUMYIOTH 13 BUMIPIOBaHb,
3p00JIEHUX MO0 CUCTEMH KOOPAUHAT KaMEpH.

CknafHICTh OLIIHKK BHYTPILIHIX MapameTpiB MOJISITa€ B TOMY, IO KJIACUYHI
METO/M TIYKAIOTh PIIIEHHS 4Yepe3 JAesKi MPOMDKHI HEBIIOMI, Kl € CKJIaJO0BUMH
BHYTPIIIHIX TapaMeTpiB. Xo4ya METOJ| HAWMEHIIMX KBaApaTiB JUIsl OIIHKH
MPOMIKHMX HEBIJOMHUX € JIHIMHUM, TpOLEIypa BIJHOBIEHHS BHYTPIIIHIX
nmapaMmeTpiB 13 TPOMDKHHUX HEBIIOMUX HE € Takor. HeBenuki MOMMIIKH B OIIIHII
MPOMIKHUX HEBIJIOMUX BUKJIMKAIOTHh BEJIHUKI MOMUJIKM B OIIHIIl BHYTPIIIHHOTO
napamerpa. OJHaK, OCKUIbKM BHYTpIIIHI MapaMeTpH € I1HBAPIAHTHUMH IOJI0
pO3TallyBaHHS KaMepH, iX OIIHKY MOKHA TOKpAIUTH, BUKOPUCTOBYIOUH KiJIbKa
nepemilieHb kKaMepu. bulblicTh METOAIB KaJlIOpyBaHHSI MalOTh BUPa3u 3aMKHYTOTO
BUy nis pimmenss. i meToau mpocti Ta eeKTUBHI, ajie MOXYTh MaTH YHUCEIbHY
HECTaOUTBHICTh Yepe3 HU3BKUU PIBEHb 30py MJIsi BUIYUYEHHS XapaKTEPUCTUYHHX
TOYOK 300paxkeHHs. HeoOXilHO BUKOPUCTOBYBATH METOAM ONTUMIZAIIT IS

JIOCATHEHHS O17IbII HAIIHUX pe3yabTaTiB KaalOpyBaHHS.
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TouHiCTh BHUMIPIOBAaHb CIIEHH 3QJICKUThH BiJl CKIQTHOCTI MPUAHATOI MOJEII
kamepu. Haiikpamuii pesynbTar JoCSTraeTbes, KOJIM BHUKOPUCTOBYETHCS MOBHA
MOJIeJIb, BKJIIOUAIOUX HEJNiHIMHI BUKPUBICHHS Yepe3 HETOCKOHAIOCTI Ta 3MIIEHHS
ONTUYHOI cucTeMH. Po3risiHeMo criepiry MojeNb MHXOIbHOT KaMepH 0e3 KopekIii
nucropcii. JlaHo TpuBUMIpHY TOukKy M, ii 300pa)k€HHS m € TOYKOIO IEPETHUHY
IJIOIIMHU 300payKEHHS Ta MPSMOI, 10 MPOXOoauTh Yepe3 M Ta ontuuramil ientp C.
OntuyHa BiCh — 1€ JIIHISA, SKa MPOXOJUTh uepe3 ontuuyHui meHtp C i
NEepHeHAUKYJIIpHa JI0 IUIOMMHM 300paxeHHs. Cuctema KkoopauHaT kamepu X Yo Z
BU3HAYAETHCS TaK, IO i1 TOYATOK € ONTHYHUM IIEHTPOM, BiCh Z € ONITUYHOIO BiCCIO,
a oci X 1 Y mapajeibHi CHUCTEMi KOOpJIMHAT 300paxeHHs. OTxe, KOOpJauHATa
TPUBUMIPHOT TOUKH (X¢, Ve, Z¢) Y CUCTEMI KOOpJUHAT KaMepH Ta ii KoopauHatu (u,

V) y cucTeMi KoopauHaT 300paxenHs (U, v) MoB’s3aHi GopMyJIoro

f
Wu 5 O uo xC
WU — 0 L 'l]o yC ,
w Sv Z,
0 0 1

1€ U; — JOBUIBHUM CKaJISIp, @ €JIEMEHTH B MaTpHIll 3X3 CKIaJar0ThCS 3 BHYTPILIHIX
napameTpiB kamepu: f — ¢dokycHa BiICTaHb KaMepH, S, 1 S, — PO3MIp TMIKCEs 10
IBYM OCsIM, a (U, Vo) — TOJIOBHA TOYKA KaMepH, TOOTO TOYKA MEPETUHY ONTHYHOT
oci Ta TwiomHU 300paxeHHs. Ockuibku (okycHa Binctanb f He Moxe OyTH

BIJOKpEMJIEHA BIJ po3Mipy TMikcens su abo sv, KamOpyBaHHS pPO3IJIsAIa€E

. f . f : :
cniBBigHOmEHHs k,, = — 1 k, = —. TakuM 4YWHOM, HEOOXIJHO OILIHUTH YOTUPHU
Su Sy

BHYTPIILIHI TApaMeTPU KaMepH.

Jlam posrasiHeMo 3aauy KajniopyBaHHs pyxomoi kamepu. Hexait poOopyka 3
KaMepoIo MOKe 00epTaTUCs HABKOJIO BEPTUKAIBHOI Ta TOPU30HTaNIbHOT ocl. L1 pyxu
BU3HAYAIOTHCS K YUCTI 00€pTaHHS HABKOJIO OCEH X 1 y CHCTEMHU KOOpAMHAT POOOTa.
Kamepa sxopcTko npukpimieHa 10 podoTa, TOOTO B3a€EMHE MOJIOKEHHSI Ta OpiEHTAIlis
KaMepu Ta poOoTa 3aJMIIAIOThCS HE3MIHHUMHM, KOJIU poOOT mepeMimyeTbes. s
KaiOpyBaHHSI TATTEPH, PO3MIIIYETHCS B TOJ1 30py Kamepu. [lepeTBopeHHsT Mixk

JIBOMA CUCTEMaMH KOOPAUHAT, CKaxiMo, W 1 C, ONUCYETHCS OTHOPITHOIO MATPHIICIO
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nepeTBopenHs, H,,., ToOTo KoopauHaTH TpUBUMIipHOT Touku B cuctemi C (X¢, Ve, Z¢)
3 koopauHatamu (X,,, Yy, Zy ) B cuctemMi W MOXyTh OyTH OTpHUMaHi 3a JIOIIOMOTOIO
HACTYITHOTO MEPETBOPEHHS:

(xC' yCJZC)t = WC(xWIyWI Zw) 1)t
1 Tiz Tz U
H,, = ?1 ;22 ;23 iz ’
31 32 T33 (3
O 0 0 1
ne R={r;} iT= (ty,ty, t3)T — MaTpuId TOBOPOTY Ta BEKTOp TPAHCIIALN,
BIJIMOBIAHO, 13 cucTeMu KoopauHat W 1o cuctemu koopaunar C.

KaniOpyBanHusi BiOyBaeThbCa NUIAXOM 3IIMCHEHHS KOHTPOJBOBAHUX PYXIiB
poOoTa Ta CHOCTEpPEKEHHS 3a 3MIHAMU B KOOpJAMHATaX 300pakeHHS Ha
KanmiopyBanbHOMYy maTepHi. Ha pucynky 9 moka3zaHo 3B’S3KM MDK pi3HUMHU
cucTeMaMu KoopauHaT, cBitTom W, poborom G 1 kameporo C, mjisi ITBOX MiCIlb
po3TallryBaHHs poOOTa.

[11o6 BUKOHATH KaniOpyBaHHSA KaMepH, poOOT BUKOHY€E HA0lp BIIOMHUX PYXIB,
mo0 oTpuMaTH Hallp PI3HUX MICIb pPO3TallyBaHHS Kamepu. Temep 3amady, SKy
MOTP1OHO BUPIIIATH, MOKHA C(HOPMYITIOBATH TaK: 3a4aHO h (N > 7) ONOPHUX TOYOK Y
CBITOBIM cucteMi koopawHat (Xx;,V;, Zi), (1 = 1,...,n) Ta iXHI KOOpAWHATH Ha

300paXk€HH1 IS HaO0Opy PpI3HUX MICIh PO3TAIllyBaHHS Kamep (uij,vij), (i =

H OLIIHUTH

1,2,3,j = 1,..,n), i BpaxoBYI0OUHU BiJOMi pyXu poOoTa Hglgz' v Hg g,

BHYTpimHi napametpu f, k,,, k,, Uy, vy , 1 30BHIIIHI MapaMeTpu kamepu H

gc chl

(pucyHox 9).
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CeiToBa CMCTEME
kKoopAnHaT

Ow X

Y
CHCTEMA KOODAMHAT
CUCTEME KOOPAWHET ™
Kkamepu (Ty) 7 kamepu (T
OC 1 Z Ocz
Y Y
X X
CUCTEMA KOOpAWHAT Z Z CucTema KoopguHaT
pobora (Ty) poboTa (T3)
X o)
Y Y

Puc. 9 B3aem03B’ 430K MK cUCTEMaM# KOOPJIMHAT JJIsl IBOX pO3TalllyBaHb
pobopyKH

TouHiCcTh PO3B’SA3KY 1100 BHYTPIIIHIX 1 30BHIIIHIX MapaMeTPiB 3aJICKUTh BiJl
KUIBKOX (DaKTOPIB: HEBU3HAYEHICTh KOOPAMHAT KIIOYOBUX TOUOK 300pa’KEHHS; Ta
HEJTIHIMHICTD AHATITUYHUX METOAIB JUid OOuYMclieHHA mapameTrpiB. OCKUIbKH
napaMeTpH BiTHOBIIOIOTHCS 3 IPOMIKHUX HEBIJOMUX HEJIHIMHO, HEBEITUKI ITOMUIIKH
B OLIIHIIl MPOMI>KHUX HEBIJOMHUX MOKYTh ITPU3BECTH JI0 BEJIMKUX MOMUJIIOK B OL[IHKAX
napamMeTpiB. TakuMm duHOM, Oa’KaHO IMOKPAIIMTH OIIHKY 3a JOTOMOTOI0 METOJIIB
ONTUMI3allii.

BayTpimHi napametpu Ta TpaHchopmallisi MK CUCTEMaMU KaMmepu 1 podoTa
HE3MIHHI JJIl PI3HUX MICIh PO3TAIlyBaHHA KaMepu. TakuM YHHOM, MOXKHA
BUKOPHUCTATH HAJJIMIIKOBICTh JIaHUX, OTPUMAHMUX 13 HaOOpPy MiCIlb PO3TAIIlyBaHHS
KaMepH, Jig TIOKpalleHHS OIlHKA IMX napaMerpiB. L[poro MoxHa mocsarTw,
Oe3mocepeTHbO OI[IHMBIIM X 3a JOIMOMOI'OK) METOJIIB ONTHMI3aIlii 3 MOYaTKOBUM

HAOJIMKECHHSIM.
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2.4 Ouinka BIUTMBY SIKOCTI Ka1iOpyBaHHsI KaMepH HA TOYHICTH CUCTEMH 3

KOMII’FOTEPHUM 30POM

JI7is OLIIHKH BITUBY MOXMOOK KaliOpyBaHHS HAa TPUBHUMIPHY PEKOHCTPYKIIIIO
PO3p00JIEHO ANrOpUT™M OOPOOKH Ta aHaJI3y CLIECHH HAaBKOJIMITHBOTO CEPEOBUIIIA, 1110
OoTpUMaHa B pe3yibTaTi poOOTH CHUCTEMH OJHOYACHOI JIOKami3amii Ta
kaprorpadyBanHa. Kputepiem OI[IHKM BIUIMBY OOpaHO 3HAYEHHS BEIUYUMHU
CEPEeIHBOKBAAPATUYHOTO BIIXWJICHHS TOYOK, IO HAJEXKaTh JeAKi 3amgaHiil
wionwHi.  Jng nux uineit Oyau po3poOieHi MOAyMl OTpUMaHHS 300pa’KeHHS,
PEKOHCTPYKIIlT TPUBUMIPHOT XMapH TOUYOK, JETEKTYBAHHS TUIOIIMHU Ta PO3PAXYHKY
BEJIMYMHU BIIXWIeHHA. Beil Moy Oynu peanizoBani Ha C++ OnepartiiiHii cuctemi
po6otiB (Robot Operating System -- ROS), Bepcis Indigo. [{ns nporieciB 00poOku
BXITHUX 300paxkeHb BHUKOpHcTaHo 01i0mioreky OpenCV [42]. OG6poOka Bif
PEKOHCTPYHOBAaHOT XMapy TOYOK 3JIiiiCHEeHa 3 BUKOpHcTaHHsaM 0i0mioreku PCL [24].

Mopaynb OTpUMaHHS 300pakeHb IIPEJACTABIIIE COO0OI0 3B’S30K OCHOBHOI
CUCTEMHU 3 Kameporo. PeanizoBaHMil cepBIiC HAJICHUJIAE KOJIBOPOBI 300pa)K€HHS Yy
dopmari, sskuii miaTpumye ROS. 300paxxeHHs1, OTpUMaHe 3 KaMepH, € CTUCHYTHM IS
nepenayl 3 HU3bKOIO MPOITYCKHOI CIIPOMOXKHICTIO. KpiM ToTrO, 11eil MOy Takox
31MCHIOE Bi3yasi3allilo OTpUMaHUX 300pa’KeHb.

VY nochimkeHHI BUKOPUCTAHO KaMepy 3 00’ €KTUBOM «pHUO’siY€ OKO» 3 KyTOM
orasimy 166°. Ilnst pektudikaiii BUXiTHOTO 300paKeHHsI 31HCHIOEThCS MPOIIeaypa
TPUBUMIPHOTO KasliOpyBaHHs. BoHa npencraiise co00r0 00YMCIEHHS 30BHIIIHIX Ta
BHYTPIIIIHIX TapaMETPiB KaMEpH.

Hexaii P — TpuBMMipHa Touka 3 KoopauHaTamu X y CBITOBili cucTeMi
KoopuHaT. Bektop koopauHar Touku Py cucremi kamepu: X, = RX + T. Tyr R —
OBOPOTHA MATPHIIs, IO BIANOBIAAE BEKTOPY nmoBopoTy om: R = rodrigues(om). Toxi
maemo koopauHath X¢: (X¢,, Xc,, Xc,) = (X, Y, 2).

Koopaunatu niHXoJIbHOI TPoeKIii Touku P(a,b) MoxxyTh OyTH IipecTaBIieHi:

a=

NS ONIR

b =
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r? =a’+ b2
[Toxmagemo 8 = atan(r). Toxi monmens auctopcii [14]:
ed = 9(1 + k192 + k204+k396 + k408).

KoopauHaTi cIOTBOPEHOT TOUKK P’ peacTaBIsioTh co6oro Bektop X (x',y'):

[Tpoexiist Touku P Ha 300pakeHHS MpeACTaBIIsie COO0I0 TOUKY Py, (U, v):
u=fix +ay)+cy,
v=f,y +c.
Jlist oTpuMaHHs KamiOpyBaJbHUX IMMapaMeTpiB KaMepu HEoOX1AHO 310patu
Ha0ip 300pakeHb KaTiOpyBaJIBHOTO IIA0JIOHY B PI3HUX IMOJOKEHHAX Kamepwu. s
JTAHOTO JOCIIHPKEHHS] BUKOpUCTaHO HaOip oOcsirom 184 300paxkeHHs. [lekinbka

NPUKIIAIIB 3 HA0OPY HaBeleHO Ha pucyHKy 10 [24].

Puc.10 Ipuxnanu 3 kaniOpyBaibHOT0 HAOOPY 300paKEHb

3actocoBytoun Metoau O10mioTekn OpenCV, OTpUMYIOTBCS BHYTPIIIHI
napamMeTpu KamMepu Ta 3aCTOCOBYIOTHCA JO KOXKHOTO BXITHOTO 300paKeHHS ISt
YCYHEHHS CIOTBOPEHb 00’ €KTHBA.

JIns oTpuMaHHsI TPUBUMIPHOI 1H(OpMAIIil MPO CIIEHY Ta OI[IHKK IMOTOYHOTO
MOJIOKEHHS MOJTYJISI KaMepU, BUKOPUCTAaHO MOIYJIh Ha 0cHOBI cuctemu LSD-SLAM.

CepenHsl MIBUAKICTh OTPUMaHHS HOBOTI'O KJIFOUYOBOTO KaJpy B CHUCTEMI Ta OI[IHKH
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MOJIO’KEHHS CTaHOBUTH MpuOan3Ho 5 Ta 10 ['. Sk moka3ano Ha pucyHky 11, orinka
IJIMOMHY B1OYBA€THCS MEPEBAXKHO HA KOHTYpax Ha 300paxeHHs. Takuil pe3ynpTaTt
€ xapaktepHuM i 610mioteku LSD-SLAM. Ilpunnun ii po6oTu nomisirae y momryky
PI3HUII THTEHCUBHOCTEH 300pakeHb Ta 3HAXOHKEHHI BIJIMIOBITHOCTEH Ha KOHTYypax
TEKCTYp 3aJ€KHO BIJl KOHTPAaCTHOCTEM cueHH. [ onTUMallbHOI PEKOHCTPYKIIT
CIICHH HEeOOXiAHO 3a0e3neunTH ii cTaTuyHicTh. [Januii Moayns 3abe3neuye 30ip Ta
3JMTTS BiJI PEKOHCTPYHOBAaHUX XMap TOYOK 3 Pi3HUX KIIFOYOBUX KapiB (pucyHoK 11).
[lomanpima onTUMI3allis PEKOHCTPYKIII MoOxke OyTH 3/iiCHEHa NUIIXOM MOCT-

00poOKH OTpUMaHOi XMapu TOUYOK [24].

Puc. 11 TpuBuMipHa MOJIENb y pe3ybTaTl PEKOHCTPYKIIIi CLIEHH

JIist cerMeHTallii IIOLMHU 3 XMapy TOYOK 3acTocoBaHo anroputM RANSAC
(RANdom SAmple Consensus) [43]. Lleit MeTo OLiHIOE TapaMETPU MaTEMAaTUIHOT
MoJie1 71t HAaOOpy CIOCTEPEKYBAHUX TAHUX SIK1 MICTSITh BEJTUKY KUIbKICTh BUKHU/IIB.
Bin BunaaxoBuM 4nHOM BHOHpPA€E MiHIMaIbHUN HAOIp TOYOK JIJIS OI[IHKH MTapaMeTpPiB
MofieNi. 3 BUIAIKOBUX 3pa3KiB BiH BUOWpae TOW, SIKUW HaMKpalie BiJIMOBiIa€e
MMOBHOMY Ha0Opy TOYOK. 3a cBOIM 3arajibhuMm (opmyratoBaHHsM, RANSAC moxe
OyTH JIeTKO 3aCTOCOBaHHUM UIg ONUCY OYIb-SKUX MPUMITUBHUX T€OMETPUUYHHUX
dopm. [Ipore ocnoBHmit migxigq RANSAC nepenbauae, 1m0 BXiJHI JAaHI MOXYTh

HAJIE)KATHU JIAIIE OJIHII MOJEIL.
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®OyHKI1is IPIOPUTETIB 3 M’ SIKUM TToporoM [44], 1o 6a3yeThCs Ha ABOX BarOBUX
(GYHKIISX, BUKOPUCTOBYETHCS ISl TIOJIMIIEHHS SIKOCTI CETMEHTAIlll, SIka BPaxOBYe€
SK BIZICTaHb BiJ TOYOK JO TUIONIWHU, TaK 1 Y3TOKEHICTh MK BEKTOpaMH HOPMAJII.
OnHak, 11e BUMarae OIlIHKH BEKTOpa HOpMaJsli B KOXHIHM TOUlll, 1110 € Hee(heKTUBHUM
y XMapax TOYOK 3 BEJTUKOIO IIIJIBHICTIO.

Bignosigao go ominok [45], wacoBa ckmamHictTh RANSAC 3anexuTh Bif
PO3MIpy MiJAMHOKHHHU, YaCTKM BUKHUIB Ta KUIBKOCTI TOYOK B Habopi. Yac pobortu
RANSAC moxe OyTu HaaMIpHO JOBTUM y JESKUX BUMAIKaX. TOMy pO3risiiaeThCs
MoaudiKaris anropuTMy I OUTHII €(PEKTUBHOTO JACTEKTYyBaHHS (OPM y XMapax
TOYOK — BKJIIOYaloud IUIOCKi Qopmu. OKTOAEpEBO BUKOPUCTOBYETHCS IS
BCTAHOBJICHHSI MPOCTOPOBOI OJM3BKOCTI MK 3pa3kaMH Ta iX (QYHKLIS OLIHKH
BpaxoBye€ JIMIIE JIOKaJbHY IMIIMHOXKHUHY 3pa3kiB. JlokaibHa BHOIpKa HUISIXOM
BIIOOPY TOYOK BCEpPEIMHI KOXKHOTO BY3Jla, BUKOPUCTOBYETHCA JUIsl YHUKHEHHS
HEKOPEKTHHUX PE3yJIbTaTiB.

OuiHKy BIUIMBY TOXHUOOK KaliOpyBaHHS Ha TPUBHUMIPHY PEKOHCTPYKIIIIO
3/I1IICHEHO HUIAXOM MOPIBHSIHHS METPUK JIJIsl OKPEMUX IUIOLIMH P PI3HOMY pIBHI
BHECEHOI IITYYHO MOXUOKH Ta OI[IHKY BIUIMBY BEJIMYMHU TMOXUOKH Ha 11l METPUKH.
JIJIst 11bOTO pO3paxoBaHO BEJIUYHMHY CEPEIHBbOKBAJAPATUYHOTO BIIXUJICHHS XMapu
TOYOK Ta HAa OCHOB1 HE1 MPOBEJIEHO OLIHKY IJIOIMIMHHOCTI.

MaeMo XMapy TOYOK, IO MpeAcTaBisie coboro HaOip touok P;(X;,Y;,Z;) B
CHUCTeMi KOOpJIMHAT TUIOMMHU. J[aHa cucTemMa KOOpAMHAT € TaKoo, II0 BICh Z €
NEPICHIUKYIAPHOIO A0 TIJomuHU. llepeTBopeHHs, IO MepeBOAUTH TOUYKY 3
rJI00aJbHOI CUCTEMU KOOPJMHAT PEKOHCTPYKIIT Y JOKAIbHY CHUCTEMY KOOPIWMHAT
TUTOLITMHU MOKe OyTH npejcTaBieHo y Burisni: P, = R * P + T.

Busnauumo touky O(X, Y, Z), taky mo:

Xzle’
n

p=2Y
n

Z—=Zzi
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Po3zrassaeMo TOYKY 0 sk LHCHTP KOOpAMHAT HOBOI JIOKaJIbHOI CHCTEMH.

Koopaunaty To4OK y HOBiM cUCTeM1 MOXKYTh OyTH IIpEeACTaBJICHI:

xl-=Xi—X,
yi=Y, -7,
Zi=Zi—Z_.

[IpencraBUMO MIIOIIMHY Y JOKAIbHINA CUCTEM] KOOPJIMHAT SIK Z = ax + by, ne
a Ta b MOXyTh OyTHM OIliHEHI 3 HACTYNMHUX BHUpa3iB (mependavaroud, IO

BHUMIPIOBAHHS BIIXWJIECHD 3[IIHCHIOETHCS B3IOBX OCI Z):

_ Yyt Y zixi—Y Xi'ViY Zi'Yi
Yxi2Yyit-Cxiyi)?

p = SXCEEZeyi Ly iR ik
Lxi? Ly -Exiyi)?

OO6YuCIMMO BIIXWUJEHHS MK BUMIPSHUMH TOYKaMH Ta BiJCEIrMEHTOBAHOIO

a

IIJTOMINHOXIO:

— (zi—axi—by;)

VaZ+bZ+1

Bigxunenns mironmaaocti (FD) MokHa BH3HAQUMTH 3a CYMOKO 3HA4yeHb

€;

MaKCUMyMY JIOAATHOIO JIOKaJIbHOTO BiaxuieHHs (TP) Ta MakcuManbHOTo 3HaYEHHS
MOJIYJIIO BiJI’€MHOTO JIOKaJIbHOTO BiaxuiaeHHs (FP):
— |pt - —
FD = |e" ax| + € max| = TP + FP.
[ToBaoty metpuk (Cl), mpaBunbHicTh (C2) Ta skicth (Q) a1 OUIHKH

MPEICTaBIIEHOTO METOIY BUPAXKAIOTh HACTYIHI NIPEICTABIICHHS:

FD
Cl= ,
FD+TP
FD
C2 = ,
FD+FP
0= FD
"~ FD+TP+FP’

ne TP — KiIbKICTh MIMCHHUX IUIOITHH, 10 BIpHO BU3HauYeHi, FN — KiIbKiCTh IJIOIIMH,

1110 € Hepo3mi3HaHUMHU, FP — KiJIbKiCTh HEBIPHO pO3Mi3HAHUX TUTOMIUH [24].
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2.4.1 Ouinka BIUIMBY NMOXHOOK KaJiOpyBaHHSl HA SIKiCTh TPUBHUMIipPHOI
PEKOHCTPYKUIil

O1iHKY BIUIMBY PiBHS TOXUOOK KaIiOpyBaHHS HA TPUBUMIPHY PEKOHCTPYKIIIIO
MIPOTECTOBAHO HA TPHOX HAOOpax JaHUX, 110 BIATIOBIIAIOTh pi3HUM ciieHaM. OCHOBHI
napaMeTpH HaOOpiB JaHMX IpeAcTaBieHi y Taomumi 1 [24].

Ta6mug 1. Onuc HabopiB JaHUX

Ianexc |[losxuna, | llupuna, |Bucora, | KinbkicTs Cepennsi mIBHICT
M M M TOYOK TOYOK Ha M°

1 7 52 3.2 45361 389

2 8.5 94 2.6 38265 184

3 7.3 7.2 2.5 37472 285

OTpuMaHi TPUBUMIPHI MOJI€NII MAaOTh AOCTATHIO HIUIBHICTD. [{e cipuunHeHo
TUM, 1110 anroput™ LSD-SLAM, sik npsiMuid METOJ, BHKOPUCTOBY€E BCIO 1HGOpMAIIiTO
Ha 300pakeHi, BKIIOYHO 3 KOHTYypaMu. Sk 6aunmo, 11e 3abe3nedye BUCOKY TOUHICTh
Ta HAAIMHICTP B Majl0 TEKCTYpPOBAaHUX CEPENOBHILNAX 3 BUKOPHCTAHHSIM OJHIET
MOHOKaMEpH.

J1J1st KO’KHO1 CIIEHU MPOBEJEHO CErMEHTALlI0 MJIOIIUH Ta BUOKPEMIIEHO XMapH
TOYOK, SIK1 SIBJISIFOTH COOOI0 HAOOPpH BUMIPIOBAHb, 110 HAJIEKATh OHIHM rtomuHI. Jlami
IIPOBENICHO OIIHKY MapaMeTpiB MaTeMaTUYHOI MOJIeIi KOXHO1 3 tuionuH. [Tpukinan
OKpEeMOi XMapu TOYOK, 1110 BIAMOBIIA€ 3alIyMJIEHIH MOJEN] IUIOIMHYU, HABEJIEHO Ha

pucyHky 12 [24].
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Puc. 12 Pe3ynbrar cermenTallii rmionmHu

J11st KOKHO1 OTPUMAHOT1 IIJIONIMHYU Ta BIAMOBIAHOL Tl XMapH TOYOK 31MCHEHO
OLIIHKY BIAXWJIECHb IUIOIIMHHOCTI Ta PO3PAXOBAHO MOKA3HUKU MOBHOTH METPUK,
MPaBUJILHOCTI Ta AKOCTI. J{asi MocCiiKeHo BIUIMB 3MiHHM TTapaMeTpiB KaliOpyBaHHS
Ha J1aHl METpUKU. [ bOro MPOBEACHO aHalli3 YyTJIMBOCTI TapaMeTPIB KaMEPH, B
SKOMY 3J1CHEHO CIIOTBOPEHHS 3HAYEeHb MIKCEIIB Ha TUIOHIMHI 300pakKeHHS IITyMOM
31 cragmaptHuM BiaxmieHHSM Big 0.05 mo 1.0 mikcens. Y Tabnwmii 2 HaBeIeHO
BUOIPKOBI PE3yJbTATH aHAJI3y YYTJIMBOCTI. Y 3MOJENIbOBaHIM CHUCTEMI Kamepa
pO3TalioByBajlacsd TaKUM YHMHOM, IO HAMpPSIMOK BiCi Z ri00ajibHOI Ta JIOKAJIBbHOT

CHCTEM KOOpJUHAT citiBmaaae [24].
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Tabmuns 2. Jlucniepcis mapameTpiB KaniOpyBaHHA K QYHKIIIS IIyMy

ﬂ"ﬂ?;‘z)mw 0.05 0.1 0.5 1.0
Py (TKC) 1.93 4.25 17.63 38.97
py (11ikc) 0.43 0.86 4.87 9.75

ty (M) 0.00 0.00 0.03 0.03
ty, (m) 0.00 0.00 0.02 0.01
t, (M) 0.00 0.00 0.03 0.02
R, (rpan) 0.00 0.01 0.02 0.02
R, (rpan) 0.06 0.14 0.76 1.48
R, (rpan) 0.08 0.23 1.13 2.27

Ha ocHOBI oTpuMaHHX 3aIlyMJICHHX MapaMeTpiB KaMEpH MPOBEICHO MPOIEC
PEKOHCTPYKIIii Ta CErMEHTAIIi1 IUTOITUH 3 OTPUMaHUX Mojieie. J{J11 KOKHOTO TaKOTo
Ha0Opy BXIJIHUX JaHUX MPOBEICHO OIIIHKY BIAXWJICHb IUIONIMHHOCTI. 3aJICKHICTh
BIIXWUJICHHS TUIOIIMHHOCTI BIJ PIBHSA BHECEHOI MOXMOKH IS KOKHOTO 3 TPhOX

Ha0OPIB JaHUX MPEACTaBICHO HA PUCYHKY 13.

124 — Cuena l
—-+= CueHa 2 G _

——- CueHa 3 ot
1.1 | -

1.0

FD

0.9

0.8

0.7 1

T
0.2 0.4 0.6 0.8 1.0
PiBeHb WyMy

Puc.13 3anexHICTh BIAXUIECHHS TUIOMIMHHOCTI BiJ BEIUYUHU TOXUOKHU
napameTpiB KajaiOpyBaHHs
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Hanuit €KCIIEPUMEHT IIPOJIEMOHCTPYBAB 3aJIEKHICTD TOYHOCTI
PEKOHCTPYHOBAHOI XMapW TOYOK BiJ BIIXWJIEHb BHYTPIIIHIX Ta 30BHINIHIX
mapamMeTpiB KaMmep y cTepeocucTemi. BuUsABIEHO, IO TMiABUINEHHS TOYHOCTI
KaiOpyBaHHS KaMep MOXKE€ HaJaTH MOMJIMBICTH OTPUMATH MPHUPICT TOYHOCTI

TpUBUMIpHOI Mojei 10 60% [56].

2.5 OuiHOBaHHS YCHILIHOCTI 3aXBaTy HJILOBOT0 00’ €KTY, 31iliCHEHOT0 Ha

OCHOBI 300pa:keHb 3 KaMepH

PosrnsnemMo epexkTuBHICTH POOOTH CUCTEMH TPUBUMIPHOI PEKOHCTPYKIIT Ha
OCHOBI AJITOPUTMY OJIHOUYACHOI JIOKaI13a1lil Ta KapTorpadyBaHHs SIK JKEpeaa MOJEl
IIJTLOBOTO 00’€KTY 3 TOYKMA 30py YCHIIIHOCTI 3A1MCHEHHS 3axBaTiB MoJjejeit
[UJIbOBUX 00’ €KTIB, 1110 OTPUMAaH1 JJAHOIO CUCTEMOIO.

[IpeacraBieHo cuctemy moOyJ0BU TPUBUMIPHOI PEKOHCTPYKIII CepeOBHINA
Ha OCHOBI JIaHUX CUCTEMH KOMIT IOTEPHOTO 30py poOOTa AJis TUIAaHYBaHHS CTIMKOTO
3axBaTy UUIbOBOro 00’ekrta. Po3poOka 3iaiiicHEHa Ha OCHOBI TaKUX MPHUHIUIIB
B3a€EMOJIIl KOMIIOHEHTIB: 3aco00aMH CHCTEMH BITOYBA€ThCSI OOMIH JAHUMH MIXK
miJicicTeMaMi OOpPOOKH BXIJHUX 300pakeHb 3 KaMepu, MOOYJOBH TPUBUMIPHOI
PEKOHCTPYKIli CepeloBUIlla, OTPUMAHHA TPUBHUMIPHOI MOJENI O00’€KTy Ta
IUTAaHYBAaHHS CTIMKOTO 3aXBaTy poOOUYOIO KIHITIBKOIO.

MexaHizM 00MiIHY JaHMMU peali30BaHO Ha OcHOBI cuctemu ROS.
CtpykTypa, CTBOpPEHa MijJ Yac JOCIHIJKEHHS, MOJIATa€ B KOHTPOJ €MYJIbOBAaHOTO
3aXBAaTHOIO MPUCTPOIO pyku Jaco Bix ogHoro "Master" komm'totepa. Lle 3pobiieno
IUISIXOM CTBOPEHHS HEBENWKOi miaMepexi BuaaBliB ROS, 1mo 3B's3ye emynsTop
PYKH pa30M 3 OCHOBHOIO cucTeMor0. Kpim Toro, cucrema noB’si3aHa 3 MOHOKaMEpOIo,
sIKa 3aKpirjieHa Ha poOoUiid KiHIIBIlI poOoTa.

[Toxu emynsarop obpobisie mii pyku 3a gomomororo 6ibmioreku Movelt!,
OCHOBHHM KOMITHOTEp MOXE MPOCTO BIJIMPABISATH TOBIIOMJICHHS 1 TpUAMaTH
1H(pOopMaIito PO cTaH yepe3 OOMIH y BIAMOBIIHUX TEMaX.

Buxopucranas ROS 3HauHO cropomrye  iHTErpamiro MDK — yciMa

KOMITOHEHTaMH, OCKUIbKM iX HOpMallbHE CepefoBHIlEe POOOTH € HEOJAHOPIIHHUM.
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JliiicHo, emynsmis pyku cucreMoro Movelt! KOHTPOTIOETBCS OKpPEMUM IMAaKETOM
moveit setup assistant, Toal sk oOpoOka 300pakeHb 3 KaMepu Ta IM00y10Ba
TPUBHMIPHOI MOJEJNII CEpPENOBHINA 3almporpaMOBaHi 3a JOIMOMOTOK OKPEMHX
610morex C++ (OpenCV Tta PCL BignoBinHo). Takum uyumHoM, ROS no3Bossie
aBTOMATU3YBATU 3B'I30K MK PI3HUMH MPOrpaMaMu, 110 MPaIlOI0Th OJTHOYACHO Ha
OJTHI MAIllMHI Ta Ha THITUX MAIIWHAX OJHIET 1 TI€T K M1 Mepexa.

Jlnst o1iHKU po3p00JIeHOT cucTeMu oOpaHo 4 MoAeNi IIJILOBUX 00’ €KTIB, IO
OTPUMaHI 3 PEKOHCTPYKIIii CrieHn y GopMi XMapu TOYOK. 30Kpema, 0OpaHO OJHH
00’€KT, KW € 3aHAATO BEIUKHUM JJIs 3MIMCHEHHS 3aXBaTy OOpPaHOIO KIHITIBKOTO.
AJTOPUTM Ma€ po3Mi3HATH, MO0 00’€KT HE MIAXOJUTh Ta MaKCUMAaJIbHUN KyT
PO3KPUTTS PYKH € HAJITO MAJIAM.

Sk 6aunmo, cuctema moOyA0BH TPUBUMIPHOT MO/l 00’ €KTa Ta MIaHyBaHHS
3axBary JUIsl HEBIIOMHUX 00’ €KTIB IEMOHCTPY€E XOpoiill pe3yiabTaTu (Tabnuus 3). Bei
TECTH MPOBEJICHO Ha MEPCOHATILHOMY KOMIT 10Tepl 3 mpouecopom 3.2GHz Ha aBa
a]ipa Ta cepeIHIM YacoM poboTu 6su3bKo 485.48 cek., MIaHyBaHHS ONTUMAIBLHOTO
3axBaTy noTpedyBayio Oyu3bko 385.67 cek. [l TECTOBOT XMapu TOUYOK 3HAUYCHHS
HaBeJIeH1 y TabmuI 3.

Ta6mui 3. TpuBamicTs 00YHUCIICHD

OOuncioBaILHUN €Tan Yac, cexk.
®inbTpaliist XMapu TOYOK 14
["enepariist menry 57
CerMmeHraris 3
[TmanyBaHHS 3axBaTy 380
3aranom 454

KoxeHn 3 00paHux 00’€KTiB MPOTECTOBAHO HA YOTUPHOX XMapax TOYOK, SIK
MoKa3aHo B Tabinuill 4. B xonHoMy BUMaaKy poOOT He 3MIT 3[1MCHUTH 3aXBaT 00’ €KTa
HOMeEp 2 yepe3 HEBIAMOBIAHICTh HOTO PO3MIPIB, K1 € 3aHAATO BEJIMKUMU JJI JaHOTO

3aXBaTHOTO TPUCTPOIO. TakuM YWMHOM, HE3aJOBIILHUN 3axBaT OYB YCIIIIHO
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npoTecToBaHui. J{7is TOro, 100 3aXBaT BBaXKaBCA yCIHIIIHUM, pyKa poOOTa MOBUHHA
B3ATU 00’€KT, CTUCHYTHU HOTO Ta TpUMaTH 0€3 BITyCKAaHHSI.

Taomung 4. Y CIIIHICTh CIDTAHOBAHUX 3aXBaTIB TECTOBUX 00’ €KTIB

Howmep O0’exT PiBenn YCIHIIIHOCTI
3axBaTy
1 Kopobxka 100%
2 Kynbka 0%
3 Yamika 85%
4 IrpamkoBuit 75%
aBTOMOOLITb
3araiom 65% (87%)

B cepennbomy, poOOT migiHIiMaB HeBigoMuUM 00’ €KT y 65% BHUMaAKIB, BKIIOUHO
3 TECTOBUM 00’€KTOM HOMEp 2, AKUH HE € 3aJ0BUILHUM. SIKIIIO HE BpaxoByBaTu 2
00’€KT, pPiBEHb YCHIIIHOCTI CTaHOBHUTH 87%. i1 00’€KTy y BUIUISIAI KOPOOKH-
napaJiesiernine/sia aIropuT™ BiAMpaloBas ieaibHo 3 piBHeM ycmixy 100%. Xoua,
00’€KTH Takl SK Yallka Ta irpaliKoBHH aBTOMOOLIb € OLIbII CKIATHUMH, aJ[Ke
MICTSTh KPUBH3HY Ta HEOAHOPITHICTh MTOBEPXOHB, PE3YJIbTATH IX 3aXBaTy € TIOCUTh

YCIIITHAUMH 3 HEBEJIMKUM PiBHEM OMHUJIKOBHX 3aXxBaTiB [57].

2.6 BUCHOBKM 10 IPYroro po3aity

B nmanomy po3aun  poO3TASHYTO METOAM KOMIT IOTEPHOIO 30py IS
IPOrPAMHOTO YIPABIIHHS pPOOOTU30BAaHMM areHTOM 3 3aXBaTHOIO KIHI[IBKOIO, IO
oTpumye 1H(MOpMaLIiI0 MPO cepeoBuUIlle 3 Kamepu. Bu3HaueHO OCHOBHI MiAXOIU
BUKOPUCTaHHS 300pa)keHb [JJIsi PO3pOOKH MPOTPaMHOTO YMPAaBIiHHS 3a]a4
pOOOTH30BaHOTO areHTa Ta 3AIMCHEHO OIlIHKY SKOCTI TapamMeTpiB 3aco0iB
KOMIT IOTEPHOTO 30pY Ta BIUIMBY MOXMOOK MapaMeTpiB KamMepu Ha €PEKTHUBHICTh
3a/1a4l 3aXBary IIJILOBOTO 00 EKTY.

3acTOCOBAHO METOJ OIIHKHK TOYHOCTI MOJIE 00’€KTa Id 3amadl CTIHKOTO

3axBaTy y KOMOIHOBaHIA CHCTEM1 TPOMO3MUIlI 3axBaTy Ta PEKOHCTPYKIIIT
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TPUBUMIPHOT Mojeni 00’ekta. Taka KOMOIHOBaHA cUCTeMa J03BOJISE 3/1MCHIOBATH
CTIMKUN 3axBaT 00’€KTIB Oynb-sikoi (popmu 0e3 oOMexeHb Ha THUNU (GopM Yy
TpeHyBaJIbHOMY Ha0Op1 AaHux. KiacuuHi miaxoau peKOHCTPYKIIii MOBEPXH1 00’ €KTY
0a3yloThCsl Ha BIJHOBJICHHI ITMOMHU TOYOK IO mapi 300pakeHb 3 BOX kKamep. Ha
SKICTh TPUBUMIPHOI PEKOHCTPYKIIIi BIIMBAE ACKUIbKA (PaKTOpiB: pyX Kamepu Ta
00’€KTIB CepelOBUIIA, BIAMOBIIHICTh KIOYOBUX TOYOK, MapaMeTpu KaaiOpyBaHHS
KaMepu, HEBPAaXOBaHI CHOTBOPEHHS KaMEpH, a TAaKOXK YMCIIOBI Ta CTAaTUCTUYHI
BJIACTUBOCTI 0OPAaHOTO METOIY PEKOHCTPYKIITii.

Busnaueno, 1mo moxuOKu mapameTpiB KaMepu MOXYTh OyTH MiHIMi30BaHi
IIISIXOM HOKpAIEHHS MPOLEeTypH KaniOpyBaHHs, TOMY JOCHIKEHO BIUIMB TOXHOOK
Ha SKICTh TPUBUMIPHOI Mojeni. MeTpuKo [ OLIHKA TOYHOCTI OOpaHO
BIJIXWJICHHSI MOJIEJT1 BiJl TUTOIMHM. J[J1s1 11 po3paxyHKy 3A1HCHIOEThCS 00poOKa XMapH
TOYOK HUISIXOM 1AeHTH(IKAIIl IUIONMH Ta CErMEHTallil, JJIs SIKUX PO3IJISTHYTO
anroputm, o 0azyerscs Ha MeToal RANSAC.

Po3pobieno mporpamHuii  3aci®0 i 3M1MCHEHHS OLIHKA — TOYHOCTI
pekoHCcTpyiioBaHO1 Moneni. [IpoBeaeHO eKCepuMEHT Al OTPUMAaHHS 3aJIeKHOCTI
TOYHOCTI PEKOHCTPYHOBAaHUX IUIOMIMH BiJl TOXHOOK mapameTpiB kamep. OIiHKY
BILJTUBY MOXUOOK KaTiOpyBaHHS Ha TPUBUMIPHY PEKOHCTPYKIIIFO 3I1IMCHEHO HUIIXOM
MOPIBHSAHHSA METPUK JI1 OKPEMHX IUIOUIMH MPHU PI3HOMY PIBHI BHECEHOI LITYYHO

MOXHMOKH Ta OIIHKHU BIJIMBY BEIMYMHH MOXHUOKH Ha Il METPHKH.
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PO3JLJ 3. METOJIU ATAIITUBHOI'O HABUAHHS TA
IMPOI'PAMHI 3ACOBH YIIPABJIIHHSI POBOPYKOIO HA OCHOBI
HEHNPOEBOJIIOIII

3.1 HeiipoeBoawouiiiHuii  miaxix Aasg aBTOMaTH3aUii  PoO3poOKHU
HEHPOKOHTPOJIEPIB

MeTonn HaBYaHHS Ta CBOJIIOIIMHI TEXHIKM TPU3HAYEHI IJIs ONTHUMI3aIli
MIBUKOT peakiii, sika MOTIM BUKOPUCTOBYETHCS JIEIKUM KOHTPOJIEPOM BHUIIOTO
piBHsA. OCKUIBbKY 3aBAaHHS Ta poOoUYe cepesloBHILE /Il pOOOTIB CTAIOTh BCE OLIBII
CKJIAJJHUMH, 3pOCTa€ MoTpeda B METOJAaX HABYaHHA Ta IOUIYKY, SKI MOXYTb
IUTAaHYBAaTH JOCSTHEHHS METH, HE TOKJIAQJal04YhCh HAa BXKE ICHYIOUY CTPYKTYpy
miJ13aaa4, po3po0OJICHUX JIFOIUHOIO.

OcCKUIbKHM TpaguIliiHI METOJIU TJIMOOKOr0 HaBYaHHS JOCHTh OOMEKEHi, BCE
OlIbINE JIOCTITHUKIB TOYAIM INMyKaTH ajdbTePHATHBHI MIAXOAW JO HaBYaHHS
MTYYHUX HEHPOHHUX Mepex. [ TnOoKe ManmmHHe HaBYaHHS HA/I3BUYAHHO TTOTYKHE
JUTs pO3ITi3HaBaHHs 00pa3iB, ajie He J03BOJII€ BUKOHYBATH 3aB/IaHHS, K1 BAMAraroTh
PO3YMIHHSI KOHTEKCTY a00 MpaIlfoI0Th 3 HE3HAHOMUMM JTaHUMU. barato 10CiiHUKIB
CXOJTHCA HAa JYyMIll, IO CyYaCHUU MAX1J O MPOEKTYBAHHS CHCTEM IITYYHOTO
1HTEJICKTY BXK€ HE B 3M031 BIIOPATHUCS 3 aKTyaJIbHUMU MTPOOJIEMaAMHU.

AJBTEpHATUBOIO TPAAULIINHAM METOJAaM TIMOOKOTO MAIIMHHOTO HaBYAHHSA €
HEHWPOCBOMIONIMHI  anroputMu. HelpoeBomtomiss — 1€ CIMEMCTBO METOJIB
MAallMHHOTO HaBYaHHS, SIKI BHUKOPUCTOBYIOTh €BOJIIOLIMHI aQITOPUTMH IS
MOJIETIIEHHS! BUPIIICHHS CKJIAJHUX MPOOJIeM, TakuxX SIK 1rph, poOOTOTEXHIKA Ta
MOJICIIIOBaHHSl TPUPOTHUX TmporeciB. HelpoeBomoIiiiHl anropuTMu  IMITYIOTh
npouec npupogHoro BiaOopy. KiHIeBUM pe3yabTaTOM HEUpOEBOMIONI €
ONTHMAaJIbHA TOMOJIOT1S MEPEXKI, IKa pOOUTH MOJIETh OUIBII pecypcoeEeKTUBHOO Ta
JIETIIONO 1S aHami3y [47].

HelipoeBodtoiiitHuil aropuT™ aBTOMaTUYHO PO3BUBAE HEHPOHHI MEpexl IS
KOHKPETHOI'O 3aBJaHHs Ta cepenoBuila. [lepeBaroro € Te, M0 HEOOXITHO JIMIIE

a0CTpaKTHO BU3HAUUTU Oa)kaHy MOBEIIHKY, a aJrOPUTM MaKCUMalbHO ONTHUMI3Yy€
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MTYYHY HEUPOHHY MEPEXY ISl BUKOHAHHS BUMOT. O HAK 3aCTOCYBAaTH HEHPOHHI
Mepexi i1 poOOTOTEXHIKA BCE III€ CKJIAJIHO, 1 JOCATHYTAa MPOAYKTHUBHICTh 4acTO
HUK4Ya, HDK 04iKyeTbesa. OCKUTbKM HEWPOHHI MEPEXi 3arajoM i HeHpOeBOIOIiiHI
QITOPUTMHU 30KpeMa MarpTh Oarato mepeBar 1 HEJOJIKIB IOPIBHIHO 3
allbTepHATHBAMM, IIKABO PO3IISAHYTH X MOPIBHAHHA 3 iHIIMMHK migxoxamu [48].
JlociKeHHsT TTOKa3yIoTh, IO BCE M€ JOCUTh CKJIAJHO BUKOPHUCTOBYBATU INTYYHI
HEHWPOHHI MEPEeXk1 B 3a0BIILHUN CITOCIO JUIsl KOHTPOJIIO CTAaHY aBTOHOMHOT'O poOoTa
[49]. 106 oTpuMaTH IPUUHATHI PE3yabTATH BiJl TCHETUYHUX AITOPUTMIB, IOTPIOHO
6arato yacy. OCKUTPKM IITY4YHI HEHPOHHI Mepexi MPSIMOro 3B’S3Ky HE MalOTh
’KOJIHOTO BHYTPIIIHBOTO CTaHY, iX 00YMCIIIOBAIbHI MOKIIUBOCTI Iy’ke€ 0OMEKEHI, 1110
MO€ 3pOOUTH iX TIPIIMMU BiJI KOHKYPYIOUUX MiAX0AiB. OgHaK HEWPOEBOIIOLIS €
aOCOJIIOTHO 3araJlbHUM IMIJIXOJIOM, SIKHA MO>KHa 3aCTOCOBYBaTH 0e€3 Oyab-sSKHX
JIeTaNbHUX 3HAaHb PO HABKOJMIIHE cepenoBuiiie. Kpim Toro, 1ieit kiac aaropurmin
MOXE aJanTyBaTHCs 10 HemnependadeHux 3miH y cepefoBuu [S50]. Ilpu
POEKTYBaHHI KOHTPOJEPIB  CHEIMIAIbHOTO TMPU3HAYEHHA JUISI  JTOCSTHEHHS
NPUUHATHUX PpeE3yJbTaTiB NOTpIOHA JeTanbHa 1H(OpMals Mpo 3ajgady Ta
cepenoBuie. Kpim Toro, Baxxko abo HaBiTh HEMOXKIJIUBO PO3POOUTH 11 KOHTPOJIEPH
TaKUM YUHOM, 11100 BOHM MOTJIU aJanTyBaTUCS 0 OyaAb-SKUX 3MIH Y CePEIOBHIIII.
TakuM 4yMHOM, HEHPOEBOIIOLIID BAPTO BUKOPUCTOBYBATH, SIKIIIO 3HAHHS TPO
3amauy gyke oOMexeHl abo SIKIo 3ajaya MOXe 3MIHUTHCA HemnependadyyBaHUM
yuHOM y MailOyTtHboMy. [IpoTe, AKIIO cepenoBulle Ta 3aaada J100pe BHU3HAYEHI,
HaIMCaHHS aJTOPUTMY 3 HYJIS € KpalluM MiAXoAoM. Y Tabiuvll 5 HaBEJEHO OIJIsI

nepeBar 1 HeJIOMKiB ABOX I IXO/IIB.
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Tabmuis 5. IlopiBHAHHSA HEHPOEBOIIOLIT Ta KOHTPOJIEPIB CHEIIATBHOTO

npu3HaueHHs [49]

ITigxin [lepeBaru Henonixn
HeiipoeBomroris He noTpi6H1 geTanbH1 * Henepenbauysani ta
3HAHHS po CyTepeusnBi
npobiiemy. pe3yJbTaTH.
ATEeHTH aIanTyrThCs o Cumymsii 3
710 3MiH CEPEIOBHIIA IHTEHCUBHUMH
OOYHUCIICHHSIMU.
KonTponepu * 3a3Buyait Oinmein | ©  HeoOxinHe neTanbHe
CIEIAIBHOTO BHCOKa 3HaHHS MPOOJIEMHU.
MpU3HAYCHHS POTYKTUBHICTb. * 3a3Buyail He B 3M031
*  Pesynpratm aganTyBaTHCS [0
nependadyBaHl  Ta 3MiH
3pO3yMii. HaBKOJIUIIIHBOTO
CEpEeIOBHUIIIA.

Jlana pobora mpucBsiueHa po3poOIll 3aco0iB aBTOMATH3AIll MPOEKTYBAHHS

HEUpPOKOHTpOJIEpa JJIsl  YNpaBidiHHA  pOOOTHU30BAHOK  KIHIIBKOIW. To4He
po3TallyBaHHS PYKM poOOTa J03BOJISIE TOYHO Ta TOBTOPIOBAHO BUKOHYBATU
3aBAaHHS, 10 MPU3BOAUTH JI0 MIJIBUILIEHHA €()EKTUBHOCTI Ta NPOAYyKTUBHOCTI. [Ipu
MPaBUIILHOMY TMO3UI[IOHYBAHHI pOOOTH MOXYTh BUKOHYBAaTH 3aBIaHHS LIBUJUIE, 3
MEHIIIOI0 KIJIBKICTIO MOMMJIOK 1 IIJI0I000BO, IO 3HAYHO €KOHOMHTH Yac 1 KOIITH.
TouHe po3TalryBaHHs KIHIIIBKM Ma€ BaXKJIMBE 3HAYEHHS [ BUKOHAHHS TaKUX
3aBAaHb, AK OO0poOKa jeTalieil, CKIajaHHs, 3BapioBaHHS a0o QapOyBaHHS.
[To3urionyBaHHs pyKd po0OTa Ma€ BaXKJIMBE 3HAYCHHS Ji1 pOOOTH B CKJIQJHUX 1
IUHAMIYHUX  cepeloBulaX. TOYHO PpO3TAlllOBaHI pPYyKH poOOTa MOXKYTh
aJanTyBaTHUCS J0 MIHJIMBUX YMOB, YHUKATH TIEPEIIKO/] 1 MEPEMIIIATUCS CKIaTHUMHU

nuIsIxXaMu. ]_[C 0COOJINBO Ba)XKJIMBO B TaKHX rajaysiax, sK .HOFiCTI/IKa, CKIaACBKC
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roCIOZapCTBO Ta OXOpPOHA 3JI0POB’s, J€ poOdoTamM TMOTPIOHO B3AEMOISATH 3

JTUHAMIYHUM 1 HE3HAHOMUM CEPEIOBUILIEM.

3.2 IIporpamHui 3aco0M /151 HABYAHHS HEHPOKOHTPOJIEPiB pOOOTH30BAHUX

CHUCTEM

BaxuBicTh aBTOMAaTH30BaHOI PO3POOKH IMJAKPECTIOETHCS TMOTPEOOI0 B
KOHTpOJIepax, siIKi MOXKYTh JIETKO aIalTyBaTUCS 10 MIHJIIMBOTO CEPEIOBHUIIA, PIZHUX
dbopM 00’€KTIB MaHINyIIOBaHHA 1 (aKTOpiB, IIOB’S3aHUX 13 CEPEIAOBUIIEM.
HaByanbHi MOXIUBOCTI HEHPOHHUX MeEpEX, OCOOIMBO 3  aJalNTUBHUMHU
CTPYKTypamu, poOJsATh iX A00pe NpUAATHUMH I CLEHApiiB, A€ KIaCUYHe
IPOrpaMyBaHHS HE MOXE 3a0€3MeUUTH 3HAXO/KEHHS MIHIMAJIBHOI MOJEI, PO3MIp
SIKO1 € KPUTUYHO BXKJIMBUM ISl 3a0€3M€YCHHS 3a1aHOTO PiBHS €PEKTUBHOCTI.

[Ipoiiec po3poOKu KOHTPOJIEPIB HA OCHOBI HEMPOHHUX MEpEeX ISl pOOOpYKHU
Mae HabOip ckimanHomiiB. [lounHarouu Bif OTpUMaHHS Ta aHOTAIlll PI3HOMAHITHUX
Ha0OpIB JaHUX 1 3aKIHYYIOYM CKJIaJHUM OajaHCOM MDK CKJIAQJHICTIO MOJEINI Ta
HaJaITyBaHHAMHU Mojeiil. JIoCHiDKeHHS €BOJIOIIMHUX IMAXOIB IS HaBUYaHHS
aJanTUBHUX KOHTPOJEPIB J03BOJIUTH NMPHUIIBUANIATH PO3POOKY KOHTPOJIEPIB IS
HMIUPOKOTO CIIEKTPY MOKIIMBUX CIIEHAP1iB BUKOPUCTAHHS KIHIIIBKH poOopyku [23].

[Iporpamue cepemoBuiie JUisi TpPEeHYBaHHS  areHTa-MaHIMyJIsTopa 3
BUKOPHUCTAaHHSIM HEHPOEBOTIOIIMHOTO IMiIX0Iy Ma€ Ha METI aBTOMATH3AITi 10 TIPOIIECY
PO3pOOKH, IO € OCOOJIMBO aKTyaJIbHUM Yy CLIEHApIAX, € PyYHE MPOEKTYBAaHHS Ta
HaJAIlITYBaHHS € HEMIPAKTUYHUM a0o 3aiimae 0arato yacy.

AKTUBHUH 1HTEpEC A0 AOCIHIIKEHHS Ta PO3POOKU CUCTEM, 110 0a3yIOThCA Ha
HaBYaHHI 3 MIKPIMUICHHSM, JIaB TOIITOBX JJII CTBOPEHHS MPOTrPaAaMHUX CEPEIOBHIIIL,
AK1 JI03BOJIAIOTH JIETKY 1HTETpaliio 3aco0iB JJIsl HAaBYaHHS MOJIEN] Ta IHCTPYMEHTIB
JUTsl poOOTH 3 PI3HOMAaHITHUMH aréHTaMU Ta CEPEIOBUIIIAMHU.

bibmioteka Stable-Baselines3 [23] ayis HaB4aHHS 3 MAKPIMUICHHSM Ha MOBI
Python 3a6e3neuye HaOip BUCOKOSKICHUX pealli3aliiii pi3HUX aJrOpUTMIB HaBYaHHS
3 miakpimieHHsM. BoHa ctBopeHa Ha ocHOBI OpenAl Gym, mo A03BOJISIE JIETKO

BUKOPUCTOBYBATH 1i JUIsl TPEHYBaHb areHTIB Y PI3HUX CEPEAOBUILAX, 30KpeMa sl
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poOOTOTEXHIYHUX 3aBAaHb. biOmioTeka Hagae mpoctuit 1 3pyunuit API anis pobotu 3
QITOpUTMAMH HaBYaHHSA 3 MigkpimieHHsM. lle pobuth i JOCTymHOKO SK IS
MOYATKIBINB, TaK 1 JUIsl JOCBIAYEHHX KOpHCTyBadiB. KpiM TOTrOo, BOHa MPOTOHYE
PI3HOMAaHITHI aJITOPUTMH HaBYAHHS 3 M1JIKPITUICHHSM, Y TOMY YHCIII TaKi MOMYJISIPHI,
gk PPO (mabmmkena onrtumizamis nonituku), DDPG (rmmboki merepMiHOBaHi
rpamienty momituku) i TRPO (omTumizaliist MOTITHKHA TOBIPYOTO PETIOHY).

Stable-Baselines3 serko interpyerscs 3 OpenAl Gym, Ha0OpoM IHCTPYMEHTIB
IS pO3pOOKH Ta MOPIBHSHHS aJTOPUTMIB HaBYaHHS 3 TiAKpimieHHsAM. Lle mo3Bosse
KOPUCTyBa4aM BHUKOPHCTOBYBATH IIUPOKUHN CHEKTP CEPEIOBUII, Y TOMY YHCII JJIS
3alad  MaHImyJsmii 3 poOOTH30BaHMMM pOOOYMMHU  KiHIIBKaMH. biGmioreka
3abe3rneuye J100pe ONTUMI3OBaHYy peaizallil0 PI3HOMAHITHUX aJITOPUTMIB, IO
poOUTSH ii MPUAATHOIO SIK JUIS TOCHIIKEHb, TaK 1 JIJIsl IPAKTUYHUX 3aCTOCYBaHb.

[Ipote, xoua Stable-Baselines3 miarpumye HU3KY alrOpUTMIB, JEAKl 3 HUX
Kpalle NiAXOoAaTh 1Sl AUCKPETHUX MPOCTOpiB Aii. i mpocTopiB Oe3nepepBHOT Ail
4acTille BUKOPUCTOBYIOThCS Taki airoput™mu, ik PPO ta TRPO. Kpim toro, Stable-
Baselines3 po3po0iieHo ayis HaBYaHHS MIAKPITUICHHS 3 OJHUM areHToOM. SIKIo
3aBAaHHS Tiepeadavae MyJIbTHAreHTHY B3a€MO/II0 (HAMPUKIIAJ, CIIBIPAIIO0 KITHKOX
POOOTOTEXHIYHUX PYK JIJIST MAHIMYJIALIT OTHUM 00’ €KTOM), IHCTPYMEHTIB 010110TeKH
OyJle HeJI0CTaTHHO.

BaxnuBoro ocoOnuBicTio € miarpuMka Stable-Baselines3  ¢i3udnoro
cumynsatopa MuJoCo, MmO MIMPOKO BHUKOPUCTOBYETHCA [JIsI IPOECKTYBAaHHS
pPOOOTOTEXHIYHUX areHTIB, 30KpeMa MaHIMyJsATOPIB Ta KPOKYIOUHX PO-00TIB.

AnwsrepHaTtuBoto Stable-Baselines3 e 6i6mioreka TF-Agents 3 BigkpuTUM
kojoM, moOyaoBaHa Ha TensorFlow Ta pospobiena Google. Bona 3a0e3neuye
MOMYJBHY Ta PO3IIMPIOBAHY CTPYKTYPY IJIs HaBUaHHSA 3 mijgkpimieHasM. TF-Agents
MIATPUMYE CIleHapii SK 3 OJHHUM, TaK 1 3 KUIbKOMa areHTaMH Ta Ma€ peajizailiio
PI3HUX aJTOPUTMIB.

Ray RLIib — 1m1e ogna 6i0mioTeka a1 HaBYAHHS 3 INiAKPIIJICHHIM, CTBOpEHA

Ha OCHOBI PO3MO/ILIEHOT O0YUCIIIOBAIBHOI ccTeMu Ray. BoHa minrpumye mmpokuii
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CHEKTp QJITOPUTMIB 1 MPOMOHYe Takl (YHKIII, SK PO3MOIICHE HaBUaHHS Ta
HaJaITyBaHHS TieprapaMmeTpiB.

Jlyis mopiBHSAHHS €(PEeKTUBHOCTI HaBYaHHS KOHTPOJIEPIB pOOOPYKH Ha OCHOBI
HeHpoMepeK TOCTYMHI 1 iHII O0i10J10TeKH, K1 MalOTh CXOXHMK (DYHKIIOHAJ, aje
BIJIPI3HSIIOTECA ~ HA0OpOM aNTOPUTMIB HaBYaHHS 3 MijakpimieHHAM. Cepen HUX
Garage, Tianshou, SLM Lab. [lopiBHsHHS HaiOLIpII MOMMPEHUX O010T10TEK
npeacTaBiIeHo B Ta0ui 6 [2].

Tabmuus 6. [Iporpamai 610T10TEKH IS JOCIIHKEHHS METO/IB MAIITMHHOTO

HaBYaHHS POOOTH30BAHUX arcHTIB

bibmioreka | Bukopucrana | MynbruarentHa | 3pyunicts| Iliarpumka | Ilinrpumka | IlepeBaru

6i6mioTexa MiATPUMKA BUKOPHCT | CEpENIOBHUII | €BOJIOLIHHUX

TIIHOOKOTO agas API | OpenAl ANTOPUTMIB

HaBYAHHS Gym

Satble- TensorFlo Oobmerxena Bucok + - Benukuit BUOIp

Baselines3 | w a AITOPUTMIB RL,
irTerparnis OpenAl Gym

TF-Agents | TensorFlo + Cepen + - MonynbHiCTS,

w HA HiITPUMKA CleHapiiB 3
ogHuM abo  KigbKoMma
areHTamu

Ray RLib | TensorFlo + Cepen + + Posmoiniene HaBYaHHS,

W, HA (EBouroniiH | HaNaIITyBaHHS

PyTorch i cTparerii) rinepnapamerpis,
pizHOMaHiTHe API

Garage TensorFlo + Cepen + + Posmmpena migTpumka

w HS (I'enetnuni AITOPUTMIB

AITOPUTMH,
CEM)
Tianshou | PyTorch + Cepen + + (CMA- | MoaynbHICTb, MIHPOKHUIA
Hsl ES) BUOIp aJITOPUTMIB
SLM Lab | TensorFlo + Cepen + + (CEM) MonynbHiCTh
w Hil
Ax OauuMo, ICHYHOYI TIporpamMHi PpIIICHHS HAJIAl0Th IUPOKUNM BUOIp

IHCTPYMEHTIB ISl JTOCHTI/DKCHHS aJITOPUTMIB HaBYaHHS 3 MIAKPITUICHHIM IS

pOOOTH30BAHUX AreHTIB y BU3HAYeHOMY cepenoBulli. [Ipore OubLIICTh 3 HUX HE
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HaJa€ TMATPUMKH HEUPOESBOTIOIIIHHUX TT1IXO/I1B, K1 HaJJal0Th MOXKIIUBICTh PO3POOKH
aJanTUBHUX POOOTH30BAHUX CHUCTEM, IO € BAKIWBHM JUIS JOCIIIHKCHHS
6araTopyHKI10HAIBHOI CHCTEMU, MAaKCUMAIBHO HAOJIIMKEHOT 10 poOOTH 3 3a/1a4aMu

peanbHOro CBRITY [2].

3.3 Onmuc HABYAJIBHOIO CepeloBUINA A 3aaa4vi MO3MIiOHYBAHHSI

PO0OTHU30BAHOI PYKH

[lo3uiionyBaHHS pOOOTHU30BAaHOI PYKH — II€ TPOLEC TOYHOTO KepyBaHHS
MOJIOKEHHSIM 1 OpIEHTAIEI0 KIHIIIBKH pOoOO0TH30BaHOi pyku (iHCTpyMeHTa abo
3aXBAaTHOTO TPHUCTPOIO) JJIS BUKOHAHHS TEBHUX 3aBAaHb. lle mMomoxxeHHS Mae
BUpIIIATIbHE 3HAYCHHS ISl B3a€MOJII1 PYKH 3 00’ €KTaMM, MaHIMyJIFOBaHHS HUMH Ta
TOYHOI'O BUKOHAHHS P13HUX OIEepariiil.

PoGoTnzoBaHa pyka 3a3BUYall CKIANAEThCA 3 KUIBKOX IIAPHIPIB, fAKI
3abe3neuyoTh pyky cryneHsmu cBoboau (DOF). DOF mnpencraBnsie KiTbKICTb
HEe3aJIeKHUX MapaMeTpiB, HEOOX1THUX JJI1 onucy KoHpirypaiii pyku. Koxen cyrio0
J03BOJISIE pyIli 0O0epTaTrcs abo MmepeMilIaThCs B3I0BXK IEBHOI 0C1, TO3BOJISIOYH PYII
pyxatucs B KUIbKOX HampsiMkax. [To3uiiionyBaHHSI pOOOTH30BaHOI pyKU 0a3yeThCs
Ha BUKOPHCTAaHHI CHUCTEM KOOPJWHAT /IS BHU3HAUYCHHS IOJIOKCHHS Ta Opi€HTaril
pyku. HalimomumpeHimow CUCTEMOI0 KOOPAUHAT € JAeKapToBa CUCTeMa KOOPJUHAT,
7€ TOJI0KEHHS BU3HAYAIOThCS KoopAuHaTaMu X, Y 1 Z. OpieHTallisi pyKu Moxe OyTu
Ipe/icTaBlIeHa 3a JOTIOMOTo10 KyTiB Einiepa, KBaTepH10HIB 200 MaTpHUIlh 00epTaHHS.

[Ipsma kiHeMaTuka mnependavyae BU3HAYEHHS IMIOJOKEHHS Ta OpleHTalli
KiHIIEBOTrO e(exTopa Ha OCHOBI KyTiB a00 MOBXHUH 3’€HaHb. 3 1HIIOTO OOKY,
3BOPOTHA KIHEMaTHKa Iependayae 3HAXOHKEHHS KyTiB a0o0 JOBXHH 3’€IHaHb,
HEOOX1THUX JIJIsl JOCSATHEHHS 0a)KaHOTO MOJIOKEHHS Ta Opl€HTAIllT KIHIIIBKH.

[TnanyBaHHs TpaekTopii mependadae CTBOPEHHs TMJIABHOTO W ONTUMAILHOTO
HUIAXY, IKUM pyKa poOoTa Oyze pyxaTHcs IiJ] 4ac Mepexo/y 3 OJHOTO MOJIO0KEHHS B
iH11e. Bid BpaxoBye Taki pakTopH, IK yHUKHEHHS MIEPEIIKO/I, CIIIJIbHI OOMEXEHHS Ta

ONTHUMI3allisl NUIAXY Ha OCHOBI TaKWUX KPUTEPIIiB, K Yac, CIIOKUBAHHS €HEprii ado
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TOuHICTh. [lMaHyBaHHS TpaekTOpii rapaHTye, U0 pyKa pyXaeTbcs €(EeKTUBHO Ta
0e3IeyHo, ToCITraluu 0aXaHOTO MOJ0KEHHS

JlJis TOYHOTO MO3UIIIOHYBaHHSI POOOTHU30BAHUX PYK BHUKOPUCTOBYIOTHCS Pi3HI
MeTonu KepyBaHHA. [Ipu ynpaBiiHHI 3 BIIKPUTUM LUKJIOM MOMNEPEIHHO BU3HAUECHI
KOMaH/I HaJICUJIAIOThCA Ha PYKY 0€3 3BOPOTHOTO 3B’A3KY, MIPUITYCKAIOUH, 10 PyKa
PYXaTHUMEThCSI 3T1THO 3 THCTPYKIIAMU. KOHTPOIIb 13 3aMKHYTHM KOHTYPOM, TaKOXK
BIJIOMUH SIK KOHTPOJIb 13 3BOPOTHUM 3B’ SI3KOM, BKJIFOYA€E 3BOPOTHUM 3B’ SI30K JaTUMKA
JUTSL TIOCTIHHOTO PETYJIOBAHHS TIOJIOKEHHS PYKH Ta KOPUTYBAHHS OYIb-SKHX
B1JIXUJICHD.

B3aemonist 3 1iIbOBUM 00’€KTOM TOTpeOye TMEBHOTO IUIaHyBaHHs. Jis
YCIIIIHOI MaHIMyJSIIli 00’€KTOM 3aBiaHHs Oyae po3AiIeHO Ha JABI Mija3ajadi 3
OKpeMUMHU KOHTposiepamu. llepiia mig3anava nossirae B TOMy, 1100 MEPEMICTUTH
KIHIIIBKY BiJHOCHO OJIM3BKO JO IIJILOBOI IO3MIII, YHHKAOUM Iepemkoa. Jpyra
mij3ajavya BIAHOCUTBCS JIO0 MPSIMOTO MAaHIMYIIOBaHHS OO0 €KTOM, HaIpUKIIA]
NEepPEeMIIICHHS BUIIAJKOBO PO3MIMICHUX 00’€KTIB 13 MOYATKOBOTO CTaHy M0 3a7aHOi
H1Ib0BOI KOHPiryparlii. HeoOXi/1HICTh BUKOPUCTAHHS IBOX KOHTPOJEPIB ISl IOTO
3aBAaHHS JEMOHCTPYE, III0 HEUPOEBOJIOIIIT JIETTIIE PO3BUHYTH PEAKTUBHY MTOBEIHKY,
HI)K JIOBFOCTPOKOBY CTpaTeriuHy MOBeAIHKY [4].

PosrnssHemMo mepily BHU3HAaueHy Tia3afady — MO3UI[IOHYBAaHHS KIHIIBKU
poOoTH30BaHOI pykH 3a gomomororo cepenoBuiia OpenAl Gym 13 JBOBUMIPHOIO
pOOOTH30BaHOIO PYKOIO 3 JBOMa cyriobamu. lle cepemoBuie MoneIrOBaHHS,
MpU3HayeHe JUisi 3a0e3MEeYeHHs] BIPTyalbHOI IUIATGOPMHU i TECTYBaHHS Ta
PO3pPOOKH aJITOPUTMIB KEpyBaHHS Il JIBOBHMIPHOiI poOoTu3oBaHoi pyku [S1].

[Tpuknan cTaHy HABKOJIMIIHBOTO CEPEIOBUIIA MTPEICTABICHUN HA PUCYHKY 14.
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RobotArm-Env - 0

Puc. 14. Cepenosuinie OpenAl Gym 2D Robot Arm

Po6oT cxitagaeThes 3 1BOX 3’ €AHaHb, KOKHE NOBKHHOIO 100 mikceniB, 1 MeETa —
JOCSITTH Y€PBOHOI KpaIKH, Ka BUIMAIKOBUM YUHOM T'€HEPYETHCS B KOKHOMY €IT130/11.
[Ipocrip aiit npeacTaBisie MOXKIIMBI 11, SIKI MO’KE BUKOHATH areHT. Y JIBOBUMIPHOMY
CEPEIOBHUII MAHIMYJIATOPA MPOCTIP MM CKIATAETHCS 3 KEPyBaHHS KyTaMH 3’ € THAHHS
MaHiImyJsiTopa pobora:

* 0: 3QIMIIIMTH TOTOYHE 3HAYEHHS KyTa 3’ € JHAHHS

* 1: mpupict kyTa 3’enHaHHs |

* 2: 3MEHILIEHHS KyTa 3’€{HaHHA |

* 3: IpUpICT KyTa 3’ € THAHHS 2

* 4: 3MEHILICHHS KyTa 3’ €JHaHHSA 2

* 5: pUpicT KyTiB 3’ €MHAHD 1 12

* 6: 3MEHILICHHSI KyTiB 3’€1HaHb 1 12

[IpocTip crocTepekensb nae iHGopMallio Ipo MOTOYHUN CTaH HABKOJUITHBLOTO
cepeZioBuIla. Y CepeoBUILIl ABOBUMIPHOI PyKH poOOTa MPOCTIP CIOCTEPEKEHb €
0e3nepepBHUM 1 MICTHTH BIANOBIAHY 1H(OpPMAILiI0, HEOOXIAHY AJII KOHTPOIIO Ta
NPUMHATTS PilLIECHb:
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* LIJTbOBA MO3HULIISA B HAMIPSIMKY X (Y MIKCENIX)

* [[JTbOBA TIO3HUIIIS B HAMPAMKY Y (Y TKCENAX)

* IOTOYHE MOJIOXKEHHS 3 eqHaHHs | (y pajiaHax)

* IOTOYHE TOJIOKEeHHS 3’ eqHaHHA 2 (y pajiaHax)

HagkounuiHe cepenoBuiie 3ade3rneyye BUHArOPOY JUIsl YIIPaBIiHHS IPOLIECOM
HaBYaHHs. BuHaropona 3anexuthb BiJl AOCATHEHHS LILJTLOBOI MO3MUITIi:

* poOoT oTpuMac mrpad -1, K110 MOTOYHA BiICTaHb MiXK KIHITIBKOIO 1 IIIJTEOBOIO
MO3UIIEI0 OUTBINA, HIXK TOMEPEIHs BIICTaHb

* poOOT OTpUMae BHHArOpoAy |, SKIIO MOTOYHA BIACTaHb MiX KIHIIIBKOIO i
LIILOBOIO Mo3ulliero > -€ < €, ne € = 10 mikcenis

KpiM TOro, BU3Ha4€HO YMOBH 3aBEpIICHHS, 1100 BKa3aTH KIHELb EMi301Y:

MOTOYHA BHHATOpOaa CTaHOBUTH -10 abo +10 [4].

3.4 AnantuBHuii niaxia 3 BukopucranusaMm ajaropurmy NEAT

Hapuanns 3 miakpimieHssam (RL) ycmimHo 3acTocoBaHO /10 MOJITHK KOHTPOJIIO
HaBYaHHSA JUIsI pyK poOotiB. AnroputMu RL 103BOMSIOTE poOOTaM BUBYATH
ONTHMAaJIbHI CTpATErii KEpyBaHHS METOJOM Mpo0 1 MOMMIOK, B3a€EMOAIIOYU 3
HABKOJIUIITHIM CEPEIOBUIIIEM 1 OTPUMYIOUU 3BOPOTHIM 3B 530K y (pOopMi BUHATOPOS
a0o mrpadis [4].

Y RL mMu TpeHyeMO TOJIITUKY areHTiB 1T, 1 = 1, ..., N /1 BUpIiIlIEeHHSI OKPEeMUX
BUIAJKIB CEPEOBUILA: JIJIsI KOXKHOIO KPOKY CEpeZOBHUILA t areHT CIIOCTEepPIrae CTaH
CEpelIOBHUINA Sy, 1 MOJITUKA BUPIIIYE, KA il a; € Ma€ OyTHU 3MiiiCHEHa. ATEHT
OTpUMYy€ BHHAropoay 7(S; s, St41) 38 KOKEH CIOCTEPE)KYBAaHHM CTaH IMiJ 4ac
enizony HaBuaHHs. e mpusBoauTts 10 Tpaektopii 3 T kpokiB. CykynHa BUHaropoja
Y 0¥ Tt ik41 HANPHKIHLI €mi30/y, JMCKOHTOBaHA 3a KoedillieHTOM Y, 3a3Buuail
BUKOPUCTOBYETBCSI SIK LIIbOBAa (YHKIIS TMOJITUKA MPOILecy ONTUMI3alii.
HasuBatumMeMo R; IOBHOTO €I1i30/1y MPUCTOCOBAHICTIO MOMITUKH [52].

Anroputmu  RL HaBuawThcsd uepe3 IiTepalliiHUM mpolec B3aeMOJIl 3
cepenoBuiieM. Pyka poboTa BUKOHYE J1ii HA OCHOBI ITOTOYHOI MOJIITUKH, CITOCTEPIrae

3a KIHIIEBUM CTaHOM 1 BUHAropoj0r0 Ta BIAMOBIAHO OHOBJIIOE CBOIO MOMITUKY. Llei

78



MpOLIEC TPUBAE, TOKU areHT HE HAOIM3UTHCS 0 ONTUMAJIBbHOI MOJITUKU KOHTPOJIIO,
AKa MaKCHUMI3y€ CYKYNHY BHHaropoay 3 uyacoM. HaByaHHS MOXHa NPOBOAMUTH
OHJIAIH, KOJM pyKa HABYAETHCS MiJA Yac B3aeMOJI1l 3 (I3MUHUM CepeOBHILEM, a00
obialiH, BUKOPHUCTOBYIOUM IIONEpPEAHBO  310paHi JaHl YU  CUMYJISIII.
BukopuctoByroun HaBYaHHS 3 MIAKPIIUICHHSM PYKH POOOTIB MOKYTh aBTOHOMHO
HABYATHCS TIOJNITUKAM KEPYBaHHA, SIKI JIO3BOJISIIOTH iM BUKOHYBAaTH CKJIAJHI
3aBJaHHS, aIaNTyBAaTUCA 10 3MIHIOBAHUX CEPE/IOBUII] 1 HABITh BUUTUCA HA MPUKJIIAI]
mogeit. Tlomitukm kepyBaHHsS Ha ocHOBI RL Oynu ycmimHO 3acTocoBaHi 10
IITUPOKOTO JT1alma30Hy 3ajiad, 30KpeMa MAaHIMMyTIOBaHHS 00 €KTaMHU, CKIIaJaHHS,
3aXBar Ta MPOMHUCIIOBY aBTOMATH3AIIIIO.

Heiiponna mepexa oOpaHa sIK TOJITHKAa KepyBaHHA poboToM. MepexeBa
apXiTeKTypa 3a3BUYail CKJIAJa€ThCs 3 BXIAHUX HEUPOHIB, 110 MPECTABISAIOTH CTaH
pyku poOoTa, MPUXOBAHUX HEHUPOHIB MJIsi MPOMDKHUX OOYMCIEHb 1 BUXIJIHHUX
HEHPOHIB, SIKI T€HEPYIOTh KEpyroul CUrHaiW. Barosi KoedilieHTH Ta 3MILICHHS
HEHPOHHOI MEpPEeX1 € mapaMeTpamMu, siki HoTpiOHO onTumizyBatu. [1ig yac KOkKHOTO
MOKOJIIHHS HEWPOHHI MEpEX1 OILIHIOITHCS HAa OCHOBI iX MPOJYKTUBHOCTI B
nomnepeHb0 BU3HAuUEHIW (yHKIIT BignoBigHOCTI. DiTHEC-QyHKIIS BUMIPIOE,
HACKUIbKH JI0Ope pyka poOoTa BUKOHYE IIEBHE 3aBJIaHHS, HANPHUKJIIAL JIOCATAE LTI,
MaHInyJoe 00’ektaMu abo0 yHuKae nepemikona. OIiiHKa MPUIATHOCTI MOXe OyTu
IIPOBE/ICHAa NUISIXOM MOJENIOBAaHHS a00 (PI3UYHUX EKCIEPUMEHTIB, 3aJIEKHO BIJ
HasBHUX pecypcis [4].

EBouroniiiHi anropuTMyd BUKOPHCTOBYIOTH PI3HI ONEpaTopu, Taki sk BiAOip,
KpOCOBEp 1 MyTaIlis, 100 CTBOPUTH HOBI ITOKOJIIHHS HEMPOHHUX Mepex [46]. Binbip
HaJa€ TiepeBary HalKpamuM Mepekam, IO J03BOJisi€ iM TepeaaBaTH CBOI T'eHH
HACTyMTHOMY TOKOMiHHIO. CXpellyBaHHs MO€EAHYE MapaMeTpu JBOX OaThKIBCHKHUX
MEpeX JUIsl CTBOPEHHSI HAIAAKIB 13 CYMIIIIIIO iXHIX O3HaK. MyTallis BHOCUTh
HEBEJIMKI BUIAJKOBI 3MIHM B MapaMeTpH, CHOPUSIOUM JOCHIKEHHIO MPOCTOPY
nonryky [53].

[Iporiec HelpoeBOJIONIT ITEPATUBHO PO3BUBAE TMOMYJIAIII0 HEHPOHHUX MEPEK

IPOTATOM KUIBKOX MOKOJiHb. OLiHKA MPUAATHOCTI, BI01p, CXpEllyBaHHS Ta MyTallis
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MMOBTOPIOIOTHCS, JOKH HE Oyze 3HANACHO 3aJ0BUIHHY MOJITUKY KOHTpOo. [Iporec
CIIpSIMOBaHUN Ha 30DKHICTh JO TapaMeTpiB HEHPOHHOT MeEpexi, sKi HaJaloTh
MOJITHKKA KEPyBaHHA 3 BUIIUMU 3HAYCHHSIMH JIOTIACOBAHOCTI, €(EKTUBHO
HOKPAIIYIOUd IPOAYKTHBHICTE pyKH podoTa [54].

NEAT (NeuroEvolution of Augmenting Topologies) — 1ie HelipoeBOIOIHHII
QJITOPUTM, CIIELIaJbHO PO3POOJICHUM [JIsI PO3BUTKY IITYYHUX HEUPOHHUX MEPEX
(ANN) 31 ckJ1aiHOIO Ta 3MIHHOKO TomoJioriero. Bin O0yB npencraBienuii Kennerom
O. Crenni ta Picto MiiikynaitnenoMm y 2002 poti 1 3 TUX Hip CTaB MOMYJISIPHUM
MiXO0/IOM y Tairy3i HelipoeBooltii [53].

NEAT Bupintye npo6iieMu po3BUTKY IITYYHOI HEHPOHHOI MEpexi 13 PI3HOIO
KUTBKICTIO HEUPOHIB 1 3’€aHaHb. Ha BiAMIHY BiJ TpaJAWI[IHHUX METOIB €BOJIIOIII]
HEHPOHHUX MeEpexK, sIKI crnuparoThes Ha ¢ikcoBaHi Tomojorii, NEAT no3Bomsie
CTBOPIOBATH Ta PO3BUBATH HOBI MEPEXKEBI CTPYKTYPH.

[Tigxig BUKOPHCTOBYE ICTOPUYHY CXE€My MapKyBaHHS, 1100 3a0e3rneuuTH
30epexeHHs IHHOBAIIM Y CTPYKTYpl MEpEKi MiJ yac mpoluecy eBoiolii. KoxHomy
reHy B T€HOMI IPUCBOIOETHCS ICTOPUYHHUN MapKep ISl BIJCTEKEHHA HOro
MOXO/KEHHSI Ta 30€pexeHHs ICTOpPUYHOTO 3amucy iHHoBarii. lle mo3Bomsie
30epiraT Ta peKOMOIHYBaTH HOBI CTPYKTYPHI OCOOJIMBOCTI MPOTSITOM MOKOJIiHE. BiH
BKJIIOYA€ BHUJOYTBOPEHHSI MJIi 3a0XOUYEHHsS 30€pEeKEHHsS PI3HOMAHITHOCTI B
nomyJsiii. [1ix yac eBoroIii 0cCOOMHU TPYMYIOTHCS Y BUJIM HA OCHOBI iX MOIOHOCTI
B CTPYKTYp1 Mepexi. BUnoyTBopeHHs oromMarae 3ano0irTd BTpaTi MepCIeKTUBHUX
CTPYKTYp 4epe3 HaAMIpHY KOHKYPEHIIIIO Ta T03BOJISIE JOCIIKYBATH P13H1 TOMOJIOTI].

ANTOPUTM J103BOJISIE MEPEKAM POCTU Ta 30UIBIIYBATH CKIAAHICTH MPOTSITOM
MOKOJIiHb. BiH MOCTYIOBO BBOAWTH HOBI BY3JH Ta 3’ €THAHHS, IOYMHAIOYHN 3 IIPOCTUX
CTPYKTYp 1 TIOCTYIIOBO yCKJaAHIOWUM iX y mpoieci eBomrorlii. Kpim toro, NEAT
MIITPUMYE CITPOIICHHS MEPEX MPH BUSABJICHHI 3aiBUX a00 HEMOTPIOHMUX 3'€THAHb,
NOKpaIlyoyu e(heKTUBHICTD 1 IPOIYKTUBHICTb.

NEAT OyB ycmiuiHo 3aCTOCOBaHUM Yy pi3HUX 00JACTSIX, BKIIOYAIOUU CUCTEMHU
KepyBaHHS, irpH, POGOTOTEXHIKY Ta po3Mi3HaBaHHsA 00pa3iB. Moro 3maTHiCTH

IpaloBaTy 3 AUHAMIYHUMU Ta 3MIHHUMH MEPEKEBUMHU TOMOJIOTIIMA POOUTH HOTro
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no0pe MpuaaTHUM IS 3aBJIaHb, K1 MOTPEOYIOTh aalTUBHOCTI, MacIITabOBaHOCTI
Ta BIAKPHUTTS HOBHUX MEPEIKEBUX apxiTekTyp [4].

PosrissHeMo ki1r040Bi 0cO0IMBOCTI Ta KoHIEMiT anroputMy NEAT.

. I'enotun 1 penorun: B NEAT iHAMBITyyMHU TIPEACTaBIIEH] IK TEHOTHUIIOM,
Tak 1 peHoTunoM. ['eHOTUIT KOAY€e CTPYKTYPY HEMPOHHOT MEpEXi, BKIIIOUAIOUYH BY3JTU
(meitponn) 1 3B’SI3KU (CHHATICH), TOJII K (PEHOTHUIT IPEICTABIISIE AKTUBHY MEPEXKY 3
(aKTUYHUMU BaraMu, MPU3HAYECHUMHU 3B’ SI3KaAM.

. [anoBarii Ta icropuuni MapkyBaHHs: NEAT BHKOpUCTOBYE 1CTOPUYHY
CXeMy MapKyBaHHS I BIJACTE)KCHHS TOXO/DKEHHS TeHIB (3’€IHAaHb 1 BY3JIB)
IPOTATOM MOKOJiHb. [HHOBAIIIT B CTPYKTYpP1 MEpeKi 30€piratoThCs, 110 rapaHTye, 1o
HOBI (DyHKIII1 HE OyAyTh BTpayeHl Mij 4ac €BOIIOLIMHOTO IPOLECY.

. VYceknannenns ta crpouieHHs: NEAT no3Boiisie HEHPOHHUM MeEpexam
PO3BUBATHUCS Ta YCKJIAIHIOBATUChH MPOTIrOM OaraThoX MokoJiiHb. HoBi By3nu Ta
3’€IHAHHS MOXHA BBOJUTH TIOCTYIIOBO, IOYMHAIOYM BiJ TIPOCTHX MEPEK 1
pPO3BUBAIOYUCH 7O Oubll ckiIagHux cTpykTtyp. Kpim Toro, NEAT miartpumye
BHUJIaJIEHHS 3aliBUX a00 HEMOTPIOHMX CTPYKTYp, CHPHSIOYU CIPOIICHHIO MEPEXK,
KOJIM 11€ BUTIPABIAHO.

. BunoyrBopenns: NEAT Bximodae BUIOYTBOPEHHS, MPOLEC TMOILTY
MOMyJISIli Ha BUAM Ha OCHOBI MoaiOHocTi. Ile 3amobirae AOMIHYBaHHIO KIJTBKOX
ocoOuH 1 Jno3BoJsie 30epertv  pizHOMaHITHICTh. Crnenudikaiis 3a0X04ye
JOCIIJKEHHST PI3HUX MEPEKEBUX CTPYKTYp 1 3amolirae BTpaTi 0araTooOilsrounx
1HHOBAITIH.

. Coinbanii goctyn o nomnacoBaHocTi: NEAT BukopuctoBye 0OMiH
JOTIACOBaHICTIO cepell BUAIB. ['eHOMU 3 TOAIOHOI0 MEPEKEBOI CTPYKTYPOIO
TISATBCS 3HAYCHSAMU (DiTHEC-PYHKINT, CIIPUSIOUN CIIBIpAIll BCepearHi BUIY, a HE
IHTEHCUBHIN KOHKypeHIii. [le rapanTye, 1mo 1HHOBAIlIHHI CTPYKTYpU MAIOTh IIAHC
PO3BUBATHUCS Ta BIOCKOHAIOBATUCH.

. CxpemryBanns 1 myTartlisi: NEAT BUKOpHCTOBYE orepaliii CXpernryBaHHs

Ta MyTailii. CXpelyBaHHs MOEHYE T€HU JIBOX OaThKIB JJIs1 CTBOPEHHS HAIIAKIB 13
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CYMIIIIIIO TXHIX O3HaK. MyTallisi BHOCUTh HEBEJUKI 3MIHH B I'€HH, MOJICTIIYIOUH
JOCITKEHHS TIPOCTOPY PIIICHHS.

EBomtoniiinnii nuki anroputMy NEAT nepeabauae cTBOpEeHHsI HOBUX ITOKOJIIHbD
HEHPOHHUX MEPEX IUIAXOM BiIOOpPY, BIATBOPEHHS, KPOCHHTOBEpY Ta MYyTallii.
[IpuaaTHICTh KOKHOT OKPEMOI MEPEXi OLIIHIOETHCS Ha OCHOBI 11 MPOIYKTUBHOCTI B
KOHKpeTHOMY 3aBaaHHi. [IpoTsrom 6arateox nokosiaiab NEAT iTepaTuBHO po3BUBaE
Mepexi, SKi IEMOHCTPYIOTh MOKPAIICHY MPOJIYKTUBHICTh 1 IMIJIBUIICHY CKJIQJIHICTB,
110 TPU3BOUTH JI0 PIIICHb, sIKI JOOPE MiAXOASATh IS iXHIX 3aBIaHb.

3aranomMm, iHHOBamiHui miaxim NEAT 1o po3BUTKY HEWpPOHHHUX Mepex i3
pPI3HMMHU TOMOJIOTIIMU BHIC 3HAYHUW BHECOK Y PO3BUTOK HEHPOEBOJIOLIMHUX
QNrOpUTMIB Ta iX 3aCTOCYBaHHS JUIsl ONTHUMI3alli pilIeHb, 10 0a3ylThCsS Ha
BUKOPHUCTaHHI HeipoMepex [1].

[linxinq moeaHaHHS EBOJIOIIMHUX aJITrOPUTMIB 13 HEHUPOHHUMH MeEpekaMHu
HAJMXHYB Ha MOJaJIbIll PO3pOOKHU B ranysi HeiipoeBomtolli. Po3mmpenHs ta Bapiarii
NEAT Oyinu 3amporioHOBaH1 JJi BUPIIIEHHS! KOHKPETHUX 3aB/1aHb, TAKUX K MEPEXKI
cTBOpeHHs KoMmmo3uliiaux madnaoHiB (CPPN) nisi renepaTuBHUX 3aBAaHb a0o
HyperNEAT niis po3BUTKY BEIMKOMACIITAOHMX HEHPOHHUX MEpexX. 3arajioM BiH
BUSIBUBCS MTOTYKHUM 1 THYYKUM HEHPOEBOMIOIINHUM aJIrOpuTMOM, IO 3a0e3neuye
€BOJIIOLII0 CKIIAJIHUX CTPYKTYp HEHPOHHOI MEPEX1 Ta MPOCyBae chepy eBOMOLINHOT

POOOTOTEXHIKH Ta IITYYHOTO 1HTENICKTY [4].

3.5 3acrocyBaHHsi MeTOAYy oONTHUMI3alili TMOMIYKOM HOBU3HH ISl

aaroputmy NEAT

Xo4a MEeTOoM NMpsIMOi onTuMi3alii QyHKIIH 101acoBaHOCTI 100pe MPaIlol0Th B
0araTh0X MPOCTHX 3ajJaydax, MPH PO3B’SI3KYy OUIBII CKJIATHUX 3a]ad BOHM 4YacTO
MOTPAIUISIIOTH Y MACTKY JIOKAIBHOTO onTUMyMmy [1].

[Tonryk HOBU3HU MpECTaBIIsIE€ COOOIO MAXI, IKUA MOXKe OyTH IHTETPOBAHUH B
anroput™ NEAT, 1mo0 HampapisITH €BOJIOIIAHUN TMPOIEC [0 3HAXOKCHHS
ONTUMAJIBHUX PILIEHb TaM, A€ JJaHaQTH PYHKIIIH J0MacoBaHOCTI HE MOXKYTh OyTH

YCHIIIHO MPOWJIEHI 32 JOMOMOTIOI0 MPOIECy ONTUMI3allii, 3aCHOBAHOTO BUKIIFOUHO
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Ha BUMIPIOBaHHI OJIM3HKOCTI IOTOYHOTO pilieHHs A0 uiii. [lomyk HOBU3HHM Ma€ Ha
METI YCYHYTH OOMEXEHHS TPaJUIIHOT €BOJIIONI] HA OCHOBI IUIHOBOI (DYHKIIII,
320X0YYIOUYHM JOCHTIKEHHS HOBUX OO0JIacTell MpOCTOPY pillieHb HAa OCHOBI HOBU3HH
pillieHb, a HE JIKIIE iX 3HaUYCHHS I1JIb0BO1 QYHKITT [55].

VY 3BuYaiiHIi €BOJIOIIT HA OCHOBI HUIBOBOI (PYHKINI OCOOMHU B TOMYJIAILIT
3a3BUYail OLIIHIOIOTHCS HA OCHOBI IXHBOT MPOTYKTUBHOCTI Y BUKOHAHH1 KOHKPETHOTO
3aBJIaHHsI, 1 €BOJIIOIIIMHUIM ITPOIIeC HAJIa€ MepeBary ocodam, siki MatoTh YCIIX Y IIbOMY
3aBnanHl. He3Bakaroun Ha €()eKTUBHICTD, LIEH MiIX11 MOKE MMPU3BECTH 0 301’KHOCTI
710 JIOKQJIbHUX ONTHUMYMIB, J€ PIIICHHS MOXXYTh 3aCTPSITHYTH B HEONTHMAILHUX
00J1acTSIX MPOCTOPY PIIIEHB 1 HE BAACTHCS TOCTIUTH aIbTePHATHBHI PIIIICHHS.

[lomryk HOBU3HM BIJKpUBA€ 1HIIY TMEpPCIEKTUBY. 3aMiCTh TOro, LI00
30CepeKyBaTUCS BUKIIOUYHO Ha (DYHKIIIT JOMACOBAHOCTI, BIH OLIIHIOE OCOOMHU Ha
OCHOBI iX HOBHW3HH, $SKa KUIBKICHO BH3HA4Ya€, HACKIIbKHM IIOBEJIHKAa a0o
XapaKTepUCTUKA OCOOMHU BIAPI3HAIOTHCS BiJ 1HIMMX. HoOBH3HA BU3HAYAETHCS
BIJIJTAJICHICTIO a00 HECXOXKICTIO y MOBEIIHIII YH ITPOCTOPI O3HAK.

[nTerpania nomyky HoBu3HU y anroput™ NEAT nependavae Kisibka KIFOUOBHX
KPOKIB:

1. Busnauenus nmoseainku ado ocoommBocteit. [ToBeqinka abo 0coOIMBOCTI
OKpeMHUX OCOOMH MOBHMHHI OyTHM BU3HAYEHI TAKUM YHMHOM, 00 iX MOKHA OyJ0
KUIBKICHO OIIIHUTH Ta TMOPIBHATH. [ pOOOTOTEXHIYHMX 3aBIaHb 1€ MOXKE
BKJIFOYaTH BU3HAYCHHS KOHKPETHUX AaCTEKTIB TMOBEHAIHKH, TaKUX SIK TPAEKTOPIi,
CcTaHu ad0 CEHCOPH1 MOJENI.

2. Pospaxynok HoBu3HH. HoBH3HAa OCOOMHM BHU3HAYAETHCS ILUIIXOM
MOPIBHSIHHS MOTO MOBEAIHKA YM OCOOJMBOCTEH 3 THIIMMHU 1HIUBIIaMU B TIOMYJISIIII.
Mipa BiacTtaHi ab0 HECXOXOCTI, Taka SK €BKJIiIOBa BifACTaHb ab0 MeTpHKa
MOIOHOCTI, BUKOPUCTOBYETHCSA 7151 OOYMCIICHHS TTOKa3HUKIB HOBU3HH.

3. ApxiB.  «ApXiB  HOBHUHOK»  MIATPUMYETbCS Il  30epiraHHs
PI3HOMaHITHOTO HAOOpy MOBeAIHKMA a00 (YHKITIN, sIKI 3yCTpidaaucs paHime. ApxiB
CIIY>KUTh €TaJIOHOM JIJI1 PO3paxyHKy HOBHU3HH 1 JOTIOMAarae 3arno0irtd nepeadacHii

301>)KHOCTI TOITYJISIII.
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4, Binbip. 3amicth TOrO, MO0 BIAOMpPATH OCOOWHU BHKJIIOYHO HAa OCHOBI
¢ynkuii nonacoBaHocTi, anropuT™ NEAT 13 BUKOpPUCTaHHSIM MONIYKY HOBU3HH
BpaxoBy€ OIHKA (YHKII J0MacoBaHOCTI Ta HOBH3HU. OCOOMHU 3 BHCOKHUMU
MOKa3HUKaMU HOBU3HU OTPUMYIOTh IIIAaHC BUYKUTHU Ta PO3ZMHOXYBATHUCS, HABITh SKIIO
iXHI MOKa3HUKH (YHKIIT JOMAcOBAHOCTI HIk4i. lle croHykae g0 JOCHIIKEHHS
HOBUX 1 HEIOCITI/DKEHUX PETI10HIB IMIPOCTOPY PIIICHb.

[Tonryk HOBU3HM CHpUsi€ AOCTIIHPKEHHIO, 320X0UYIOUYH TMOMYJISAIII0 3HAXOIUTH
PI3HOMAaHITHI pIIICHHS, K1 CIIOYaTKy MOXYTh OyTH MpOMYyIIEHI TpajuLliiHUM
BiI0OPOM Ha OCHOBI (DYHKIIT JOMTACOBAHOCTI.

KpiMm TOTO, 3aBISKM MPIOPUTETHOCTI HOBU3HHU aJITOPUTM MAa€ MEHIIY
WMOBIPHICTh 3aCTpATTH B JIOKaJbHUX onTuMyMax. lle 3amobirae mepeadyacHOMY
nepexoay J0 HEONTUMAIBHUX PIIIEHb MOMYJISIII].

Pi3HOMaHITHICTH pillleHb, BUSBICHUX 33 JOTIOMOT'OIO MOIITYKY HOBH3HHU, MOXE
MPU3BECTA JI0 OIBII HAMIMHMX Ta aJalTOBAaHUX PIIIEHb, OCKUIBKU aJITOPUTM
po3rIIsiiae OUIBIINNA TPOCTIP MONIYKY.

[Tormyx HOBM3HU 3aCTOCOBYBABCS B 3aja4ax, /i€ JOCHIKCHHS PI3HOMAHITHUX
pillleHb Ma€ BHUpIIaIbHE 3HAUYCHHS. BKItoUaroum HOBHU3HY SIK KpUTEpid BimbOopy,
NEAT 3 momykoM HOBU3HM TMOKpAIly€ 37aTHICTh aJTOPUTMYy 3HAXOJUTH
IHHOBAIlIKHI Ta €(EKTUBHI PILICHHS, CIIPUSAIOYA PO3BUTKY OUIbII YHIBEPCAIBHHX 1

MOTYXHUX apXITEKTyp HEUPOHHUX Mepex [1].

3.6 Ilporpamumii 3acié Ay aJanTUBHOIO HABYAHHA HeWpoMepeKeBOro

3ac00y yNpaBJIiHHA ar¢eHTOM-PO0OOPYKOI0

[Iporpamuauit 3acio, 101(0) peani3oBye 3ampoIOHOBaH1 METOIU
HEHPOEBOJIOLIMHOIO HaBYaHHS MOJENl Yy MPOrpaMHHUX 3aco0ax yIpaBIiHHS
areHToOM-poOOpYyKOI0 Ha HaOOpl CepeloBHIL, BHMKOHAHO MOBOIO MPOTpaMyBaHHS
Python. Kog nporpamuoro 3aco0y HaBeaeHo y noaatky b.

Jus anroputmy NEAT Oyna obpana O6iomioreka NEAT-Python. Bona
3abe3neuye peanizaiiro crangapTaux MeTo1iB NEAT st MojiemfoBaHHS TeHETUYHOT

€BOJIIOLII TE€HOMIB OpraHi3MiB y MomyJsalii. 30Kpema, MICTUTh YTWIITA IS
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MEPETBOPEHHSI TEHOTHUITY OpPraHi3My B HOro (peHOTHUI (ITYy4YHY HEUPOHHY MEPEXy) 1
HaJa€e 3py4yHI METOIU JIJIs 3aBaHTAXEHHsI Ta 30epekeHHs] KOHQIrypaiiiii reHoMy
pasom i3 mapamerpamu NEAT. Kpim Toro, BoHa Hajae KOPHUCHI MPOLEAYPH, AKi
JoTroMararoTh 30MpaTH CTATUCTHYHI JaHl IPO XiJI €BOJIOIIHHOIO Mpolecy Ta
30epiraty/3aBaHTaXyBaTH MPOMIDKHI KOHTPOJbHI TOukd. KOHTpOJBHI TOUYKH
J03BOJISIIOTh HaM TMEPIOAUYHO 30epiraT CTaH €BOIOIIIHOrO Mpolecy 1 Mi3Hime
BIJTHOBJIIOBAaTH BUKOHAHHs poriecy [55].

[Tporpamuuii 3aci6 cKIa1a€ThCs 3 HACTYITHUX OKPEMHUX KOMITOHEHTIB (Aiarpama
KOMITOHEHTIB HaBe/ICHa Ha PUCYHKY 15):

1. neat-evolve — 3acToCyHOK, IO 3IiHCHIOE pOOOTY 3 MapameTpamu
HEHPOEBOJIIOLIMHOTO MPOLECY, 3aBAHTAKYIOUM BIJIMOBIJHI apryMEHTH
JUIST HaJAIITyBaHHA, a TaKOX 3amyck Ta 30epekeHHs MOJel
HEeHpoMepekKi-TIePEMOKIISL.

2. neat-test — 3acTOCYyHOK, IO 3IIWCHIOE OIIIHKY TOYHOCTI 30epeKeHoi
MOJIeNII HeWpoMmepexi Ha 3aJaHOMy HaOOpl EKCIEpUMEHTIB, SKUMN
OTMCYETHCA BXITHUMH IMapaMeTpaMHu.

3. tools — maker, 1o MICTUTH peaiizailii Ki1aciB KOH(Irypariii anropuTmis
NEAT, HyperNEAT ta EsHyperNEAT, a Ttakox mnomymsmiii ais
peanizaiii anroputMy NEAT 3 momrykom HOBu3HM Ta 6€3. Kpim Toro,
MakeT MICTUTh KJac JJig peajizailii JIOTYBaHHS Tpollecy HaBYaHHS Ta
noOya0BH rpadikis.

4. neat — peamizamis anroputmy NEAT 3 nomomororo 0i10mioTtekun NEAT-
Python.

5. neat_gym — 3acTOCyHOK, 110 peaiizye (GyHKUIi IS MOIIYKY HOBU3HU Y
anroputMi NEAT, siki BUKOpHUCTYBYIOTBbCS Yy peasizailii momysmii 3
nourykoMm HoBu3HU NoveltyPopulation.

6. Gym — makeT, 110 MIiCTUTh peaiizaiii Habopy cepenoBuill OpenAl Gym
JUTsl TBOBUMIPHO1 3a7a4i Ta TPUBUMIPHOI 3aja4l 3 Kameporo, siki Oynu
MOAM(IKOBAHI ISl BUKOPUCTAHHS Y pO3pOOJEHOMY HPOrPAMHOMY

3aco01.
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neat_evolve neat_test

ArgumentParser eval_net

tools neat
Config ( )
= = ——— StatisticsReporter
» GymNeatConfig
L ParallelEvaluator
» GymHyperConfig :
» GymEsHyperConfig
U Gym
————— gym_robot_arm:robot-arm-v0
Population

———— gym_robot_arm:robot-arm-v1

——— GymPopulation

=4

————— PandaReachJointsDense-v3

——— NoveltyPopulation

|

Reporter

L——» KukaCamBulletEnv-v0

neat_gym

> Novelty =

Puc. 15 [liarpama knaciB nmpoexty NEAT-Gym
B3aemonisi kopuctyBada 3 pO3pOOJEHUM MPOTPpaMHUM 3a0€3MEUCHHSIM
BIJIOYBA€ETHCS 32 HACTYITHUM QJITOPUTMOM:

1. BcranoButu napameTpu HaBuaHHs, KoH(irypauito NEAT Ta inentudikarop
HABYAJILHOTO CepeoBUIla Y KOH(IrypaliitHoMy Qaiii.

2. 3amycTUTH Ha BUKOHAHHS (YHKIIIFO main MOIyJIst neat-evolve.

3. 3aBaHTaxxuTu Qailiim 3 pe3yJabTaTaMH: MOJEIb, CXEMY CTPYKTypHU
HeHpoMepexi-TiepeMoXKIls, rpadik BUIOYTBOPEHHS €BOJIOIIMHOTO MPOIIECY.

4. 3anyCTUTH Ha BUKOHAHHS (DyHKIIII0 main Moy neat-test.
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5. OTpuMaTy TOYHICTh HATPEHOBAHOT MOJIENI 3 KOHCOJIBHOTO TIOB1IOMJICHHS.

Jiarpama kiaciB OCHOBHUX KOMIIOHEHTIB neat-evolve Ta tools HaBeneHa Ha

GymPopulation(neat.Population)

pUCYHKY 16.

ArgumentParser

configfile
hyper
eshyper
novelty
maxtime

parse()

GymNeatConfig

genome_type
reproduction_type
species_set_type
stagnation_type
episode_reps

ngen

seed
max_episode_steps
env

novelty

eval_net()
eval_net_novelty()
eval_net_mean()
eval_net_mean_reward()
eval_net_mean_novelty()
eval_genome()

GymHyperConfig(GymNeatConfig)

substrate

act_fun

activations
node_names
cppn_node_names

make_nets()
save_nets()
save_genome()
eval_genome()

config
stats

run()
reproduce()
create_new_population()

plot()

NoveltyPopulation(GymPopulation)

parse_fitness()

Reporter(neat.reporting.BaseRepor

ter)

best_fitness
checkpoint
filename
start_time

post_evaluate()

Puc. 16 [liarpama kiaciB naketiB neat-evolve Ta tools

Habip cepenoBuir Moke OyTH BUKOPUCTAHUM MJIS JOCTIKEHHS 3aBJIaHb

pOOOTH30BaHOT PYKH 3a JOITOMOTO0 HACTYITHUX HAsIBHUX 1HTEp(PEHCIB.
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JIBOBUMIpHUI CUMYIISATOP 3 JUCKPETHUM MIPOCTOPOM Jild. POOOT ckiiagaeTbes 3
JBOX 3’€JIHaHb, KOKHE JOBXKMHOIW 100 mikcemniB, 1 MeTa — JOCITTH YE€PBOHOI
Kpamnky, SKa BHUIIAJKOBUM YMHOM T'€HEpPYETbCA B KOKHOMY emizofi. [Ipoctip miif
CKJIQJIAEThCS 3 KEPYBAHHS KyTaMU 3’€JJHAaHHSA MaHIMyJsTopa podora (7 MOXKIUBUX
yropaBisitounx mnojii). Ipoctip crocrepexeHs ae iHGopMariio mpo MoTOYHUM CTaH
HABKOJIMIIIHBOTO CEpPEAOBUIA, BIH € O€3MepepBHUM 1 MICTHTh BiJNOBIAHY
1H(opMalIito Mpo IiIL0BE Ta MMOTOHE MOJIOKEHHS 3’ €AHAHb (4 MOXKIIUBI CTaHU).

JIBOBUMIpHUN CHUMYJSTOp 3 HemepepBHUM mpoctopoMm aii. [lomi6Ho 10
MONEPETHBOIO areHTa, poOOT CKIAAAETHCS 3 IBOX 3’ €JHAHb, KOKHE TOBXKUHOK 100
MIKCENIB, 1 M€Ta — JOCATTH YEPBOHOI KPAKH, sIKa BUMAJIKOBUM YHHOM I'€HEPYETHCS
B KOXKHOMY €Mi30/l. AJjie MNpOCTIp Aii CKJIANaeTbCid 3 HENEPEPBHOIO CUTHAILY
KepyBaHHS KyTaMU 3’€THaHHS MaHIMyJIsTopa poOoTa (J1Ba 3HAUCHHS JJIs1 3’ €JHAHB Y
npomikky -1..1). IIpocTip crocTepekeHb € Oe3nepepBHUM 1 MICTUTH BIANOBIIHY
1H(pOpMaIiIo PO LIJILOBE Ta TOTOHE MOJIOKEHHS 3’ €HAHb (4 MOKJIMBI CTaHH).

Y mporeci HEHpOEBOMIONII BUKOPHUCTOBYETHCS OJHE 3 CEpPEOBHUIN 3
CUMYJIATOPOM POOOTU30BAHOT PYKH JJIS pealli3allii METOly HaBUaHHS METOI0M Mpoo
1 TOMHJIOK. 3aCTOCYHOK MIATPUMYE TOMYJISIII0 TEHOMIB, $IKI PO3BUBAIOTHCS 3
TTOKOJIIHHS B TTOKOJIIHHS, JOKA HE OyJie 3HAMACHO YCHIIIHUA Po3’BA30K. Y mpolieci
€BOJIIOLT KOKEH OpraHi3M Yy MOMYJISIIl MepeBIpAeThCS HAa MPUAATHICTh HUIIXOM
iMiTarii pyku 3 1BoMa cyriiobamu. HanmpukiHii cumysisiii opranisam OTpUMY€ CUTHAI
BUHArOPOAM y BUIJISAI KUTBKOCTI YACOBUX KPOKIB, MIPOTSTOM SIKUX BiH MIT TOCSATTH
[[IJThOBOI TOYKH Ta MaKCHUMalbHOI BHHAropoau. OTpUMaHUN CUTHAT BHHATrOPOIH
BH3HAYa€ JIOMACOBaHICTh OpraHi3My 1 BHpIlIye WOro MO0 B MPOIleCi
HEUPOEBOJIOLIII.

Jlis TpUCKOpEHHS TMpollecy HaBYaHHS BUKOPHCTAHO pO3MapajestoBaHHS
oOumnciaeHb (QYHKI JOMacOBAaHOCTI MDK MpOIleCOpaMH 3a JIOMOMOTOI0 KIlacy
Parallel-Evaluator:

neat.ParallelEvaluator(mp.cpu_count(), con-

fig.eval genome, timeout=20)
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[TapameTpu 0O0paHOTO CepeloBHINa Ta MAKCUMAJbHY KiJIbKICTh IMOBTOPEHD Y
MIIX0/1 BCTAHOBIIOIOTHCS Yy KoHQIrypamidHoMmy Qaimi, sakuii oOpoOseThes
monyneM Config:

environment = gym_robot_arm:robot-arm-v1l

episode _reps = 10

OnTtumansHuit HaOIp MapaMeTpiB BIANOBIAHOT Moaudikarlii anroputmy NEAT

TaKO)K BCTAHOBJICHUH 3a JOTIOMOTOI0 KOH(ITYpaIiiHoro (haiy:

[NEAT]
compatibility disjoint coefficient = 1.1
[DefaultSpeciesSet]

compatibility threshold = 3.0
[DefaultGenome]

conn_add_prob = 0.3
conn_delete prob = 0.2

[DefaultStagnation]
species fitness func = max
max_stagnation = 20
species elitism =1

[DefaultReproduction]
0.2
2

survival threshold

min_species size

[Ticns mporo oOpaHa (QyHKIIIS OIIHKK MO>KEe OyTH BCTaHOBJICHA Ta 3amMyIEHUN
IpolLieC HaBYaHHS Ha KUIBKOCTI MOKOJIIHb, 33JIaH1i KOPUCTYBa4YeM:

winner = population.run (parallel evaluator.evaluate,

params.ngen, params.maxtime)
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3.7 OuinwBaHHsA e(EeKTUBHOCTI NMOILLYKY HOBHM3HM /JISl JIBOBHMIipPHOI

3aa4i JOCATHEHHS HIJIbOBOIO MOJI0KEHHSI ATEHTOM-PO0OPYKOI0

Croepiry po3TJITHEMO pealli3alfilo HaBYaHHS 3 BUKOPHUCTAHHIM aJTOPUTMY
NEAT 06e3 noiryky HOBU3HU. YTIpaBJIiHHS €BOIIOLIMHUM MPOIECOM BiJIOYBA€ETHCS 3
BUKOPHCTAHHSAM IIiJICOpieHTOBaHOT MIboBOi (yHkmii (goal-oriented objective
function). [lyis po3ristHyTOr0 areHTa (PyHKIIis JOMAaCOBAHOCTI MpUiiMae 3HAYCHHS |-
10, 10] 3anmexHO BiJ YCHIITHOCTI JOCATHEHHS LILJTLOBOI MO3MUITII.

JlocATHEHHS WIHOBOI TOYKM pOOOYOi KIHI[IBKM Ma€ JIOKaJbHI TMAaCTKH
HaWKpalioi J0MacoBaHOCTI y 00JIacTsX, e 3Ha4YeHHS (PYHKIIIi Oy/ie KOJIUBATUCS Y
npomixky [-10, 10], mpoTe rmo6ansHOr0 HAOIMKEHHS 10 KiHIEBOI MO3UIIiT He Oyie
JOCATHYTO.

Bubip rinepnapameTpi 31HCHEHO 3 OTJISTY HA IIUPOKY 00JIACTh MOIIYKY, aJIKe
Ma€eMO BEJIMKY KEPYIOUHMX CUTHAJIB JJ11 poO04oi KiHIIBKH. [louaTkoBa KoHpiryparis
dbeHoTUIy HEHpoMmepeki BKIOYae 4 BXIIHUX BY3JIM, 7 BHXIJIHHUX BY3JIB Ta |
NpUXOBaHUM By307. By3mu BXOAy BIAMOBINAIOTH MapamMeTpaM, IO OMHUCYIOTh
MOTOYHMI CTaH CHUCTEMH, a BY3JIM BUXOJY BIAMOBIAAIOTH KEPYIOUHM CHUTHAJIAM.
[IpuxoBanuii By30J1 MpU3HAYECHUM ISl BBEACHHS HENIHIMHOCTI 3 CAaMOTO MOYaTKy

eBoJIIoLtHOTO TIporiecy. CTpyKTypa HEMpoMepexi Mpe/cTaBieHa Ha PUCYHKY 17

[1]:

position x position y joint 1 joint 2

COCOPO®

Puc. 17. CtpykTypa nmo4aTkoBoi HelipoMepexi
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Jns posumupeHHs o0jacTi MOIIYKYy HEOOXIAHO TOKPUTH BEIUKY BHIIOBY
PI3HOMAaHITHICTh MOMYJIALI1, 1100 cripoOyBaTH pi3H1 KOHQITypallii TeHOMY IIPOTATOM
00OMeXeHOi KUIBKOCTI MOKOMiHb. [[poro MokHa A0CATTH a00 3HIKEHHSIM MOPOTY
CYMICHOCTI, 00 301JIbIIICHHSM 3HAaYeHb KOS(DIIIEHTIB, 0 BUKOPUCTOBYIOTHCS IS
PO3paxyHKy TMOKa3HUKIB CYMICHOCTI TeéHOMYy. BHKOpHCTaH1 HACTyIIHI 3HAYCHHS
napaMmeTpis:

[NEAT]

compatibility disjoint_coefficient = 1.1

[DefaultSpeciesSet]

compatibility threshold = 3.0

OCKIJIbKY TI0YaTKOBA CTPYKTYypa HEMpoOMEpekl Mae JOCUTh BEIUKY KIJIbKICTh
BHUXO/IIB Ha HEBEJUKY KUIBKICTh BXOJIIB, ICHY€E HMOBIPHICTh NIEPEHABYAHHS MEPEXKI,
KOJIM TIEBHI BXI1JIHI BY3JM HE BUKOPHUCTOBYBATUMYThCS 1 IIe OyJie MPUBOAUTH JI0
CyOONTUMAIBHOTO PIIIEHHS, AK€ 3HAXOIUTHCA B JIOKAJIbHOMY MiHIMyMI. [Ipu nbomy
Ha METI € CTBOPEHHS ONTUMAaJbHOI KOH(Irypamii HellpoMepexi, sfKka MaTuMme
MIHIMAJIbHY KUIBKICTh MPUXOBAaHUX BY3JIIB Ta 3B’sI3KiB. Tomy BIpOT1IHOCTI
J0JJaBaHHS Ta BUJAICHHS BY3JIiB MalOTh OyTH HeBenuKuMU. [Ipruomy BpaxoByroun

MIOYaTKOBY TMOBHO3B’SI3HY MOJIEJb, BIPOTIJIHICTh BUAAJIICHHS Ma€ OyTH JOJAaTKOBO

3MEHIIICHA:
[DefaultGenome]
conn_add _prob = 0.3
conn_delete_prob = 0.2

3a pesynbTaTamMu ekcriepuMeHTy HaBiTh micist 1000 MOKOJiHE €BOJIOIT
YCHIIIHUN KOHTposiep He OyB 3HaiaeHuil. ['padik BUIOYTBOpEHHS MOKa3aB, IO
MpoIleC 31MIIOBCS O OJHOTO BHUIY, SKHH Jajal HE 3MIT OTpUMatu e(EeKTHBHE
pimeHHsi. Tomy mopir crarHamii 3MEHILIEHO, a KUIbKICTh BUIIB 30UIbIIEHO, 1100
€BOJIIOLIMHUNA TIpoliec MIATPUMYBABCS 3a PAXYHOK BUAIB, SIKI HE MOKa3aiu
MOKpAILEHHS 3HaYeHHsI IOTIACOBAHOCTI 1 MIUISITal0Th BUMUPAHHIO:
[DefaultStagnation]

species fitness func = max
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20

max_stagnation
species_elitism =1
[DefaultReproduction]
0.2
2

survival threshold

min_species_size

Haiikpamuii reHOM, OTpUMaHu# 3 BUKOPUCTAHHSAM alTOPUTMY HEHPOEBOIIOLII],
KOJYy€ HETPAaKTUYHY KOHQITYpaIlito HEHpOKOHTpOJIepa, IKa BPaXOBYE JIHILIE BXOIH 3
Ta 4, 110 BIAMOBIIAIOTH 3a MEPEMIILEHHS APYTOi JIJaHKU. Takuil pe3ynbTaT MoKa3ye,
10 AJITOPUTM MOTPAIUB Y NACTKY JOKAJIFHO ONTHUMAJILHOTO PIIIEHHS, KOJIA TOBOPOT
JIaHKW, HAOMMK401 A0 LIIbOBOI TOUKH, MOXKE JAaTH JIOKAJIbHUN MPUPICT LIJIBOBOI
¢ynxkuii. [I[puyomy nepia naHka He OyJjia BUKOPUCTaHa, X04a il MIOBOPOT JI03BOJIUTh
HaOJIN3UTHCA 10 KIHIIEBOI TOUKH.

Haiikpaiua nonacoBaHicTh OpraHizMy, sika Oyja OTpUMaHa, CTAaHOBUTbH BCbOI'O
2, 110 HEJIOCTATHHO MOPIBHSIHO 3 IUILOBUM 3HaUeHHSIM 10 (KpuTepieM 3aKiHUYEHHS).
Crpykrypa Heillpomepexi, L0 3aKOJOBaHa IIMM OpraHi3MOM, IpPEJCTaBI€Ha Ha

pucyHky 18.

| position x I | position y I |joint_1 | | joint 2 | @ @ @ @ @

Puc. 18 CtpykTypa Helipomepexki, o 3aK0J0BaHa B HAMKpaIIoMy reHOMI 3
BukopuctanHsiM NEAT 6e3 nomryky HoBu3HM micis 1000 mokoniHb
Ha rpadi BumHO, M0 MOBOPOTH IPYroro 3’€qHAHHS 3aJ€XKaTh JIMIIE Bij
MOJIOKEHHsSI MO OJHIM Oci Ta HOro MOTOYHOIO TMOJOXKEHHS. Taka CTpyKTypa
OPU3BOAUTH 1O CHOPOILIEHUX PYXiB, NEKUIbKA 3 SKUX HANpPaBISIIOTH KIHIIBKY Y
HaIpPSIMKY IIJTLOBOT TOYKH, ajie BOHU € HEJOCTATHIMHU TS 11 JOCATHEHHS.
['padix BUAOYTBOPEHHS, IpE/ICTABICHNI Ha pUCYHKY 19, mokasye, sik mpoTsirom

MOKOJIHb TIOMYJISAIIi OpraHi3MiB PO3BHUBABCS IMPOIEC BUAOYTBOPEHHS. AHaI3
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CepeHIX TOKA3HMKIB JOMACOBAHOCTI TOKAa3aB, IO HEWPOEBOJIOIINHUN MPOIEC
MOKpAIlyBaB MOKAa3HUKH JI0ITACOBAHOCTI Ha MEPIIMX MOKOJIHHIX, MPOTE 3 4aCOM BiH

3YIIMHUBCS HaA I1JIaTO, HC ITOKA3YyI04HW IMOKPAICHb.

100 A

80 A

60 -

Size per Species

40 A

20

0 200 400 600 800 1000
Generations

Puc. 19. I'padix BUmOyTBOpEHHS €BOMIOIIAHOTO MPOIIECY 3 BUKOPUCTAHHIM
NEAT 6e3 momryky HOBU3HU

ExcrniepuMeHT miKpecanB BaXIIUBICTh MIATPUMKH 30a71aHCOBAHOT MOMYJIALIIT 13
MMOMIPHOIO KUTBKICTIO BHIB. 3aHAATO BEJWKA PI3HOMAHITHICTH BUIIB Y MOITYJISIIIT
MOXK€ TEpEHIKO/KATH TIPOIleCYy HEWPOEBONIONIl, 3MEHIIYIYd WMOBIPHICTh
CHapiOBaHHS MDK OpraHi3MamMu, IO HaJeXaTh A0 pi3HUX BUAIB. Kpim ToTO,
BPaxOBYIOUM, W0 YHCEJbHICTh MOMyJslii (ikcoBaHA, 4YMM OUIbIIE BHJIB Y
MOMYJISILIl, THM MEHIAa YHCEJIbHICTh KOKHOTO BUAY. MEHIII BUAM 3MEHIIYIOTh
WMOBIPHICTh KOPHUCHMX MyTallid. 3 1HIIOro OOKy, HasBHICTh OKPEMHUX BU/IIB
JI03BOJIIE HAM TATPUMYBATH KOPUCHI MYyTallil B KOXKHIN HiIlll BUAOYTBOPEHHS Ta
BUKOPHCTOBYBAaTH KOXXKHY MYyTAaIlil0 B HACTYIMHUX MOKOMIHHSIX. TakuM YHHOM,

3aHaJTO HU3bKa BUJIOBA PI3HOMAHITHICTh TAKOX IIKOJIUTH €BOJIIOIIIT [4].
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BukopuctanHs HEHpOEBOMIONII B MOIIYKY MOJITUKH [Js1 TO3UIIOHYBaHHS
poOOTH30BAHOI PYKM Ma€ BpaxOBYBaTH KOMIIPOMIC MIX TphOMa MapaMeTpaMu
CUCTEMH, 1110 PO3POOIAETHCS:

* O0cAr TpeHyBaJIbHUX CHNPOO, HEOOXIAHUX 11 BUKOHAHHS 3aBJaHHS 3a
JIOTIOMOT010 poboTa

» Yac Ha BUKOHAHHS 3aBJIaHHS ITICIIsT OTPUMAHHS KOMaHIA YIPABITiHHS

* SIKICTh pe3yJIbTaTy BUKOHAHOTO 3aBJIaHHS (TOYHICTh MO3UIIIOHYBaHH:) [4]

OTxe, 30UIbLIEHHS KUIBKOCTI TIOKOJIHH He OyAe pIlIeHHAM, HEOOXiTHO
BUKOPUCTOBYBATH MEXaH13MH TUTST MTOKPAIICHHS XapaKTEPUCTHK
HEHPOEBOJIOLIMHOrO mporecy. ToMy BBEAEMO BUKOPHUCTAHHS METOJY MOIIYKY
HOBM3HU, OITMCAHOTO Yy po3/iii 3.5.

3amyck 3M1MCHUMO 3 THMH CaMHMM TilepriapaMeTpaMu Ha Tid e KiJIbKOCTI
nokouiHb. IIpencraBinene cepenoBuille HE Mae OOMEXEHHS HAa KUIBKICTh KPOKIB,
TOMY EKCIEPHUMEHT 3aBHCAa€ Ha OJHOMY BHIPOOyBaHHI. BumpaBieHHsS BKa3zaHO1
npobiemu notrpedye Moaudikailii cepeloBUIlAa MUIIXOM J0JABaHHS J1OAATKOBOI
MEepPEBIPKU Ha MAKCUMAJIBHO JOMYCTUMY KUIBKICTh KPOKIB.

Ane nuie i€l 3MiHA BUSIBUJIOCS HEJOCTATHBO, aJKE MPH OIIHII 3aITyCKiB, K1
3aBUCIM y HECKIHYEHHOMY IPOTOHI, BOHM OTPUMYIOTh MAaKCHUMAaJIbHY OIIIHKY 1
BUXO/STh 3 IHUKJIY 3 MaKCHMaJIbHUM 3HauyeHHSAM (QYHKIT aomnacoBaHoCTi. Jms
BUPIIICHHST BKa3aHOi MpoOJieMy J0JaHO MTpad y BUMAAKY BUXOAY 3 IUKIY 3a
JOCSITHEHHSI MaKCUMaJIbHOT KUJIBKOCTI KPOKiB, HE JOCSTHEHHS L.

CtpykTypa HeWpoOMepexi-MepeMoXKIis 3 JOJaBaHHSM TIOIIYKY HOBHU3HM 1
Moaudikailiii cepenoBuila npeactasieHa Ha pucyHky 20. Sk 6aunmo, Helipomepeka
Ma€ CKJIQJIHIIITY TOIOJIOTIIO 3 OIIBIIOI0 KUTBKICTIO MPUXOBAHUX BY3JI1B, aye micis 100
MOKOJIIHb MPOLIEC HEHPOEBOIONIT MOTPAIIsE Y JOKAIBHUN ONTUMYM 1 3aBHCA€ Ha
HEONTUMAIBHIN CTPYKTYPI, 110 JOCITae 3HAaUeHHs QYHKITIT TOMAaCOBAHOCTI JIKIIIE -2.
[IpyunHOIO Takoi TMOBEOIHKM € MaJlo BHU[IB, Y€pe3 3aHaATO BHMCOKHI moOpIr

max_stagnation.
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=00 O

position x joint 1 position_y
\ 7
x

©

Puc. 20 Crpykrypa HelipoMepeKi-TIepeMOXKIls 3 J0JaBaHHSIM IMOITYKY HOBU3HHU 1
MoudiKaIii cepeToBHIINa

JIns1 BUpIIIEHHS BUILIEBKA3aHO1 TPoOJIeMH 3MIHIOEMO HACTYIIHI MapaMeTpH:
[DefaultStagnation]

max_stagnation = 100
[DefaultReproduction]
min_species size = 2
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[Ticns 1000 mokoJiHE €BOIONIT HAMKpAIIWA areHT-KOHTPOJIEP AOCAT 3HAYCHHS
byHKIIT T0MacoBaHOCTI 6, 110 3HAYHO TEPEBUINYE TOIepeHii pesdynbTaT. Kpim
TOT0, aHami3 KoH(Iirypamii HelipoMepeki Halikpalioi ocoOMHH (IIpe/cTaBieHa Ha

UCcyHKY 21) mokasye, 1110 JaHa Mepeka OUThII HaaliiHA, aKe Ma€ 3B I3KU Bl BCIX
b b

position x @

BX1JTHUX BY3IIIB.

position_y joint 2

TGO

Puc. 21 Ctpykrypa Heiipomepexki, o 3aK0J0BaHa B HAMKpaIoMy TeHOMI 3
BukopucTanHsaM NEAT 3 mourykomM HOBU3HH
['pacdix BUIOYTBOpPEHHSI €BONIOLIAHOIO Ipolecy 3 BUKOpucTaHHSIM NEAT 3
MOIIIYKOM HOBU3HHM (PUCYHOK 22) MATBEPIKYE €(PEKTUBHICTH EBOIIOIIAHOTO
MpolLIeCy MOPIBHAHO 3 aHAJIOTTYHMM rpadikoM Oe3 momryky HoBu3HU. Ha rpadiky
BUJIOYTBOPEHHSI 0€3 TOIIYKY HOBU3HM CIIOCTEPIra€ThCs MEHINA KUTBKICTh BUAIB 1
BIJIMOBIAHE JIOMIHYBaHHS KUTBKOX BHJIIB, IO HE TapaHTY€E C€BOJIOII0 KOPHUCHUX
cTpateriii Buny. I, sik Hac/i10K, €PEeKTUBHICTh €BOJIIOLIT HAWKPAIIIOTO T€HOMY, KU
YCHIIIHO PO3B’sI3yBaTUME IOCTaBIEHY 3aJauyy JAOCATHEHHS IUIbOBOI TOUYKH, €
HU3bKO10. Ha BinMiHY BiJ rpadiky BUIOYTBOPEHHS 3 MOUIYKOM HOBH3HH, JI€ BUAU
PO3BUBAIOTHCA OUIBIITY KUIBKICTh MOKOJiHb, TAKMM YHMHOM 30€piraloud KOPHUCHI

BJIACTHBOCTI, SIKI MOXYTh OyTH BUKOpHUCTaHI MalOyTHIMH BUAAMH Yy HACTYIHHX
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Puc. 22 I'padix BUgoyTBOpEHHS €BOMIOLIMHOTO Tpoliecy 3 BUKopucTanusiM NEAT 3
HOIIYKOM HOBU3HHU

301bIICHHS KITBKOCTI MIOKOJIIHD JI03BOJIUTH MEPEXK1 TOPO3BUHYTH TEPEMOKIIS

Ui OTpUMaHHS €(QEKTUBHOTO KOHTPOJEPY 3 MIHIMAIBHOI KOH(ITypali€o Ta

KEepyBaHHSIM BCiMa JOCTYITHUMH YNPABISIOYUMHI CUTHAJaMH. 30KpeMa 0OJJHOYACHUM

MPUPOCTOM KYTiB 3’€AHaHb | 1 2 (BUXIAHUN BYy301 5), KU HE Ma€ PO3BHUHYTHX

3B’s3KIB Y OTpHMaHii KoH}Iirypariii 3 Halikpaioro reaomy [1].

3.7 BUCHOBKM /10 TPETHOT0 PO3/iLy

B JTAHOMY po3aii PO3IIISIHYTO MO>KJIBICTh BUKOPUCTAHHS
HEWPOEBOJIOIIMHOTO MIAXOAY IS peaizallii aJanTUBHOTO HaBYAHHS MOJCHI Y
MpOTpaMHUX 3aco0ax YIpaBIiHHSA poOOpyKow. PO3MISIHYTHM mMmiaXia MoKazye
MEPCIIEKTUBHICTh 3aCTOCYBAaHHS HEWPOEBONIONIT JJig aBTOMaTH3allii po3poOKu
HEHUPOHHUX MEPEX JUIsl 3a/1a4 YIpaBIiHHSA pOOOTU30BAaHUMH CUCTEMAMHU 3 BEJTMKUMU

MIPOCTOPAMHU PIIlICHb.
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BukopuctanHs HeWpOEBOJIOLIT B yMNpaBIiHHI PYyKOIO poOOTa Hagae Kilbka
nepeBar. Bona wMoxke 00poOisTH OaraTOBUMIpHI MPOCTOPU CTaHy Ta i,
3a0e3neyyrour THYYKICTh JIJIs KepYBaHHS CKJIaTHUMU poOoTaMu. BoHa Takox 31aTHa
BUSBJISITH TIOJIITUKM KEPYBaHHS, K1 IEMOHCTPYIOTh HemnependadyBaHy MOBEAIHKY,
SBHO HE 3amporpamoBaHy iHxeHepamu. HelipoeBouolisi 103BOJIsi€ MapajeabHO
OLIIHIOBATH KiJbKa HEHPOHHUX MeEpexk, 3a0e3neuyroun e(peKTHBHE MOCTIIKEHHS
IPOCTOPY MOIIYKY.

BuxopuctoBytoun nepearu NEAT, MOXIMBO BUKOPUCTOBYBATH €BOJIOLINHI
MPOLIECH I PO3BUTKY HEHPOHHUX MEPEX, 3JaTHUX JI0 TOYHOTO Ta aJallTUBHOTO
KepyBaHHS MO3UIIIOHYBAaHHAM pOOOTHU30BaHOI pyKU. [ Hy4K1 TOMOJIOT11, MOKIHUBOCTI
onTHUMi3alli Ta 3JaTHICTh OOPOOJIATH CKIAJHY IWHAMIKY CHPUSIOTH I1JIBUILEHHIO
OPOAYKTUBHOCTI, QJaNTUBHOCTI Ta €QEKTUBHOCTI CHCTEM IO3UIIOHYBaHHS
POOOTU30BAHOT PYKH.

OpHak HEHPOEBOIIONIS TAKOX CTUKAEThCS 3 MpodiieMamu. BoHa moxe OyTu
OOYHCIIIOBAJIBHO 3aTPaTHOIO, OCOOJIMBO MPH POOOTI 3 BEIUKUMU HEHPOHHUMHU
MepekaMH Ta CKJIaTHUMU 3aBIaHHIMH.

PosrisiHyTo peanizaliito Mmpoiiecy HaBYaHHS MOMITHKU B (HOpMi HEHpoMepexi
JUTSL YIIPaBJIIHHS JBOBUMIPHOIO POOOPYKOIO 3 JIBOMA JIAaHKaMH. 3TiHO PE3ysbTaTiB
€KCIIEpUMEHTIB BIAMIYAETHCS MIABUIIEHHS €()EKTUBHOCTI HAWKpaIIOro pillleHHs,
3HAMIEHOTO 13 3aCTOCYBAHHSM MOITYKY HOBU3HU 1iis1 anroputMy NEAT nopiBHSIHO
3 anroputMoM NEAT 0e3 momyky HOBU3HU. BCTaHOBIEHO, 0 3aMpONOHOBaHUMN
MIIX11 A03BOJIAE OTpUMATH €(DEKTUBHY MONITHUKY B (OpMI HEHpoMepexi, sKa Mae
MiHIMaJIbHY KOH(]Iryparfito, 110 J103BOJIS€ MiABUIIUTH IBUIKOJIII0 KOHTPOJEPA, sIKa
€ KPUTUYIHOIO JUTISI pOOOTH peasibHOT CHCTEMHU.

TakuM YUHOM, BHUKOPHCTAHHS TMOILIYKY HOBHM3HHM SIK METOAY ONTHUMIi3alii
HEHPOEBOTIOLIMHOIO MpoLecy I BUPIMICHHS 3a/ayl MO3UIIOHYBAaHHS J03BOJISIE
NiABUIIUTH €(EeKTUBHICTh HABYAJIBLHOIO IIPOLIECY Ta OTPUMATH ONTUMAJIbHY
TOIIOJIOT1I0 MEPEXKi.

Po3pobnena peamizamis CcUCTEMH JUIsi HaBYaHHS MEPEXi MPOTPaMHOIO

yIOPAaBIIHHS POOOTHU30BAHUM AareHToM 3 POOOYOI0 KIHIIBKOIO BUKOPUCTaHA B
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HACTYITHOMY PO3JUIL JUIsi pOo3pOOJIEHHSI POrPaMHOTO 3aco0y HaBYaHHS MOJETl Y
NporpaMHUX 3aco0ax YIpaBIiHHS pPOOOTH30BAHUM areHTOM, SKHW OTPHUMYE
1H(pOpMAILIiI0 TTPO CEPEAOBHUIIE 3 300paKeHb KaMepH, TOOTO y O11bIII HAOTMKEHUH /10

peaJbHUX YMOB CITIOCIO.
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PO31J1 4. METOA AJAIITUBHOI'O HABYAHHSA MOJAEJI Y
ITPOI'PAMHHUX 3ACOBAX YIIPABJIIHHA POBOPYKOIO 3
BUKOPUCTAHHSAM JAHUX 3 KAMEPHU

4.1 Merox HyperNEAT pas cucremm 3 BXignmmMu naHumm y ¢opmari

300paxkeHb

AnroputM NEAT € edextuBHUM Il 3a7adi yOpaBIiHHSI POOOTH30BAHOIO
PYKOIO, JIe¢ BXIJHI JaHl MpeJCcTaBlIieHI HAOOpOM JaHUX 3 KIUIbKOX JIaTYHKIiB,
HAIMPUKIIA], TBOMA KOOPAMHATAMHU KOKHOTO 3 € JHAHHS. SIKIIO0 % BXiAHA iHGOpMaIlis
PO CTaH areHTa HaJXOJIUTh 3 KaMepH, 10 po3MilleHa Ha poOoyiil KiHIIBLI a00 Ha
OCHOBI po0OoOTa, 3a7aya CTa€ Ha TNOPANOK CKIagHimow. [lins Takoi cuctemu
JOITBHUM € BUKopucTaHus anroputmy HyperNEAT [53].

HyperNEAT (Hypercube-based Neuro-Evolution of Augmenting Topologies) €
posperasM NEAT, sike BUKOPUCTOBYE (OpMY HETIPSMOTO KOAYBaHHS I11]T HA3BOIO
KoMMno3uliiHi madaonu ctBopeHHs Mepexk (CPPN). BoHo 6y1o cTBopeHo sik cripoda
CKOPOTUTHU PO3PUB MK pe3yJbTaTaMU, OTPUMAHUMH aJITOPUTMAMH HEHPOEBOJIIONIT,
Ta MacImTaboM MPUPOTHOTO MO3KY.

Y CPPN BXiJiHI J1aH1 € I€KapTOBUMHU KOOPJIMHATAMHU B N-BUMIPHOMY IIPOCTOPI,
JIe N € KUIbKICTIO BXOJIB, 1 mepenatotbes y dyukimito f. 3nauenns f, omiHene 3a
KOKHOIO KOOpJMHATO, 3a0e3leuye HasBHICTh, BIJICYTHICTh a00 1HTEHCHUBHICTH
BUPAXEHHS TOUYKH B N-BUMIPHOMY MIPOCTOPI, 1 TOMY (DEHOTHUTI, OTPUMAHUN OI[IHKOIO
f (sxuit MOKHA PO3IIISIAATH SIK T€HOTHM), € 11a0J0HOM. Pi3HULSI MIXK 3BUYAHUMU
IITYYHUMHU HepoHHUMU Mepexamu 1 CPPN nonsirae B ToMy, 10 IITY4YHI HEMPOHHI1
MEpexXi 3a3BUYall MICTITh JuIIe curmoinanbHl QyHkiii, Tomal sk CPPN moxyTh
MICTUTH 0arato pi3HUX TUIIB (QYHKITIH.

Xoya CPPN MoxHa po3poOHTH 3a JOIOMOTOI T€HETHUYHUX aJTOPUTMIB TaK
camo, K 1 mrydHi HeipoHHi1 Mepexi, y HyperNEAT CPPN He po3po0isitoThes sk
KIHIICBUH pe3yJIbTaT, a BAKOPUCTOBYIOTHCS IS KOJYBaHHs Helipomepexki. OCKIIbKH
CPPN cTBOpIoe mpocTOpoBHH IA0JIOH, a HeHpomepeka € IaOJIOHOM 3B’S3KiB,

aNropuT™M NOTpedy€e BIAOOpPaXKEHHS MK MPOCTOPOBUM IIAOJIOHOM 1 MIA0JIOHOM
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3B’s13ky. Bximaumu mammmu B CPPN € naBi Touku, a HE ofHA, 1 JBI TOYKH
NPEACTaBIISIOTH J1Ba BY3/IM B Helipomepexi, a Buxij Gynkiii CPPN e Baroto 3B’s13Ky
MDK JBOMa By3l1aMH. TakuM YMHOM, Mojenb, cTBopeHa CPPN, e Tomonoriero
HeliponHoi wmepexi. Ileit CPPN, 1mo cTBOpro€ TOMOJNOri0, HA3UBAETHCS
3’eqnyBanibHUM CPPN, nHa BigMiny Big npoctopoBux CPPN, ski CcTBOpIOIOTH
npoctopoBi Mozeni. 3’eanyBansHuil CPPN Gepe ciTKy By3iiB, sSika Ha3WBa€ThCS
cyOcTpaTtoM, 1 3alUTy€E KOKHE MOTEHIIMHE 3’ €IHaHHS, 1100 BU3HAYUTH, YU JIHCHO
ICHYe€ 3’€THaHHS Ta sIKa oro Bara, 0epy4u MOJIOKEHHS IBOX BY3JIIB 1 3HAXOAUTD Bary
3’eIHaHHA MK HUMU. L{e cTBOpIoe m1aboH 3’ €IHaHb MK By3J1aMH B IIPOCTOPI, TKUN
€ MOX1THUM BiJ KOH(Irypartii cyocTpary.

HyperNEAT possuBae CPPN 3a gomomoror ctparerii NEAT. CPPN e
IPE/ICTaBICHHAMH IIa0JOHIB Yy TINEPHpOCTOpi, J€ KOXKHA TO4yka OOMexkeHa
YOTUPUBUMIPHUM TinepkyooMm. OTxke, mabJIOH y YOTUPUBUMIPHOMY TiNepKyOi
MOXHa B1IOOpa3sUTH Ha JABOBUMIPHIA HEWpoHHIA Mepexi. llepmmM kpokom
HyperNEAT € Bubip cyOcTpaTy Ta 3B'A30K M1k BXOJaMHU Ta BUXOJaMHU. AJITOPUTM
1HILIaTI3Y€ nepuie mokomaiHHsa MiHiManbHUX CPPN 3 BUnmagkoBMMM BaraMu, Tak caMo
sk NEAT inimiani3ye nepiie moKOJIIHHS MIHIMAIbHUX IITYYHUX HEUPOHHUX MEPEK
3 BumajakoBumu Baramu. [lotim BiH 3amutye koxkHy CPPN, 1 cTBOproe miabion
3B'I3Ky, NOAIOHMI A0 HeHpoMmepexi. ANTOpUTM BHU3HAYAE MPUIATHICTH IE€T
HelpoMepexi Tak camo, 5K 1e poouts NEAT 31 cBoiMu MepexaMH, 1 pO3BUBAE IPYTe
nokoniHHs CPPN BignmoBigHo ao ctparerii NEAT. Lle nmoBTroproeThes, K 1 Oyb-
SIKAWA aJITOPUTM HEHPOEBOJIIONI, TOKU HE Oy/i€ 3HAMICHO PillICHHS.

HyperNEAT ocobnuBo no0pe miaxoauTh s 3ajad, J¢ BaxiuBa iH(opMalris
PO TEOMETPUYHI MPEACTABICHHSA. 3a JOMNOMOrol CcyOcTpaTy BIH «OauuTh»
KOOpJIIMHATA HEWpoHiB. BiH Moxe «Oauntmy», SKW MIKCETh MOPYY 13 SKUM Ha
300pakeHH1 a00 KUK KBaapaT 0115 SKOTO Ha IIaXiBHUIII, 3aMiCTh TOT0, III00 BUBYATH
iX Ha pUKJIaaax, K e poduia O TpaaulliiiHa HelipoHHA Mepexa [2].

3ayBaxkumo, mo HyperNEAT He 000B’SI3KOBO KpaliuMm BHOOPOM HIXK
tpaguuiitauiit NEAT st Bupimenss Oyap-skoi 3anayl. Xoua HyperNEAT noBuHeH

IpalroBaTy NpuHaiMHiI Tak camo qo0pe ik NEAT y 6inbiiocTi 3aaa4, MOKIIMBO, HE
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3aBXIM BapTO BUTPAYaTH PECypCH PO3POOHMKA MO0 BCTAHOBIEHHS CyOCTpary,
SIKILIO 1I€ HE JAaCTh 3HAYHOI nepeBaru. ToMy posrisitHemo Bunagku, ko HyperNEAT
3a0e3rneuye miABUIICHHS €()eKTUBHOCTI.

3aoaui 3 eenukorw «xinvkicmiwo 6xodie. Ockubku CPPN y HyperNEAT e
HETPSMHUM KOJyBaHHSM, PO3MIPHICTh MEPEK1 HE € OCHOBHUM (PaKTOPOM CKJIATHOCTI
npobaemu 1 HyperNEAT, Ha BigmiHy Bi OUTBIIOCTI IHIMUX IMiIXO/IB HABYAHHS.
Ile o3Hauae, MO BEJMKI MAaCUBHM BXIAHUX JTAHUX HE € MPOOJIEMOIO ISl aITOPUTMY
HaBuaHHs, xouda [[IT moxxe moTpeOyBaTu OinbIne dacy, mMo0 (HaKTUIHO MPOUTH IO
OyXe BeNMUKid Mepexi. JledkumMu mnpukiagamMu 3adad 13 BEJIUKUMH MacHUBaMU
BXIJTHUX JaHUX € MpeJIMETHA 00JacTh 3 BUKOPUCTAHHAM KOMIT IOTEPHOTO 30py Ta
HACTLIBHI ITPH.

3aoaui 3 eenuxoio Kinbkicmio euxoodie. Ha BiIMiHY BiJI TUIIOBUX aJTOPUTMIB
HaBuaHHs 3 migkpimieHHsM, HyperNEAT Tak camo no0pe mpaitoe 3 Oaratbma
BUXOJaMH, SIK 1 3 OaraThMa BXIJHUMM AaHUMHU. TpaauiliiiHi HEHPOHHI MeEpexi
3a3BUYail HE MICTAThH JCCATKIB, COTEHb a00 Olblie BUXOAiB. KpiM Toro, HasBHICTh
BEJIMKOT KUIBKOCTI BUXOJAIB MOXE JOJATH TBOPUYMM MIAXIJT JO BUPIIICHHS 3a7ayi.
Hampukinaz, cybcTpat Moke BUBOJIUTH LTy JTBOBUMIPHY KapTy, Ha siKiil 300paxeHo,
Ky areHTy MoTPIOHO pyXaTucs.

3aoaui 3i 3MiHHOW0O p030inbHON0 30amuicmio. JIJis Neskux 3a7ad Moxke OyTu
HE3pO3yM1iJI0, CKUIbKM came Mae Oyt BXoAiB. Hampukiaa, onTumaibHa po3aijibHA
3IaTHICTh NOJIA 30py Moke OyTu HeBimoMa ampiopi. [logioHuM ynHOM Halkpaiia
pPO3MUJIbHA 3MIaTHICTh I8 BUXOJMIB TaKOX MOKe OyTh HeBimoma. Hampukiman,
ONTUMaJIbHA KUIbKICTh CETMEHTIB 1 3’€IHaHb Y 0araToOCErMEeHTHIH pyIll Moxke OyTu
HEB1IOMa, a KOXeH 3 HUX norpedye okpemoro Buxoay. HyperNEAT e rapuum
BUOOPOM JTsl TAKUX TIPEAMETHHX 00JIaCTeH, OCKUIBKU HOTO €(DEeKTUBHICTh 3HAYHOIO
MIpOIO HE€ 3aJICKUTh BiJ HAMAHOI PO3AUTHHOI 37aTHOCTI. ToMy pO3pOOHUKY HE
noTpiOHO TypOyBaTHCS MPO Te, MO0 CMOYaTKy OTPUMATH MPABUIIBHY PO3AUIBHY
3MaTHICTH @00 HaBITH MIHIMI3yBaTH ii. SIKio mi3Hime moTpiOHO Oyae OTpUMAaTH
OUIbIIlY PO3AUIBHY 3/1aTHICTh, MOKHA MIOBTOPHO 3aITyCTUTH €KCIIEPUMEHT 13 BUILOIO

PO3IUIBHOIO 37aTHICTIO 3 BHCOKHM CTYIIEHEM YIIEeBHEHOCTI, II0 BiH BCE OJHO
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npamoBaTume. Kpim Toro, iHoA1 MOXKJIMBO MPOCTO 30UTBIINTH PO3IIBHY 3/1aTHICTh
cyOcTpary miciisi HaBYaHHS, 0e3 OYyIb-IKOTO J0JaTKOBOI'O HaBYaHHS, 1 MOBTOPHO
sammyctut CPPN uepes cyOcTpar. [HOAI pillieHHS BCE OHO MPALIOBaTUME 3 BUIIIOIO
PO3IUIBHOIO 37aTHICTIO, HABITh SIKIIO BOHO HE OyJI0O HABUEHO Ha I PO3LIbHIN
3natHOCTI. HaBiTh SKIIO 1€ HE TaK, MOXJIMBO MPOJOBXKUTUA TPEHYBaHHS Ha BUIIIN
PO3IUTHHIN 3MaTHOCTI Ta TAaKUM YMHOM TOYATH JTOHABYATHCS HA OCHOBI TOTO, IIO
OyJI0 BUBYEHO HA HIDKY1M pO3AUIBHIN 3/1aTHOCTI.

3aoaui 3 ceomempuyHUMU CNIBBIOHOULEHHAMU MIJC 8X00AMU MaA/Ab0 8UX00AMU.
HyperNEAT 06aunTeh KOOpAMHATH BXITHUX HEHPOHIB, BHUXITHUX HEHPOHIB 1
npuxoBaHux HeipoHiB. lle o3Hauae, 1m0 BIH MOXXE BUKOPHCTOBYBAaTU IE€pEBaru
iXHBO1 BIJIHOCHOI TeoMeTpii Juisl BupimeHHs npobiem. Hanpuknaza, y mamkax BiH
dakTHUHO 0aYUTh, SIKE T0JIe IPUJIATAE 10 SIKOTO TOJIA Ta B IKOMY HampsAMKYy. Taki
3HAaHHA € OCHOBOIIOJIOKHUMU JUUIsl TAKOI I'PH, SIK IIAIIKH, a 1I€ 03HAYae, 1110 TeOMETPIs
cyOCTpary cTae 3HAYHOIO IEPEBArol0 MOPIBHSHO, HANPUKIAMA, 13 TpaauIliiHUMHU
HEHPOHHUMH MepeKaMu, SK1 B3arajl He MalOTh T€OMETPUYHUX 3HAHb, 4 HATOMICTh
BOHM MOBHHHI BHMBYMTH II€ 4epe3 OaraTo NpPHUKIaAiB, IO MOTIPIIyE KIHUEBY
e(eKTUBHICTb. AJIe TEOMETpisd BaKJIUBa HE JIMIIIE B HACTUIBHHUX irpax. Te, sKui
MmiKCellb TIopyd 13 SKUM, Ma€ 3HAYEHHS TaKoX Ha 300pakeHHi. Kpim Toro, mae
3HAYEHHS KU Cyrio0 mopyd 13 SIKUM Y TuIl, IO BiAOOpa3UThCs Ha TeoMeTpii
BUXOA1B. TOOTO, reoMeTpUYHI KOPEALii MK BXOJIaMH Ta BUXOJaMHU TaKOK MOXYTh
OyTH KOpHCHUMHU. SIKIO JIBUU JaTYMK 3HAXOJIUTHCS JIBOPYY, a JiiBa pobOoya
KiHI[IBKa — JiBOpyY (a mpaBa € BigoOpaxeHHsM JiBoro), HyperNEAT moxe
BUKOPUCTOBYBAaTH CHUMETPII0 T€OMETPii Ta CIIBBIIHOCUTH JiBE 3 JIIBUM 1 MpaBe 3
npaBuM. MoxuuBicTh niepenaBaTd reoMerpuuHi 3HaHHS HyperNEAT depes
cyOcTpaT CTBOPIOE HOBY MOMJIMBICTH JOCIIKYBaTH T€OMETPUYHI MPEACTaBICHHS
MpeAMETHUX 00J1acTell POOOTH30BAHUX CHCTEM.

bacamoacenmni 3a0aui nasuanns. Posmmpenns HyperNEAT mig Ha3Boro
mynbTuareHTHU HyperNEAT no03Bojsie 3acTocyBaTH MOTYXHICTh HENPSMOTO
KOJIyBaHHS Ta reoMeTpii 10 OararoareHTHUX JOMEHiB HaB4yaHHs. [Ipuunna, o sKkiit

HyperNEAT nigxoauTh AJ1s1 TAKOTO TUITY 3a]1a4, MOJISTae B TOMY, III0 areHT-KOMaH1a
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94acTO Ma€ HESBHY F€OMETPir0 (T€OMETPit0 MOJITUKH), Y AKIA T€OMETPUYHA TTO3HIIIS
rpaBlsg B KOMaH/1 KOpeIroe 3 oro podotoro. Hanpuknan, y GyrOonbpHIA KOMaHI1
3aXMCHUKHU 3aiiMalOTh 3aJIHI0 YaCTHUHY TOJISA, a HamagHukKu — mepeanto. [l tumm
KOPEJISAILIH MOMKPEH] B CIOPTUBHUX KOMaH/IaX 1 MOKYTh BUKOPUCTOBYBATHUCS TAKOXK
B 1HIIIMX TUITaX KOMaHJ. Po3mosiin pobouux Mmo3uilii y reoMeTpii KOMaHIu CXOKHI
Ha TEOMETPUYHUN BI3EPYHOK, JI¢ KOKHAa poOOTa Ma€ IHIIMK KOJIp Ha TO3MINISAX
KOMaH/IH.

Hetiponna nnacmuunicmo. Jlocmimxenass 3 agantuBHUM HyperNEAT
nokazanu, mo CPPN MoXxyTh KOIyBaTH, SIK MAlOTh 3MIHIOBATHCS Baru 3’€IHaHb Y
BIJIMOBIAb HA PIBHI aKTHBAIlli HaBKOJUIIHIX HeWpoHiB. Hacmpasmi, skimo mogatu
MPaBUJIO 3MIHHU Bar 3’ €JHAHHS SIK KOJIIP, TO KOAYBAaHHS HA0OpY TaKUX MPABHII 110 BC1H
reoMeTpli MEPEkKI CXOKE HA MAIIOBAHHS KOJILOPOBOTO Bi3epyHKA MO 1i 3’€THAHHSX.

Takum ynnom, CPPN Moke KoyBaTH reoMeTpito MpaBuJl MIIACTUYHOCTI B MEPEKI.

4.2 3acrocyBaHHA METOQY HA OCHOBI rimepkyda s aJanTUBHOIO

HaBYaHHHA pOﬁOTI/BOBaHOFO areHrTy

Ax Oyno BuszHaueHo panime, «Hyper» B Ha3Bi meroga HyperNEAT o3nauae
«KO0yBaHHs Ha OcHOBI Tinepky0Oa». HyperNEAT 6a3yeThcsi Ha KITFOUOBUX aCTIEKTaX:
BIH TIPU3HAYCHUH IS BUKOPUCTAHHS TEOMETPUYHOI PETYJISPHOCTI Yy BXIJTHOMY
Ta/ab0 BUXITHOMY ITPOCTOPI; BIH MOKE PO3BUBATHU AYXKE BEIUKI MEPEXI, Kl MOXKYTh
00poOMIsATH BX1AHI JIaH1 Ay»e BEIUKOT po3MipHOCTI [94]; 1, HE3BaXKarO4M Ha Te, 10
171Iesi METOAYy MOXOAWUTh BIJ MPUPOJHUX MPOLECIB PO3BUTKY, BiH (DAKTUYHO HE
BUKOPUCTOBY€E SIBHY CTaJll0 PO3BUTKY, a HATOMICTb HaMaraeTbCcsi aOCTPaKTHO
IMITYBaTH JEsIKI pe3yJbTaTh MPUPOJHOTO PO3BUTKY, IO POOUTH HOTO BiAHOCHO
e()EeKTUBHUM TMOPIBHSIHO 3 THIIMMU M1AX0AaMHU HENPSIMOTO KOJTYBaHHS.

KonyBanHs rinmepky0a Mae 1Bl acleKTH: II€ METOJ BiJOOpakeHHS IeoMeTpii
¢deHoTUIy cyOCTpaTy IITYy4yHOI HEMpPOHHOI Mepeki Ha Moro mabjoH 3B’S3KIB Ha
OCHOBI TINEpPKyOy; a TaKoK METOJ CTBOPEHHS BaroBoi (h)yHKIIIi, siIka BUKOHYE 1€
BimoOpaxenus. Omuc HyperNEAT mounemo 3 tumiB (yHKIIHM, SIKi BUKOHYIOTH

BIIOOpaX€HHs, a MOTIM OMNHUCY, SIK BOHU 3aCTOCOBYIOThCSI B CXE€MI KOJYBaHHS
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rinepky0a. Barosa ¢yHKIIis, sika yTBOPIOE TEHOM, MOKe OyTH OyAb-sIKOI0 (QYHKIIIETO,
sKa NMpUMae KUIbKa BX1IHUX JTaHUX 1 Aa€ AicHUN pe3ysbTar. DyHKIlIS MOXKe MaTH
pi3HOMaHITHE TPEICTABJICHHA: Bl TAOJIUIll MOIIYKY YH MPOrPaMU 10 KOMITO3HUINT
ab0 mepexi 6aratbox TUMiB QyHKIIH. OcTaHHIN TUTT QYHKIIT BUKOPUCTOBYETHCS B
opuriHaibHOMY ¢opmymoBanHi HyperNEAT 1 € wactunHOw, 110 BIJNOBiIAE 3a
«NEAT» y «HyperNEAT». Sk 3a3naueno y posaumi 1, NEAT BigHOCHTBCSA 110
METO/1y HEMPOEBOIOIIT 3 BAKOPUCTAHHSIM MPAMOTr0 KOAYBaHHS, aJallTOBAHOTO JIJIs
BUKOPHUCTaHHA 0aratb0X THUMIB (PYHKIIM aKTHBAIlil, BIZIOMOTO SK KOMIIO3HIIiIifHA
Mepeka ¢popmyBanus 1madiony (CPPN, pucynok 23) [95]. Taka ¢yHKIis 3 1BOMa
BXOJaMH MOX€ OyTH BHKOpPUCTaHa JUJIsi OTPUMAHHS JBOBUMIPHOTO 300pa)KeHHs
IHTEHCUBHOCTI. TWIM CTBOPIOBaHHMX 300pakeHb 3a3BHYaii MalOTh MPHUPOAHI
XapaKTEPUCTHKH, TaKl K MOBTOPEHHS, MOBTOPEHHS 3 BaplalisiMU Ta CUMETpIs 3

JESIKUMHU TUIaBHUMU Ta/ab0 p13KUMU TpaJieHTaMH.

BUXiAHWK WabnoH

Puc. 23 JIsoBumipna aktuBaitis CPPN
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Jani e nBoBUMIpHE 300pakeHHSI MOYKHA BUKOPUCTOBYBATH JUISI BU3HAYCHHS
Bar 3’€JIHaHb a00 1IA0JIOHY Bar OJHOrO0 HEWpPOHA B MEpeXi MPSIMOTro MOIIUPEHHS 3
rapamMu, M0 CKIAAa0ThCs 3 TBOBUMIPHHX MAacHBIB HEMpOHIB. BXxigHUMU naHUMU
byHKIIIT € KOOpIUHATH BUX1IHHUX (200 MITHOBUX) HEUPOHIB, @ BUXOJOM € 3HAYEHHSI
Bar MK BUX1THUM (200 11JIbOBUM ) HEHPOHOM 1 BIJITIOBIIHUM HEHPOHOM.

HyperNEAT po3mmproe mpeactaBieHy 1/1€10, 00 BUKOPHUCTOBYBATH €IHHY
byHKIIII0 JJ1s BU3HAYEHHS Bar OIBII HI’K OJTHOTO HEMpOHA B MTOTEHIIMHO OLIBII HixkK
onHOMYy Imapi abo (akTU4HO B Oyab-sKii TOMoOJOrii Mepexi B JEKapTOBOMY
npoctopi. Hanmpuknan, sikio notpioHo, mo6 GpyHKIIis BKa3zyBaia BaroBi Koe(ilieHTH
JIUIIE MK JIBOMA IIapaMH HEHPOHIB, TO 3HAI00JIATHCS 4 BX1JIHI JIaH1: KOOPJAUHATH X
1y K JJIs1 BUX1THOTO HEMpPOHA, TaK 1 U1l HIIbOBOro HelpoHa. TakuM unHOM, 1a0JIOH
Bar Mepexki KOJYEThCs B «300paskKeHHI» TirepKy0a, IPUUOMYy IHTEHCUBHOCTI B PI3HUX
TOYKaxX TMPEJCTABISIOTh BaroBl 3B’S3KM MDK pi3HUMHU HelpoHamu. lle MoxHa
PO3LIMPUTH 10 OUIBII HIK IBOX PIBHIB, BAKOPUCTOBYIOUM WIE JABA BXOJH B MEPEXKY,
0 OJHOMY [UJIi KOOpPAMHAT BHXIJHOTO Ta IIJILOBOTO MmapiB (ado Juiie OAuH
JOJAATKOBUM BX1J i1 MEPEX1 MPSAMOTO MOIIUPEHHS, OCKIJIBKY IUJILOBUM PIBEHB €
HESIBHUM ).

Jlnst renepartii peHOTHIY BIIOYBAETHCS 3alMUT O BaroBoi (YHKII 11010
3HAYEHHS Bar MK KO>KHOIO Mapol0 HEUPOHIB, K1 MOKYTh MaTH 3B’SI30K MK CO0O00
(HampuKIaa, TOMOJOTIA MOXe OyTH OOMeXeHa JMIIe MPSIMHUM TOUTUPEHHSIM)
IUISIXOM BBEJIEHHS KOOPAMHAT BHXIJHOTO Ta IIJIBOBOIO HEHpOHIB, 1 Oepyuu
pe3ynbTaT K 3HAYCHHS Baru. Ko BKa3aHe 3HAYCHHS Barm MEHIIE TTOPOTOBOTO
3HAYEHHS, BOHO He OyJe posrisaarucs. Po3mipu Ta Tomosnorito Mepexi HeoOX11HO
BKa3aTH BPYyUHY.

Takox MOXHa BUKOPHCTOBYBAaTHU TOIOJOTIi, BIAMIHHI BiJ CITOK, 1 BBOJIUTH
reoMeTpruuHy iH(GOpMAIIito, BIAMIHHY Bl KOOPJUHAT, y BaroBY (DYHKIIi0, HAPUKIIA]]
BiJICTaHb a00 KyT MK HeiipoHamu. [I'AMOpocio ta Ctenii [96] excriepuMeHTyBalIu
3 BUKOPUCTAHHSM J[BOX TOTIOJIOTIN 3aBaHHA 31 30upaHHs 1K1 poOOTOM, 7€ BIH MaB
Kpyray ¢popMmy 3 AaTYMKaAMU JTaJbHOCTI, PIBHOMIPHO PO3MOALIEHUMH HABKOJIO HOTO

Tima. OpHa TOMOJIOTIS pO3TalloByBaja BXIAHUN 1 BUXiAHUN 1mapu (HEe OyIio
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NPUXOBAaHMX HEHPOHIB) Ha MpsIMHUX JIHIAX, a I1HIIA pO3TalloByBaja iX
KOHUEHTPUYHUMH KUIBLSAMH, 110 OUIBII MPUPOIHO MPEACTABISIIO PO3TAIIyBaHHS
AaTuuKiB. BxigHuMu maHuMu ans BaroBoi (QYHKINT 3aBkaAu Oylid KOOPAMHATH
HelpoHiB. EkcniepruMeHT mokaszaB, 10 JIiHIKHHE PO3TallyBaHHS Maslo JACIIO Kparli
pe3yibTaTH HaBYaHHS. ABTOPH TaK0X CIpOoOYyBaJId TOAATH BIJACTaHb MIXK BUXITHUM
1 UTHOBUM HEMpPOHAMU JI0 BXITHUX JIAaHUX BaroBoi (yHKIIT; I[e 3HAYHO MOKPAITUIO
Yyac HaBYaHHS Ta MPOJAYKTUBHICTb y3arajlbHEHHS, @ TAKOXK 3P1BHSJIO MPOIYKTUBHICTh
JIBOX TOITOJIOTIH.

BaroBa ¢yHKIIISl MOXe CTBOPIOBaTH (YHKIIT 3 TOBTOPEHHSIM, TIOBTOPEHHSAM 13
Bapialiero Ta cuMmerpiero. TakuM 4YMHOM, MIA0JOHM Bar y (DEHOTHUI MITYYHOI
HEWpOHHOI Mepxki, ka ctBopeHa HYPerNEAT, Takoxx MaroTh LI XapaKTepUCTUKH,
1110 J1I03BOJIsIE KOJYBAaTH Ta €BOJIIOLIIOHYBATH IMOBTOPIOBAaHI CTPYKTYPH Ta MOJTYJIL.

Ockinbku HyperNEAT saBHO koaye Barum (eHOTHITy HEHPOHHOT Mepexi Ha
OCHOBI T€OMETPUYHHUX 3B’S3KIB, BIH 3JaTHUN O€3MOCepeHbO BUKOPUCTOBYBATH
r€OMETPUYHI 3aKOHOMIPHOCTI BXIJTHOTO Ta/ab0 BUXiIHOTO mpoctopy. Hampukian,
AKIIO BXIAHMM TOpOCTIp — 1€ Hallp JaT4YMKIB JAJBHOCTI, PO3TAalIOBaHUX 3a
pEryJIIpHUM I1a0JIOHOM HaBKOJIO poO0Ta, TO, PO3TALIYBABILIHU IX y TAKOMY CaMOMY
NOpsANKY Ha BXigHOMY piBHI Mepexi, HyperNEAT aBromatnuno 3Moxe
BUKOPUCTOBYBATH 1LIeH 3B 30K 1 OyIb-sIKI T€OMETPUYHI 3aKOHOMIPHOCTI, BIACTHBI
pi3HOBHIaM TIa0JIOHIB, AKI 3’SBISIOTHCS y BXIJHUX JaHuX. Hampukiazg, sKimo
BUSIBJICHHSI CTIH Ma€ BIJHOIICHHS JO 3aBJaHHS, KOJIYBAaHHIO BIJJHOCHO JIETKO
CTBOPHUTH 111a0JIOH Bar, KWW BUSIBJISIE, KOJIM KUIbKA CYCIJIHIX TaTUYUKIB PEECTPYIOTh
IOCh TOPY4Y, 1 3acCTOCyBaTH Ied IMIAOJOH Bar s BCIX AaTYMKIB. 3JaTHICTH
0e3rocepelHbO0  BUKOPUCTOBYBAaTH TE€OMETPUYHY 3aKOHOMIPHICTh BUIAETHCS
VHIKQJILHOIO B TaJTy31 HEHPOEBOJIOLIT Ta BiIKpUBAE HU3KY 3aBIaHb, JJIsl BUPIIICHHS
SKUX MOXE OyTH BUKOPUCTAHUI MPEACTABICHUN METO/I.

Ax 3aznaueHo y poznumi 1, NEAT 0a3yerbcsi Ha TpbOX KOHIIEMIIISX:
BIJICTe)KCHHS TCHETUYHOT CIIAIIMHU ISl BUSHAYCHHS ITOAI0OHOCTI MiXK MepeKaMHu Ta
orepaTopaMi KpPOCHHTOBEpPY; BHIOYTBOPEHHS Mg 30€peXEeHHS TeHETHYHOI

PI3HOMAHITHOCTI Ta 3aXHMCTy HOBUX 1HHOBAIIIM; 1 YCKIJIAJIHEHHS ILJIAXOM J0J/IaBaHHs
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CTPYKTYPHUX €JIIEMEHTIB mpoTsroM mokojdiHb. NEAT BUKOpPHCTOBYEThCS B
HyperNEAT nnst ctBopeHHsI BaroBux (DYHKIIiM, JO3BOJISIOUM MEpEKaM MICTUTH
OaraTo TumiB (PYHKIIINA aKTHUBALII].

Meton NEAT BUKOPUCTOBYETHCS ISl BIZICTEKEHHS BC1X T€HIB, BBEICHUX I
4ac €BOJIIOLIT, MPUUYOMY KOXKEH T'eH Kolye abo 3’e€qHaHHs, a0o HelpoH. KoxkHOMy
HOBOMY T€HY, CTBOPEHOMY uepe3 CTPYKTYpHI MyTallii, MPHUCBOIOETbCA YHIKaJIbHE
ICTOpUYHE MapKyBaHHs, abo imeHtudikaTtop. Ile mo3Boise BU3HAUMUTH, SKi
IHAMBIAYYMH 3 SIKUMHU CYMICHI, 1 SIK IXHI T€HH MOKHA KOMOIHYBaTH AJIi CTBOPCHHS
HOBHUX Mepex. [neHTudikaropu reHiB 30epiratoThCs MiJl YaC KPOCHUHTOBEPY, TOMY
orepariii KpOCUHIOBEpPY MOKHA BUKOHYBATHU O€3 JI0pPOroro TOIMOJIOTIYHOTO aHaNi3y
MEpPEK.

NEAT peainizye MeTo 1 BUAOYTBOPEHHS, 1100 JOMOMOITH 30€pEerTH F€HETUYHE
pi3HOMaHITTI. BujoBa TpHHANEKHICTP BU3HAYAETHCS KIIBKICTIO 1IEHTUYHHUX 1
PI3HMX T'€HIB MK MIPEACTABHUKOM BUY 1 HOTEHIIIIHUM 4jieHOM. BHUKOpHUCTOBY€ETHCS
HiaX17 70 OOMIHY MPUIATHICTIO, KOJIM TPHIATHICTh OCOOMHU TITUTHCS Ha KIIBKICTh
ocoOuH y ii BuAl. Lle 103BoJsi€ 1HAUBIIaM KOHKYPYBATH MEPEBAKHO B MEXKAX CBOIX
BJIACHUX HIII (BUIIB), 2 HE 3 YCIEIO MOMYJISINE, TO3BOJSIOUNA TOIMOJIOTTYHUM
1HHOBAIIISIM MATH Yac JJIsl ONTUMI3aIlli, Iepill Hi’K KOHKYPYBaTH 3 1IHITUMU HIIlIaMH B
MOMYJISIITII.

[ToyaTkoBa CyKyMHICTh MEPEX HE MICTUTh MPUXOBAHUX BY3JIB 1 BIIPIZHAETHCS
JIUIIE TTOYaTKOBUMHM 3HAYEHHSIMU Bar. Y X0/11 €BOJIIOIII MEpPEeKi MOCTYHOBO JI0AAI0Th
CTPYKTYpH uepe3 MyTalli, a HOBI I1HHOBAWii 3aXWINAIOTHCS 32 JOMOMOIOIO
BUJIOYTBOPEHHSI.

Opnum 3 oomexeHb opuriHaibHoro metony HyperNEAT € Te, mo po3mip 1
TOTIOJIOTII0 MepeXi MOTpiOHO BKazyBaTu BpyuHy. 1100 momgosiatu 1e oOMeXeHHs,
icHye po3mmpenHs mia  Ha3Bow Evolvable Substrate HyperNEAT (ES-
HyperNEAT), sike 103B0JIsi€ €BOJIOLIOHYBATH PO3MIILIEHHS Ta UIUIHHICTH HEUPOHIB
y cyOcTpaTti, 6a3ylounuch Ha MPUITYIICHHI, IO 1H(pOpMaIlis PO Te, € PO3MICTUTH
BY3JIM, HESIBHO 3aKojoBaHa y IIabioHi Bar. Take pO3MIMpPEHHS — 1€ Crocio

1HTepnpeTalii BUXOAY BaroBoi (yHKIiI, 1100 BUPIIIUTH, KYIU CIiJI PO3MICTUTH
108



HEHPOHU Ha OCHOBI CKJIAJTHOCTI BUXO/y B 33JJaHOMY Jllalla30Hi B IPOCTOpi cyOcTpary,
TOOTO TaMm, Ji¢ € OlIblla CKJIAIHICTh BaroBOoi MOJEdl, Tam OulbIle HEHWPOHIB.
KonkpeTHuit meton, SKuUil BUKOPHUCTOBYETHCS JUIsi BHU3HAUYEHHS CKJIATHOCTI Ta
KOHKPETHOTO MiCIIsl pO3MIILIEHHS BY3JiB, €(EKTUBHO BU3HAYAE METO/I, SIKUI BaroBa
(GyHKIIISI Ma€ BUBUUTH, 11100 po3MicTUTU By3nu. Sk npaBuio, ES-HyperNEAT wmae
Taki >k pe3ynbratd HaBuaHHS, K 1 HyperNEAT, xoua BiH TakoX MOBUHEH OyB
PO3BUHYTH PO3MIIIECHHS HEHPOHIB, OJHAK BIH BHUKOPHUCTOBYBaB HabaraTo OLIbIIe
By37iB, HiX Oyino motpioHo Ta BukopuctaHo B HyperNEAT nnst BukoHaHHS

3aBJaHHI.

4.3 Ilporpamuuii 3acid /I aJaNTUBHOIO HABYAHHS ATeHTA-PO0OOPYKH HA

OCHOBI BXIITHHX 300paskeHb

[Iporpamuuit 3aci6 aJis aJanTHUBHOTO HABYaHHSA HeWpoMepexi, 1o OyB
PO3MIISIHYTUH y po3niii 3.6, JOMOBHEHMI JIJIs 3a/1a4l MaHIMYJIIOBaHHS HE JIMIIE Ha
OCHOBI1 JJaHWX 3 JATYUKIB arcHTa 1 IIIJbOBOrO IOJOKEHHS TOYKH, aje 1 JaHWUX 3
KaMepH, sKa po3TamioBaHa Oe3mocepeHbo Ha areHti. lle HaOmmkye po3risHyTy
3a/1a4y 10 YMOB PEaJIbHOTO CBITY, J€ TOYHA MO3UIIS I[IJILOBOI TOYKH K MPABUIIO
HeBioma. [Iporpamuamnii 3acid6 Mae 3abe3nedyBaT MIATPUMKY SK CEPEAOBHINA IS
IPOCTOPY i areHTa-poOOpyKH, TaK 1 MOKIMBOCTI BHUKOPHUCTAHHS HEOOX1THOTO
HEWPOEBOJIIOLIITHOTO aJITOPUTMYy 31 3pPYYHHUM HaJAIITYBaHHSM [apaMeTpiB Ta
THCTPYMEHTAMH JIJIsl aHATI3y pe3yJIbTaTiB.

Halip cepenoBuill OyB JOMOBHEHHMI JBOMAa CEpPEIOBUINAMM BIAMOBIAHO 110
nocranJieHoi 3afa4i. OouaBa peanizoBaHi Ha ocHOBI 010110Teku PyBullet.

Tpusumipnuii cumynamop PandaReach. Cumynstop podopyku Franka Emika
Panda (pucyHok 24), sikuii Ma€e Ha METi MIO3UIIIOHYBaHHSI pOO0YO0T KiHIIIBKH Y IIJIbOBY
TOYKY TPUBHUMIPHOTO CEpPEAOBHINA. 3HAYCHHS BUHATOPOJM MOBEPTAETHCS JTOIATHE,
SKIIO IIJIbOBA TO3MINS JOCSITHYTa. YTpaBisitoya Jisi BIAMOBIAE TMEPEMIIIEHHIO

KIHIIEBOT'O €JIeMEHTa pOOOPYKH.
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Puc. 24 300pakeHHs 3 KaMepu CEpeIOBUINA 3 TPUBUMIPHUM CUMYJISITOPOM
PandaReach
VYrpaBiaiHHS areHTOM 3JIMCHIOETBCS 3a JIONMOMOTOI0  JICTEPMIHOBAHHX
VIOPaBISIOUUX CHUTHAIB 3aJ€KHO Bil OTPUMAaHHUX CIIOCTEpeXeHb. I[HTepdeiic
cepenoBuila BkiItodae HaOip crangaptHux it OpenAl Gym ¢yskuiid. [Tpuknan
GyHKIIT 171 JOCATHEHHS [UTHOBOT TOYKH, KOJIM TIO3UIlIS TOYKH BioMa:
import gymnasium as gym

import panda_gym

environment = gym.make("PandaReach-v3")
observation, info = environment.reset()
for i in range(100):

observation["observation"][0:3]

cur_pos

des _pos = observation["desired goal"][0:3]

action = 5.0 * (des_pos - cur_pos)

observation, reward, terminated, truncated, info =
env.step(action)

if terminated or truncated:

observation, info = env.reset()
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env.close()
VYrpaBniHHsS MapaMeTpamMud KaMepu BKJIOYaE B cebe B3aEMOJII0  4epes
iHTepdeiic Viewpoint. [TapameTpu, ZOCTYIHI A0 HANAIITYBAHHS:
e render width (int): mupuHa 300pakeHHs
e render height (int): BucoTa 300pakeHHsI
e render target position (np.ndarray): mo3uirisi Kamepu
e render distance (float): BincTanb 10 kKamepu
e render yaw (float): mOBOpOT kKamepu HaBKOJIO BEPTUKAILHOT BiCl
e render pitch (float): moBopoT kKaMmepu HABKOJIO MOIEPEYHOT BiCi
e render roll (int): mOBOPOT HABKOJIO TTO3/IOBKHBOI BiCl
[nTepdeiic HamamTyBaHHS KaMepu J03BOJISIE €KCIIEPUMEHTYBAaTH 31 3MIHOIO
30BHIIIHIX [apaMeTpiB KaMmepu, MpoTe € OOMEKEHMM Il 3MIH BHYTPILIHIX
napameTpiB. SIK ommcaHo y po3Aull 2, HaJalITyBaHHS BCiX MapameTpiB KaMepH
JI03BOJIUTH HAOIM3UTH YMOBH €KCIIEPUMEHTY 0 YMOB PEabHOTO CEePelOBHUIIA IS
HABYaHHS MOJIENI MiJ] KOHKPETHI apaMeTpu podoTa Ta KaMepHu, BCTAHOBJIEHOI Ha
HhOMY. OCKUIBKM 3MIHM J0 BuUXigHOro Kojay cepenoBumia PandaReach nms
J0J1aBaHHs (PYHKI1OHAITY 3MIHM BHYTPIIIHIX MapaMeTpiB KaMepu € HEMOXJIUBUMH,
BUPIIICHO TSl TOCTIHKEHHS 00paTH aHAJIOTTYHE CEPEIOBHIINE, MPOTE 3 JOCTYITHUM
KOJIOM i1l MOAM(IKALIiT MiJ MOCTaBJIEH] 3a1ayl.
Tpusumipnuii  cumynsmop KukaCamBulletEnv. CepenoBuie, y SKOMY
CIIOCTEPEKEHHSI TPEACTABICHE 300paX€HHSM 3 KaMepH, IO po3MillleHa Ha
maT@opMi-ocHOBI poboTa (pucyHok 25). Kepyrounmu isiMu € JUCKPETHI 3HAYCHHS

MTOBOPOTIB BIJIMOBIIHUX KYTIB 3’ €THAHHS.
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Puc. 25 3o0paxkeHHs 3 Kamepu cepeIOBHINA 3 TPUBUMIPHUM CUMYJISITOPOM

KukaCamBulletEnv

[aTepoeiic cepenoBuia npomnonye meroa resetDebugVisualizerCamera

JUIsl BCTAHOBJICHHS MOJIOKEHHS KaMEepU aHAJIOTIYHO JI0 TIONEPEAHBOTO CePEOBHUIIA.

[TapameTpu, TOCTYIIHI 10 HAJIAINTYBaHHS:

cameraDistance(float): BificTanb 10 kKamepu

cameraY aw (float): TOBOpOoT kaMepHu HaBKOJIO BEPTUKAJIBHOI BiCi
cameraPitch (float): moBopoT kamepu HaBKOJIO MOMEPEYHOT BiCl
cameraTargetPosition (np.ndarray): mo3uiiisi kamepu

physicsClientld (int): inentudikarop

3MiHM BHYTpILIHIX MapaMeTpiB KamMepu TaKOX He IMepeadadeHi, NpoTe

BUXIIHUI KOJ| CEepelOBHUIIA MOXKE OYyTH 3MIHEHUW JJIsl MIATPUMKH BCTAHOBJICHHS

HEOOXITHUX 3HAYeHb. 30KpeMa, JJisd CUMYJIAIii kamepu y pybullet moBuHHI OyTH

pO3paxoBaHi MaTPHUIIl IEPETBOPEHHS.

[lepma Qynkiis cameraMatrixToBullet mepeTBoproe maTpuilfo BHYTPIIIHIX

rnapaMeTpiB, OTPMMaHy B pe3yJbTaTi KamaiOpoBKU (TIpoiiec KajdiOpOBKH KaMepu

OMMCAaHUI y PO3/UIi 2), HA MATPUILIIO MPOEKIii, 0 BUKOpUCTOBYeThes B OpenGL 1

Pybullet:

from pyquaternion import Quaternion

import numpy as np

def cameraMatrixToBullet (K, w, h, near, far):
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f x = K[0,0]
f y = K[1,1]
c_x = K[0,2]
cy =K[1,2]
A = (near + far)/(near - far)

2 * npear * far / (near - far)

projection_matrix = [

[2/w * f_x, 0, (w - 2*c_x)/w, 0],
[0, 2/h * £y, (2*c_y - h)/h, @],
[0, 9, A, B],
[0, 9, -1, 0]1]

return np.array(projection_matrix).T.reshape(16).tolist()

Hpyra ¢yskuis cameraPoseToBullet mepeTBoproe 30BHIIIHI MapaMeTpu:

MOBOPOT Ta MO3UIIII0, HA MATPUIIIO, 110 BUKOpucToBY€eThCs B OpenGL 1 Pybullet:

from pyquaternion import Quaternion

import numpy as np

def cameraPoseToBullet (q, t):

q = Quaternion([q[3], q[e], q[1], q[2]])
R = g.rotation_matrix
T = np.vstack([np.hstack([R, np.array(t).reshape(3,1)]),

np.array([0, 0, 0, 1])])
Tc = np.array([[1, o, o, 0],
[0, -1, 0, 0],
[0, 0, -1, o],
[0, 9, @, 1]]).reshape(4,4)

T=Tc@np.linalg.inv(T)
viewM = T.T.reshape(16)

return viewM
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300pakeHHsT 3 KaMepu areHra Moke OyTh MOAM(IKOBaHE 3 BpaxyBaHHSIM

MaTpHllb, OTPUMAHUX MPEJCTABICHUMHU (DYHKIIISIMU:
projectionMatrix = cameraMatrixToBullet (K, w, h, near, far)
viewMatrix = cameraPoseToBullet(q, t)
_, _, rgb, depth, segmentation = bullet.getCameralmage(W, H,

viewMatrix, projectionMatrix, shadow = True)

Bubip BiamoBignoi momudikamii anroputmy NEAT moxe Oyt 3aiiicHeHui
[IIXOM 3allOBHEHHS KOH(iryparuiitnoro (aiimy, 06poOKy SKOTro 3M1HCHIOE MOAYb
Config:

if is_hyper:

config = GymHyperConfig(args)
if is_eshyper:

config

GymEsHyperConfig(args)

else:

config = GymNeatConfig(args)

4.4 OuiHlOBaHHsA e(PeKTUBHOCTI METOAY HABYAHHSA HA OCHOBI rimepkyda

JJIS IPOTPAMHOIO YIIPABJIIHHS B 3a1a4aX POOOPYKHM HA OCHOBI JaHHMX 3 KaMepH

MeToro OLIHKM €(pEKTUBHOCTI HEWPOEBOJIOLIIITHOTO METOAY HaBYaHHS MOJEII
y MPOrpaMHUX 3ac00ax yIpaBIiHHS B 33jja4aX poOOPYKH Ha OCHOBI JaHUX 3 KAMEpPHU
€ IOCHIKeHHs MOKIMBocTel Ta BnactuBocted HyperNEAT B 3apavax ynpaBmiHHS
areHToM-po0opykoro. [l IpbOr0 MPOBEACHO EKCIEPUMEHTH 13 3acCTOCYBaHHS
HyperNEAT no pi3Hux 3aBianp Bi3yajabHO1 00pOOKHU 3 PI3HUM CTYIIEHEM CKJIaIHOCTI

Ta TUIIAMU PETYJISIPHOCTI Ta aHAII30M PE3yJIbTaTIB.

4.4.1 3apaui MO3ULIOHYBAHHA KiHUIBKH Ta KEPYBaHHSA PO0OOTH30BAHHUM
areHToM

300paXkeHHs CLIEHU 3rOpY TPATULIITHO BUKOPUCTOBYETHCA B 3a/1a4yaX HaBYaHHS

3 TMIAKPIIUICHHSM i1 HaBiramii pobGora [97]. Kinbka BXigHUX 1IapiB

BUKOPUCTOBYIOTHCS JUIsI PI3HUX €JIEMEHTIB KapTH a00 B PI3HUX MacmiTabax KapTu.
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3aBiaHHs MOJSITa€ B TOMY, 100 TOCHIKYBaTH MICLIEBICTh, YHUKATH MEPEIIKOA 1
3HaXOJIUTU LUJIBOBY IO3HUIIIO, Ky HE MOXKHa OyJo moOauuTH (TOMY OCHOBHOIO
CTpATETI€I0 € BiJBIAyBaHHS PETiOHIB, SKi paHilie He OyiH BiJBigaHi).

Jns 3amadi mo3ulliOHyBaHHS po0OOYOi KIHIIIBKM, Ha BIAMIHY BiJ 3ajadyi
HaBiraiii, OUIbII HAOJMKEHUM JI0 PEaTbHUX YMOB € BHUKOPHCTaHHS 300pa)KeHb 3
KaMmepH, sKa BCTAHOBJIEHa Oe3MocepeqHb0 Ha POoOOoUii KiHIIBII ab0 HAa OCHOBI
poboTta. Y HaWMpoCTIIOMY MPEACTaBICHHI 3ajJadya MOXKE BHMaraTH, 1mo0 poboda
KIHI[IBKa pyXajacs J0 IUJIbOBOTO 00’€KTa Ha TMOPOXKHIN CIIEHI, BUMAaraludud BiJ
KOHTpOJIepa Ha OCHOBI IITY4HOI HEHPOHHOI Mepexi MOBEepTaTH BIAMOBIIHI
3’€THAHHS KIHI[IBKH, KOJIM IIJIl HEMA€E B IMOJI1 30pYy, 1 KEpyBaTH ¥ HAOIMKATUCS TO
LI, KOJIU BOHA € B moJii 3opy. JlaHa 3amaua Hajgae 0arato MOXKJIMBOCTEH MJis
YCKJIQJHEHHS Ta Bapialii, a oTxe, s BUBYeHHS MoxkiuBocTed HyperNEAT vy
napajaurmMi HaBUaHHS 3 M1IKPITICHHSM.

ExcriepuMeHTH, sKI CHOPSIMOBaHI Ha IIOCTYNOBE 30LIBIIEHHS CKJIAJIHOCTI
3aBJaHHS 715 OIIHKU eekTuBHOCTI BukopuctanHs HyperNEAT, 1ie:

1. 3Haxo/KeHHs 1 MO3UI[IOHYBAaHHS KIHIIBKM HA 3a/1aHy MiHIMaJbHY B1JICTaHb
BiJI IIIJTLOBOTO 00’ €KTa - HEPYXOMOi TOUKHM Ha MOPOKHI ciieHi. [ mboro notpioHo
pO3BepTaTH POOOPYKY HA MICII, MOKHU IiJIb HE ONMUHUTLCA B TIOJI 30Dy, a MOTIM
HaOIMKATUCS MIPSMO /10 HEl.

2. 3amaya Ha OCHOBI 3ajayi 1, ajme MK IUUUIIO 1 poOOTOM pO3TalloBaHA
MIePEIIKO/1a, 10 BUMArae€ BUBUCHHS areHTOM CTpaTETii TOCTIPKSHHS JIJIs BUSBIICHHS
LIJTLOBOTO 00’ €KTY (OKpIM MOBOPOTY HA MICII1).

Po3mimienHst mepenkoan 3a1HCHEHO Tak, 100 3a7ady MO>KHa pO3B’S3aTH 32
JOTIOMOTO10 arenTa. ExcriepuMeHTH 175l X 3aBJIaHb MPOBOIMIINCS 3 JOTIOMOTOIO
MpOrpamMHOro 3aco0y, MpeacTaBieHoro y posnim 4.3. 3o0paxeHHs 3 Kamepu
TeHEePYIOThCS 3a jomomororo Oiomiorekn pyBullet, ska BukopuCTOBYe mepeBaru
anmapaTHOro npuckopeHHs rpadiku 3a ronomororo OpenGL.

PosrnsayTrii HaOip 3a1ay BUMara€ BUBYCHHS PI3HOI MOBEMIHKW JJIsS areHTa-
poOOpPYKH, 1€ €IWHUM BXOJIOM CHCTEMH € JIaHi 3 MOHOKYJIAPHOI KaMepu Yy

TPUBUMIPHOMY CEpEIOBHUIII. AHAIOTIYHO /10 ABOBUMIPHHUX 3a7a4 PO3JUTY 2, areHT
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BUKOPHCTOBYE TMOBOPOTH JIBOX JIAHOK POOOPYKH, SKI BUKOHYIOTHCS HE3aJIEKHO.
Mepexi-cyOcTpaTd MarTh JBa BUXOJH, IO OJHOMY ISl KOXHOTO 3’€IHAHHS, fKI
MacmTabyroThcs a0 mianmazony [-180, 180], sxuii Bkazye Ha KyT IOBOPOTY
BIJIMOBIAHOTO 3’€HaHHA. BxogoMm cybcTpary HeoOpoOsieHe 300pa)keHHsI Kamepu
poboTa, mpudomy O1TUH KOJIIp BIJAMOBIJIa€ 3HAYCHHIO 1, a YopHHMIT — 3Ha4eHHIO (.
[inmproBuit 06’ €KT 300pakeHMi Ha CIieH] 0171010 cpeporo. 3MOACTHLOBAHE CEPEIOBHUIIE
ABIIsIE c00010 30HY 5%5 MeTpiB. [lapameTpu, siKi BUKOPUCTOBYIOTHCS, MTEpepaxoBaHi

B nojatky /l.

4.4.2 Jdocaixxenus edexruBHocTi BHKOpucTtaHHsas HyperNEAT s
3aa4i JOCATHEHHS HILOBOI0 00’€KTa poOOPYKOIO
3aeoanus 1: 0ocacHenHs yinb0802o 00 '€ekma poboU0I0 KiHYIBKOIO HA NOPOIICHIU
cyeni. Lle 3aB1aHHs BUMarae BiJ] areHTa 3HaATH HIJTbOBUM 00’ €KT Ta pyXaTu KIHILIBKY
JI0 HbOTO, IPUUOMY LILJIb HEPYXOMa Ha MOPOXKHIN apeHi, 3a OOMEXEHUN MPOMIKOK
yacy. AreHT NMOBHUHEH IOBEPTATHCS, MOKU HE MOOAYUTH I[iJIb, a MOTIM SIKOMOTa
HIBU/IIE pyXaTHUCS JI0 HEl, IOKH HE TOCSATHE L€l LI
Po3ninpHa 31aTHICTE KaMepu BCTaHOBJEHA 25X12 mikcemB i MiHiMizarii
yacy o0poOku, 3 KyToMm orjisigy 90° mo ropusonTtani (rmo 45° miBopyd 1 mpaBopyd).
Tomozoria cyOcTpaTy siBisie cOO0I0 JIBa MOBHO3B’SI3HUX MIApH po3MipoMm 25x%12 i
2x1. IlpupmaTHICTh 1HAWBIMA BU3HAYAETHCA 3a JONMOMOTOI 8 BHUIPOOyBaHb. Y
MEepIIMX JBOX BUMNPOOYBAHHSIX MOYATKOBA Opi€HTalisl podoTa crnpsiMoBaHa Ha 14
rpaayciB JiBoOpy4 1 14 rpamyciB mpaBopyd BIAMOBIAHO BiJl IPsIMOT JiHIT 70 1. Y
YOTUPHOX HACTYNMHHUX BUIPOOYBAHHAX 111 KyTH Oyiu 301iblleH] Ha 14 rpaaycis, 110
42 rpangycis. I1ig yac ocTaHHIX JBOX BUIIPOOYBaHb poOOT CIOYaTKy AUWBHBCS HA 90
rpayciB MpaBoOpyY B MpsiMOi JTiHIT 10 11111, @ moTiM Ha 180 rpagycis. Takum anHOM,
poOOT MOBUHEH OYB 3HAWTH L1JIb 3 PI3HUX BUX1THUX MO3UIIIH, 1 B OCTAHHIX ABOX IILJIb
CIIOYATKy HE BUJTHO.
BigcTtanp 10 1l B KOXXHOMY BHUIIPOOYBaHHI perylroBajacs Tak, 1100,
BpPaxoBYIOUHU (p1KCOBAHMI JIMIT Yacy AJisi BAIPOOyBaHHs, OyJIO JOCTAaTHBO Yacy, 00

PO3BEPHYTHCS 1 HATPABUTUCS PUOIU3ZHO MPSMO JI0 I11J11, @ HE pyXaTHCs, HalIPUKJIIa,
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no mupokiit xy3i. I1ig yac octanHix ABOX BUMPOOYBaHb areHT MOBUHEH 00epTaTUCS
3a TOJUHHUKOBOIO CTPLIKOIO, TOKU HE 3HAM/IE I[iJTb.

OyHKIisT A0MACOBAHOCTI 0a3yeTbcs Ha BIACTAaHI, MO0 3ajUIIMiacs A0 LU
HANPUKIHIII KOKHOTO BUNPOOYBaHHSA JUIS TMEPEAOCTAHHBOTO KPOKY dYacy
(BUKOPUCTOBYETHCS MEPEIOCTAHHIN KPOK SIK 1HAKIIIE PIIICHHS, SIKE IT1IBOJAUTH poOOTa
HAJ3BUYAIHO OJIM3bKO, ajieé HE TIOBHICTIO TOPKAIOYHCH LI, MPEACTABIIAIOUH 1€ 5K
dakTUYHE TOpKaHHS I, IO HE Ja€ JOJATKOBOi JIOMACOBAHOCTI). 30KpeMa,

J0TTacoBaHICTh f, iIHaUBIMyyMa Oyiia BU3HAUYEHA!

_ 4 [Zidi/m)?
f=1-=—

:
ne d; — BiJCTaHb, 110 3AJUIIHIACS JO0 1Tl HA TIEPeI0CTaHHROMY KPOIIi JIs CIIPOOH
I, M — MakCcUMaJIbHO MOXKJIMBA BIJICTaHb M’k pOOOTOM 1 ITIJITIO, BPaXOBYIOYH PO3MIp
apeHu, a t — 3arajgpHa KUIbKICTH cnpoO. g dyHkuis, mo cyti, € ¢GyHKII€
CEpEeIHbOKBAAPATUYHOT TOMUIIKH, SIKA B OCHOBHOMY YCEPEIHIOE BIJICTaHb, IO
3aJIMIIMIIACS, ajie 3a0e3Ieuye O1IbIY J0MACOBAHICTh JJIsl PIIEHB, K1 HAOJIMKAIOTh
KIHI[IBKY areHTa JI0 111 JIJIs1 OLIBIIOCTI BUTPOOYBaHb, a HE Ay>Ke OJU3bKO B OJTHUX
BUIPOOYBAHHSX 1 Al B 1HIIMX.

Komu 3Hali1eHo pieHHsl, SKe MOTJIO JOCSATTH LTI A1l KOYKHOT'O TPEHYBAIBHOTO
BUTNIPOOYBaHHSI, €BOJIIOIIS 3YNMUHSAETHCA, 1 PIIICHHS MepeBipseTbes 36 pasiB: y
NepioMy BUMpoOyBaHHI KIHIIBKA 3 KAMEPOIO po0OTa IUBUIIACS MPAMO Y HAIPSIMKY
17T, @ B KOXKHOMY HAaCTYITHOMY BUIIPOOYBaHH1 poOOT MOCIiI0BHO obepTaBcs 5° (10
180°) mpoTn rogMHHUKOBOI CTpUIKH. KpiM TOro, BiACTaHb MiK POOOTOM 1 IO
MOCTYIIOBO 301IbIIyBajiacs BiJl TI€l, [0 BUKOPUCTOBYBAJACs Mij Yac HaBYaHHS, J10
JIBOX pa3iB. barato moyaTkoBHX MOBOPOTIB, OUIBIIICTH 3 SIKUX HE Y3TOJKYIOTHCS 3
HAaBYAJIbHUMU TPUKJIAJaMHU, 1 TOJAJIbIII BiJICTaHI OyJd TMEpeBipeHi, 100 OLIHUTH
e(eKTUBHICTh 3HANICHOTO PIIIICHHS.

[IporecToBano pi3HiI KOMOIHAIIT Ta Bapiallli TpeHyBaIbHUX BUIIPOOYBaHb, MEPIIT
HDK 3yMUHUTHUCS Ha ONMHUCAHOMY BHUIIE. BUIBIIICTE 13 HUX MPU3BOJIUIIN 10 TOTO, IO
HyperNEAT 3acTpsraB y JoKaJbHUX ONTHUMYyMaXx, HaBiTh 13 BEJIMKOIO YHCEIbHICTIO

nonyJsii 250 oco6uH 1 OUTBIIOK KUTBKICTIO TTOKOJiHb -- 1000. fkmio BiacTaHi 10
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111 He OyJM CKOPUTOBAHI Jisi KOXKHOTO BUIIPOOYBaHHS Tak, MO0 OyJi0 JOCTaTHHO
yacy, moO0 TmoBepHyTHCh 1 pyxarucs a0 mim, HyperNEAT wmaB TeHaeHIiro
3aCTpATaTH B JJOKAJTLHOMY ONTHMYMI, 3HAXOSIYM PIMICHHS, K1 O TOCSATIIN I 71
HAWUMPOCTIIIMX BUMPOOYBAaHb MEPIIUMH MPOTE YHEMOKJIMBIIOBAIM 3HAXOIKCHHS
O1IBIN 3arajbHUX PIICHB, K1 MOTJIM O AOCITTH LT JJIi BCiX BupoOyBaHb. 1106
YHUKHYTH Ii€1 MpoOIeMH HEJOCTaTHBO OYyN0 3MYCHUTH (YHKIIO IMPUIIACOBAHOCTI
mTpadyBaTU MEHII 3arajibHi pillICHHs OUIbIIE, HI)K BOHA 1€ poOuiia (HampuKIIa,
B3STH 3-11 a00 4-i1 KOpiHb 13 cepeaHBOro 3-T0 a00 4-TO CTENEHS TOMUIIKH).

Sk moka3aHo Ha pUCYHKY 26 (rpadik BiACOTKY aocsrHeHHs uiii), HyperNEAT
MaiKe 3aBXK]I1 PO3POOJISB PIllIEHHS, K€ MOTJIO JOCSITTA METH I BC1X HaBUAIbHUX
BUNPOOYBaHb. JIMIIIE M1]1 YaC OCTAaHHBOTO BUNPOOYBaHHS (po3TamryBanHs Ha 180° Bl
1) BIH 3a3BMYail 3aCTpsraB y JIOKAIBHOMY ONTHUMYMi W 0OepTaBcsi HE JOCHUTH
MIBUAKO, 00 BYacHO nocsartu Iti. CepemHsi BiACTaHb, IO 3ajMIIMIACA 32 BCl
BUNPOOYBAHHS, 1y>Ke OJIM3bKa J0 HYJIsI; X04a OUTBIIICTh YIOCKOHAJIEHUX PILIEHb HE
JOCSITIIA METH JIJI1 OCTAaHHBOTO BUIIPOOYBaHHS, BOHU OYiM Jyxke ONU3bKI A0 HEd, 1
SAKII0 AaTh Oubiie yacy (e 5% ab6o 10% Bijg 3arajibHOi KUJIBKOCTI 1T€palliit), BOHU

HOCATHYTb MCTH.
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[lin gac TecTyBaHHS MPEACTAaBICHUX MOJAENICH NMPHUOIU3HO TOJOBHUHA 3MOTJIA
e(EeKTUBHO JOCATTH IUII 3 KOXKHOI MOYATKOBOI Opi€HTAIlli Ta BCIX NEPEBIPEHUX
BiJICTaHEH (10 BABIYI OLITBINOI BiFCTaH1, HIXK OyJia BUKOPUCTAHA ITi/T 9ac €BOJIOITIT).
[H11a mojoBUHA pillieHb MpaloBajia A0 BUMAJAKIB, KOJU LUIb CIIOYaTKy He Oyia B
1oJT1 30pYy, a KiHI[IBKa areHTa Oyja Ha MpuOIM3HO B 1,5 pasu OUIbIIIN BiJACTaHI 10
1Tl (y IUX BUMAJKAX areHT TaKOXK OJIMKYE IO MEXKI CIICHH, OCKUTBKHM areHT 1 IiTh
MOCTYTOBO TEPEMIIIYBAJIMCS BIIIBO 1 BIIPABO BIAMOBIAHO ISl KOKHOTO HACTYITHOTO
TECTY). 3aMiCTh TOTO, III00 MPOJAOBKYBATH MTOBEPTATH KiHIIIBKY, TOKH I[JIb HE CTalla
BHUJIMMOIO, areHT MaB TCHJICHINIO OJyKaTH, TIOKW KIHITIBKA HE JOCSTIa MEX CIICHU.
Takum YrHOM, JIMIIIE HE3HAYHOI 3MIHHU Y BX1JHOMY 300pakeHH1 (mepeOyBaHHS TPOXHU
OJrbkde 70 TpaHUllb CLEHM, MOKHU IUJIb HE OyJio BUIHO) OylO JOCTaTHBO, 100
pIIIICHHS CTaIU Hee(DEeKTUBHUMH.

3asoanns 2: oocseHenHs Yitb08020 00 €kma pobouo0 KiHYIBKOK HA CYEHI 3
nepewko0oio. 1le 3aBmanHs Mpo0BKUAIIO TIOTIEPETHE, 3 TOAABAHHSIM TIEPEITKOIN MIXK
[IJUTIO Ta areHTOM, BUMararo4u Bijl poOOTa akKTUBHOTO MOIIYKY IIUJII 3aMICTh TOTO,
100 MoBepTaTUCS Ha MICLI, JOKU LLJIb HE 3’ ABUTHCA B TOJI1 30py. SK 1 paHilie, H1Ib
OyJia HepyXOMOI0, 1 poOOT MaB OOMEKEHUM Jac, o0 JTOCATTH IILII.

PozninpHa 3maTHICTh Kamepu Oyia 360inbmiena g0 40%20 mikceniB. Tomosoris
cyOcTpary npeacTanisie COO0I0 TPH MOBHO3B sA3H1 I1apu po3MipoM 40%20, 3x3 1 2x1,
[Tepemkona mae [I-moaioHy dopmy, npuyomy ii MOXKHA PO3PIZHUTH 332 HOPMOIO Ta
iHTeHCHUBHICTIO. [lpumaTHicTs 1HAUBIAA OyJia BH3HAYE€HA 3a JOMOMOTOI0 JBOX
BUIPOoOyBaHb. B 000X areHT nmo4YnHae mnepecyBaTH KiHIIBKY 3 MPOTHIIEKHOTO OOKY
Ta0IpUHTY 10 Il Y HAMPAMKY KaMepu /10 Hei, ajie B 000X BUIIPOOYBaHHSX areHT 1
LIJIb MIHSAIOTBCS MICISIMH, CHOYATKy 3 poOOOTOM M03aJy NEPelIKOaHd, a IMOTIM
4acTKOBO BcepenuHi Hboro. MDyHKIiA nomacoBaHOCTI Oylia Takow X, SIK 1 s
3aBgaHHga 1.

[Toxi6HO 10 MomepenHboi 3ajadl MO3UIIOHYBaHHS POOOPYKH, BUSBIICHO, IO
HyperNEAT MaB TeHzeHINI0 3acTpsraTH B JIOKAJBHUX ONTUMyMax. Y IIbOMY
BUITAJIKY CITIOYATKY OYJIU IMPOBEACHI EKCIIEPUMEHTH, Y SKMX BUKOPUCTOBYBABCS JIUIIIE

nepmui  Tect, 1 OyJI0 JOCTaTHbO KpPOKIB, 100 KIHIIBKA JOCSTHYJA METH
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ONTUMAJIBLHUM MapIIPYTOM (B €KCIIEPUMEHTI, OMMCAHOMY B METO/I1 BUIIIE, aAT€HT Ma€
JIOCTaTHbO Yacy, HE 3BaXKAIOUW Ha ONTUMAJIbHICTh MapIIpyTy). Y LUX MOYATKOBUX
excriepuMenTax HyperNEAT B 75% BumaakiB 3HaXOIWB PIIICHHS, SKE CIIOYATKY
MOBEPTAJIO KIHIIBKY IIepe]] TUM, IK 001MTH Ja01pUHT, ajlie He JOCSTalIO 11T, OCKIJIbKU
3aKIHYMJIACS KIJIBKICTh KPOKIB Uepe3 MOBOPOT Ha MICIIl Ha TTOYATKY.

3aranbpHe pIIICHHS BUMAara€ CTEKUTH 3a CTIHAMU TEPEIIKOAH, YTPUMYIOUU
CTIHY B YacCTHHI 10 30py (JIiBOpyd ab0 mpaBOpyY) 1 MOBEPTAOYM KIHIIIBKY, SKIIO
CTiHa HE € B TOJi 30pY, AOKH BOHa HE MOTPANuTh B mosie 30py. OnTuManbHUN
MapIIpyT MOJSTae y TOMY, 00 pyXaTUCs MPUOJIM3HO MPSMO O OJHOTO 3 KYTIB
NEePEeLIKO/IM, a He MoBepTaTucs Ha Micll. HeontuManbHe pillleHHs] BUHUKIO TOMY,
110 OyJ10 Jieruie po3poOUTH Barosi MA0JIO0HH, SIK1 peati3yBail NOBEAIHKY CIiAyBaHHs
3a CTIHOO, aJIe TAaKOXK 3MYIIIYBaJH areHTa MOBEPTATUCS B TOMY CAMOMY HAIPSIMKY, Y
AKOMY BIH MIr OM TpUMaTH CTIHY YacTKOBO B TIOJII 30pYy, 3aMiCTh TOTO, IIO0
MOBEPTATUCS B MPOTHIIEKHOMY HAIpPSIMKY, KOJIM CTiHA Oyina MmpsMO Momepeny i
3aiimMaiia OUIbILY YACTHHY TOJISI 30Dy .

Ha pucynky 27 mnoka3aHO pe3yJbTaTh NPOAYKTUBHOCTI ISl IOBHOI'O
EKCIIEPUMEHTY (3 BUKOPUCTAHHSAM JBOX BUIPOOYBaHb, K ONMUCAHO Bulle). MoxHa
nobauntH, mo HyperNEAT 3a3Buyaii 3HaX0AUTh PIIICHHS, SIKI MOTJIA JTOCSTTH 11T
JUIs OHOTO BUIIPOOYBaHHS, aje He i 000X, OJHaK Jisg 0JHOro 3 20 MPOTOHIB BiH
3HAWIIIOB PIIIEHHS, SIKE MOTJIO JOCSTTH Il B 000X BUMpOOyBaHHSX. BiH 3aBxau
PO3BUBAB PIIICHHS, Kl HAOMMKaau poOoTa 10 1iJll, TOMY peani3yBaB CTPaTErito
CHIyBaHHS 3a CTIHOIO. Y TTIOBHOMY €KCIEPUMEHTI HaJIaHO JOCTaTHbO KPOKIB, 1100
JI03BOJIUTH PO3BEPHYTH KIHI[IBKY IEpe]] MOYaTKOM TEPEMIIICHHS 3a MEepPEenIKoay.
Opnnaxk HyperNEAT 3HOBY 3acTpsir y JIOKaJIbHOMY ONTUMYyMi. Y IIbOMY BUIAJKY,
KOJIU CTpaTeris CaiayBaHHs 3a cTiHOIO po3BuHynacs, HyperNEAT 3a3Buuait He mir
3MIHUTH 11l PIIIEHHA, 1100 MOBEPHYTH KIHLIBKY A0 I JOCTaTHbO, KOJM BOHA
3’BHJIACS B TOJI1 30PY, 00 AOCATTH i B 000X BUNIPOOYBAHHSIX. 3aMICTh I[OTO ar€HT
3a3BUYail TPOXU MOBEPTAB KIHIIIBKY 0 I[iJ11, aJie BCE OJJHO TOYMHAB MEePEMIIIyBaTUCS
MOB3 HET JI0 TOT0, SIK 3aKIHUUTHCS JOMYCTUMA KUIBKICTh KPOKIB, MMOJIOHO 10 CTpaTerii

CJIIIyBaHHsI 32 CTIHOO. B 0JTHOMY 3 pillileHb areHT NoBepTa€ KiHIIBKY O€3M10CEpEIHbO
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70 LI, KOJM BOHA NOTparuiie B TMOJ€ 30py s 000X BHUNPOOyBaHb, TOMY
BUSIBJISIETHCS, 110 3a7a4a Oysa po3B’si3aHa 3 BUKOPUCTAHHAM TOIOJIOTIT CyOCTpaTHOI
Mepexi. s Aesikux pilieHb CIpaBeIIUBO HACTYMHE: AKIIO JAaTH TPOXH OlbIie
KpPOKiB, TO KIiHI[IBKa JOCSTHE IILJIi, CIIYIOYM KOPOTKOIO TPAEKTOPIEID «3racaruoi

opOITHY.

0.7 1 —@— YCnilWHICTh

—&— (CepelHA 3aNMWKOEa BiOCTaHb OO Limi

¥oniwHICTe / cepOHA BIgCTade oo uini, %

1] 200 400 GO0 goa0 1000
MoKoniHHA

Puc. 27 TlponyKTUBHICTB AJIs 3aBAaHHS 2 JIOCATHEHHS IIJIbOBOTO 00’ €KTa areHTOM-
pOOOPYKOIO Ha CIIEHI 3 IEPENIKOA00, ycepeaHeHa 3a 20 3amyckiB

Kpim Toro, mpocTe 301IbIIIEHHS YACTOTH MYyTAIlii JJis JJOJIaBaHHS CTPYKTYPHHUX
eneMeHTIiB abo 3MiHM 3HaueHb Baru B CPPN no3onuno 6 HyperNEAT yHukHyTH
JIOKaJIBHOTO ONITUMYMY.

Memoo nopieusuHs 051 BUOOYMEOPEHHS NPU BUKOPUCMAHHI KOOYBAHHSL
2inepxyba. BusBieHo, 1m0 B 000X 3aBAaHHAX JOCATHEHHS ILJILOBOIO 00 €KTa
po6opykoro HyperNEAT wmaB cuibHY TEHICHIIIO 3acTpsraTd B JIOKAJIbHHUX
ontumyMmax. lle TumoBa mpoOiiema aJisi €BOJIOMIMHUX anropuT™MiB. KoMIOHEHT
NEAT B HyperNEAT (T00TO YyacThHa MeTONy, sIKa reHepye QPyHKIIIi, 110 KOIYIOTh
BaroBWi MIa0JIOH JUTsi CyOCTpaTy) BUKOPUCTOBYE THUTI crienudikallii, mo po3noauise

HpI/IHaCOBaHiCTB, IJ_[O6 AOIMOMOI'TH YHUKHYTH 3aCTPATraHHA B JIOKAJIbHUX OIITUMYMax.
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OpHak 11bOTO, HOTO BUSBUIIOCS HEJOCTATHHO U1l YHUKHEHHSA L€l MpoOieMu Jist
OaraThoX KOMOIHAIlIN 1 Bapialliii TpEHyBaJbHUX IM1IXO/IB.

NEAT Bu3Hauae, 41 HAJICKUTH OCOOMHA /10 ICHYIOYOTO BUAY 200 CyMICHA 3 HUM
3a JIOTIOMOT'OI0 YHIKQJIbHOTO METOMAY, SIKMH IO CYTI MOPIBHIOE MOAIOHICTH PEIITH
TeHETUYHOI CHAAIIMHA OCOOMHU Ta MPEACTAaBHHUKA BUAY. TakuM YHHOM YITKO
HiATPUMY€ETHCA TeHETUYHA PI3HOMAHITHICTh. X04a IMOKa3aHo, 1110 BUJ0OYTBOPEHHS 32
JIOTIOMOT'OI0 1IOT'0 METO/1y MOPIBHAHHSI MOKPAITWIO MPOAYKTUBHICTH €BOJIIOIIHHOTO
MPOLIECY, BiH SBHO HE 1/I€aTbHUIA.

Konu eBomomiiiHUA anroput™M BUKOPHUCTOBYETHCS AJII PO3POOKH BaroBUX
GYHKIINA 1711 CXeMU KOJIyBaHHS TirmepKy0a, 11 BIAKPUBAE 1HITUN MOKIUBUN CIIOCIO
MOPIBHSIHHS MOAIOHOCTI T€HOTHMIB, 00 a00 3aMiHUTH, a00 JOMOBHUTU TOH, IO
BUKOpucTOBY€eThCss B NEAT. J[Ba reHOTHMNN MOKHA MOPIBHATH LUISIXOM IMPSMOTO
MOPIBHSHHS BUXOY IXHIX BaroBUX (PYHKIIIH 3 pI3HUMH BX1JIHUMU 3HAYEHHIMH, 200,
TOYHIIIE, 3aMUTYIOUN BaroBl PYHKIIi 3 HU3bKOIO PO3JILIBHOIO 3/IaTHICTIO B MEKax
Jlana3oHy 3Ha4Y€Hb, 110 BUKOPUCTOBYIOTHCA B KOJyBaHHI rinepkyOa. CkaispHe
3HAYEHHA MOJAI0HOCTI MOX€E OYTH 3r€HEpPOBAaHO 3a JI0MOMOTr0I0, HAaPUKIad, PyHKIIIT
CepeAHBOKBAAPATUYHOI PI3HUINI a0o0 1HIIOI (yHKINI, HaJTAITOBAaHOI IS IILOTO
3aBaaHHs. IlepeBara Takoro MeToay MOPIBHSHHA IMOJSTaE B TOMY, IO (PaKTUYHI
3HAUYEHHS Barv, CTBOPEHI (DYHKIIIEID Baru, MOXYTb OyTH KpauluM MOKa3HHUKOM
MOBEIIHKH, HIXK crienn(piyHuN TeHeTUYHUM BMICT 1HIMBIIB, 1, 0TXKE, 3a0e31euyBaTh
Kpalui crnoci0 MiATPUMYBaTH TMOBEAIHKOBY PI3HOMAHITHICTh, 1100 YHUKHYTH
3aCTpATaHHS B JIOKAJIbHUX ONTUMyMax. Po3/isibHa 31aTHICTB, 3 AKOIO BaroBi QyHKIIIT
3aMUTYIOTHhCS, BU3HAYATUME SIKICTb TOPIBHSIHHS, 3a0€3Meuyr0Yd MaciiTaboBaHUMN
METOJ SIKOCTI MOPIBHSIHHS B TOpPIBHSHHI 3 4YacOM, BUTPAY€HUM Ha BHKOHAHHS

MOPI1BHSHb.

4.5 BUCHOBKH /10 YeTBEPTOr0 PO31iay

Po3pobka mporpamMHux 3aco0iB i aJanTHBHOTO HABYAHHS YIPaBISIOYUX
Mozeliell poOOpyKH Ha OCHOBI HEHPOMEPEXK, IO BUKOPUCTOBYIOTh 300pa)KEHHS 3

KaMepH, BUMarae KOMIUIEKCHOTO MiIX01y, [0 Ma€ BpaxoOBYBaTH BapIaTUBHICTh YMOB
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CepeoBHINA, MAKCUMAJIbHO HAOIMXKEHHX 10 peanbHOro cBity. [lo3uiioHyBaHHS
po00YOT KIHIIIBKM Ma€ 3HAYHUH MPOCTIP MOIIYKY, 1110 MOKE OYTH TaKOX YCKIJIaJITHEHO
pPI3HUM TpEACTaBICHHSM BXIJHUX JaHUX: SK HAOOpy 3HAaY€Hb CEHCOpPIB, TaK 1
BXITHUM 300pakeHHsM. JlJI1 yMOB JOBUIBHOTO CEpeJOBHUINA MarlTh OyTH
BUKOPHUCTaHI YIPABJISIIOYl MPOrpamMHi 3aco0H, 10 BHUKOPUCTOBYIOTH 3HaHHS,
HAKOIWYEHI TTi]] 9ac B3a€MOIII 3 ITUM CEPEIOBUIIEM.

Po3rnsaHyTOo OCHOBHUM 1HCTpyMEHTapid, sSKuUi Mae OyTH TIPEACTaBICHO Y
porpaMHOMY 3ac001 /1 e(heKTUBHOTO AOCIHIKEHHS HEUPOEBOIIOIIHHOTO M1XO0MY
710 HaBYaHHS KOHTPOJIEPIB pOOOPYKH. A TaKOX MPEACTAaBICHO Po3poOIeHHit 3acio,
SKUKU 3a0e3nedye JOCTYIMHHHN iHTepdeic mas poOoTH 3 HAOOPOM CEepeIOBHIN JJIs
BUKOHAHHS 3a/1a4, SK1 PEJCTaBISAI0Th OCHOBHHI 1HTEpEC y poOOTI poO0UYOi KIHLIBKU
po0oTa. 3ae’KHO Bl TUIY BXIJHUX JaHUX Ta XapaKTEPUCTUK areHTa, MPOTpaMHUN
3aci0 Hajae HaOIp IHCTPYMEHTIB JJIsl HAJAIITYBaHHsS SK CaMOTO areHTa Ta HOro
B3a€EMO/IIi 3 CEpEOBUIIEM, TaK 1 MApaMETPIB JOCITIIKYBAaHOTO HEUPOEBOJIOIIHHOTO
ANTOPUTMY.

Hocmipxeno epexktuBHicTh Metoxy HYPerNEAT s 3amau areHTa-poOOpyKH,
10 TOKPAIIYIOTh 37aTHICTh AJITOPUTMY 3HAXOAWTH I1HHOBAIIHI Ta e(peKTUBHI
pIIICHHS, COPUSIIOYM PO3BUTKY OIIBII YHIBEPCATBHUX 1 MOTYKHHX apXITEKTyp
HEUPOHHUX MEPEXK.

BcranoBneno, 1mo po3poOka ONTUMAIBHUX  3ac00IB  YNpaBIiHHA 13
3actocyBaHHIM Metony HyperNEAT moke 3abe3neuntu BUCOKY €(EKTUBHICTH
MPOrpamMHOro YIpaBJiHHSA, a TaKOX MIHIMaJbHY KOH(Irypauiro mojaeni. MainOyTHi
JIOCTKEHHSI 3 BHUKOPUCTAHHSM IPEJICTaBICHOIO MPOTrpamMHOro 3acoly s
BUPILICHHS 3a]1a4 MaHIMyJIOBaHHS Ta NO3ULIOHYBaHHS MPEICTaBIIAIOTh OCOOIMBUI
1HTepeC IS TOKPAIIEHHS MPOTrpaMHUX KOHTPOJIEPIB yIPaBIiHHSI POOOTH30BAHUMHU

KIHI[IBKAMU B JUHAMIYHUX YMOBaX PEajbHOTO CBITY.
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BUCHOBKU

VYV nmuceprariiiHiii poOOTI BHUPIIIEHO aKTyallbHY HAyKOBO-TEXHIUHY 3ajady
CTBOPEHHsSI Ta BJIOCKOHAJIEHHS METOIB Ta MPOrPaMHUX 3acO0IB aBTOMATHU30BAHOI
pO3pOOKH aAanTUBHUX MOJEJIEH YNPaBIiHHA POOOTH30BAHOK CHUCTEMOIO 3
3aXBATHUM MPUCTPOEM.

B pesynbTati gucepTaiiiHoro JOCHIKEHHS OTPUMAHO Takl OCHOBHI HAyKOBI
pE3yJIbTATH:

1. Po3poOneHo MeToJl aBTOMAaTW3allii CTBOPEHHS HEWpoOMepex  JUis
MPOTPAMHOTO YIPABIIHHSI POOOTHU30BAHOIO KIHI[IBKOIO 3 BUKOPUCTAHHSIM
ITOPUTMIB HEHPOEBOJIOLIi. /[ 1bOro 3ampoONOHOBAHO METOJ MOLIYKY
HOBU3HHM B HEMPOEBOJIOIIT, 110 JO3BOJISIE IPUCKOPUTH MPOIEC PO3POOKU
MporpaMHUX 3aco0iB YINpaBIiHHS [IJIE HOBHX 3ajad poOOTH30BaHOI
KIHI[IBKH, IO MIATBEP/KYETHCA 3a JOTOMOTOI HaBYAHHS Y TECTOBUX
CepeoBUIIIAX Ta OLIHKUA €PEKTUBHOCTI OTPUMAHOT MOJEI1

2. Po3po0OiieHO MeToNm MIABUIIECHHS TOYHOCTI CHCTEMH aBTOMAaTH30BaHOL
PO3pOOKH HEHPOMEPEIKEBOTO MPOrPAMHOrO YIpPaBIiHHSI POOOTH30BAHOIO
KIHI[IBKOIO 3 BHUKOPHUCTAaHHSM BXIJIHMX JaHUX 3 KaMepu Ha OCHOBI
BUKOPUCTAHHS METOJIB KOMIT IOTepHOro 30py. lle Hamae MOXIMBICTBH
HaBUYaHHs pOOOTHU30BAaHUX AreHTIB HAa TECTOBHX CEPEJOBUINAX B YMOBAX,
o0 HaOJMXKEHl [0 pealbHUX, AK€ BPAXOBYIOTh IOXUOKH KaMepH.
3anponoHOBaHU METOJI HaBYAHHS BIAPI3HAETHCS BiJ ICHYIOUMX THUM, IO
JT03BOJISIE HAJIAIITOBYBATH KOH(ITYpalil0 KaMepH y HaBYaJIbHIN cHCTeMi
JUISL afanTaliii MoJiesi 10 peayibHO1 KOH(pIrypariii poOOTH30BaHOI CUCTEMH.

3. Po3pobiieno mporpamMHy peanizaifito i OIIIHKA BIUIUBY TMOXUOOK
napamMeTpiB  KamMepd Ha  TOYHICTh  MPOTPaAaMHOTO  YNPaBIIIHHS
pOOOTHU30BAHOIO  KIHLIBKOIO. 3/1MCHEHO OIIHKY BIUIMBY MOXHOOK
napaMeTpiB KajgiOpyBaHHS Ha TOYHICTh BHUKOHAHHS pPOOOTH30BaHUM

areHTOM BKa3aHOI'0 3aBJaHHs. BcTaHOBIIEHO, IO MIJBHUINCHHS TOYHOCTI
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KamiOpyBaHHS KamMep MOXE HaJaTH MOXJIHMBICTh OTPUMATH TPHUPICT
TOYHOCTI TpUBUMIpHOiI Mojieii 10 60%

Po3pobneno mporpamMHy peamizamiio JJis aBTOMaTH30BAaHOTO HaBYAHHS
HEeHpOMEepeKEBOT MOJIENI CUCTEMU JIJIsl BAKOHAHHS MaHIMYJISLIMHUX 3a7a4
POOOTH30BAHOIO KIHI[IBKOIO Y HABUAJIBHUX CEPEOBUINAX 3 BAKOPUCTAHHIM
MOIIYKY HOBU3HHM. [[71s1 3a1a4 areHTa-poOopyKH, 110 OTpUMYE 1HPOPMAITi0
PO CTaH CEepEIOBHUINA 3 KAMEPH, Pealli30BAHO HABUYAHHS 3 BUKOPUCTAHHSIM
METO/Iy Ha OCHOBI TiTepKyoa.

BukoHaHo ekcnepuMeHTajdbHI poOOTH 3 TMepeBipkd  e(eKTHBHOCTI
pO3po0JIeHNX METO/IIB Ha BiIoMUX TecToBUX cepenosuiax OpenAl Gym 3
BUKOPUCTAaHHSAM pealTi30BaHUX MporpaMHUX 3aco0iB. BcraHoBieHo, 110
BUKOPUCTAHHA  TIONIYKY  HOBM3HH  SK  METOJQYy  ONTHMI3allii
HEHWPOEBOIOIIMHOTO MPOLIECY IS BHPIMICHHS 3a7ayl MO3WIIOHYBaHHS
JTO3BOJISIE MIJIBUIIUTH €(EKTUBHICTh HABYAJIBHOTO MPOLIECY Ta OTPUMATH
ONTUMAJIbHY TOIOJIOTII0 YNPAaBIAIOYOi MEpexi. [JIs areHry, Mo
BUKOPUCTOBYE 300paKEHHS 3 KaMepH, METOJl Ha OCHOBI TrilepKyoa
nokpairye e(OeKTUBHICTh HAaBYAHHS MOJENl 32 PaxXyHOK BHKOPUCTAHHS
BiIOOpakeHHs TreoMeTpii (eHOTHUny cyOcTpaTy INTYy4YHOI HEWPOHHOI
Mepexxi Ha Horo mabiioH 3B’S3KIB HAa OCHOBI TINEPKYyOy, CHPUSIOUYH
PO3BUTKY OUIBII YHIBEPCAIBHUX 1 MOTYXKHUX apXITEKTyp HEHPOHHUX

MEpEex.

[IpakTUyHE 3HAUYEHHS OJIEP)KAHUX PE3YJIBTATIB MOJISITA€ Y €KCIIEPUMEHTAIBHO

MIATBEP/DKEHIM €(EeKTUBHOCTI MPEJCTABICHUX METOMIB Ha BIJOMHUX TECTOBUX

cepenoBuiax OpenAl Gym a1t nepeBipKH IKOCTI HEUPOEBOIIOLINHUX aITOPUTMIB

SK JJI TBOBUMIPHUX MOJIENIEH CEPEIOBHIIL, TaK 1 JIsl TPUBUMIPHHUX, A€ 1HHOpMAITiT0

PO CTaH CePeIOBUIIA pOOOTU30BAHUHN areHT OTPUMYE 3 KaMepH, 110 HAOIMKEHO J10

poOOTH CHCTEMH B yMOBaX peajabHOro cBiTy. OTpUMaHO TATEHT Ha 3acobu

KamiOpyBaHHSI KaMepH JUIsl TMIABUINEHHS SKOCTI BXIIHMX JIaHUX 3 KaMepH, IO

BUKOPHUCTOBYETHCS JJIsl aBTOMATU30BAHOT'O YIIPABIIHHS pOOOTHU30BaHOO KIHI[IBKOIO.

PeastizoBaHo MeTO1 MOIIYKY HOBU3HHM TIij] YaC aBTOMATU30BAaHOTO HaBYAHHS MOJIEN1
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CUCTEeMH MJI JBOBUMIPHOTO CEpEJOBHINA Ta METOJ Ha OCHOBI rimepkyba s
TPUBUMIPHOTO CEPEIOBUIINA ITPU BUKOHAHH1 MaHIMYJIAIIHHUX 33]1a4 pOOOTHU30BAHOIO
KIHI[IBKOIO. BCTaHOBIEHO, 10 BUKOPUCTAHHS TWPEACTABICHUX METOMIB ¥y
HEHWPOEBOIIOLIMHOMY TpOIIeC Ui BHUPIIMICHHS 3a7a4l MO3UIIIOHYBaHHS J03BOJISIE
HiBUITUTH €()EKTUBHICTH MPOICCY HaBYaHHS MEPEXi Ta OTPHUMATH ONTHMAJIbHY

TOTIOJIOTIIO YIPABIISIOU0T MEPEXKI.
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JTOJATKH

Jomatok A. AKTHM NpPo BHIPOBAIKEHHSI Pe3yJbTATIB JUCEPTALIMHOL

podoTu

AKT

Npo BNPOBAKEHHs Pe3y IbTATIB AHcepTauliiiHoi po6oTH
Bitiok Anbonu €BreniiBHu

Komicis B ckmani: romoBu kowmicii pgupektopa TOB Inrexdopsapn
€.B. Kpwiosa, wneniB kowmicii: menemkepa C.I. KpmwioBoi Ta imkeHepa
LI. Kazmupuyka CKJaja ued axkT npo Te, IO pe3ylbTaTd, OTPUMaHi B
aMcepTaliifHOMY JOCHi/KeHH] acnipaHTKu HalioHabHOrO TEXHIYHOTO YHIBEPCHTETY
«KuiBcpkuil monitexHiynuit iHctutyT imeni Irops Cikopcekoro» BiTiok AbOHH
€BreniiBHM, peani3oBaHi IpH BIPOBADKEHHI pO3poOKH aBTOMAaTH30BAHOIO
yIpaBliHHS poboTH3oBaHMMH cucTeMamu. Tema aucepranii «Meroau i mporpamHi
3aco0M JUIs aBTOMATH3allii ynpaBiiHHs poGOTH30BAHOIO KiHIIiBKOIOY.

ITpuiinaTi 10 BIpOBaJUKEHHs Taki pe3yJbTaTH AOCIIIKEHHSA: METOM MOLIyKY
HOBU3HM B HeHpoeBONIOWii Ui aBTOMAaTH3aUil I[POrpaMHOr0  yNpaBIIiHHA
poOOTH30BAHOIO KiHIIIBKOK; METOJ ITiIBUIIEHHS SKOCTI BXiJIHMX JaHHX 3 KaMepH, SKi
BHKOPHCTOBYIOTBCS JJIsi aBTOMATU30BaHOrO YIpPaBITiHHSA poOOTH30BaHOIO KiHIIBKOIO,
1[0 HaZla€ MOXJIMBICTh HaBYaHHs POOOTU30BAHUX areHTIB Ha TECTOBUX CEpelOBHIIAX
B YMOBaX, IO HaOJMIKEHI O pealbHUX; aITOPHTM I OLIHKH BIUIMBY IOXHOOK
napaMeTpiB KaMepH Ha TOYHICTh pOOOTH30BAHOI CHUCTEMH.

ImiTanifina MaremMaTH4Ha Mozenh pOOOTM30BaHOI CHCTEMH BiOTBOpWIA
MOBEIHKY 3aXBaTHOIO IIPHCTPOIO y PpI3HMX YMOBaX Ta CLEHapifiX YIpaBliHHS,
MiATBEpUKYI0UH €(EeKTUBHICTh Ta CTIMKICTh 3alIPONOHOBAHUX AITOPUTMIB.

aHMI aKT HE € MACTaBoIO M1 (DIHAHCOBHUX.B3aEMODO3 HKIB.
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«3ATBEPJDKVYIO»
Jlekan dakynerery iHpOpMaTHKK
Ta O0OUHCITIOBAILHOT TEXHIKH

-Cikopcbkoro

N
AWCTI
oW ¢

1. Kopnara
2023 p.

AKT

Npo BMNPOBAUKEHHs B HaByaiabHUM mnpouec kadeapu Inpopmauiinnx
cucTeM Ta TexHonoriit ¢akynbrery IHpopmaTHKH Ta 00UHCIIOBAIBHOT
TexHiku HauionanbHoro texuiuHoro yHisepcurety Ykpainn «KuiBcbkuii
nojiTeXHiuHuii  iHctutyt imeHi Iropst Cikopcbkoro» — pe3syJbTaTiB
auceprauiiinoi podotu Bitiox Anbonun €BreniiBun «Metoau i nporpamui
3aco0M U1s aBTOMaTH3auii ynpaBliHHS pOOOTHU30BAHOIO KiHLIBKOIOY,

nojaHol Ha 3100y TTs HAyKOBOIO CTYMEHs 10KTopa (inocodii.

Mu, o HUK4Ye mianucanucs: 3asigysau kadeapu IHdopmauiiinux cuctem Ta
TexHonorii, A.T.H. npo¢. Ponik O.I., nouent kapeapu iHpopmauiiiHUX cHCTEM Ta
TEXHOJIOTiH, K.T.H., foll. [Tacsko B.I1., Buenuii cexperap kadenpu, K.¢.-M.H., 10L.
[apunedko  O.B.  po3rnsiHyBlIM  MaTepiain  HaBYAIbHO-METOAUYHOTO
3abe3neuends Kypci: «CrieuianbHi po3ainu  matematku», «basn  naHux»,
«CucTeMHe MmporpaMyBaHHs», «AHaji3 JaHUX B iH(OpMaUiiiHO-ynpaBisOUuX
cucreMax»  sAKi MIArOTOBIEHI Ta BHKJIANAIOTBCS ACUCTeHTKOIO Bitiok A.€.,
BCTAHOBWJIM, 1110 B HABYAJIBLHOMY Mpoleci Ha J1abopaTOPHUX 3aHSITTSX, a TAKOX B
npoueci MiArOTOBKM MaricTepchbkux i OakalaBpChbKMX —aTecTauiiiHuX podit
BHUKOPHCTOBYIOTHCS TaKi HAYKOBI pe3yJIbTaTH, OTPUMAHI MCEPTAHTOM 0COOHUCTO:

e QITOPUTM 3aCTOCYBAHHS HEMpOEBONIOLIT, IO [03BOJISE ABTOMATH3YBATH
HABYAHHS  YMPaBisiouol HeipoMepeki JUIs  BHKOPHCTAHHS TpH  po3polui
MpOrpaMHUX pillieHb aHajli3y JaHuX;

e MEXaHi3MM 3aCTOCYBaHHsS QirOPHTMIB, SKi J03BOJSIOTE BHKOHYBATH

ABTOMATH30BAHE HaB"iaHHﬂ liEﬁKpOKOHTpO.ﬂepiB NPpHUKITAAHUX CHCTEM]
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e iHdopMaliiina TexHoNOris I aBTOMATM3allii  MpOLECiB  PO3pOOKH
NpOrpamMHOro KOay.

BripoBa/ukeHHs! pe3y bTaTiB aucepTaiiiinoi pobotn Bitiok A.€. B HaBuIbHHi]
MpOLEC A03BONINIO T/IBULLTH SKICTb IMiATOTOBKH CTYJICHTIB OCBITHBOTO DiBHS
«Bakanasp» crietianphocteii 121 «Imkenepis nporpamuoro 3abesneueHts» ta 126
«lHpopmauiiiHi cHCTEeMH Ta TEXHOJIOTI» Ha kapeapi [HpopmaLiiiHuX cHCTeM Ta
texnosoriit KII im. Iropst CikopcbKoro.

3asiayBau kadeapu
iHpOpMALIFiHIX CHCTEM Ta TeXHOJOTIH,
I.T.H., n1po@. & O.1. Ponik

JlouenT kadeapu
inhopMaLiHHKX CHCTEM Ta TeXHOJIOT1H,
K.T.H., J1O1L. B.IT. [Taceko

Buennii cekpetap kadenpu

inbopMaLiHHKX CHCTEM Ta TeXHOJIOTIH,
K.T H., JOLL. 0O.B. I'aBpuneHko
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Honaroxk b. Ilporpamuuit Ko

import os, sys

import argparse

from argparse import ArgumentDefaultsHelpFormatter
import pickle

import warnings

import multiprocessing as mp

import neat

from neat_gym.novelty import Novelty
sys.path.insert(0, '.")

from tools.gym_neat_config import GymNeatConfig
from tools.gym_hyper_config import GymHyperConfig
from tools.gym_population import GymPopulation

from tools.reporter import SaveReporter, _StdOutReporter

parser = argparse.ArgumentParser(
formatter_class=ArgumentDefaultsHelpFormatter)
group = parser.add_mutually exclusive_group()
parser.add_argument('configfile', metavar='CONFIGFILE',
help="input config file")
group.add_argument('—is_hyper', action='store_true', help='Use HyperNEAT')
group.add_argument('—is_eshyper', action='store_true’,
help="'Use ES-HyperNEAT'")
parser.add_argument('—is_novelty', action='store_true’,
help="Use Novelty Search')
parser.add_argument('--maxtime', default=None, type=int,
help="Maximum time in seconds')

args = parser.parse_args(["config/kuka", "--hyper"])

if args.is_hyper:

config = GymHyperConfig(args)
if args.is_eshyper:

config = GymEsHyperConfig(args)
else:

config = GymNeatConfig(args)
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stats = neat.StatisticsReporter()

pop = (NoveltyPopulation(config, stats)
if config.is_novelty()

else GymPopulation(config, stats))

pop.add reporter(_StdOutReporter(show species detail=False))
pop.add_reporter(stats)

pop.add_reporter(SaveReporter(config.env_name,
config.checkpoint,
args.novelty))

print("ParallelEvaluator cpu count: ", mp.cpu_count())

pe = neat.ParallelEvaluator(mp.cpu_count(), config.eval genome, timeout=20)
winner = pop.run(pe.evaluate, config.ngen, args.maxtime, config)

config.save_genome(winner)

[Taxer tools, Mogynb gym neat config

from configparser import ConfigParser

import os

import random

import pickle

import neat

from neat.nn import FeedForwardNetwork
from neat.math_util import mean, stdev

from neat.config import ConfigParameter

from neat_gym import _gym make, _is discrete, eval_net

from pureples.shared.visualize import draw_net

class GymNeatConfig(object):
parameters = [ConfigParameter('pop_size', int),
ConfigParameter('reset_on_extinction', bool),
ConfigParameter('fitness_criterion', str),
ConfigParameter('fitness_threshold', float),

ConfigParameter('no_fitness_termination', bool, False)]
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def __init__ (self, args, layout=None):

if not os.path.isfile(args.configfile):
print('Config file does not exist: %s' %
os.path.abspath(args.configfile))
exit(1)

self.genome_type = neat.DefaultGenome
self.reproduction_type = neat.DefaultReproduction
self.species_set_type = neat.DefaultSpeciesSet

self.stagnation_type = neat.DefaultStagnation

parameters = ConfigParser()
with open(args.configfile) as f:
if hasattr(parameters, 'read file'):
parameters.read_file(f)
else:

parameters.readfp(f)

self.node_names = {}

try:
names = parameters['Names']
for idx, name in enumerate(eval(names['input'])):
self.node_names[-idx-1] = name
for idx, name in enumerate(eval(names['output'])):
self.node_names[idx] = name
except Exception:

pass

param_list names = []

for p in self.__params:
if p.default is None:
setattr(self, p.name, p.parse('NEAT', parameters))
else:
try:
setattr(self, p.name, p.parse('NEAT', parameters))
except Exception:

setattr(self, p.name, p.default)
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warnings.warn('Using default %s for %s' %
(p.default, p.name), DeprecationWarning)

param_list names.append(p.name)

self.check_params(args.configfile, parameters, 'NEAT')

self.check_params(args.configfile, parameters, 'Gym')

gympar = parameters['Gym']
env_name = gympar['environment']

self.reps = int(gympar['episode_reps'])

env = gym_make(env_name)

if layout is None:
num_inputs = env.observation_space.shape[0]
#tnum_inputs = env.observation_space['observation'].shape[0]
if _is_discrete(env):
num_outputs = env.action_space.n
else:
num_outputs = env.action_space.shape[9]
else:
num_inputs, num_outputs = layout

print('num_inputs is ', num_inputs)
print('num_outputs is ', num_outputs)

genome_dict = dict(parameters.items(self.genome_type._ name__))

genome_dict[ "num_inputs'] = num_inputs

genome_dict[ "num_outputs'] = num_outputs

self.genome_config = self.genome_type.parse_config(genome_dict)

stagnation_dict = dict(parameters.items(self.stagnation_type._ name_ ))
self.stagnation_config = \

self.stagnation_type.parse_config(stagnation_dict)

self.species_set_dict = \
dict(parameters.items(self.species_set_type. name_ ))
self.species_set_config = \

self.species_set_type.parse_config(self.species_set_dict)

self.reproduction_dict = \
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dict(parameters.items(self.reproduction_type. name_ ))
self.reproduction_config = \

self.reproduction_type.parse_config(self.reproduction_dict)
self.env_name = env_name
neatparams = parameters[ 'NEAT']
self.checkpoint = self.get_with_default(neatparams, 'checkpoint’,
lambda s: bool(s), False)
self.ngen = self.get_with_default(neatparams, 'generations’,
lambda s: int(s), None)
self.seed = self.get_with_default(neatparams, 'seed',
lambda s: int(s), None)
random.seed(self.seed)
self.max_episode_steps = env.spec.max_episode_steps
if self.max_episode_steps is None:
self.max_episode_steps = 400

self.env = env

self.current_evaluations = ©

self.total_evaluations = @

self.novelty = GymNeatConfig.parse_novelty(args.configfile) \

if args.novelty else None

self.params = parameters

self.gen = @

self.activations = 1

def evaluate_net_mean(self, net, genome):

return (self.evaluate_net _mean_novelty(net, genome)

if self.is_novelty()

else self.eval _net_mean_reward(net, genome))

def evaluate_net_mean_reward(self, net, genome):
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reward_sum = @

total steps = ©

for _ in range(self.reps):
reward, steps = eval_net(net,
self.env,
activations=self.activations,
seed=self.seed,
max_episode_steps=self.max_episode_steps,
report=False)

#tcsvfilename="eval log.csv')

reward_sum += reward

total_steps += steps

return reward_sum/self.reps, total_steps

def evaluate_net_mean_novelty(self, net, genome):
reward_sum = @

total _steps = ©

behaviors = [None] * self.reps

for j in range(self.reps):

reward, behavior, steps = self.evaluate_net_novelty(net, genome)
reward_sum += reward
behaviors[j] = behavior

total_steps += steps

return reward_sum/self.reps, behaviors, total_steps

def evaluate_net_novelty(self, net, genome):
env = self.env
env.seed(self.seed)
state = env.reset()

steps = 0

is_discrete = _is_discrete(env)

total_reward = ©
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while self.max_episode_steps is None or steps < self.max_episode_steps:

for k in range(self.activations):

action = net.activate(state)

action = (np.argmax(action)

if is_discrete

else action * env.action_space.high)

state, reward, done, info = env.step(action)

behavior = info['curr_posn']

total_reward += reward

if done:

break
steps += 1
if steps == self.max_episode_steps:
total_reward = total_reward - 10
env.close()
return total_reward, behavior, steps
def save_genome(self, genome, count=0):
name = self.make_name(genome, count)
net = FeedForwardNetwork.create(genome, self)
pickle.dump((net, self.env_name), open('models/%s.dat’' % name, 'wb'))
GymNeatConfig.draw_net(net,
'visuals/%s-network' % name,
self.node_names)
def is_novelty(self):

return self.novelty is not None

def make_name(self, genome, count=0, suffix='"):
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return '%s_s%s_ckd_f%+010.3f' % \

(self.env_name, suffix, count, genome.actual fitness)

def get with_default(self, params, name, fun, default):

return fun(params[name]) if name in params else default

def check _params(self, filename, params, section_name):
if not params.has_section(section_name):

self.error('%s section missing from configuration file %s' %

(section_name, filename))

def error(self, msg):
print('ERROR: ' + msg)
exit(1)

def draw_network(net, filename, node_names):

draw_network(net, filename=filename, node_names=node_names)

os.remove(filename)

@staticmethod

def evaluate_genome(genome, config):
print("eval_genome started")
net = FeedForwardNetwork.create(genome, config)

return config.eval net_mean(net, genome)

@staticmethod
def parse_novelty(cfgfilename):

novelty = None

parameters = ConfigParser()

with open(cfgfilename) as f:
if hasattr(parameters, 'read_file'):
parameters.read_file(f)
else:

parameters.readfp(f)

try:

names = parameters['Novelty']
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novelty = Novelty(eval(names['k']),
eval(names[ 'threshold']),
eval(names['limit']),
eval(names[ 'ndims']))
except Exception:
print('File %s has no [Novelty] section' % cfgfilename)

exit(1)

return novelty

[TakeT tools, Momys gym_population

from time import time

import numpy as np

import matplotlib.pyplot as plt
import neat

from neat.population import Population, CompleteExtinctionException

class GymPopulation(Population):

def __init__ (self, config, stats):
Population. init_ (self, config)
self.config = config
self.stats = stats

def run(self, fitness_function, ngen, maxtime, config):

print("maxtime is ", maxtime)

gen = 0
start = time()
count = ©

while ((ngen is None or gen < ngen)

and (maxtime is None or time()-start < maxtime)):

self.config.gen = gen

gen += 1
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self.config.current_evaluations = @

self.reporters.start_generation(self.generation)
try:

for i, p in self.population.items():

print("Pop is ", type(i), type(p))

fitness_function(list(self.population.items()), self.config)
except:

print("fitness_function call failed!")

continue

print("fitness_function succeeded")

best = None

for g in self.population.values():

if g.fitness is None:
raise RuntimeError('Fitness not assigned to genome %d' %
g.key)
g.fitness, g.actual fitness, evaluations = (
self.parse_fitness(g.fitness))
self.config.current_evaluations += evaluations
self.config.total_evaluations += evaluations
if best is None:

best = g

else:
if g.actual_fitness > best.actual_fitness:

best = g

self.reporters.post_evaluate(self.config,
self.population,
self.species,

best)

if (self.best_genome is None or
best.actual fitness > self.best genome.actual fitness):

self.best_genome = best

if not self.config.no_fitness_termination:

fv = self.fitness_criterion(g.actual_fitness
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for g in self.population.values())

if fv >= self.config.fitness_threshold:
self.reporters.found_solution(self.config,
self.generation,
best)

break

self.reproduce()

if not self.species.species:

self.reporters.complete_extinction()

if self.config.reset_on_extinction:
self.create_new_pop()
else:

raise CompleteExtinctionException()

self.species.speciate(self.config,
self.population,

self.generation)

self.reporters.end_generation(self.config,
self.population,

self.species)

self.generation += 1

if(count%100 == 0):
config.save_genome(self.best_genome, count)
self.plot_species()

count += 1
if self.config.no_fitness_termination:
self.reporters.found_solution(self.config,
self.generation,
self.best_genome)

self.plot_species()

return self.best_genome
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def reproduce(self):
self.population = \
self.reproduction.reproduce(self.config, self.species,
self.config.pop_size,

self.generation)

def create_new pop(self):
self.population = \
self.reproduction.create_new(self.config.genome_type,
self.config.genome_config,

self.config.pop_size)

def parse_fitness(self, fitness):

return fitness[0@], fitness[0®], fitness[1]

def plot_species(self):
species_sizes = self.stats.get species_sizes()
num_generations = len(species_sizes)

curves = np.array(species_sizes).T

fig, ax = plt.subplots()

ax.stackplot(range(num_generations), *curves)
filename = self.config.make_name(self.best_genome)
plt.title(filename)

plt.ylabel("Size per Species")

plt.xlabel("Generations")

plt.savefig('visuals/%s-species.pdf' % filename)

print("savefile ", 'visuals/%s-species.pdf' % filename)

plt.close()

[Taker tools, Moaynb novelty population

from gym_population import *
class NoveltyPopulation(GymPopulation):

def __init_ (self, config, stats):
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GymPopulation._ _init__ (self, config, stats)

def parse fitness(self, fitness):

actual_fitness, behaviors, evaluations = fitness
fitness = np.sum([@ if behavior is None
else self.config.novelty.add(behavior)

for behavior in behaviors])

return fitness, actual_fitness, evaluations
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CALIBRATION DEVICE AND METHOD OF
OPERATING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is based on and claims priority under 35
US.C. § 119(a) of a Korean patent application number
10-2018-0078930, filed on Jul. 6, 2018, in the Korean
Intellectual Property Office, the disclosure of which is
incorporated by reference herein in its entirety.

BACKGROUND

1. Field

The disclosure relates to calibration devices and methods
of operating the calibration devices.

2. Description of Related Art

With the recent advances in information technology (IT)
technology, cameras have evolved from traditional film
cameras to digital cameras. Also, in recent years, stereo
cameras capable of detecting three-dimensional distances or
depths have been developed.

The above information is presented as background infor-
mation only to assist with an understanding of the disclo-
sure. No determination has been made, and no assertion is
made, as to whether any of the above might be applicable as
prior art with regard to the disclosure.

SUMMARY

Aspects of the disclosure are to address at least the
above-mentioned problems and/or disadvantages and to
provide at least the advantages described below. Accord-
ingly, an aspect of the disclosure is to provide calibration
devices with an improved operating range and speed and
methods of operating the calibration devices.

Additional aspects will be set forth in part in the descrip-
tion which follows and, in part, will be apparent from the
description, or may be learned by practice of the presented
embodiments.

In accordance with an aspect of the disclosure, a calibra-
tion device is provided. The calibration device includes a
first calibrator configured to rotate or move a calibration
target device including at least one camera configured to
capture an image of target and acquire image information of
the target and at least one measurer configured to acquire
motion information of the calibration target device based on
an acceleration of the calibration target device and a rotation
direction of the calibration target device and at least one
processor configured to match a first coordinate system
corresponding to the at least one camera and a second
coordinate system corresponding to the at least one measurer
to a third coordinate system, simultaneously perform, based
on the third coordinate system, an image calibration opera-
tion with respect to the image information and a motion
calibration operation with respect to the motion information,
and generate calibration motion information via the image
calibration operation with respect to the image information,
and generate calibration motion information via the motion
calibration operation with respect to the motion information.

In accordance with another aspect of the disclosure, a
calibration method is provided. The calibration method
includes capturing an image of target and acquiring image
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information of the target, acquiring motion information of
the calibration target device by measuring an acceleration of
the calibration target device and by determining a rotation
direction of the calibration target device and matching a first
coordinate system corresponding to a camera configured to
capture the image of the target and a second coordinate
system corresponding to a measurer configured to acquire
the motion information of the calibration target device to a
third coordinate system simultaneously performing, based
on the third coordinate system, an image calibration opera-
tion with respect the image information and a motion
calibration operation with respect the motion information,
generating calibration motion information via the image
calibration operation with respect to the image information,
and generating calibration motion information via the
motion calibration operation with respect to the motion
information.

In accordance with another aspect of the disclosure, a
computer program product is provided. The computer pro-
gram product includes a non-transitory computer readable
recording medium including a program to perform opera-
tions of, capturing a target and acquiring image information
of'the target, acquiring motion information of the calibration
target device by measuring an acceleration of the calibration
target device and by determining a rotation direction of the
calibration target device and matching a first coordinate
system corresponding to a camera configured to capture an
image of the target and a second coordinate system corre-
sponding to a measurer configured to acquire the motion
information of the calibration target device to a third coor-
dinate system, simultaneously performing, based on the
third coordinate system, an image calibration operation with
respect to the image information and a motion calibration
operation with respect to the motion information, generating
calibration motion information via the image calibration
operation with respect to the image information, and gen-
erating calibration motion information via the motion cali-
bration operation with respect to the motion information.

Other aspects, advantages, and salient features of the
disclosure will become apparent to those skilled in the art
from the following detailed description, which, taken in
conjunction with the annexed drawings, discloses various
embodiments of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features, and advantages of
certain embodiments of the disclosure will be more apparent
from the following description taken in conjunction with the
accompanying drawings, in which:

FIG. 1A illustrates a first calibrator according to an
embodiment of the disclosure;

FIG. 1B illustrates a calibration device according to an
embodiment of the disclosure;

FIG. 2 illustrates a configuration of a computer device
according to an embodiment of the disclosure;

FIG. 3A shows a front view of a calibration target device
according to an embodiment of the disclosure;

FIG. 3B shows a top view of a calibration target device
according to an embodiment of the disclosure;

FIG. 4 illustrates examples of a target according to an
embodiment of the disclosure;

FIG. 5A illustrates a method of rotating a calibration
target device according to an embodiment of the disclosure;

FIG. 5B illustrates a method of rotating a calibration
target device according to an embodiment of the disclosure;
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FIG. 6 shows a calibration operation result according to
an embodiment of the disclosure;

FIG. 7 is a flowchart illustrating a calibration operating
method according to an embodiment of the disclosure;

FIG. 8 is a flowchart illustrating a calibration operating
method according to an embodiment of the disclosure; and

FIG. 9 is a flowchart illustrating a calibration operating
method according to an embodiment of the disclosure.

Throughout the drawings, it should be noted that like
reference numbers are used to depict the same or similar
elements, features, and structures.

DETAILED DESCRIPTION

The following description with reference to the accom-
panying drawings is provided to assist in a comprehensive
understanding of various embodiments of the disclosure as
defined by the claims and their equivalents. It includes
various specific details to assist in that understanding but
these are to be regarded as merely exemplary. Accordingly,
those of ordinary skill in the art will recognize that various
changes and modifications of the various embodiments
described herein can be made without departing from the
scope and spirit of the disclosure. In addition, descriptions of
well-known functions and constructions may be omitted for
clarity and conciseness.

The terms and words used in the following description
and claims are not limited to the bibliographical meanings,
but, are merely used by the inventor to enable a clear and
consistent understanding of the disclosure. Accordingly, it
should be apparent to those skilled in the art that the
following description of various embodiments of the disclo-
sure is provided for illustration purpose only and not for the
purpose of limiting the disclosure as defined by the
appended claims and their equivalents.

It is to be understood that the singular forms “a,” “an,”
and “the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “a com-
ponent surface” includes reference to one or more of such
surfaces.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another.

The terminology used herein is for the purpose of describ-
ing embodiments only and is not intended to be limiting of
embodiments. As used herein, the singular forms “a,” “an,”
and “the,” are intended to include the plural forms as well,
unless the context clearly indicates otherwise. Throughout
the specification, it will be understood that when an element
is referred to as being “connected” to another element, it
may be “directly connected” to the other element or “elec-
trically connected” to the other element with intervening
elements therebetween. It will be further understood that
when a part “includes” or “comprises” an element, unless
otherwise defined, the part may further include other ele-
ments, not excluding the other elements.

The use of the terms “a” and “an” and “the” and similar
referents in the context of describing the disclosure are to be
construed to cover both the singular and the plural. Also, the
steps of all methods described herein may be performed in
any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The disclosure is
not limited to the described order of the steps.

In the disclosure, the expression ‘some embodiments’ or
‘an embodiment” do not always indicate the same embodi-
ment.
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The disclosure may be described in terms of functional
block components and various processing steps. Such func-
tional blocks may be realized by any number of hardware
and/or software components configured to perform the
specified functions. For example, the functional blocks of
the disclosure may be implemented by one or more micro-
processors or circuit components for a predetermined func-
tion. Also, for example, the functional blocks of the disclo-
sure may be implemented with any programming or
scripting language. Functional aspects may be implemented
in algorithms that are executed on one or more processors.
Furthermore, the disclosure could employ any number of
techniques according to the related art for electronics con-
figuration, signal processing and/or control, data processing
and the like. The words “mechanism”, “element”, “means”,
and “configuration” are used broadly and are not limited to
mechanical or physical embodiments, but may include soft-
ware routines in conjunction with processors, etc.

Furthermore, the connecting lines, or connectors shown in
the various figures presented are intended to represent
functional relationships and/or physical or logical couplings
between the various elements. It should be noted that many
alternative or additional functional relationships, physical
connections or logical connections may be present in a
practical device.

A stereo camera may include a plurality of camera mod-
ules and synthesize image data imaged received from the
plurality of camera modules and provides a user with an
image having a sense of depth. An inertial measurement unit
(IMU) 1is partially embedded in equipment such as
unmanned aerial vehicles (drone), airplanes, satellites, etc.
and is an integrated unit for measuring the acceleration and
rotation rate, i.e., inertia, by using acceleration sensors and
gyroscope sensors and also measure a motion in a three-
dimensional space. The IMU may also measure the magnetic
field for azimuths. Recently, when it is not possible to
receive global positioning system (GPS) signals in tunnels,
buildings, or spaces where electromagnetic interference is
present, a technique for estimating a location based on
information of the IMU is useful in a system such as a
navigation system (GPS). In modern times, electronic
devices basically include cameras and IMUs. To operate the
stereo camera and IMU, it is necessary to calibrate each of
them.

Hereinafter, the disclosure will be described in detail by
explaining preferred embodiments of the disclosure with
reference to the attached drawings.

FIG. 1A illustrates a first calibrator according to an
embodiment of the disclosure.

Referring to FIG. 1A, a first calibrator 110 according to an
embodiment may include a calibration target device 111, a
first supporter 112, and a first rotator 113.

The calibration target device 111 according to an embodi-
ment may include at least one camera (not shown) capturing
a target (not shown) to obtain image information of the
target. The calibration target device 111 may also include at
least one measurer (not shown) acquiring motion informa-
tion of the calibration target device 111 based on at least one
sensor of an acceleration sensor (not shown) and a gyro-
scope sensor (not shown). The calibration target device 111
may include at least one of a camera and an IMU.

A measurer according to an embodiment may mean an
IMU. That is, according to an embodiment, the calibration
target device 111 may include at least one IMU.

An acceleration sensor measures an acceleration of a
moving object or an intensity of an impact between a
moving object and an obstacle. An acceleration sensor
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according to an embodiment may measure an acceleration of
the calibration target device 111. A gyroscope sensor is a
device measuring the rotational repulsive force generated
when an object rotates and converting the rotational repul-
sive force into an electric signal. A gyroscope sensor accord-
ing to an embodiment may measure a direction of rotation of
the calibration target device 111.

The calibration target device 111 may also include a
sensor capable of measuring a velocity, acceleration, azi-
muth, tilt, gravity, rotation, geomagnetic field, and magnetic
field, including the acceleration sensor and the gyroscope
sensor. That is, the motion information described in an
embodiment may mean information about velocity, accel-
eration, azimuth, tilt, gravity, rotation, geomagnetic field,
and magnetic field.

The calibration target device 111 according to an embodi-
ment may include a mobile phone, a tablet, a smart watch,
a surround view device, a TV, a computer, a notebook, a
virtual reality device, an augmented reality device, a mixed
reality device, a video security device, a navigation device,
and the like. It should be noted, however, that according to
a type of the calibration target device 111, the calibration
target device 111 of a specific type may not include the IMU.

When the camera included in the calibration target device
111 captures an image of the target before calibration is
performed, the captured image may basically include dis-
torted information. Therefore, a calibration device 100
according to an embodiment may be used to calibrate the
calibration target device 111 including the camera that
captured the image with respect to distorted information.
The calibration target device 111 on which calibration is
performed may obtain image information more similar to an
actual image of the captured image of the target than before
calibration is performed.

According to a similar principle, when motion occurs in
the calibration target device 111 before calibration on the
IMU is performed, motion information generated by the
IMU may basically include distorted information. Accord-
ingly, the calibration device 100 according to an embodi-
ment may calibrate the IMU included in the calibration
target device 111 with respect to the generated motion
information. The calibration target device 111 on which
calibration is performed may obtain more accurate motion
information than before calibration is performed.

The first supporter 112 according to an embodiment may
support the calibration target device 111 to be positioned
within the calibration device 100. As shown in FIG. 1A, the
first supporter 112 may support more than one calibration
target device 111. For example, as shown in FIG. 1A, the
first supporter 112 may simultaneously support the twelve
calibration target devices. By simultaneously supporting the
plurality of calibration target devices, the calibration device
100 according to an embodiment may simultaneously per-
form a calibration operation on the plurality of calibration
target devices. Accordingly, when there are the plurality of
calibration target devices on which calibration is to be
performed, the calibration operation may be simultaneously
performed, thereby reducing the time for performing the
entire calibration operation.

According to an embodiment, the first calibrator 110 may
include the first rotator 113 that allows the calibration target
device 111 to generate the motion information.

The first rotator 113 (or a rotation mover) according to an
embodiment may perform a movement or rotation operation
such that the calibration target device 111 may generate the
motion information. According to an embodiment, the first
rotator 113 may rotate in a 360-degree direction to move the
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calibration target device 111. According to an embodiment,
the first rotator 113 may repeatedly move the calibration
target device 111 by a predetermined angle. The first rotator
113 according to an embodiment may move the calibration
target device 111 such that the acceleration sensor and the
gyroscope sensor may measure information about a velocity,
azimuth, tilt, magnetic field, etc. The IMU may acquire the
motion information of the calibration target device 111 in
accordance with the movement or rotation operation of the
first rotator 113 according to an embodiment. The first
rotator 113 according to an embodiment may be a device
including all physical devices capable of moving the cali-
bration target device 111.

According to an embodiment, the first calibrator 110 may
include a processor (not shown). The processor according to
an embodiment may match a first coordinate system corre-
sponding to the camera and a second coordinate system
corresponding to the measurer to a third coordinate system
and, based on the third coordinate system, simultaneously
perform an image calibration operation on the image infor-
mation and a motion calibration operation on the motion
information, thereby generating calibration motion informa-
tion, which is a result obtained by calibrating the image
information and calibration motion information, which is a
result obtained by calibrating the motion information. The
operation of the processor will be described in more detail
later with reference to FIG. 2.

FIG. 1B illustrates a calibration device according to an
embodiment of the disclosure.

Referring to FIG. 1B, the calibration device 100 accord-
ing to an embodiment may include the first calibrator 110
described with reference to FIG. 1A and further include a
second calibrator 130 and a computer device 200. That is,
the calibration device 100 according to an embodiment may
include the first calibrator 110, the second calibrator 130,
and the computer device 200.

The first calibrator 110 according to an embodiment may
further include the first rotator 113, a first mover 115, and a
second mover 117. That is, the first calibrator 110 according
to an embodiment may include the calibration target device
111, the first supporter 112, the first rotator 113, the first
mover 115, and the second mover 117.

The first calibrator 110 according to an embodiment may
include the first mover 115 capable of moving the calibration
target device 111 in a Z axis direction. The first mover 115
may move the calibration target device 111 in the Z axis
direction to a position at a distance suitable for a camera of
the calibration target device 111 to capture an image of a
target 131.

The first calibrator 110 according to an embodiment may
include the second mover 117 capable of moving the cali-
bration target device 111 in a Y axis direction. The second
mover 117 may adjust a distance between the calibration
target device 111 and the target 131 by moving the calibra-
tion target device 111 in the Y axis direction.

The second calibrator 130 according to an embodiment
may include the target 131, a second supporter 132, a second
rotator 133, a third mover 135, a fourth mover 137, a fifth
mover 138, and a sixth mover 139.

The target 131 according to an embodiment may be a
display device for calibrating the camera included in the
calibration target device 111. The target 131 may be an
electronic display device or a plate directly replaceable by a
user.

The calibration target device 111 according to an embodi-
ment may acquire image information of the target 131 by
capturing the target 131.
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The second supporter 132 according to an embodiment
may support the target 131. In FIG. 1B, the second supporter
132 supports the target 131, but according to another
embodiment, more than one second supporter 132 may be
provided to respectively support more than one target 131.

The second rotator 133 according to an embodiment may
be connected to the second supporter 132 to rotate the
second supporter 132, thereby rotating the target 131. The
second rotator 133 may rotate the target 131 to position the
target 131 at a position suitable for the camera of the
calibration target device 111 to capture the image of the
target 131.

The third mover 135 according to an embodiment may be
connected to the second rotator 133 or the second supporter
132. The third mover 135 may move in the Z-axis direction
such that the target 131 may move in the Z-axis direction.
The third mover 135 may move the target 131 in the Z axis
direction to position the target 131 at the position suitable for
the camera of the calibration target device 111 to capture the
image of the target 131.

The fourth mover 137 according to an embodiment may
be connected to the third mover 135. The fourth mover 137
may move the third mover 135 in the Y-axis direction such
that the target 131 may move in the Y-axis direction. The
fourth mover 137 may move the target 131 in the Y axis
direction to position the target 131 at the position suitable for
the camera of the calibration target device 111 to capture the
image of the target 131.

The fifth mover 138 according to an embodiment may be
connected to the fourth mover 137. The fifth mover 138 may
move the fourth mover 137 in the X axis direction such that
the target 131 may in the X axis direction. The fifth mover
138 may move the target 131 in the X axis direction to
position the target 131 at the position suitable for the camera
of the calibration target device 111 to capture the image of
the target 131.

The sixth mover 139 according to an embodiment may be
connected to the fifth mover 138. The sixth mover 139 may
move the fifth mover 138 in the Y-axis direction such that the
target 131 may move in the Y-axis direction. The sixth
mover 139 may move the target 131 in the Y axis direction
to position the target 131 at the position suitable for the
camera of the calibration target device 111 to capture the
image of the target 131.

The coupling relationship among the third mover 135, the
fourth mover 137, the fifth mover 138, and the sixth mover
139 according to an embodiment is not limited to the
coupling relationship shown in FIG. 1B. For example,
although the third mover 135 is directly coupled to the fourth
mover 137 in FIG. 1B, in another embodiment, the third
mover 135 may be directly connected to the fifth mover 138.
In another embodiment, the third mover 135, the fourth
mover 137, the fifth mover 138, and the sixth mover 139
may move in the X, Y, and Z axes as one integrated device.

The computer device 200 according to an embodiment
may be connected to the first calibrator 110 and the second
calibrator 130 through a communication path 104.

The communication path 104 may be a network of various
kinds. For example, the communication path may include
wireless communication, wired communication, optical
communication, ultrasonic communication, or a combina-
tion thereof. The communication path 104 may also include
satellite communication, mobile communication, Bluetooth,
WiFi, infrared data association standard (IrDA), WiMAX,
and the like. Ethernet, digital subscriber line (DSL), fiber to
the home (FTTH), and existing general telephone services
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are also examples of wired communication that may be
included in the communication path.

According to an embodiment, the computer device 200
may be included in the first calibrator 110 integrally with the
first calibrator 110 or may be included in the second cali-
brator 130 integrally with the second calibrator 130. Accord-
ing to an embodiment, the first calibrator 110 may include
the computer device 200, and the first calibrator 110 may
include a processor.

FIG. 2 illustrates a configuration of a computer device
according to an embodiment of the disclosure.

Referring to FIG. 2, the computer device 200 according to
an embodiment may include a processor 210, a calibration
performer 215, a first calibration device controller 220, a
second calibration device controller 230, a calibration target
device controller 235, a display 240, a memory 250, an
input/output device controller 260, and a power supplier
270.

The processor 210 according to an embodiment may
control each of the calibration performer 215, the first
calibration device controller 220, the second calibration
device controller 230, the calibration target device controller
235, the display 240, the memory 250, the input/output
device controller 260, and the power supplier 270. The
processor 210 may include one or more of a central pro-
cessing unit, an application processor, or a communication
processor (CP). The processor 120 may perform, for
example, operations or data processing relating to control
and/or communication of at least one other component of an
electronic device.

The processor 210 according to an embodiment may
include at least one of the calibration performer 215, the first
calibration device controller 220, the second calibration
device controller 230, and the calibration target device
controller 235. That is, the processor 210 may perform an
operation of at least one of the calibration performer 215, the
first calibration device controller 220, the second calibration
device controller 230, and the calibration target device
controller 235.

The processor 210 according to an embodiment may
generate calibration motion information based on the first
calibrator 110 and generate calibration image information
based on the second calibrator 130.

The calibration performer 215 according to an embodi-
ment may generate at least one of the calibration motion
information and the calibration image information, based on
at least one of image information of the target 131 received
from the first calibrator 110 or the first calibration device
controller 220 and motion information of a calibration target
device.

The calibration performer 215 according to an embodi-
ment may match a first coordinate system corresponding to
a camera and a second coordinate system corresponding to
an IMU to a third coordinate system, which is a standard
coordinate system.

The first coordinate system corresponding to the camera
may be a coordinate system set with reference to the camera.
In an embodiment, when the center of a lens included in the
camera is the origin of the coordinate system, the coordinate
system may be set such that a front optical axis direction of
the camera is a Z axis, a downward direction of the camera
is a Y axis, and a right direction of the camera is an X axis.

The second coordinate system corresponding to the IMU
may be a coordinate system set with reference to the IMU.
In an embodiment, when the center of the IMU is the origin
of the coordinate system, the coordinate system may be set
such that a front direction of the center of the IMU is the Z
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axis, a downward direction of the center of the IMU is the
Y axis, and a right direction of the center of the IMU is the
X axis.

The third coordinate system, which is the standard coor-
dinate system, may be a coordinate system that unifies the
first and second coordinate systems that are different from
each other. By unifying the first and second coordinate
systems which are different from each other into the third
coordinate system, the calibration performer 215 according
to an embodiment may simultaneously perform an image
calibration operation and a motion calibration operation. In
other words, the image calibration operation on the first
coordinate system and the motion calibration operation on
the second coordinate system are not separately performed,
and the first and second coordinate systems may be matched
to the third coordinate system, and then the image calibra-
tion operation and the motion calibration operation may be
simultaneously performed on the third coordinate system.
Accordingly, the calibration performer 215 according to an
embodiment may quickly perform a calibration operation.

The calibration performer 215 according to an embodi-
ment may match the first coordinate system corresponding
to the camera and the second coordinate system correspond-
ing to the IMU, which are determined through a simultane-
ous localization and mapping (SLAM) algorithm, to the
third coordinate system, which is the standard coordinate
system.

The SLLAM algorithm may be an algorithm that simulta-
neously performs position measurement and mapping. The
SLAM algorithm may include a localization process of
self-locating and a mapping process of registering an image.

The calibration performer 215 according to an embodi-
ment may calculate a position of the camera in a first section
through the SLAM algorithm Accordingly, the calibration
performer 215 may calculate a trajectory of a movement of
the camera during the calibration operation. The first coor-
dinate system corresponding to the camera may be a coor-
dinate system with respect to the position of the camera in
the first section.

Also, the calibration performer 215 according to an
embodiment may calculate a position of the IMU in the first
section through the SLAM algorithm Accordingly, the cali-
bration performer 215 may calculate a trajectory of a move-
ment of the IMU during the calibration operation. The
second coordinate system corresponding to the IMU may be
a coordinate system with respect to the position of the IMU
in the first section.

The first section may be a time interval between first and
second points of time that are 2 points of time. Each of the
first and second points of time may be a predetermined point
of time necessary for performing the calibration operation.
For example, a point of time when the camera captures the
image of the target 131 is the first point of time, and a point
of time after movement occurs in the calibration target
device through the first rotator 113 may be the second point
of time. However, the first and second points of time are
merely examples, and each of the first and second points of
time may be any point of time designated among time for
performing the calibration operation. Each of the first and
second points of time may be a point of time designated by
the user or a predetermined point of time.

The trajectory of movement of the camera may include
position and orientation information of the camera between
fixed points of time. The calibration performer 215 may
calculate information about movement occurred in a camera
coordinate system during a period between the first and
second points of time from a direction of the camera with
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respect to each of the first and second points of time. The
trajectory of the IMU may include position and orientation
information of the IMU at each fixed point of time. The
calibration performer 215 may calculate information about
movement occurred in an IMU coordinate system during the
period between the first and second points of time from a
direction of the IMU with respect to any two points of time.

The calibration performer 215 according to an embodi-
ment may calculate a transformation matrix for transforming
the first coordinate system and the second coordinate system
into the third coordinate system with a minimum error to
calibrate the camera and the IMU. The transformation
matrix may be a predetermined matrix value used in per-
forming coordinate transformation, which is an operation of
changing coordinates of one coordinate system to coordi-
nates of another coordinate system.

In calculating the transformation matrix, the Gauss-New-
ton method for solving the nonlinear least squares problem
may be used. The Gauss-Newton method may be an exten-
sion of the Newton’s method, which is a method used to
approximate the solution of an equation, to the form of
simultaneous equations.

The first calibration device controller 220 according to an
embodiment may control each of the calibration target
device 111, the first supporter 112, the first rotator 113, the
first mover 115 and the second mover 117 that are included
in the first calibrator 110.

The first calibration device controller 220 may control the
calibration target device 111 to control the camera and the
IMU included in the calibration target device 111. The first
calibration device controller 220 may acquire image infor-
mation of the target 131 by controlling the camera and
capturing the target 131.

The first calibration device controller 220 may control the
first supporter 112 such that the first supporter 112 may
support the calibration target device 111. The first calibration
device controller 220 may control the first rotator 113 such
that the calibration target device 111 may generate motion
information. The first calibration device controller 220 may
control the first mover 115 to move the calibration target
device 111 in a Z axis direction. The first calibration device
controller 220 may control the second mover 117 to move
the calibration target device 111 in a Y axis direction.

The second calibration device controller 230 according to
an embodiment may control each of the target 131, the
second supporter 132, the second rotator 133, the fourth
mover 137, the fifth mover 138, and the sixth mover 139 that
are included in the second calibrator 130.

The second calibration device controller 230 may display
an image suitable for the calibration target device 111 to
acquire image information of the target 131 on the target
131. However, this is only an embodiment, and as described
above, the target 131 may be a plate directly replaceable by
a user.

The second calibration device controller 230 may control
the second supporter 132 to fix the target 131. The second
calibration device controller 230 may control the second
rotator 133 to rotate the target 131. The second calibration
device controller 230 may control the third mover 135 to
move the target 131 in the Z-axis direction. The second
calibration device controller 230 may control the fourth
mover 137 to move the target 131 in the Y axis direction.
The second calibration device controller 230 may control the
fifth mover 138 to move the target 131 in the X axis
direction. The second calibration device controller 230 may
control the sixth mover 139 to move the target 131 in the Y
axis direction.
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The calibration target device controller 235 according to
an embodiment may control the calibration target device 111
supported by the first supporter 112 of the first calibrator
110. According to an embodiment, the calibration target
device controller 235 may set the calibration target device
111 to a calibration operation state. The calibration operation
state may mean a preparation state of at least one of
hardware and software of the calibration target device 111
for performing at least one calibration operation among the
image calibration operation and the motion calibration
operation. In an embodiment, the calibration operation state
may mean a state in which the software for the calibration
operation is executed.

The display 240 according to an embodiment may include
a set of devices for displaying a state of the computer device
200. The display 240 may be a device attached to the
computer device 200 or a device present outside the com-
puter device 200. The processor 210 may control the display
240 to display the operation state of the computer device
200.

The memory 250 according to an embodiment may
include volatile and/or non-volatile memory. The memory
250 may store instructions or data related to, for example, at
least one other component of an electronic device. Accord-
ing to an embodiment, the memory 250 may store software
and/or programs. According to an embodiment, the memory
may store the calibration image information and the cali-
bration motion information.

The memory 250 may include, for example, an internal
memory or an external memory. The internal memory may
include at least one of, for example, a volatile memory (e.g.,
dynamic random-access memory (DRAM), static RAM
(SRAM), or synchronous DRAM (SDRAM), a non-volatile
memory (e.g., an one time programmable (OTPROM), a
programmable ROM (PROM), an erasable PROM
(EPROM), an electronically EPROM (EEPROM), a mask
ROM,; a flash ROM, a flash memory, a hard drive, a solid
state drive (SSD). The external memory may include a flash
drive, for example, a compact flash (CF), a secure digital
(SD), Micro-SD, Mini-SD, a multi-media card (MMC), a
memory stick, etc. The external memory may be function-
ally or physically connected to the electronic device through
various interfaces.

The input/output device controller 260 according to an
embodiment may be a device that encompasses devices for
the user to interact with the computer device 200. For
example, the input/output device controller 260 may be a
device that controls an input/output device such as a mouse,
a keyboard, a monitor, etc. The processor 210 may control
the input/output device controller 260 to enable the user to
interact with the computer device 200.

The power supplier 270 according to an embodiment may
supply power necessary for the operation of the computer
device 200. The processor 210 may control the power
supplied by the power supplier 270.

However, in the above-described embodiment, it is
assumed that the computer device 200 exists as a separate
device from the first calibrator 110 and the second calibrator
130, but the computer device 200 may be included in at least
one of the first calibrator 110 and the second calibrator 130
in another embodiment. For example, the first calibrator 110
may include the computer device 200. That is, the first
calibrator 110 may include the processor 210 included in the
computer device 200. Therefore, the processor 210 included
in the first calibrator 110 may match the first coordinate
system corresponding to the camera and the second coordi-
nate system corresponding to the measurer to the third
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coordinate system, and based on the third coordinate system,
simultaneously perform the image calibration operation on
the image information and the motion calibration operation
on the motion information, thereby generating calibration
motion information which is a result obtained by calibrating
the image information and calibration motion information
which is a result obtained by calibrating the motion infor-
mation.

FIG. 3A shows a front view of a calibration target device
according to an embodiment of the disclosure.

Referring to FIG. 3A, the calibration target device 111
according to an embodiment may include a plurality of
cameras 311 and 313 and a single IMU 315. However, the
number, sizes, and positions of each of cameras and IMUs
may vary according to a type of the calibration target device
111. For example, when the calibration target device 111 is
a mobile phone or tablet, the calibration target device 111
may include a single camera and a single IMU. When the
calibration target device 111 is a smart watch or a navigation
device, the calibration target device 111 may include a
plurality of IMUs having a relatively large sensor.

As shown in FIG. 3A, the plurality of cameras 311 and
313 and the single IMU 315 may be different from each
other in the size and position. For example, the single IMU
315 may be larger than the plurality of cameras 311 and 313.
This may mean that there is a difference between the center
of the single IMU 315 and the center of the plurality of
cameras 311 and 313.

Accordingly, the calibration performer 215 according to
an embodiment may match a first coordinate system corre-
sponding to a camera and a second coordinate system
corresponding to an IMU to a third coordinate system which
is a standard coordinate system through a SLAM algorithm

The calibration performer 215 according to an embodi-
ment may perform a calibration operation based on the third
coordinate system to quickly perform image calibration and
motion calibration.

FIG. 3B shows a top view of a calibration target device
according to an embodiment of the disclosure.

Referring to FIG. 3B, a plurality of cameras 321 and 323
and a single IMU 325 may be different from each other in
the size and position. For example, the single IMU 325 may
be in a somewhat higher position in a plan view than the
plurality of cameras 321 and 323. This may mean that the
center of the single IMU 325 is located at a position higher
than the center of the plurality of cameras 321 and 323.

Accordingly, the calibration performer 215 according to
an embodiment may match a first coordinate system corre-
sponding to a camera and a second coordinate system
corresponding to an IMU to a third coordinate system which
is a standard coordinate system through a SLAM algorithm

The calibration performer 215 according to an embodi-
ment may perform a calibration operation based on the third
coordinate system to quickly perform image calibration and
motion calibration.

FIG. 4 illustrates examples of a target according to an
embodiment of the disclosure.

Referring to FIG. 4, the target 131 according to an
embodiment may be a display device for calibrating a
camera included in the calibration target device 111. The
target 131 may be an electronic display device or a plate
directly replaceable by a user.

The target 131 according to an embodiment may be an
image in which a certain pattern is repeated or an image that
is easy to measure a distortion state of the camera.

For example, as shown in FIG. 4, a first pattern 401 shows
that circular patterns of predetermined sizes are regularly
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arranged at regular intervals, a second pattern 403 shows
that circular patterns of small sizes are irregularly arranged,
and a third pattern 405 shows that white and black patterns
are irregularly mixed without a specific figure.

The first pattern 401, the second pattern 403 and the third
pattern 405 may be used alone or in combination for an
image calibration operation of the calibration target device
111.

FIG. 5A illustrates a method of rotating a calibration
target device according to an embodiment of the disclosure.

Referring to FIG. 5A, the first calibrator 110 may include
the first rotator 113 that allows the calibration target device
111 to generate motion information.

According to an embodiment, the calibration target device
111 may include at least one IMU acquiring the motion
information of the calibration target device 111 based on at
least one sensor of an acceleration sensor and a gyroscope
sensor.

The first rotator 113 according to an embodiment may
perform movement and rotation operations such that the
calibration target device 111 may generate the motion infor-
mation. According to an embodiment, the first rotator 113
may repeatedly move the calibration target device 111 at a
predetermined angle. As shown in FIG. 5A, the first rotator
113 may rotate in a 180 degree direction to move the
calibration target device 111. The first rotator 113 may rotate
the calibration target device 111 six times in the 180 degree
direction including the number of rotation 1 501, the number
of rotation 2 502, the number of rotation 3 503, the number
of rotation 4 504, the number of rotation 5 505, and the
number of rotation 6 506.

The first rotator 113 according to an embodiment may
move the calibration target device 111 such that an accel-
eration sensor and a gyroscope sensor may measure infor-
mation about velocity, azimuth, tilt, and magnetic field.

FIG. 5B illustrates another embodiment of a method of
rotating a calibration target device according to an embodi-
ment of the disclosure.

Referring to FIG. 5B, the first rotator 113 may repeatedly
move the calibration target device 111 at a predetermined
angle. As shown in FIG. 5B, the first rotator 113 may move
the calibration target device 111 in a 90 or 180 degree
direction.

FIG. 6 shows a calibration operation result according to
an embodiment of the disclosure.

Referring to FIG. 6, before calibration is applied 601, the
image of the target 131 captured by the calibration target
device 111 may be somewhat distorted. Specifically, while
the target 131 has an actually flat shape, the distorted image
of the target 131 may have a bent upper portion.

After calibration is applied 603 to the calibration target
device 111 according to an embodiment, the image of the
target 131 captured by the calibration target device 111 may
be similar to the actual shape of the target 131.

FIG. 7 is a flowchart illustrating a calibration operating
method according to an embodiment of the disclosure.

Referring to FIG. 7, in operation S701, a camera accord-
ing to an embodiment may capture an image of the target
131 to obtain image information of the target 131.

In operation S703, the processor 210 according to an
embodiment may measure the acceleration of the calibration
target device 111 and the rotation direction of the calibration
target device 111 through a measurer to obtain motion
information of the calibration target device 111.

In operation S705, the processor 210 according to an
embodiment may match a first coordinate system corre-
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sponding to the camera and a second coordinate system
corresponding to the measurer to a third coordinate system.

In operation S707, the processor 210 according to an
embodiment may simultaneously perform an image calibra-
tion operation and a motion calibration operation based on
the third coordinate system.

In operation S709, the processor 210 according to an
embodiment may generate calibration image information,
which is a result obtained by calibrating the image infor-
mation and calibration motion information, which is a result
obtained by calibrating the motion information.

FIG. 8 is a flowchart illustrating a calibration operating
method according to another embodiment of the disclosure.

Referring to FIG. 8, in operation S801, a camera accord-
ing to an embodiment may capture the image of the target
131 to obtain image information of the target 131.

In operation S803, the processor 210 according to an
embodiment may rotate or move the calibration target
device 111 through the first calibrator 110.

In operation S805, the processor 210 according to an
embodiment may measure the acceleration of the calibration
target device 111 and the rotation direction of the calibration
target device 111 through a measurer to obtain motion
information of the calibration target device 111.

In operation S807, the processor 210 according to an
embodiment may calculate a first coordinate system for the
position of the camera in the first section and a second
coordinate system for the position of the measurement
section in the first section through the SLAM algorithm

In operation S809, the processor 210 according to an
embodiment may match a first coordinate system corre-
sponding to the camera and a second coordinate system
corresponding to the measurer to a third coordinate system.

In operation S811, the processor 210 according to an
embodiment may simultaneously perform an image calibra-
tion operation and a motion calibration operation based on
the third coordinate system.

In operation S813, the processor 210 according to an
embodiment may generate calibration motion information,
which is a result obtained by calibrating the image infor-
mation, and calibration image information, which is a result
obtained by calibrating the motion information.

In operation S815, the processor 210 according to an
embodiment may store the calibration image information
and the calibration motion information in the memory 250.

FIG. 9 is a flowchart illustrating a calibration operating
method according to another embodiment of the disclosure.

Referring to FIG. 9, in operation S901, a user may mount
the calibration target device 111 on the first calibrator 110.
Specifically, the first supporter 112 according to an embodi-
ment may support the calibration target device 111 to be
positioned inside the calibration device 100. Therefore, the
user may mount the calibration target device 111 to the first
calibrator 110 through the first supporter 112.

In operation S903, the calibration target device controller
235 according to an embodiment may set the calibration
target device 111 to a calibration operation state. The cali-
bration operation state may mean a hardware/software
preparation state of the calibration target device 111 for
performing at least one calibration operation among an
image calibration operation and a motion calibration opera-
tion. In an embodiment, the calibration operation state may
mean a state in which software for the calibration operation
is executed.

In operation S905, the first calibration device controller
220 according to an embodiment may rotate the calibration
target device 111 to generate motion information. The first
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rotator 113 according to an embodiment may perform move-
ment and rotation operations such that the calibration target
device 111 may generate motion information.

In operation S907, the calibration target device controller
235 according to an embodiment may control the calibration
target device 111 to capture the image of the target 131 and
generate image information.

In operation S909, the calibration performer 215 accord-
ing to an embodiment may perform the calibration operation
on the calibration target device 111 based on at least one of
the motion information and the image information received
from the first calibrator 110.

It should be understood that embodiments described
herein should be considered in a descriptive sense only and
not for purposes of limitation. Descriptions of features or
aspects within each embodiment should typically be con-
sidered as available for other similar features or aspects in
other embodiments.

While one or more embodiments have been described
with reference to the figures, it will be understood by those
of ordinary skill in the art that various changes in form and
details may be made therein without departing from the
spirit and scope as defined by the following claims.

Those of ordinary skill in the art would understand the
block diagrams disclosed in the disclosure as conceptual
diagrams of circuits for realizing the principles of the
disclosure Similarly, it would be apparent to those of ordi-
nary skill in the art that arbitrary flow charts, flow diagrams,
state transition diagrams, pseudo code, and the like denote
various processes that may be substantially stored in a
computer-readable recording medium and that may be per-
formed by a computer or a processor, regardless of whether
the computer or the processor are explicitly illustrated or
not. Thus, the embodiments of the disclosure described
above may be embodied as a computer program. The
computer program may be stored in a computer-readable
recording medium, and executed using a general digital
computer. Examples of the computer-readable medium are a
magnetic recording medium (a ROM, a floppy disc, a hard
disc, etc.), and an optical recording medium (a compact disc
(CD)-ROM, a digital versatile disc (DVD), etc.).

The functions of various elements illustrated in the draw-
ings may be related to appropriate software, and be provided
via not only hardware capable of executing the software but
also exclusive hardware. These functions may also be pro-
vided via a single exclusive processor, a single shared
processor, or a plurality of individual processors, some of
which may be shared. Also, explicit use of the term ‘pro-
cessor’ or ‘controller’ is not limited to exclusively using
hardware capable of executing software, and may implicitly
include hardware such as a digital signal processor (DSP),
and a ROM, a RAM, or a non-volatile storage medium for
storing software.

In the claims of the present specification, an element
suggested as an element for performing a specific operation
includes any arbitrary methods of performing the specific
operation. Examples of this element may include a combi-
nation of circuit elements capable of performing the specific
operation, or software having an arbitrary form, e.g., firm-
ware or microcode, which is combined with an appropriate
circuit for executing software for performing the specific
operation.

In the disclosure, the expression ‘an embodiment’ of the
principles of the disclosure and various modifications of this
expression mean that specific features, structure, and char-
acteristics related to this embodiment are included in at least
an embodiment of the principles of the disclosure. Thus, the
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expression ‘an embodiment’ and arbitrary other modifica-
tions thereof disclosed in the disclosure do not always
indicate the same embodiment.
In the disclosure, the expression ‘at least one of” of ‘at
least one of A and B’ is used to inclusively mean that only
the first option (A) is selected, only the second option (B) is
selected, or both the first and second operations (A and B)
are selected. In addition, the expression ‘at least one of A, B,
and C’ is used to inclusively mean that only the first option
(A) is selected, only the second option (B) is selected, only
the third option (C) is selected, only the first and second
options (A and B) are selected, only the second and third
options (B and C) are selected, only the first and third (A and
C) are selected or all the three options (A, B, and C) are
selected. When more than three items are listed in relation to
this expression, the meaning thereof would be apparent to
those of ordinary skill in the art.
The embodiments of the disclosure have been described
above.
While the disclosure has been shown and described with
reference to various embodiments thereof, it will be under-
stood by those skilled in the art that various changes in form
and details may be made therein without departing from the
spirit and scope of the disclosure as defined by the appended
claims and their equivalents.
What is claimed is:
1. A calibration device comprising:
a first calibrator configured to rotate or move a calibration
target device, the calibration target device comprising:
aplurality of cameras configured to capture an image of
a target and acquire image information of the target,
and

at least one measurer configured to acquire motion
information of the calibration target device based on
an acceleration of the calibration target device and a
rotation direction of the calibration target device; and

at least one processor configured to:

match a first coordinate system, the first coordinate
system corresponding to the plurality of cameras, to
a third coordinate system,

match a second coordinate system, the second coordi-
nate system corresponding to the at least one mea-
surer, to the third coordinate system,

simultaneously perform, based on the third coordinate
system, an image calibration operation with respect
to the image information and a motion calibration
operation with respect to the motion information,

generate calibration motion information via the image
calibration operation with respect to the image infor-
mation, and

generate calibration image information via the motion
calibration operation with respect to the motion
information,

wherein the third coordinate system is a standard coordi-
nate system that unifies the first and second coordinate
systems that are different from each other.

2. The calibration device of claim 1, wherein the first
coordinate system and the second coordinate system are
matched to the third coordinate system by performing a
coordinate transformation on the first coordinate system
with respect to a position of the plurality of cameras in a first
section and on the second coordinate system with respect to
a position of the at least one measurer in the first section, the
position of the plurality of cameras in the first section and
the position of the at least one measurer in the first section
being calculated through a simultaneous localization and
mapping (SLAM) algorithm.
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3. The calibration device of claim 1, wherein the at least
one measurer is further configured to acquire the motion
information in correspondence with a rotation or movement
operation of the first calibrator.

4. The calibration device of claim 1, wherein the first
calibrator comprises a mover capable of moving the first
calibrator in at least one of an X-axis direction, a Y-axis
direction, or a Z-axis direction.

5. The calibration device of claim 4, wherein the mover
comprises a first mover capable of moving the first calibrator
in the Z-axis direction and a second mover capable of
moving the first calibrator in at least one of the X-axis
direction or the Y-axis direction.

6. The calibration device of claim 1, further comprising:

a second calibrator comprising the target,

wherein the second calibrator is configured to move in at

least one of an X-axis direction, a Y-axis direction, or
a Z-axis direction.
7. The calibration device of claim 1, wherein the target
comprises a repeated pattern image.
8. The calibration device of claim 1, further comprising a
memory configured to store the calibration image informa-
tion and the calibration motion information.
9. The calibration device of claim 1,
wherein the first calibrator is further configured to rotate
or move a plurality of calibration target devices, and

wherein the calibration image information and the cali-
bration motion information are simultaneously gener-
ated with respect to the plurality of calibration target
devices.

10. A calibration method comprising:

capturing an image of a target;

acquiring image information of the target;

acquiring motion information of a calibration target

device by measuring an acceleration of the calibration
target device and determining a rotation direction of the
calibration target device;

matching a first coordinate system, the first coordinate

system corresponding to a plurality of cameras config-
ured to capture the image of the target, to a third
coordinate system;
matching a second coordinate system, the second coor-
dinate system corresponding to a measurer configured
to acquire the motion information of the calibration
target device, to the third coordinate system;

simultaneously performing, based on the third coordinate
system, an image calibration operation with respect the
image information and a motion calibration operation
with respect the motion information;

generating calibration motion information via the image

calibration operation with respect to the image infor-
mation; and

generating calibration image information via the motion

calibration operation with respect to the motion infor-
mation,

wherein the third coordinate system is a standard coordi-

nate system that unifies the first and second coordinate
systems that are different from each other.

11. The calibration method of claim 10, wherein the
matching comprises performing a coordinate transformation
on the first coordinate system with respect to a position of
the plurality of cameras in a first section and on the second
coordinate system with respect to a position of the measurer
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in the first section, the position of the plurality of cameras in
the first section and the position of the measurer in the first
section being calculated through a simultaneous localization
and mapping (SLAM) algorithm.

12. The calibration method of claim 10, further compris-
ing:

rotating or moving the calibration target device through a

first calibrator,

wherein the acquiring of the motion information of the

calibration target device comprises acquiring the

motion information in correspondence with a rotation

or movement operation of the first calibrator, and
wherein the acquiring is performed by the measurer.

13. The calibration method of claim 12, further compris-
ing moving the first calibrator in at least one of an X-axis
direction, a Y-axis direction, or a Z-axis direction.

14. The calibration method of claim 10, wherein the target
moves in at least one of an X-axis direction, a Y-axis
direction, or a Z-axis direction.

15. The calibration method of claim 10, wherein the target
comprises a repeated pattern image.

16. The calibration method of claim 10, further compris-
ing storing the calibration image information and the cali-
bration motion information in a memory.

17. The calibration method of claim 10, wherein the
generating of the calibration motion information and the
calibration image information comprises simultaneously
generating the calibration image information and the cali-
bration motion information with respect to a plurality of
calibration target devices.

18. A computer program product comprising a non-
transitory computer readable recording medium comprising
a program to perform operations of:

capturing a target;

acquiring image information of the target;

acquiring motion information of a calibration target

device by measuring an acceleration of the calibration
target device and determining a rotation direction of the
calibration target device;

matching a first coordinate system, the first coordinate

system corresponding to a plurality of cameras config-
ured to capture an image of the target, to a third
coordinate system;
matching a second coordinate system, the second coor-
dinate system corresponding to a measurer configured
to acquire the motion information of the calibration
target device, to the third coordinate system;

simultaneously performing, based on the third coordinate
system, an image calibration operation with respect to
the image information and a motion calibration opera-
tion with respect to the motion information;

generating calibration motion information via the image
calibration operation with respect to the image infor-
mation; and

generating calibration image information via the motion

calibration operation with respect to the motion infor-
mation,

wherein the third coordinate system is a standard coordi-

nate system that unifies the first and second coordinate
systems that are different from each other.

19. The calibration device of claim 1, wherein the mea-
surer comprises an inertial measurement unit (IMU).

#* #* #* #* #*
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Honartok I'. ITapamerpu 1/ 3aBIaHb ABOBUMIPHOI0 NO3UIIOHYBAHHA

Tabmung E.1. [Tapametpu ans NEAT 6e3 nomryky HOBU3HU

[NEAT]

fitness_criterion max
fitness_threshold 10
pop_size 100
reset_on_extinction False
no_fitness_termination False
generations 1000
seed 1571021768
[Gym]

environment gym_robot_arm:robot-arm-ve
episode_reps 10
[DefaultGenome]

num_hidden 1
num_inputs 4
num_outputs 7
activation_default sigmoid
activation mutate_rate 0.0
activation_options sigmoid
aggregation_default sum
aggregation_mutate_rate 0.0
aggregation_options sum
bias_init_mean 0.0
bias_init_stdev 1.0
bias_max_value 30.0
bias_min_value -30.0
bias mutate_power 0.5
bias mutate_rate 0.7
bias_replace_rate 0.1
compatibility disjoint_coefficient |1.0
compatibility weight coefficient 0.5
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conn_add_prob 0.5
conn_delete_prob 0.5
enabled_default True
enabled_mutate_rate 0.01
feed forward True

initial_connection

full nodirect

node_add_prob 0.2
node_delete_prob 0.2
response_init_mean 1.0
response_init_stdev 0.0
response_max_value 30.0
response_min_value -30.0
response_mutate_power 0.0
response_mutate_ rate 0.0
response_replace _rate 0.0
weight_init_mean 0.0
weight_init_stdev 1.0
weight_max_value 30
weight_min_value -30
weight_mutate_power 0.5
weight_mutate_rate 0.8
weight_replace_rate 0.1
[DefaultSpeciesSet]

compatibility threshold 3.0
[DefaultStagnation]

species fitness func max
max_stagnation 20
species elitism 1
[DefaultReproduction]

elitism 2
survival threshold 0.2
min_species_size 8

[Names]
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input ["position_x', 'position_y’,
'joint_1', 'joint_2']

output ['0']

Ta6muus E.2. [Tapamerpu mis NEAT 3 mornrykoM HOBU3HU
[NEAT]
fitness_criterion max
fitness_threshold 10
pop_size 100
reset_on_extinction False
no_fitness_termination False
generations 1000
seed 1571021768
[Gym]
environment gym_robot_arm:robot-arm-ve
episode_reps 10
[Novelty]
k 10
threshold 0.3
limit 150
ndims 2
[DefaultGenome]
num_hidden 1
num_inputs 4
num_outputs 7
activation_default sigmoid
activation_mutate_rate 0.0
activation_options sigmoid
aggregation_default sum
aggregation_mutate_rate 0.0
aggregation_options sum
bias_init_mean 0.0
bias_init_stdev 1.0
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bias_max_value 30.0
bias_min_value -30.0
bias_mutate_power 0.5
bias_mutate_rate 0.7
bias_replace_rate 0.1
compatibility disjoint_coefficient |1.0
compatibility weight_coefficient 0.5
conn_add_prob 0.5
conn_delete_prob 0.5
enabled_default True
enabled_mutate_rate 0.01
feed_forward True

initial connection

full nodirect

node_add_prob 0.2
node _delete_prob 0.2
response_init_mean 1.0
response_init_stdev 0.0
response_max_value 30.0
response_min_value -30.0
response_mutate_power 0.0
response_mutate_rate 0.0
response_replace_rate 0.0
weight_init_mean 0.0
weight_init_stdev 1.0
weight_max_value 30
weight _min_value -30
weight_mutate_power 0.5
weight_mutate_rate 0.8
weight_replace_rate 0.1
[DefaultSpeciesSet]

compatibility threshold 3.0
[DefaultStagnation]

species_fitness_func max
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max_stagnation 100

species_elitism 1

[DefaultReproduction]

elitism 2

survival_threshold 0.2

min_species_size 2

[Names]

input ['position_x"', 'position_y’,
'joint_1', 'joint_2']

output ['0']
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Homarok [I. [Tapamerpu nJist 3aBiaHb TPUBUMIPHOIO MO3UIIOHYBAHHA 3

BUKOPUCTAHHSAM 300paKeHb

[NEAT]

fitness_criterion max

fitness_threshold 10

pop_size 500

reset_on_extinction False

no_fitness_termination False

generations 1000

seed 1571021768

[Gym]

environment gym_robot_arm:robot-arm-ve

episode_reps 10

[Novelty]

k 10

threshold 0.3

limit 150

ndims 2

[Substrate]

input [(6, 1@0), (0, 1l00), (0., 3.1),
(0., 3.1)]

hidden [ [(-0.5, ©.5), (0.5, 0.5)], [(-
0.5, -0.5), (0.5, -0.5)] ]

output [(6., ©.), (1., 1.), (2., 2.),
(3., 3.), (4., 4.), (5., 5.), (6.,
6.)]

function sigmoid

[DefaultGenome]

num_hidden 1

num_inputs 4

num_outputs 7

activation_default sigmoid

activation mutate_rate 0.0
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activation_options

sigmoid

aggregation_default sum
aggregation_mutate_rate 0.0
aggregation_options sum
bias_init_mean 0.0
bias_init_stdev 1.0
bias_max_value 30.0
bias_min_value -30.0

bias_mutate_power

.5

bias_mutate_rate

bias_replace_rate

compatibility disjoint_coefficient

compatibility weight coefficient

conn_add_prob

%

0.7
0.1
1.0
1.0
0.2
%)

conn_delete_prob .02
enabled _default True
enabled mutate_rate 0.01
feed forward True

initial connection

full nodirect

node_add_prob 0.1
node_delete prob 0.2
response_init_mean 1.0
response_init_stdev 0.0
response_max_value 30.0
response_min_value -30.0
response_mutate_ power 0.0
response_mutate_ rate 0.0
response_replace rate 0.0
weight_init_mean 0.0
weight_init_stdev 1.0
weight_max_value 30
weight _min_value -30
weight _mutate_power 0.5
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weight_mutate_rate 0.5

weight_replace_rate 0.1

[DefaultSpeciesSet]

compatibility threshold 1.9

[DefaultStagnation]

species fitness func max

max_stagnation 100

species_elitism 1

[DefaultReproduction]

elitism 1

survival threshold 0.3

min_species_size 5

[Names]

input ['position_x"', 'position_y’,
'joint_1', 'joint_2']

output ['0']
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