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MPOIIEC 350PY TA HIJITOTOBKU JJAHUX 3 TEMOHCTPAIIIA, 3POBJEHUX
JIOAUHOIO, IJIsI BAKOHAHHSA ITPOCTUX MAHIITYJISILIMHUX 3ABJIAHB 3A
JOITOMOI'OIO POBOPYKH XARM7 1JIs HABYAHHA 3 1OITIOMOI'OIO
BEHAVIOR CLONING AJIT'OPUTMY

OcHOoBHa Mema Yb020 00CAIOHCEHHS NOJSi2AE 8 MOMY, W06 3az2Aubumucsi 8 MOHKOWI 8U3HA4YeHHs1 nompi6Hoi
cmpykmypu daHuX, Heo6XxioHoT 0151 IHCmpyKmy8aHHs po6oma woodo 8UKOHAHHS e/1eMEeHMApHUX 3a800Hb MAHINYIHEAHHSL.
HasuanHs 6yde gid6ysamucs 3asdsiku Imitation learning, sukopucmosyruu aszopumm behavior cloning. Imitation learning
Had38uyaliHO KOpucHull 0151 HaBYAHHS 6YJdb-IKUX p06OMU308AHUX cCUCMEM, 0CO6UB0 3 6A2amoCcy2/A06HUMU POGOPYKAMU.
JaHutl nidxid 0036045€ YHUKHYMU HANUCAHHSI CKAQOHUX MA 2poMIi30KUX espucmuyHux dasazopummis. EepucmuuHi
a/szopummu 4acmo micmsims 6azamo 2inepnapamempis, siki nompi6Ho nid6upamu emnipuuHum wasxom. Imitation learning
aszopummu 0036010me pospobumu End-to-End policy i3 3i6paHux OaHux, wo cnpowye cucmemy ma nidsuwye ii
HadiliHicmb. 36ip daHux eid6ysascs 3 pobopyku xArm7 ma Realsense D435 RGB+Depth kamepu.

Kawuoei caosa: Imitation learning, behavior cloning, po6opyka, xArm7, End-to-End policy, Realsense D435, RGB,
Depth, 36ip ma nidcomogka daHux
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COLLECT AND PREPARE DATASET FROM HUMAN-DEMONSTRATIONS OF SIMPLE MANIPULATION
TASKS USING XARM7 ROBOTIC ARM FOR TRAINING BEHAVIOUR CLONING ALGORITHM

The goal of the study is to understand what data structure is necessary to teach a robot to perform simple manipulation tasks.
Training will take place thanks to Imitation learning, using the behavior cloning algorithm. Imitation learning is extremely useful for training
any robotic system, especially with multi-jointed robots. This approach allows you to avoid writing complex and cumbersome heuristic
algorithms. Heuristic algorithms often contain many hyperparameters that must be chosen empirically. Imitation learning algorithms allow
you to develop an End-to-End policy from the collected data, which simplifies the system and increases its reliability. In the realm of training
robotic systems through Imitation Learning, the criticality of data collection cannot be overstated. The efficacy of the Behavior Cloning
algorithm hinges on the quality and speed at which data is gathered. Properly curated and swiftly acquired datasets serve as the bedrock for
training algorithms that emulate human behavior, allowing the robot to seamlessly replicate intricate manipulations. The efficiency of data
gathering is paramount in addressing the challenges posed by the dynamic nature of real-world environments. Swift adaptation to varying
conditions and unforeseen scenarios necessitates a data collection process that is not only rapid but also comprehensive. A well-curated dataset
not only expedites the training process but also enhances the model's adaptability and robustness in real-world applications. In conclusion, the
success of Imitation Learning algorithms, particularly those underpinned by the Behavior Cloning approach, is contingent on the meticulous
and expeditious gathering of data. This underscores the importance of streamlined data collection processes, ensuring that the resultant
models are not only accurate but also capable of navigating the complexities of diverse and dynamic environments. Fastidious attention to
data gathering is imperative to ensure a diverse and representative dataset. The xArm7 robot, in collaboration with the Realsense D435
camera, serves as an ideal synergy for capturing a myriad of movements and scenarios. The precision of data collection directly influences the
algorithm'’s ability to generalize, making it adept at handling a spectrum of manipulation tasks.

Key words: Imitation learning, behavior cloning, robotic arm, xArm?7, End-to-End policy, Realsense D435, RGB,Depth, collect and
prepare dataset.

IMocranoBka npodJeMu

HanucanHsi Oy/b-SIKOrO €BPUCTUYHOIO AITOPUTMY JUIS POOOTH30BAHOI CHCTEMH € JIOBOJII CKJIAJHUM 1
TPHUBAIIMM TIporiecoM. Takuii anroputM NoTpedye 6arato JaHUX Pi3HHUX THIIIB, SKi B OyIb-SIKOMY BHUIAIKy OTPiOHO
00po0IIsATH Yepe3 BeJIHKe 3allyMIICHHS CepeloBHIa. 3a3BUYaii, Taki AITOPUTMH € JIy>Ke UyTIMBUMH /10 OyIb-SKUX
3MiH HaBKOJIMIIHBOTO CEPENIOBHUINA, IO ITOCTIHHO MPU3BOAMTH 10 30UIBIICHHS TPOrPaMHOTO KOy Ta YCKJIaJHEHHS
JIOTIKH.

Ha 3aminy npoMy migxoay NpUHIUIN HEHPOHHI Mepexi. 3a JOIMOMOTrol0 HEHPOHHHX MEpPEX MOXKIHBO
nanucatu End-to-End policy anropurtwm 11 BUKOHaHHS 3aBJIaHHS TOMipHOT ckiagHocTi. Harmpukinan, BiTkpuTH 1Bepi,
MiHATH Ta BUKUHYTH CMITTsI, TOMUTH OpyAHUH mocy 1, Tomo. Imitation learning ieanbHO MiIXOAUTE TSI BUKOHAHHS
TaKUX THUOIB 3aBaHb. JlaHWil BujA HABYaHHS 3 IiJKPIIUICHHSM, BUKOPHCTOBYIOUHM 3allUCH PYXIB JIIOJAWHH, MOXE
e(heKTHBHO HABUYMUTHCH BUKOHYBATH 3aBJaHHA. 3BiJCH 1 Ha3Ba anroputMmy behavior cloning.

Jana po6oTa mpoIoHye€ MM IX0AH Ta CHOCOO0H 30MpaHHA Ta MiATOTOBKU JAHUX JUIS Oy Ib-SIKUX pOOOTH30BaHUX
cUCTeM Ha mpukiIaai pobopykn xArm7 ta Realsense RGB+Depth kamepu, a Takox moka3zye onTUMaabHy CTPYKTYpy
Ta 00’€M MaHuX ISl TOCSITHEHHS MiHIMaJIbHUX PE3yJIbTaTiB.

AHaJti3 0CTaHHIX KepeJt
V crarrti [1] 100 BUBYMTH BIUIMB JKepeda HAOOPY AaHMX, BOHM 3i0panu AaHi 3 TPbOX PI3HHUX JDKEpeN —
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Machine Generated, Proficient-Human i Multi-Human.

Machine Generated (MG). [ns Toro, mo6 3i0paru npaHi, Oyno pospoOiieno amropurm RL, B3sBIIM
KOHTPOJIbHI TOYKU areHra, siKi peryJisipHO 30epiraroThes ImiJ yac HaB4aHHs Ta 3i0paHo 300 TpaekTOpili 3 KOXXHOTO
KOHTPOJILHOTO MyHKTY. OTXe, i HaOOpU JaHMUX CKJIQJAIOTHCS 3 CyMilleH eKCIEepPTHUX 1 CyOONTUMAabHUX JaHMX 1
HaraJxyloTh Ha0OpH JaHUX i3 3BH4aiiHOro oduaiin RL.

Proficient-Human (PH) i Multi-Human (MH). HabGopu nanux 30upaioTbcs JIOABMH 32 JOHNOMOTOIO
RoboTurk, mardopmu Binnanenoi teneonepauii. Habopu nanux PH cknagatorbes 3 200 neMoHCTpamii:

- 3i0paHi OJJHHM TOCBiTYEHUM TelleonepaTopoM, a Habopu nannx MH ckmanatorscs 3 300 memoHCTpamii;

- 3i0pani 6 TemeonepaTopaMu pi3HOI KBaJidikallii, KoxkeH 3 SKuX HamaB 50 TeMOHCTpaIliii;

- IIicTh TenmeoreparopiB Oyiu moxineHi Ha Tpu rpymu (“better”, “okay”, “worse”) mo 2 BiOIOBiTHO IO
HaBHYOK.

i migmaOXMHN naHux y Multi-Human nani 103BOIHMIN HAM JOCTITUTH 3MaTHICTH alTOPUTMIB MPAIIOBATH
3 JFOJCHKMMH JAHUMH Pi3HOI SKOCTI. 3aIpOIIOHOBaHA CTPYKTYpa AaHHX:

- nani BkimoydaroTh end-effector (rmo3uiist ocraHHBOTO Cyriio0y poOopyKn),

- gripper fingers (mpuCTpil, IO KPIMUTHCS 10 OCTaHHBOTO CYIJ00y poOOpyKM Juisi B3aeMofii i3
HaBKOJIMILIHIM CEpEIOBUILIEM),

- joints (KyT MOBOPOTY KOXKHOT'O Cyriio0y),

- ground-truth object poses (peanbHi MO3UIIIT KOKHOTO 00’ €KTY) Ta 300paskeHHs( KaMepa Ha OCTAHHbOMY
cyrio0i Ta 30BHIIIHS Kamepa).

€ nBa npocTopu crioctepexkeHHs — «low-dim» 1 «image». O0uaBa BrirouaroTh end-effector i gripper fingers,
aye BOHHU BipPI3HAIOTHCS IUIE THM, YH BHKOPHCTOBYeThcs ground-truth object poses (“low-dim”) abo um 1a
iH(pOpMaIlig 3aMiHIOETHCS JOCTYITHIMH CIIOCTePSKESHHAMHA Kamepu (“image:).

VY crarri [2] naHi 30upanyck BUKIIOYHO 3 JeMOHCTpalii. CrcTeMa CKIagaeThCs 3 2 OCHOBHHX POOOpPYK, 2
JIOTIOMDKHUX, Ta 3 kKamep. JlonoMixkHi poOOpYKH KepYIOThCS 3a JOMIOMOTOO JFOIWHH, 1HIII JBi MOBTOPIOIOTH PYXH.
Ha ocHOBHHX poOOpyKax BCTaHOBJICHI KAMEPH, a TAKOXK Ha KOPITycCi miaTdopMu, o0 crocTepiraTi 0OJHOYACHO 3a
ixaimMu pyxamu. Po3mip 300paxkens ckianatoTh (480x640x3). Oxpim 3 RGB 300paxeHb Takox 30epiratoTbes MO3MLii
Ta MPUCKOPEHHS KOXKHOTO CYIJ00a JOMOMIXHUX PyK. BaIIMBO BHKOPUCTOBYBATH IMO3MLIi CYIJ00iB JOMOMIKHHUX
POOOpPYK, @ HE OCHOBHHUX, OCKIJIbKH BEJTMYMHA MPUKIIAJCHOT CHIIM BU3HAYAETHCS PI3HUIICIO MK HHMH.

VY crarTi [3] cucTeMa AUCTAaHIIHHOTO KepyBaHHs BUKOpUCTOBYE rapHiTypy Oculus VR, sika miakimodeHa 1o
6oproBoro komm’orepa podoTa yepe3 USB-kabeinsb 1 BicTexye ABa IOPTAaTUBHI KOHTposiepu. Teneoneparop cToiTh
32 poOOTOM i BUKOPHCTOBYE KOHTPOJICPH, 00 KEPyBaTH POOOTOM Y 30Hi MPSAMOT BUANMOCTI Bill TpeTh0i ocodm. Podot
pearye Ha pyx omneparopa B IMKIJII KepyBaHHs dyactororo 10 I'ii He B peanbHOMY 4aci. BifHOCHO mIBHIKE KepyBaHHS
3aMKHYTHM LUKJIOM JO3BOJISIE ONEpaTropy 3 JIETKICTIO JAEMOHCTPYBAaTH IIMPOKHH CIIEKTP 3aBAaHb 1 IIBHJIKO
BTPYTHUTHCS, SIKIO PoOOT 30MpaEThCs MepeiiTn B HeOe3MeYHNH CTaH 1111 Yac aBTOHOMHOT'O BUKOHAHHSL.

HactymHuM KpokoM HEoOXigHO po3MIiCTUTH poboTa mepex crojoM i3 6-15 mpexmeramu JTOMaIIHBOTO
BXKHUTKY B PaHIOMIi30BaHHUX I103ax. 30upaemMo aeMoHcTpalii joaei ams 100 3a3qanerias BUSHAYCHUX 3aBIaHb, SKI
OXOIUTIOIOTh 9 0a30BHX HAaBUYOK, TAKHMX SIK INTOBXaHHS Ta MigOupaHHs. [1oTiM MOJENb OLIHIOEThCS HAa 29 HOBUX
3aBJJaHHSIX 3 BUKOPUCTAHHSM HOBOTO MOBHOTO ONHKCY a0o0 BiJieo 1boro 3aBaaHHs. 11106 meTox noOpe BUKOHYBaB i
BiZIKJIaJIeH] 3aBJaHHs, BiH NOBHUHEH IPAaBHJIBHO IHTEPIPETYBATH HOBY KOMaHJIy 3aBJaHHs Ta BUBOAWUTH Iii, sKi
BIJIMIOBIZIAFOTh [[OMY 3aBIaHHIO.

Crpykrypa nanux Juis HaB4yaHHs: RGB kamepa Ha ocTaHHBOMY CyTJ100i pOOOPYKH, KyTOBa TTO3HIisl KOXKHOTO
cyrino0y poOOpyKH, KyTOBE IPUCKOPEHHS KOXKHOTO CyIJI00Y, a TAKOXK 3yCHIUIS Y TIEBHUH MOMEHT Hacy.

Metow podoTHm € po3poOka MiAXOAy Ta cHocoOy 30MpaHHS Ta MIATOTOBKH IaHUX Ui OyIb-SKHX
poOOTH30BaHMX CHCTEM Ha TpuKiIami pobopyku xXArm7 Tta Realsense RGB+Depth xkamepm, a Takox
OIIMC ONTHMAJILHOI CTPYKTYPH Ta 00’ €My JNaHHX AJISL JOCSTHEHHS MiHIMaIbHUX PE3YJIbTaTiB.

CTpyKTypa JaHuX

[IpoananizyBaBmm Oarato crareid, Oyi0 OTpUMaHO 3HaHHS IIPO JaHi, sIKi MOTPiOHO 3i0parn. OTxe naHi
MaroTh MaTH HacTymHHI BUMIISII: gataceT D = {Observation(t), Controls(t) }. Observations(t) - e Te, o crnocrepirae
po6oT. Observations(t) cCkl1agaeThCs 3:

1. RGB 306paxenns (160x120x3)

2. Depth image (160x120)

3. Tlosumis ocraHHKOTO Ccyriioba podoTa i 5 ocTaHHIX KpokiB. [lo3wumist cyrmoba cknamaetscs 3 X, Y, Z -
position, X, Y, Z, W - orientation. BxitoueHHs KOPOTKOT icTOpii KIHIIEBUX TOYOK JJO3BOJISIE POOOTY BUBOANTH
MIBUAKICTH 1 IPUCKOPEHHS 31 3MIHU KyTIB CYIJI00iB.

4. Yac
Controls(t) - BUBiJ HEHPOHHOT MEPEXi CKIIAAETHCS 3 KyTOBOT IBUIAKOCTI ®(t) Ta JiHIHHOT IBHIAKOCTI V(t).

36ip nanux

[IpoanainizyBaBIIM OITMCaHi BUIIE CTATTI Ta MOI TEXHIYHI MOJIMBOCTI OyJIO BHPILIEHO BUKOPHCTOBYBATH
JlaHi, 3TeHePOBaHI EBPUCTHYHUM AJITOPUTMOM, & TAaKOX JaHi 3 TEMOHCTpAIliil JIOJUHH 32 TOTIOMOTOI0 JOMOMIXKHOT
pobopyku. 3aBaaHHS, AKke Tpeba OyJe BUKOHATH 3a TOTIOMOTOI0 POOOPYKH - MiAHATH KPUIIKY TyaJIeTy.

ITepmM KpoKOM TMOTPIOHO HANAIITYBATH KOMYHIKAIIF0 MK KaMEpOI0 Ta OCHOBHOIO MPOTPaMOIO IS
OTpUMaHHs 300pakeHHs. i1 KOMyHIKaIlii M mpormecamMu Oyio BHKOopucTaHO 0ib6mioreky ZeroMQ. Ilpomecu
CIIKYIOTBCS 10 TipoTokoiy Inter Process Communication (IPC). Cepiamizarisi 1aHuX BigOyBa€eThCs 3a JTOIIOMOT OO
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Google Protocol Buffers (Protobuf). s po6otu 3 Realsense D435 kameporo Oyio Bukopucrano Intel RealSense
SDK 2.0. [Ins po6orn 3 xArm7 Oyno Bukopucrano XxArm-C++-SDK. [licis Toro, sik Oysno CTBOPEHO OKpeMmi
MOBIZIOMJICHHS1, HEOOX1/THO 00’ €THATH iX y €AMHE I1iJIe JIsl 3pyYHOT0 30epiraHHs Ta MoJaNIbIIOr0 BUKOPUCTAHHS.

[To 3aBeplIeHHIO HANKMCAHHS KOMYHIKAIlil MiX yciMa By3JlaMH CHCTEMH, HEOOXiTHO HarucaTy MporpaMHui
KOJ, KWW TOB’sDke ABI XArm7 poOopykwu, 00 JHOJWHA MOTJA BiIIaJICHO KEPyBaTH OCHOBHOIO POOOPYKOK 3a
JIOTIOMOTOI0 JTONIOMDKHOI. /Il Iboro MOTpiOHO HamMcaTH KIIEHT-CEPBEPHY apXiTeKTypy KOMYHIKaIlii, 1e cepBep -
OCHOBHA PYKa, a KIIIEHT - JOIMTOMIXKHA.
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Puc. 2. CTBopeHHsI JeMOHCTPALii BIIKPHBAHHS KPUIIKH TyaJleTy 0CHOBHOIO POOOPYKOIO 32 10II0MOI'0I0 I0NIOMisKHOI po6OpYKH
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3BepXxy)

ITinroToBKa MaHKUX
Jis xpamoro ysaraibHEHHs MOJENi, OOOB’S3KOBO HEOOXINMHO 3pOOUTH ayrMeHTaliro naHux. Jlns
ayrMeHTallii maHux OyJIo BHKOPHCTAHO HACTYIHI OIepamii: paHAOMHE BiJyI3epKalleHHsS 300pakKeHHSI,
301IBIICHAS/3MEHIIICHHS CKPABOCTi, KOHTpAcTy, hue koMnoHeHTH (Ko nepeBect 300paxeHHs 3 RGB B HSV
(hopmar), romaBaHHA IIyMy Ta OJIFOp 300pakeHHS.

Puc. 4. AyrmenroBaHi JaHi 11 Kpamoi revepasizauii moaesni

BucnoBok

VY poGori 3po0ieHo aHali3 CX0XKUX CHCTEM 300py Ta IiJrOTOBKM JAaHUX JJs HaBYaHHsA Mojeni Imitation
learning, a came Behavior cloning. 3anpornonoBaHo cBiii Hadip JaHUX B 3aJIE)KHOCTI BiJl JOCTYIHHX IHCTPYMEHTIB.
PeanizoBano komyHikanito Mixk Realsense D435 kameporo Ta OCHOBHOK NpPOTpamMol0, a TaKOXK MK XArm7 Ta
OCHOBHOIO ITPOTrpaMoro it 300py naHuX. PeanizoBano 3py4HUi Ta npocTHi iHTepdeiic It BiIaneHOro KepyBaHH
OCHOBHOIO POOOPYKOIO 3a JIOITOMOTOI0 JOTIOMIXKHOT pykH. I1iy yac BUKoHaHHS gaHO1 poOoTH OyI10 310paHo IprOIN3HO
200 nmemoHCTpamiii 3a JOIOMOTOI0 €BPUCTUYHOTO AJITOPUTMY, CEpPEIHBOIO TPHUBANICTIO 15 CeKyHA KOXXHaA, Ta
npubmmzao 100 memoHcTpauiif, 3po0JieHNni JTIOJUHOIO, CepelHbOI0 TpUBaJicTiO Tex 15 cekynn. Orxke 3i0paHo
6m3pKo 300 nemMoHcTpaniii 3aranpHo0 TpuBaiticTio 4500 cexyHn (75 xB). Ha ocHOBI mpoaHali3oBaHUX CTaTeH, bOTO
TTOBUHHO BUCTA4YMTH JJIs1 HABYAHHS IIPOCTOT MOJIEII JUISl TOTO 1100 IiJHATH KPHUIIKY TyaJleTy.
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