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Abstract

This paper introduces a novel hexapod robot developed by the authors that
can perform both walking and uphill-capable rolling locomotion to improve cost
of transport (CoT). Simulation experiments using a deep reinforcement learning-
based controller demonstrated that the rolling locomotion mode achieves a 53%—67%
reduction in the CoT and provides an 7% slope-climbing capability.

Mobile robots with wheels have been utilized in structured environments such
as factories and logistics warehouses. In particular, they contribute to reducing
labor burdens and improving process management in indoor goods transportation.
However, their applications in unstructured environments and outdoor settings re-
main limited. Recently, regulatory reforms for remote operations using cameras
in facility inspections and patrols have been progressing. As a result, the use of
robots for experimental verification is being advanced in plants, construction sites,
and infrastructure inspection fields. Furthermore, mobile robots are expected to
play a role in hazardous tasks, such as disaster responses or plant accident sce-
narios. For tasks in unstructured environments, multi-legged robots are a suitable
choice. Multi-legged robots are known to outperform wheeled or tracked robots in
terms of mobility and versatility. However, due to their high degrees of freedom
and control complexity, deploying these robots in real-world environments remains
a challenge. The advent of deep reinforcement learning (DRL), which integrates
deep learning and reinforcement learning, has shown promise in addressing these
challenges.

One remaining issue with multi-legged robots is walking efficiency. These robots
consume power to support their weight through their joints, even when stationary.
In contrast, wheeled robots transmit their weight directly to the ground, resulting
in lower energy consumption for the same distance traveled. To address this is-
sue, wheeled-legged robot have been researched. These robots incorporate passive
rollers or active wheels at the leg tips, enabling wheeled locomotion on flat terrain,
a combination of wheeled and walking locomotion on moderately rough terrain,
and locked-wheel walking on highly rough terrain. Related studies have demon-
strated a 50%-83% reduction in CoT through wheeled locomotion compared to
pure trotting on flat terrain. These studies indicate that combining legged walking
and wheeled locomotion is an effective approach to reducing transportation costs.

While wheeled locomotion is known to be highly efficient, rolling locomotion is
another similar method. Wheeled robots have stable main bodies with attached
wheels, whereas rolling robots rotate their main bodies entirely. Studies on rolling
robots have primarily focused on nonholonomic systems and biomechanics, with
most research limited to rolling locomotion on horizontal planes via center-of-
gravity control.



In this study, the authors propose a hybrid locomotion method that combines
multi-legged walking and kicking motions to enable uphill-capable rolling locomo-
tion for CoT reduction. To realize this locomotion method, the authors developed
a novel hexapod robot called "Rollopod-A.” This robot can perform general six-
legged walking and transform into a circular rolling mode by tilting 90° and folding
its legs. In rolling mode, appropriate legs can kick radially outward to generate
torque, enabling the robot to overcome small obstacles and climb slopes.

Simulation experiments using a deep reinforcement learning-based controller
were conducted on terrains including harsh rough terrain, gentle rough terrain,
uphill slopes, and downhill slopes. The results showed that the rolling locomotion
mode achieved an average CoT reduction of 51% on gentle rough terrain. Fur-
thermore, on uphill and downhill slopes with a gradient of 7%, maximum CoT
reductions of 67% and 63%, respectively, were observed. Additionally, the robot
demonstrated an 7% slope-climbing capability, which is not found in other rolling
robots.

These results demonstrate that combining multi-legged walking and rolling lo-
comotion is an effective method for achieving high traversal capability on uneven
terrain and efficient movement on flat and hill terrains. This study proposes a
novel CoT reduction method for multi-legged robots that differs from conven-
tional wheeled-legged robots. However, challenges remain regarding the stability
and steering performance of Rollopod-A during rolling locomotion. In particular,
improvements are needed for recovery from falls. Additionally, this study was
limited to verification in a simplified simulation environment, rather than real-
world settings involving stairs or obstacles. Future work will focus on experimen-
tal validation with hardware, including the development of an improved version,
Rollopod-B, which enhances steering performance using banked rolling. Research
will also explore unified control systems based on deep reinforcement learning that
integrate walking, rolling, and mode transitions, including recovery from falls.
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F1E [IL®HIC

AT, FEEOPHIEFOZHBEI 2R Y I TRollopod-AJ (X 1.1) IZ2WT
L. 20RO =) ¥ 7ETE— FIIBT 2 XtHnE 2 X b (Cost of
Transport: CoT) DHIERNERE S I 21— a VEBRIITKRAE L AR 2 HmE T
50 Fl2, =V VY IETE— FIZBWTHERE ™% OBIREEN 2R L, &
DMRElE, BIfFor—1) v uRy b TIEASNZWENYETH %, Rollopod-A
. 2R Te Ry b (BRI UGVY) OBEERMA LB X O5E)SA]EER BRI DL
Rz BHBICKET - BRI N, ARIZ. Bdd 2 g ZMary 2icflb 2%
T BRBEINREEFE L L TEWAEEEZ D TV 5,

1.1: Rollopod-A DZHTE— v —V Y 7ETE-F

1.1 HEEE

I Ny 7 U —VEREP RN EH AN EHEE RGN, Simultaneous Localization and
Mapping (SLAM) OFEIC & b, VIIREES LHNOYEERICE AN LRy b
DIEAZNTWS, Amazon @ Fulfillment Center (FC) Tl&, FEfhZ v 27 % Proteus
aRy 1BV T 7y T UAMEREOMNEIIBEHZE2 ZEAETH S, ZOH
REZHWT, Bf7 v 27 2y F U ERBEDOITAER L, ATk o B
7w 7 2 BEMNICHEBEAILTWS, ZHUTED., [ERIEERICK S TESTOY Y
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27y TeHB LYy 77y THRPUEKBEEIREBEZE L TVS, . K
R TGN Tl S~ — 2 778D Automatic Guided Vehicle (AGV) %2 SLAM
7D Autonomous Mobile Robot (AMR) & & b 83 Z 1 > [ DYy & ik 7 % 73R
L2 BIThbnTnd, TDX5IZ, FElLS 6LBENERETITEAN/ LRy b
BEHIATWVWS,

—77. EHZGEE I X 2 BEY O BEREERE (12 5&58) 1281 2 EE -
AT - FEROHIMIRE O —HBIEDE /R [3] £ b, 20259 7 A 1 IBEEHBIC &
LREWCDONTHRX FHFORBFFROMHZHAT 2782 R L7z, B2 7
PENLFTR T Fu R REL OB ZIT-oTE D, IR E TITHAMRE 1958
THE, FEHEEE 139EAPREIN TV 4, ZA5OHGIREIMc LD, A
aRy bEHOWED X ZREEE I K B KEZEERA >~ 7 T REDAIREIC
2570, SRIEERy MCRELINTWRVWENERESBIRE CIEE) T %
LENANBRY FOBRENEE S THEINS,

F7o. KERR T 7 ¥ MBI 2 HRFRER OFRIEES X OGERIEEANDTE
HDHARFE TV 2, B2, 2011 FEICHE LR HAKRESIHES EEH— K
FHFEOFDRMEER 5] TR, RFFREENTOIEREZITS 720 [TRIERK]
DRERE Tz 6l 2o DBEIzEEZ. ZHX UGV ICET 250D SR
TW3 [T, 51T, BEEEEHEICBVTX, BERICE 2 4InRy b IVision
601 DFHEER 8] BEME 5L, 2K UGV OEMICIANT 7 EEL HE R
LTW3,

LoL. BARBRICBVWTIEZ Y 2 =74 Y X ¥ MBI 2 ZHReslifilicon
C Unmanned Aerial Vehicle (UAV) 23 W ST W2 23, HiEZBE)$ 5 E N4
aRy FOEAGNIDZV, Zhud. BECI N ENLENREE Bz D,
BEARBEIIZ(L LB TE DHELD BT H 2 Z e h b, ENf LRy b &R
2 NRMICEEX 200 LW 2 ICERT 5, 2T, BfERDITEHEINT
WAIFE T —< B ZMBTa Ry b ERERLEER—Xa > e —-J0MaE
FETH L, ZHBITERY MIFRA — A LPEHTRX Ry b L, Bt
AR OBETERTWS ZePHISNTWS 9, LAL, BRy FOEWVWH
HE e HlEOEME I X D, EERETERRELZ Ry P OFEHRIFKA L L TR
BTHolze 20204FI2F 2=V v B R¥E LA YT LOMHEESITE D, BHEEY
L b A 1 REEEY S (Deep Reinforcement Learning: DRL) ~R—
20ay ru—7 10| BRI h, 2022 A2 Y ba—F 2#E# L7z ANYmal-C
asRy b [11] 23 TDARPA Subterranean Challenge[12]] TER; L T\ 5, —H#HD
Wz, AL L CREka >y br— S 2@Bx 2 MRER R L TB D, Y8
BADOBREICN L THHEIET 5 Z LRI NIz, 6, HRME RSP EVEE)
HrefozioRry b ZhzBARETa Y tr—AlRERa Yy o —J 0¥
&b, ZHEANA LRy OB TERDS —EIEHICR 5 & TR S,



1.1.1 ENAILOKRY FOEE

EANAvaRy beid EEAE TERS . BENICEEIL TEXRZITS
aRy bR, BEIZERICS U T, ERE#EI3 5 UAV (Unmanned Aerial Ve-
hicle), i -Z®&E13 % UGV (Unmanned Ground Vehicle), i <7 2 583
% USV(Unmanned Surface Vehicle) @ 3 HIZ I 15,

1)

2)

3)

UAV: A fiiZerk

UAV IZZEHZRIT T2 X4 7OEARRY b THDH, SEIFRPHT
EHEINTWBREAMZERO—ETH S, 2o TdH, HEBEERE (VIOL
Vertical Take-Off and Landing aircraft) 23RJHEZR/NRIMEAMIZERETH 5~
NFr—2E, UAV IS5, v LFu—X x4 7D UAV I, [EE
B4 TDUAV &L TEWEEE 2R ORI TH 5, ZoEKE)
HEENL, TV R—=T4 XY MEFITBIT 225k, Bl EEEEY &
Wo 2z NI 7 72 2 LI WEFTOME, KEROHE L ERINER ¥,
ZIZDT 2R THEEL TW5, — /T, RITHDOZ X F —HR[EE
B L TROWE WS REDH D, REEHBEIDNE X 72 2 EH Tl
BEERE XA 7D UAV BPEHINE Z 220,

UGV: £ A\ M | H

UGV X, HIEZ2BET2EAR Ry b TH D ZIIcH7z 2 HETIEAR
HfFEhTwd, UGV IZZoBEITIC X > TRE LA A — e B
D2 EINS, "4 — LR UGV IIRA YREREOHEEXES2 22T
RN CHIE 2S5 0 Ry v ThD, ZHX UGV IZ 1 RD L% H
WEBRTBEEREE 50Ky b THB, K4 —LRNUGVIE, ffE%H
HICEIR G X 28 LS WERZZE L TREIXE 5 Z e ARETH
%, Flo. BRILIRETH HVWEEEZE L TBD ZOBEOENHE S MDH T
Yz, =7, 2RI UGV IZEH O BHEZ ROl Z HWTREIST 5729,
BB G570 & ORI T 2RE1ICBNT WS, L LS, 2
Re Ry MEIRA — LRI THIEZ D TEHETH H,. BIfEOLEMS
T AIF—FEROE TRMMRFEIRI N TVWS, 2idWZ, PUDU #:53
¥ 32ta—~/4FKaKy b TPUDU D9 [13] % Boston Dynamics ft:
DERFET % 4 v Ry b TSpoty [14] 72 ¥ EARRY R B T8 LR
TEhH, ZHAKX UGV ORISR HICHEL Z e TIN5,

USV: #AARfA

USV gt - bz BE3 20Xy N Thb, USVIdiE LA L iEHHcHE
EAKRE S Bz, B EATIE IR & FEOMIATZIK & HEERRE %
A2, BHHTIEANTI A MR 720200, 3RTCHANDOBEIHAZ Y —
ZMA TV, USVIZEIWCHERE. X LR EEEYO/KPET OMEICH
WoHilb,



1.1.2 ZEIKX UGV OiFeE

EANALLBRY NOHBRFEEILVR—T 4 X MBI CHEREL
TW5 A, BARETOILHIIMARIFTEREICH 5, FEMSPIEMELIRTEICE
2 REERPHEEIE T, SVEEE LI RD 53720, 2R UGV 2373 H
ENTWVW3 (K2.1c, K21d), L2L., ZHK UGV idftho UGV & trig L Tl
HIEHETH D, BEHNENMRE WSFEDID 5,

Z UGV OflHAREE L ER e L TZ2Br oS WEHEDBEFKRLTWS, —
e 4ae Ry FoBE, HHERZX12TH) 6 Ry FOBEIZ18ETH 3,
U, HEGR UGV (3~6) AL Fr—X UAV (4~8) HELTZWE
Ehbn b, £l BHNIS VTN =2l — R TH B -oNERIEHE
WX O EBOEPRD NS, X512, ZHe Ry MIMEE OMHBEIERICE D &
BRI BBIREDIRE I N D DI R T L85, ZDD, ETILN—
A [15], [16] HHE &2 — 2 pk#Ra > b e —F (Central pattern Generator:
CPG) [17) R ¥ NIz, TETIE, ZHaRy b OF2HEFLEE UTHE
bR EHWza Yy v r—F [10], [11] PMEREINTE D, ERfay bu—
T LUEHRETH 2 Z e RENT WS,

F72. 2R UGV 0B NIRRT ICRER T 5, K4 —13R
UGV I3ERS R I X b ERE 2 I ICEEE 2 255, 2R UGV TR %
NLUTHEHERXZ 5720, BNENEZHEET 5, 207D, [FEEEIRONE
BHRHRA =NV UGV ICHARNTEZ L 13, ZOFROEXIT, BIRECTCOER
RBPETIEIE RN -oTWVW3,

1.2 MEENCREEANS

ARETE, 2R Ry FOBTIRICE T 2EL IR T 27290, BEIAJEE
7ma—) Y IETERET S, ZHIIMIET 27D, FESEFHLVHERY
I TRollopod-A ] ZFAF L7z (K 1.1), Rollopod-A %6 RDOMIZHEE, HEHEM) 72
ZHATIC A, WEHT D 7272ATHBIERE L, v—V Y 7EfTERREL T 5,
0 — ¥ ZETHIEY R R S G E D B3 2 2 TREIRIT S, AnRy
FOREIE. v—V Y TETICEZ2ERPA[EETH D, 2B ITE—FRer—1
YO ETE— FOPMHERTHBLAEWIETH S, Ial—raryREcky, #H
AN ZHB TE— e u—V Y ZHETE— FOMRITHIEI X b (Cost of
Transport: CoT) % g U7zk5R, e8I 2 n—1) ¥ 7ETE— FTHEE53%
D CoT BTN R SNz, T2, 7% OBFIRDVA[GEETH D, o n —
YV rZaRy MIRLNZVEENTH 5,



1.3 WX DB

PIRIC, Aoz 23, 28Tk, ZHRNa Ry MCBEET 3158, X
BAZHL D B %, 3ETIX. EH SDFFE L TV Rollopod-A IZDOW TR T 5,
4 FETlX. Rollopod-A OBENCE T 3 =4 L FHIRD 720 DIRRFIEICOWTIH
N3, 5FTIE, NVIDIA Isaac Sim & I 2 L — & % HWEBRBEMHEE Y CoT FHli%E
B2, 6 ETIE, FHMAEBROMER L BRERT, &S, TEIHmIOV
TihN 3,



F28 FEHERAZE

ARETIE, AFEICEET 2 Z MRy b, HigEHoRy b, BXora—
VryruakRy MBS AR RS,

2.1 ZEXOKRY k

ZAX UGV X, 1 E» Do 18 FOBHEZRO>v=al —RIiCk 3%
R ET 2Ry N TH B, FRHC, 28BT2T50Ry b (Ra—< /A4 F
2Ry b, K21a) ., 4vnRy b (Quadroped, X 2.1c) BZ LI TW
%, fiicd. 3 (Tripod, X 2.1b) <° 6 fil (Hexapod, X 2.1d) 7% ¥ DSHHZEHT 5
Lo TWb,

DIFTE. Frc 4 EoZHA UGV ICBET 2 =4 L X —3FRICEH L - BE
g2z oW TR 3,



(a) ba—</ A4 FaKy b (Electric At- (b) 3lm R v b+ (SpaceHopper[19])
las[18])

(c) 4 e Ry + (ANYmal[9]) (d) 6 fIm 7]'\ v b (RHex[20])

B 2.1: XN TWAZHR UGV of)



2.1.1 Multi-Legged Robot

FHADRER LT L LT, 2014 FFICHEE S N7z StarlETH[7) (K12.2a) % MIT
Cheetah Robot[21] (X 2.2b) 23%1F 5415, MIT Cheetah Robot Tl&, ZHIz
UGV DI ANF—{BRE 7 7 F 22— ROREL, b7V R3I vy a v OBEEE
&, aRy b BREEOHEERAEED =2 L THN L TW\W5, Do
RICEOE, BMLIVBEE—&Z XX —[AES A7 A, KIEBRFSVRAIy
>a v, REMMZERH LG TThI T, £ DR, Total Cost of Transport
(TCoT) DHEIZEWT, ASIMO (TCoT = 2) % BigDog (TCoT = 15) ¥ Lhig
LC. MIT Cheetah Robot & TCoT = 0.5 Zit#k L. RN KMEICH EL T
% Z BRI NIz, T HIT, RSLOFERLZ ANYmal B Ry b [9] (K2.1c) *
Boston Dynamics %3 2020 i —#Hk72 L 7z Spot 72 &, LIKEZ { DR 2415
DEEFD 4 UGV 2RI HED 5TV 5,

sensor boards

S5\, Real-Time FPGA

motor controllers 4
(in main body) onbéar Y .
g
/~ 3 () \ Controller
7 b IR T (NI cR10-9082)
e i ‘(,3 1
1 N K’(
g o) v
harmonic drive 2=
y_ @ 'E@ |
gearboxes . Regenerative
brushless P Gl Mgotpr Driver
Jmotors }
\ o 7 - High torque density Bl .0
.éf»\ copBttEenchre. P o motor with Single Stage Low inertia

Jlanetary Gear Composite Legr \

- B

s -
Credit: Francois Pomerleau

(a) StarlETH[7] (b) MIT Cheetah Robot[21]

2.2: 4 UGV OBAT5IHRITIEH L 72 BEENT T

2.1.2 Wheeled-Legged Robot

Higff 2o Ky b (Wheeled-Legged Robot) &, ZHI=X UGV OB 75% M|
FERHBE LIRS TH 5, ANYmal BRy FDRIEICT 4 2R — %=
Ee— 7 — 27— MRS LR [22], 23] (K12.3a, X12.3b) Tl&, bry b
ITE LB LT CoT 28 50% ~ 80% HI S5 Z L2 RENT WS, £, Mk
B & R A — L% B L 72 5E [24], [25] (K12.3c, K12.3d) Ti&, trv M7
T CoT 2% 83% Hlik S . I HIAITR ANYmal vy F D 1.5m/s Zi@
2% dm/)s ITE LT,



55 CTRRPA R bx v _A 7 Pz;ssive ;
il —‘; - e whm-‘.]/zf“\‘w
(a) ANYmal iI27 4 AR 7 —&X%EHW/ZZA  (b) QSkater-E (4imAKy ) 1cEHfjn—
4 v rZuat—a U5 [22) SERWERAL vy aate— a VISR
(23]

(c) BiAA — T EfieRy FofEERS  (d) kA —AfFEfia Ry s ORERE
Haytu—71cB3 25 [24) LB 5 215 [25)]

B 2.3: Hiff =Ry N OREZE



2.2 O-—-U>J0ORyk

o—1YyZuikRy M, BRy MREPEEGEH 2T Z L THEIT 20Ky
FEIET, chsonRy MITIZODMESFHTHEI ED SN TNWS, —
SHIZ, R I TR AT LAOMGENGE LToeKu Ry bTHD, Nl
DOE Y M EGIEZEZEICENEST 2 b 00T oh 5 [26], 27 (K2.4a), ZDHIX,
NAFRH =720 Ry SO TH D, HiE#wk (Cebrennus Rechenbergi) (X
2.4e) IZEMZE/Z 4Ry b Scorpio[28] (K2.4c) %, 6flaRy + [29] (K
24d) BHd, oo Ry ME, NFOELBECHEOZELZ AL Ta—
VU7 RFEBLTWED, HIEZEA2E03EZ TV RWY, Z07kD, Zhbod
bRy MIFEHTORENIRES N TV S,
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Rolling
Motion

Rolling
Motion

Pitching
(a) OB & 2 ZSHEHIEAORIKE  (b) £FRKy  ONEHRE, < ORLERZ
Ry b [20] Tl 3 HHEDIEZ HIH S 2 [26]
Top cover

ESP32 device board

Servo controller 15A DC/DC converter

Substrate supporter

mini IMU-v5 Substrate supporter

(c) Scorpio[28]. EHEFHHID & FHZ 1T (d) Scorpio % 6 HNZHEGR L 72 IRAEWFSE [29]
AF =721 KRy b

a b G d

K s - 2
e f g h

(e) HEgWkO R —V V' E—> a3 ¥
K 2.4: v—1) > ZETOBEFSE
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£ 3E Rollopod-A

AETIX, EESLDBFE L TW3B Rollopod-A Ry MZOWT, HWRET L &
LEEHZOWTIRR B,

3.1 HEWESS

Rollopod-A (X 1.1) (&, fiZ A SRR CRE L7z 6o Ry b (Hexapod)
Thd, BEMCHEEEZER L, FEIMITIE 3D 7Y X2 HWTRY g
(PLA) ZHH L, EEBIX 15kg I Z BN TWSE, XA VRF4EV 7T L —
MEEZHHALTEBD, RCY—ARE—XREFAAATLER=ZAT7 L —24 (K 3.1b)
ZPHDICHEREINTVWE, ZOR—Z 7L —AI121F, 3BEEONNYy T —2=v
F (K31c) &, AXF-arvir—7a=yt (K3.1d) PEHRIHhTVE, X
52, B—V Y IETROMEREEZZR L. bk zEMRICEE L, 0
BIERX A Y RTF 4 IZWOfHF o6 e, I3 7 — 21238 Xz 6 oGt
12 TR e (X 3.1a) . v—V ¥ Z3ETRRCIZER 0.7m, 1§ 0.3m OFHEE
IKEERT %,

Rollopod-A OIIFE (X13.1e) 1%, Legl. Leg2. Leg3 D 30D 7 — 105745 3
HHEY=-F21L—XThs, HORLEIZ0955m &, fio6HaRy b L
THRHEINCR ARG I T Vw3, ZoETHE, KE FTOMBRNRZHAITE
KT 2720, RBIERSTE2X D7 HICEREZERZLDTH 5,
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A A VRT A REHHK
X6

7 x6

i

(c) Ny FVU—2=y b, BEICIERLOD (d) #AF - avia—52=y |

FedN= T SR VTV
7.8Nm RC-Servo motor 14.7Nm RC-Servo motor

Leg3 o Leg? ., Legl

(e) Rollopod-A Dl

3.1: Rollopod-A #&fAa > R—x >

13



3.2 BEBRiNE

Rollopod-A 1%, 1124720 30, &t 18 HDALEHIEH RC ¥ — R E— X THE)X
N2, BB ANY 7 VIZIE 18650 UF T LA AU N TV Z 2AKFHLTED, &
P 426Wh DA NF—BEEZBHLTW5, FHB XK TEICE, 2237 —
ZDEEHE RCH —RE—XZD PWM il Z1T 5 72 DIT ESP32 ¥ £ 2 Y )ME# X
NTn3 (3.2a), 2NHDESP32~< A a3, USBi#EE%X 721X Wi-Fi5 (IEEE
802.11ac) HEFLEEZNLTAA a2 —&XTH 3 Raspberry Pi4 (RP4) I
EmEhTtnws (X3.2b),

CORRER FEHT 272012, EH HIIMAIC ESP32 RRA — N Z2akET B L
fEL7z (K13.3), ZOHEERA— Ficid, ESP32 ZBRE$ 2 720 DEFE a >N — &,
BIEEN o2l T 272DDRA — R MY TV PHTZ YT, Ity
PFANB I RCEEFITHIGL 72T/ MTFIMEZ 5N TWS, BT T34 A
BB S 2 3EMEER 3.1 1IR3,

+ 3.1: BT A AR

TNA R %

7.8Nm RCH—HRE—% | RDS5180 X 12

14.7Nm RC #+—7HRE—4& | RDS51150 X 6

Ny T Li-ion(18560) 426Wh

XA varvBa—& Raspberry Pi 4 X 1

<fay ESP32 X 8

HRAZ ESP32-CAM(FoV.160) X 9
IMU & > MPU-6050 X 13

ToF it >+ GY-530 X 7

GIEEET) OF AT — (max: 50kg) X 6
g a > R GY-271 X 6

14



GY-271
3D >/ (R
y

GY-530
TOF RIEE

3.7V i S
3000mAh 1x 150kgem / ESP32-CAM
MPU-6050 N 160°Camera
L § 2 x 80kgem OIS0 50kgEANTZ>Y
Li-ion battery
x 42
426Wh

(a) Rollopod-A 1 HIZi7= b D74 ZREMKIX

— =
= [']Main SBC 1%t section [
cable |_Raspberry pid 3-axis Mag.
Power Line = 2% PWM1 sensor
35 2 ESP32-CAM Liion Bat.[BMS =
— = . n .
Li-ion Bat. |M> 0V2640 44 2nd section
2 Head1 MCU | 2 Head2 MCU | -
ESP32 ESP32 3s BMS |
o |ERE
x1 3rd section
A Y PWM3 6-axis
Li-ion Bat. MU
6-axis | .l
iy toes
Li-ion Bat. IE x1 A/D sensor X6
=~ ESP32.CAM
Only legl OV

(b) Rollopod-A > 27 LRI

3.2: Rollopod-A EXGEXET
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(62200600080 -

(a) F VI FMEER—F (£) (b) #V Y FAMEER— K (HE)

3.3: ESP32 AV ¥ F M KRkA— F
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4

F48 O—J>JIC&B CoTHIEO
dE—23ay RBREFE)

ARFETIE, Rollopod-Apiva—1 > ZETEFEHRT 2 Z & T CoT ZHIWT 2FiE
WZOWTCHFRT %,

4.1 O—U2I9AXABN=XL

ARFITlE. Rollopod-A Dra—1) ¥ 7 X H =X LIZDOWTHAT %, Rollopod-A
. EEIZR R S A TENCE D BT TRy MARIKICEEL ML 2 2REXE
A RO, v—1) Y IRORKRY bEFa Y R—3x > rOMNEBGREX 4.112
R NRIRFICEBT 2 HOBRIEK 4.1 DERISRENTWS XD ICETFIILLE
%, HOEHAZ Oy, BR Y N OEFHISIZIE D BV RE LHE. oD
HUICEKDRETZH XA VRT 4 L HOEAER BT R & B, IZHRIHh
%o NFEAMHD¥Er ZHWT ML Ty = Fy x r ITEHIEIN S, RDDS)
BRidaRy oRte EAMICERT 225, BELMEIOREES] F; 8 XUCHHOF
B lC&D bAT Ty = (Fy — Fy) x rp ICEBIZ N S, T OBRIZH AR & [H
BThD, NEZHEYNCay e —T 528 TREZITY ZEARETH 5,
ZD X112, Rollopod-AFELBENCE 20— 7275 KkDn—1) >0
Ay bEIEREZY, vy P ARICEREREL ML 2 REIEIRETE R o TV
5, ZDH, v—Y > ruaRy b THYBRPOLEIRENEZH T 5 ORI T
H5,

u—1) 7T 5 L CEELZHOBY HLEZ I BXUH IRCY —KRE—
RDOAE 0,13, UTOFEEAVWTCEHEINS, £3. HE XA VKRT 1 OES
M Bou—AVEEZR 41 ZHOTEN T 2, Xz, H2HE I U CEER
R oouRy FEEZAE 9, 2. IMU o OED2 5K 4.3 ZHWTKRD %,
TIZT. w 3FRTEOAEE, 13> I 2L —ar7L—AalR (B yEifEEIK
). « ZFREOMIEE R RT, X512, v— A VEBERS (HoEts Oy %
R T2 242X DEHT 2, ZhsDEREIIC, v —H L EER
DL B DEEFE Y v — B VR R % FIR AR 4.4 ZHWTE# L, A BOD
7 — )L NEEFEERD S, ZiUuTk b, HoEHS Oy EHlo X 4V RF 4 #6585
B O EBEFRDIHIEIC K 2720, HOEX I BXUOAE ), 2EH T2 Z 226
5,
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AN xc‘0891—ysm€1 (4.1)
Yr, x sin 0y + y cos 04

0
(OLaw, Oryw) = (27””2?, —73) (4.2)
1 2
91 = WQt + §Ozt (43)
Tw 1 0 0 t, XL OLaw
1 t
Yw _ 0 0 Y YL + yLyW (44)
ZW 0 0 1 tz 2 ZLaW
1 000 O 1 1

RZIC, HOBBEEAEI T LSRN, 551 BEFHOAE 0, 16,
WHELL, BYDE 281 0, B UOH IS 0,31, 7 —22%8hd, HHEET
DOt A L2 EA=AEORMENERICE S =, =AEEHWTEHA
INb,

Ti=Fxn hER EHOER or IR

T3 =F3Xn
Tz:(Ff_Fl)sz """ > P

Ty = (Fr — F3) X1y

B 4.1: Rollopod-A DD HLEMEICE 20—V Y7 X H =X LK
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4

BHE vIal—4ZzZHVW=O-U
YIEITE— RO CoT M

ARG TIX, BT 20—V Y 7ETE— FIZBIF 5 CoT HIBRIRZMGES %
e, YIal—ra EBREEMLE, AETIE. 2OYIalb—a vEER
WHWERR Y FIEIZOWTHRS, BH—/MTiE, ERICHWA I -4
AT MERICOWTHAT 5, 5 _HiTlE. Rollopod-A OHIIHIARY > —I12Bd
T 3B RS, B=HTIE. CoT PIEEBRBEICOWTIET 3,

5.1 EERIRIE

YIal—Ya VEBRICHWEY —AND ARy 7R 51ITRT, KT,
NVIDIA #2348t 323> 321 —>a >y 7oy 74— L TH3B NVIDIA Isaac
Sim & Isaac Lab Z HWTEEZ2ITo72, LTFIZ. 26D IalL—XEZD
R oW iR 5 %,

RH51L ¥Ial—Yaryh—nARy Y

avR—x b P

CPU AMD Ryzen 7 2700
DRAM DDR4 64GB

GPU RTX A4000 16GB
OS Ubuntu 22.04.5 LTS
CUDA 12.2

GPU FZ 4N | 535.183.01

5.1.1 NVIDIA Isaac Sim

NVIDIA Isaac Sim[30] i&., NVIDIA#HiC X o TR Ih73D Izl -3
YTI9bTA—LTHB, DY Ial—&iF, GPUR—ROYHE LYY T
H5PhysX B LTED, KL< LF Lo+ I aLb—a oty
238 L TW %, Universal Scene Description (USD) JEZUZ & % 3D & — Y Eabic d

19



SHHELTED, EXHEO 7 NI TARTISZRAY A VI 2L —3 a Y|

RETH %,

o PhysX ¥l > v

PhysX 1%, BREZRZE (FEM) ZHW/EY 7 P RF 4> Iab—2a Y,
IR, =T 47, kDT I aL—a v R— T3 —3/-
INN=T VL —=LT =0 2@t d 5, 72, WK X720 v £ aife
B EE SO 7 —T4F 2L —ary P AT ADKENRS I 21— 3
VEFEFHLTWS, ZUT LD, EHEREZN NSRS 0288 2 IEEIC IR
TZ 2%, PhysX A HR—FLTWBTIalL—a U HEEER R 52101 T,

R 5.2: PhysX ¥/l > 2 > DRE

HRHE

B

MK Z A F 372

=77 x

JaAdf Vb

T Y —F 4 Fal—>a v

Hlj&Z A4 F3I 7R

¥yozr7Xxarbtu—7
SRR X A >3 7 R

SDF 25 4 X —

PMEX—ZAXALFI TR

HARLIF XY
W & RS

& R

b 38EE R TOF 7Y = 7 MHEAE
HyIalt—Yayv
PIal—yarYWNA T Y=l b OEERHE
2. LA F v 2 MRHFEEE

F 7Y 27 b OHEXRE X 2T 2
FilfAD Y V) —fEEIc B W, B catE
AJRECREMTRRAENRAE L VWS I 2L —Y 3
v

MIpnb 285 FTOF 7Y = 7 MHBEAE
HyIalr—>av

77 ZHAOERZICHEC-ary v —F
BIREZE (FEM) 2 W2 EE AR D >~
Tal—raVv

PPt = BEEES 1o R o  EiZERBIc &k b, JE
MR R L T 22— T3
IR, BORMRL, fa. BIR, ZIEnTee e ik
x> Ial—1bT5

Ry 7 XKD DE IR EFRT 5

F 7T FOWIERHEDOY I 2L -3
N

P RIZ Y DIIKY T 2L —>a Yy

o BIiHL I 2L —> 3y

Isaac Sim Ti&. NVIDIA GPU ¥ PyTorch Z &M L 7=@ i AEEIZ X D,
ZROT7 7 ZEFARFICS I 2L —bT 2 EHARETH S, ZAUT KD, 58
BB BI 292 7V ZRBPKIECH LU, FERR OREHEOFEIH X

20



N3, MuJoCo¥D CPUR—ZADT I 2L — XL T, mER> I
L—a UDARETH L2 B KRERHTH 5,

e Ray Caster £ >4

I[saac Sim 3 & Of [saac Lab & NVIDIA @ Real-Time Ray Tracing % & H
L 7z Ray Caster 2 >#% (RGB # X7, RGB-D # X7, LiDAR. ToF &~
) WG L TW3, Real-Time Ray Tracing (3 DFER % G % & 1B W
TX3HeE7S, —ANCIX, 3DCGITBIT B2 HIRL STH. SEDILEZ [T
WHBRT2DICHVWSONS, ZD Real-Time Ray Tracing (&2 OHERE LD
PIKICERE L 7B 2 RiETE, Thetdter e Iar— MSHLE
DH Ray Caster 2 V% TH %,

5.1.2 NVIDIA Isaac Lab

NVIDIA Isaac Lab[31] {3, Isaac Sim Z#&ty L7zoRy MEEHOMEEY 2—
IWIVL—LT—TTH5B, [saac Sim DEWVEY 2 — L Z2IEH L TE D, HEKEE
@#%%#Eﬁﬁwﬁéﬁﬁ%mﬁiéoé%mm&mm;%%ﬁﬂ%ﬁ??%%

— MLTHED, BLFEORZR 2RI EXE 5, AFFETIE. Rollopod-A
0)71‘\ Vy—ary ba—JD¥EIT [saac Lab ZEH L 7=,

5.2 A bAO—5R)SFEBEE (NVIDIA Isaac Lab)
AREHITIE, Rollopod-A Da Y rua—F R OFEHRFEICOWTHART 5,

5.2.1 Rollopod-A > Zal—>3>ETI

Rollopod-A D> 2 2L —a yET7/ (K5.1) & USDEATERINTE
D, BIKIIAAET LY LTRETENT WS, ZD7=, T TIUICIZE RN
PRELRWIRE 2o T3, #HIEE OMBEERICEW T, &R
1.0 ~ 0.5 [32] DEIFAN S F ¥ B LY > TV ¥ 7S, BIEEERENIE L EEER
BEIDBBENMETT VELZH TV 7ENDE, RXA V7R LEIZDOWT
5317,

7 7 F 2T —RETIUL, Isaac Lab DEEEREEH L TW 2 ZEHHFlaY te—F
(DPartue—7) PRAZINATVWS, Z0ar o— 7 ZBHifEHE2E (Stiff-
ness) B & SCBEHEIEE (Damping) OF/MEbEHET D TH S (X5.1), K%L
TlE ¥ Iab—2a YHORfEI T X =& & LT Stif fness = 10, Damping = 1
ERELTWS,

T = stif fness * (¢ — Grarget) + damping * (¢ — Grarget) (5.1)
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+ 5.3: RYIEHITBIFZ2RFXAA V5

vEMELEY T v THi

NI RX—& TRARY & VNN il
—0.6 < linwel_x 0.6,
BT —0.6 < linwely 0.6,
. e ang-vel_z = 0.0.
fAma~ R —-1.0 < linwelx < 1,
=Rl NG 4 ~1.0 < linwelly < 1.0,
0.0 < angwel_z < 2.5.
PRI BT -m—V 705 <10.
#Hi (kg) FBIT-m—V > | —1.0 <5.0.
—05 <z < 0.5,-05 <
Z AT y < 0.5,z = 0.55,-3.14 <
o« g yaw < 3.14.
AR il 05 < o < 05,-05 <
o—9yr7 y < 0.5,z = 0.55, pitch =
1.571,-3.14 < <
3.14, —3.14 < yaw < 3.14.
BT —05 <z < 05,-05 <
HHEL y =05
o—9y >y 0.0 < yaw < 2.5.
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5.1: Rollopod-A ® USD idib &Nz I al—rarETIN, ¥Ial—arVith
a2 MR D 7z DAL
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5.2.2 ZFREEILFEZ7ILIVIL (PPO)

KAWL TR RV > —ay ba—JDREERE T IV a 7REERE (MDP)
WX B AR ETH WS, £/, FH 713V X4k LT Proximal Policy Op-
timization (PPO) [33] 2R $ %, PPO X, BEDT —XEHWTERY > —%%)
RINCHE LoD, BRILEEIC L Z2HREP LI ZHWNE LEFETDH
%o MR D Trust Region Policy Optimization (TRPO)[34] 23EH#E 7 2 R D i b
FIEEEAL TV L, PPOIXEDES R 1 ROFEEHCTREE LR
FMEZMIL LTV, ERINICIX, FIHRY > —MOBELMEZHIT 2 Z 2T, @
REBEHZIH LR SRZE LFE2FEHT 5, 2T XD, PPO ITEENE
STHH DS, TRPO L AEM LOMREZERTE 2 Z e NFEIEEIN TV,

PPO 121Z PPO-Penalty & PPO-Clip @ 2 FEH{FES %23, A% TIE PPO-Clip
EERHALTWS,

e PPO-Penalty
PPO-Penalty (. TRPO @ & 512 KL #lfff = EHE BB L 2L FIET
HBH, KLEAN=T = AZREERFI & LTS OTIER L, BIBEEK
WRFAVT 4 HE LTEAT 2HDRR S, £z FEHOBEETRFI LT 4
REEBIRNCHATE T 2 Z 2 T, @YU R — LI INS X HEIanT
W3,

e PPO-Clip

PPO-Clip 1%, BB KL A4 N—Y = Y AP S E T, 60—
URRI TR w, Z2ofRb b, BERICBT 25 %% 27 V0 v v > 7% FIH
TEHZET, HLORY D —NHEWRY O— o kKE TREEST 2 2 & 2]
LTW3%, PPO-Clip 12317 % HIYBIEGE 5.2 [33] Z7R T, HERHDTEE X
ToHiFH (1 — e, 1 +¢) ZBATGE. ZORBEOFELEMAL CTELOFED
AT 5, ZOFEICEID, HHBERIZZ UV vy Y 7ENTOWRWES
DFRAE LU THEEL. RV —EHORENZHERS 5, £/, 207U Y
v I HIHIRRE TIIAER D BB & —3 3 20385 X — X VB
NBICONTHER ZBEERT,

Hmmw)zﬁdmm@ﬂmAMMmey1—@1+@Aﬂ (5.2)

5.2.3 ZFBHWHRETIL

Rollopod-A @2 > b e —Z R > DFEEITIE, Isaac Lab D7 a > — v Ui
FEARASEEZ i U /- RE 2R L Tn 5, FHiIE 10m?2 TH D, 10 x 20
<~ AR EIN D, SHFEOERERIIESER Y = — 7HIFE (20%). KEKY = —
THIE (20%). bEDAEHE (20%). F D AEHE (10%) TH2, X512, Hi
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AV F2T6%2EATSIL T, BIOHNRFEERREEMEL TV, BRI
. EHEBEIEEEED 50% 1ICEHE L R WSS IIHIFEOHSE % NI, 50% 2@ X /-
BEZHSEY T3 HATH B,

Lo L. BIROZEH fTay be— LR oBXta—Y v 7Effary ba—
LARY TE, RS EOHIE TO¥EEITEE > TRy, Z ORI, Hifp#
GEDO LRI T 7 ZROBEEENME R T 272D TH 5, ZDMIHRIESEDH
TTHEZTELTWS, 2EEBICHW A Z IR ISRT,

o UV — JTHIE
vz —7#ifE (X 5.2a, X 5.2b) &, 727 XK L TELD L WHITE 8%
RO RMETORELHFITBIU0n - vV ETE2EE I8 % B TFH
X3, ZoOHIEIE. BBEHIE— FICBWTHEL THWS RS2, 22845
R U TRE SN 2B ORAIREIL R 2, ¥ o — THIIZBT % BIKH
BRI XA —RIFR5AITTRENT WD,

o ZJBCHITE
AECHITE (X 5.2¢, K 5.2d) 1. 727 2B EDIRE X R OIKOBREICEB W
TERELISHITBIUOn =) Y ETEPE T 2720IEHEIN S, HED
FIZ T A= RIZDOWVWTIEE 54 ITREINT VB,

R 5.4: R FEEHE AT X —&

HijE FERY > RTR—=X&
s . 17 JEE: 6/m, #RE: 0.0m ~ 0.2m
= — 7 HI ~ \ e o
R = =710 a—yy7r AL 6/m, #RIE: 0.0m ~ 0.15m
17 JEE: 1/m, #RiE: 0.0m ~ 0.2m

WAR? = =700 | 0y r | mig 1/m, 99 0.0m ~ 0.15m

b D HyECHE BT -m—) >y
ERIEE: 0.0% ~ 20.
RS i BiFem—y vy fERIE: 0.0% ~ 20.0%
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(a) @Ry = — 7HIE (RIE 0.20m) (b) KA Y = — 7 HE (RiE 0.20m)

(c) b AT (EREE 20%) (d) b o (ERE 20%)
K 5.2: FHICHW SN2
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AKSIal—yaryERBTIE, Y2 —XRICERT 27 7 & & HIEROF#E
UIRTHICL DR Ry I DPZHFHE LT, K54 1TRT DI, 2B TE— RIC
B2 T AEHE (ERE 10%) TOREYZ T L 2EEIHTHEZ, 20
BICIix, ¢t = 7.0s THIZHIEZE@E L. ZOMATHREI NS Z & CHEDET
TW3, —f, =Y Y 7ETE— FTIE. 20X 5 R AEY 72 T3 3RS
TNt Floy 77 RDAE— VRIS HEMOREY 2 T X T
B (K53), ZOHFZIe -V Y ITETE-RFIBLVTHRELTVWSE, K>
Ta2al—yayiBWVLWTIE, 77&20onaEe— a VISERAT 2E & AEY) 72
FBIC X BB ZXAT 2 2B TERY, 2D, DIEICIERT 27 —&I1Z
. NEYTITFHICER S 26EOFENEEN TV S RICEEI W,

X 5.3: ZHTE— FICBWTHRE LM OREYFHIc L 2 2%y 26 (1), 1K
D7 7 XAPAR—=VERICHITEE FHLTZOHIHRINATNS
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(a) t=5.0s (b) t=6.0s

(e) t =9.0s (f) t =10.0s

X 5.4: ZHBFITE— FICBWTHRE LHIH  OFREYITFHIC L 2 2%y 76 (2)
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5.2.4 A2 bFO=LRI)OFEHNTA—F « ZHETE

AHITlX. Rollopod-A OFlfENCHWZ2 > ba—LRY SIZHOWT, RY T#
BRIR—=R e PRBEEE— FINCHRT 5, MRV B2 HEFHE L
T, 1Y —FR20M, BTEEEZXA L7 7 b BAKEREZ 1500 BT H
5. Flz, FEWHEHEINE T4 T7FVIERSL-RLTHH, PPOT7ILITY) X L%
Wiz, E AT X—RER55ITRT,

R 5.5: RYEEARIX—X

NI A =& fE
num steps per env 24
max iterations 1500
save interval 50
empirical normalization False
init noise std 1.0
actor hiddengims (512, 256, 128]
critic hidden dims (512, 256, 128§]
activation "elu”
value loss coef 1.0
use clipped value loss True
clip param 0.2
entropy coef 0.005
num learning epochs )
num mini batches 4
learning rate 1.0e-3
schedule "adaptive”
gamma 0.99
lam 0.95
desired kl 0.01
max grad norm 1.0

o IS Tay Fu—LEY
ZHA Ty ba—LRY DT, xy FEHEERS (-1.0<2<1, -1.0<
y<1, =[5 (0<yaw <m) DOIVRAIH YT r7Eniza~v
YERBASTIENDG, ZHFBTRY > OBIHIZER (Observations) 3K 5.6, %
HIPEATR Y S ilERET (Rewards) 23R 5.7, WEHERR 272 7 2K 5.5, 5.6, =
YEBR=I7—=%77F ¥y 2K 5.7, FHMPIZBT 2 ZMBITRAL L5 T
%K 5.8 12T,
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R 5.6: ZIIHITR Y S BIHIZER (Observations)

B f 2
base lin vel A4 VRT 40— A IVFERRED xyz BE R IT
base lin vel w XA VRT 4T =)L FEERED xyz 3 E T
base ang vel XA VRT 48— TIVEERED xyz FIRE

projected gravity | XA AT 4 WHEHT 2 EHIRE xyz i
velocity commands | 77 ZICANENferma~ > K

joint pos REE 18 fH o 4

joint vel REET 18 {H o A L

actions ARV O IE (18 1)

height scan ~ILF ToF &t YO (i % ToRE#HE)

R 5.7: ZRIBHTRY ERIMNEGT (Rewards)

AR B 24— std
track lin vel xy exp 5.3 0.85 v0.25
track direction alignment exp 7 5.4. 0.5 v0.25
track ang vel z exp 5.5 0.25 v0.25
lin vel z 12 v2. -2.0
ang vel xy 12 lway|I? -0.05
dof torques 12 > e i | -1.0e-5
dof acc 12 djes @3 | -2.5e-7
action rate 12 A 5.6 -0.01
feet air time 5.7 0.125
undesired outershell contacts -0.125
undesired mainbody contacts 5.8 -0.5
undesired body outershell contacts -0.5
7z position err 7 5.9. -0.35 \/ﬁ
flat orientation 12 5.10. -0.25

std: FEHE(R 72

30



(Ucmd,z - /Uact,m)2 + (Ucmd,y - Uact,y)Q)

- 5.3
esaf mr: 53
0 < 1 ( Vemd - Vact 1 1)) < 0 ) (5 4)
= arccos| clamp| ———, —1, ,expl ——— .
||chd H ||Vact || S'Gd2
(wcmd - wact)2>
T E— 5.5
exp( std? (5:5)

Z(aﬁ — al(-t_l))2 (5.6)

L jvema(®)l[>0.1} Z <last,air,timei(t) — threshold) - first_contact;(t) (5.7)

i€Feet

Z 1{ mtafon7t7b|| > threshold} (5.8)

beB

height_data(n,r) = pos-w[n, 2| — ray_hits_-w(n, r, 2]

R
1
h(n) = = Z height_data(n, r)
r=1

~ ) = (5.9)
(h(n) — threshold) .
I exp(— 5 ), if h(n) < threshold,
std
0, otherwise.
n \2 n \2
(95)" + (95y) (5.10)
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(a) action rate 12 (b) ang val xy 12
006 mv
0.07
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(c) dof acc 12 (d) dof torques 12

o
=]
=

-0.015
i
500 1,000 1,500 0 500 1,000 1,500
(e) feet air time (f) flat orientation 12
0.16
014
0.12
01
0.08
0.06
500 1,000 1,500 D 500 1,000 1,500
. - 32
(g) lin vel z 12 (h) track ang vel z exp

5.5: ZHBATRY > OREHER 25 7 (1)

-



0.2

01

0.05

] 500 1,000 1,500

(a) track direction alignment exp
0
0.002

-0.004

-0.006

] 500 1,000 1,500

(c) undesired body outershell contacts

-0.006
-0.008

0.01
-0.012

-0.074

0 500 1,000 1,500

(e) undesired outershell contacts

5.6: ZHIHAT

0.8

07

06

05

0 500 1,000 1,500
(b) track lin vel xy exp
™

0.005

0.01
0.015

0.02

0 500 1,000 1,500

(d) undesired mainbody outershell con-
tacts

-0.002
-0.004

-0.006

0 500 1,000 1,500

(f) z position err

RS OWBHERE 2 5 7 (2)
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command 200 Hz

(Direction & Speed) 50 Hz

Joint angle DP
controller

S A R

Target joint angles (action)
IMU(Alternative)

i |

| |

} |

| |

| |

: - M |

< < |

< | Joint angle |

Observations (Robot states) : :
[

. Contact Sensor |

| |

| |

A 4

>
i
©
Q
o))
c
=
@©
=

ALY
aNw)

Motion generation S R
Motion tracking

5.7: ZF fTaryre—57—F570F %
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(a) t =0.0s 7 (b) t =2.0s

(d) t=16.0s

(e) t =8.0s (f) ¢t =10.0s

X 5.8: FHMIPICB T 2 ZMBITE-FDEX A L5 TR
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e N—V Y IEfTarytr—KY ¥

ZETa Y b a— B Y T xy PEEERS (-1.0<z<1,-10<
y< 1. =[x (0 <yaw < 7m) DOITVRLZIY YTV TN

<Y RPBAKTEND,

a—Y > ZETRY > OBIHIZER (Observations) %z 2

5.8, N ET (Rewards) 238 5.9, WMH#ERL 75 72K 59, av rtua—3F
7—%77F %X 510 TR T,

R 5.8: B—VU Y ZETRY IBIHIZERH (Observations)

BRI

fiie

base lin vel

base lin vel w

base ang vel
projected gravity
velocity commands
joint pos

joint vel

actions

XA VRT 40— HIVFERED xyz RE LT
XA VRT 4 T —)L R ERED xyz LT
XA VRT 40— T IVERED xyz AEE
XA VRT 4 WZEHT 2 EIIEE xyz K7
77 RWZANESNtEra~v Y R

AT 18 flH o f4 EE

REET 18 i oD A H S

AU o E (18 f#)

R 5.9: v—V Y IETRY HMMEGT (Rewards)

AR HiisX 24— std
track ang vel z exp 5.11. 0.85 v0.25
dof torques 12 > jes T -1.0e-5
dof acc 12 > ey @5 -2.5e-7
action rate 12 >oi(al— agt_l))z -0.01
vertical orientation 12 (gé?z))? -0.5

exp( —
0,

(wcmd — Wact ) 2

std: FEHE(RZ

), if sign(wema) = sign(wact ),

std? (5.11)

otherwise

36



-0.08

0.1

012

014

0.1
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0.2
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-0.06

-0.08

0.1

500 1,000 1,500

(a) action rate 12

0.1

] 500 1,000 1,500

(c) dof torques 12

500 1,000 1,500

(e) track ang vel z exp

0 500 1,000 1,500

(b) dof acc 12

] 500 1,000 1,500

(d) ertical orientation 12

K 5.9: v —Y v 7ETRY > O 7S 7
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command 200 Hz

(Direction & Speed) 50 Hz

Joint angle DP
controller

Target joint angles (action)

IMU(Alternative)

| |
| |
| |
| |
| |
I ) I
|
< | Joint angle :
Observations (Robot states) : I
|
T Contact Sensor !
| |
| |

>
o
IS}
a
o
=
ke
o

Nary
NP

Motion generation B e S
Motion tracking

5.10: B— VY Y JETaY bR =97 —FT7 7 F %
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(a) t=0.0s (b) t =2.0s

(c) t=4.0s (d) t=16.0s

(e) t =8.0s (f) t =10.0s

5.11: ‘FHHIBICB T 20— Y 7EITE—FDXA LT TR
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5.3 CoTHIEZalL—3 FE

AZETIE. Rollopod-A DZPHITE X 0w —1 ¥ ZETRICEIT % CoT 2 HifE
FHEBNCHET 2> I aL—Y a VEBRICOWTEERT 5,

5.3.1 CoT:it&ER

ik 2 2 b (Cost of Transport, CoT) &, Hifi#H &% B HREEREI X8 5 B
HBXINZZALFEREY ULERITTORWEETH D, BRIBEEEST X
VETRE BN T 2 72 DICHW S LS [35], ARFEERD CoT B (15.12)
RS,

S i |dt

i=1J0

mgAd

ARy Ial—yaYEBRTE, BfEitLy (), BEAEE (0)., BXU72720
7=V FEEZ, 1ZEY—F (t=60%) MIC0.02BMEBETY > 7V 7 LT,
AR 2B WT, B ML L BETAEE RS L. ZORMERD S 28T
1TV —FHEDII 77 2APRHEB LI VFEEH Lz, RIZ, mgld7 7 &
DEE (15kg) THD. Ad (=X V(@ — )2+ (Y1 —y)D) BT 272D
HRREIEMCH 2, 22T, (v),y) E7 27 XDV =V REFETHD, N FZV > 7
VY IR ERT,

CoT = (5.12)

5.3.2 CoT:iHAtAzETIL

CoT OHEE X, 5.2.3 i TG M2 Z 2@l EH Lz, 7 A b
HEOmEFE X 200m2 ZHER L. 727 X IBWEOHFLIEH AR — 23R EL Lz,

5.3.3 CoTRIEFIE

AEITIE, ZHBITE—FBL0—Y Y 7ETE— FIZBIT 2B X O
SERD CoT RIETIEIZOWTEFHIRT 5,

77 RZDT— ZEIFIZIE. Isaac Lab @ recorder B&REZHH L 72o Z OHEHELX.
PIal—yarvRATv 7 (0.028) T T7ZRIIHLTT 7 aryhEHER
TBROEEOYMHEZ IR T E 5, BRI, ZOWEZHWT, 7722 D
REET ML, BEMTAEE, 77 X EEEY 1Y —F (60 /) H7=b N = 3000
B> 7Y 7L, HDFS IERTRIZE L T2e ZOH YY) U 75— R EFHICK5.12 &
HWT CoT ZitR L7ze 727 ZANDIERAEIZ, TXRTOMEEL X UOEREHE—
RIZBWT—H 0.75m/s LEE L7,
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B X MR Y = — 7HIfE Tk, HEIRIEZ 0.0m ~ 0.20m O#EPHT
0.0lm ZAZ X ¥, FiIREHIFICBENT, ZHBfTE—Fu—Y v 25E
fTE—FRDO7 7 X EZFNZTH128KH . 60 REIOBEIZ1T - 72, ZHIBITRY
JNIXF B Ra~ Y & (lingel, = 0.0, linyel, = —0.53, angyel, = 0.0), B —
VY ZETRY e 2R a~ Y Rk (-0.001 + lingel, + 0.001, linyel, =
—1.0, angyel, = 2.14) L &E L7z,

Y AEE LT D AEHIE T, EHREZ 0% ~ 20% OHFIFT 1% ZIAIZE L
XH 7, BlERHFEICBNTH, 2P TE— FBLSe—) Y 7ETE— DT Y
R % 2128 (KFWT 60 O OB 2 i L 72, ZRITARY 22T 2465w
a~< > P& (lingel, = 0.0,linyel, = —0.53, angyel, = 0.0), =1 ¥ ZEITRY >
X3 B8R~ Y Rl (—0.001 +lingel, £0.001, linyel, = —1.0, ang,el, = 2.14)
& L7
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E6E

fEREER

AETIX, BHBHETEMLZ CoT IEERDFERZRL., ZOEEZITH, &K
FKER T, BFBEIT— R 2RO CoT HIEREE, ZLTr—V Y 7EfTE—F
WZBIF B CoT HIEFRE o L (3%6.1), EBOFER, v z— 7HIETIZo—
) Y IHEITE— FO®RAT53% O CoT HIIERIR AR LUz, F72. HEHIFE T,
RO AR ERE 7%) THRK67T%. O AR (ERVE 7%) THRKA63% @ CoT H

JBEN R DRSS ATz,

® 6.1: BEIE— N, #IEH| CoT WIEHR v —1 ¥ ZEITIT X 25K CoT HIERNR

G BWT—F b Col ik Col A CoT HIRAIR
mity = -y | 21 IOEDT B0 s e
Wy = - | | DN O DA DL g )
)

kb AR L o | 6% ()
06}

T b AT L e o | 6% ()
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6.1 U I—THR CoT BIEFRR

v — THIFICEB T 2 SIS L CEEFRE O XA, 2l TE—FE
0—Y Y IETE—RFD CoTHIEMEZXK 6.1 BLUK6.2127-7, MHFIZEW
T, B—0 Y 7EITE— RD CoT HIBRNRI R K L 5o 7= DIXFHHIETH - 7=,

o HEKY = — THIE
FER Y = — 7THIE Tk, 2P TE— RIZBWTHIIRIES SIS % &
BRI CoT B ER L, mAIRIEFRHICIE CoT = 22.1 IZEL 7=, — /T,
o —1 ¥ ZETE— R CIXHIEIREO IV EEBIZ CoT A ER L. IR
A3 0.08m I L =R TE BT E— R & EE - 7=,

40.0

—e— Walking CoT in hig!h frequ'ency wave terrain

35.0 | |
—=k--Rolling CoTin highifrequ

Dmalem

ncy wave terrain A

b e __*______________

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
Terrain Amplitude(m)

X 6.1: EEABY = — 7HIEOIRIEY CoT DRk : BEIT— RAlDLE DRI T
RYSORRFH LA, MO ZFBERIEe =) 7R S ORRFE L)
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o [KJE Y = — 7 HIE
KRR Y = — THIZICBVW TR, 2RECBVWTr =) Y 7ETE— FH
ZHBITE— F X DY 51% Bh 7z CoT BR LTz, HIERIESBEMS 3 &
ME— K& BT CoT DEM L 72h3, ZHIBITE— FTIEHRK14KR4 >k,
0—1) Y ZETE— FTIERAK24 KAV FOHEIMCE ¥ o7,

40.0 ,

—e— Walking CoT in low !frequency wave terrain
35.0 i

==k==-Rolling CoT in lowfiequencywave terrain
30.0 F !

-
-

0.0 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

Terrain Amplitude(m)

X 6.2: KEHKY = — THIEOIRIE Y CoT DRk : BEIE— RO GitDmIRIZS T
RV SOBRRKFEH LV, MO mBHRIEe =) Y 7R S ORRKFE L)
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6.2 HJECHIAZ CoT BIERR

AR TIX. BV ARB IO RO ARZNZIUCBIT 22 fTE— R n—
Y ¥ ZETE— FOBERER CoT HIEMRZK 6.3 8 LUK 6.4127RF, MIEIC
BWT, v—=1 Y ZETE— FOD CoT BIIEXIR TR & 72 o 7= DIXERVE 7% D
HgETH 2,

o | b AFLHIIE
b G TR, ERVES.0% £ TIEn— 1V ¥ ZEITE— FD CoT 2
9.9 K4 Y MRS BRoTW3B, —77, HRVE 9% DI CoT 2SIz HEhn
L. MERE 11.0% ORI THITE— K2 L[> TWw 3,

40.0

—eo— Walking CoT in inverse slci)pe|terrain

35.0 |
==k=-Rolling CoTininverse slope terrain

-
'

_.____-_______n_

k-a-d-d—gop-A=K
50

0.0 1 1 1 1
0.0 2.0 40 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0

Terrain Slope Gradient(%)

X 6.3: L b ARHITEOERE & CoT OBf% : BEIE— FRIDLLE DRI TRY
SORKFE LNV, MO ZHBEREe —) YR S ORRFEE L)L)
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o D ABIHITE
Y AEHIETlE. ZHP51TE— RO CoT HMERNE DI E - THEINS
DL, v—V ¥ ZETE— FTIERE 7% £ TS 2R, &KT
0.9KA ¥ MEAD L, L L, ERE 8% LIBEZHIZ CoT AE(L L. CoT K
BRI 8% £ TIK R L7z, —7. ERIE 12% Z# X /=S Cld, v—
V) > EATE— FD CoT 2B SBAMERNCHER L TW 5,

40.0 T
—o— Walking CoT in slope terrain I

35.0 F I
-=&--Rolling CoT in slope terrai I

30.0 F :

)
o
o

CoT (median)
S
o

1 1 1 1 1

0.0 20 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0
Terrain Slope Gradient(%)

6.4: b HEIHIEOMERIEE L CoT ORG : BEIE— FHIDEE REDOBRRIISITRY

SORKREE LU, MO AHFERIEe =Y VR S ORRKFEE L NIL)
6.3 EE

AREITIE, BENS I 2L —2a Y CHRBIRZToERZE % 2. KM
WKBF2a—1) Y EITE— ROEEBNIOWTELET 5,

o EEIKRY = — 7THIE

AN Y = — THIFE TR, 2 TE— FIZBWTHIEZIRIES NS 212
ONTCoT DRPPICERLTED, BELTHTTETVS Z &R
STz, AL, ZHATOAAERIBENCE L TV 5 2\ 5 BEERZE DA R
E—HLTW3, —F, =V Y 7HETE— FTIEHIBIRIE 0.06m T
TREMNEEDA[HET, CoT 6 KA ¥ MERL TV, Lo L., HER
&2 0.07m 2 2 2 A CoT B ERLTWS, HEIRIE 0.07m O
Talb—yarig (K6.5) ZMERT L. —HD7 7 Z2HE L T\Wa

46



DR T X, £z, HIEDOREEIZHE W, 727 ZBETHRNCT L TE
BTN  BEOER I N2, ZDOHRIZ. Rollopod-A 236 3 % EE/#
WK E o THIEEIRDEE L2 KX RZITTWAEZEIWERTIIEEZI OGNS,
Rz, BAIRNE 0.20m OE (X6.6) TlX, I3 A DT 7 XOFAEHR
POBEITETOWRWIRDS R 6Nz, o DFERD 6, HIEIRIELS K =
{725 LN X 2 BENERE O L InBEIR D 72D D T 3 )V FTHBE D ER
D. CoT BEHICENT2HDEEZ BN,
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(a) t=06.0s (b) t =8.0s

(c) t =10.0s (d) t =12.0s

(e) t =14.0s (f) t =16.0s

® 6.5: SEKRY = — THIZIC BT 3IRIE 0.07m ou—Y) v ZETE— FX AL LT TR
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(a) t=0.0s (b) t =2.0s

(c) t =4.0s (d) t=6.0s

(e) t =8.0s (f) t =10.0s

X 6.6: EEKRY = — THIZIC BT BIRIE 0.20m ou—V ¥V ZEfTE— FX AL LT TR
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o KEK Y = — 7HITE

KEHY = — 7HIETlX. ZHPfTE—Fen—VY VY ETE— RFOWT
BV TDH, HEZRIBEOEINIMES CoT DEMMAIE L A BBl Xhiho
720 ZHIBTE— FIZOWTIE CoT WEET % & THRIN TV, rn—Y
Y IEATE— MIZBWTHRBRIALENRBENIDIHET H - 7o R PRI DS
RTHoTze THUI BIAT 2 LD HEHIE THERIE 7% OBFIRDAIRET H
D, CoT BEZHBFITE—RIDBED oI 2ER T, KEKY = —
THIE TIIHITEZ LD E R I AT R o728 ERLTVWS, 2D
EERN S, HIBEERSIEAEM T —Y Y ETHENTH 3 LG
ST N3, BRIRIEREOKERY = — 7HIBICBT 3 27— F &4
LT TAZKGET7. a—V) Y IFETE—RDERA LT TARK6.8ITRT,
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(a) t=0.0s (b) t =2.0s

(c) t=4.0s (d) t=16.0s

(e) t =8.0s (f) t=10.0s

K 6.7: (KA Y = — THIFIC BT 2RI 0.20m OZHIBITE—REX A LT TR
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(a) t=0.0s (b) t =2.0s

(c) t =4.0s (d) t=6.0s

(e) t =8.0s (f) t=10.0s

X 6.8: KEKY = — THIFIZ BT 3IRIE 0.20m o — VY ¥V ZEfTE— F XA LT TR
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o | b AFLHIE
b b HEEHZIZ B W T, Rollopod-Aldm—V ¥ 7EfTE— NTERENR
BIRBEN R LT, ERET% DS I a1 — 3 VEIE (X6.9) Tid., #
BN Z B 2 ZBPHER I, Zhidfior—1) v ZrRy MERsh
BRWFHETH 2, L., CoT 23 ER U-ERE 9% omg (X6.10)
Tl RFEDOT7 7 Zp@hCiafEl L. #EITAMIRE LEN TV S 2 & D
XN, ZOFHSKII, n—1Y v Fay e —LRY OHMERIEE T AN
TER S 2B TE S, BIRAEOTHCHE 2 [ 2RI LD
LEZONS, 61T, ERE 1% (HM6.11) TERZBED T 7 ZPEIRIC
FML72d DD, —E8D 7 7 ZIIHANTEIREIT > Tz ZORERD S,
g—yyZaryitua—RK)ONERALXES I T, X6RK58KEE
NEHRTE BA[EEME R I NS,
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(a) t=0.0s (b) t =2.0s

(c) t=4.0s (d) t=6.0s

(e) t =8.0s (f) t =10.0s

6.9: LD ARHIZICB T 2ERE 7% oun—) Y TETE-FEXA LT TR



(a) t =0.0s (b) t =2.0s

(c) t=4.0s (d) t=6.0s

(e) t =8.0s (f) t =10.0s

K 6.10: EbHAEHFICET ZERE % dr—1) Y ZEITE—REXAL LT TR
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(a) t=0.0s (b) t =2.0s

(c) t=4.0s (d) t=16.0s

(e) t =8.0s (f) t =10.0s

X 6.11: b HAEBEICB I 3 ERE 11% ovu—1) Y 7ETE—FEAL LT TR
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o D AFELHIIE

RHAEHE T, v—Y ¥ Z7ETE— RBZHBETE— RICHART CoT
BENTE D, ERE 7% £ Tl CoT BT 2 WS B EDSIER S A
720 ZORERIE. v =) VT E— FOERD Z OLEFNCERTE 5720
ThhH, =) TEHBATE— FTIHERHEFATICIER S 2 BRI S S
REDRDHDZIlE b, LU, ERET% 2B 5 CoT 25 LR L., fER
F12% DY I alb—a vy (K6.12) Tk, ER M a—1Y > 27
DB X ZHEPHET AR ORNIBHI X Nz, Z DOEHH CoT DA
B EGIERI L RIS, X512, ERE 16% LI (X6.13) T
EERIRICIETE S 2 7 7 2032 L, B LoBEERoEMmc X b CoT A3
WA LieEZEZoNE, —FH. 2R TE— FCIIMERE 10% (X6.14) %
TREZELTHREE 2N TERDN, 2L EOERE 14% (X 6.15)
TIXEEEEI L. BTCERRT 27 7 X3 L7z, ZoBSE, $HfTa
Y ra— R IHRKER 10% FTL2EE L TVRWI BICER LT
Wb EEZLNS,
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(a) t=0.0s (b) t =2.0s

(c) t=4.0s (d) t=16.0s

(e) t =8.0s (f) t =10.0s

X 6.12: Nbh BB ICBT 2 ERE 12% ou—1) Y 7ETE—FEAL LT TR
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(a) t=0.0s (b) t =2.0s

(c) t =4.0s (d) t=6.0s

(e) t =8.0s (f) t=10.0s

K 6.13: N hGEHIFICE T Z2IERE 16% On—1) ¥ ZEITE—RF XL LT TR
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(a) t=0.0s (b) t =2.0s

(c) t =4.0s (d) t=6.0s

(e) t =8.0s (f) t =10.0s

X 6.14: Y HEHIZICE T 2ERE 10% OZHBITE—FRA LT TR, RAEZv 7B
FOHERIL T2 7 7 &lE, 5.2.3 i CIREAEY) T L 2 b D e HEHlX
%
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(a) t =0.0s (b) t =2.0s

(c) t=4.0s (d) t=6.0s

(e) t =8.0s (f) t =10.0s

6.15: N AEHIEZIC BT 2HERVE 14% OZHIBFITE—FEXA LT TR
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EBTE Ee

AFTIE ZHBITERY OBTHRELZHNET L2 HNE LT, FELD
FAFE L 72T e IR ATRE R e — U O VTR FHBT2H LWV 6 Hin Ky Mico
WTHRE Lz TEERILFER—20ay ha—S92HWEY I 2L —Y a VER
ZHEL T, AeRy b23e—1 YV 7ETE— MIZBLWTEX tELZE 2 A b (Cost
of Transport, CoT) % 53% ~ 6T% HIIK L. S oI 7% OBFREENEEIT S %
Sz LTz,

I al—ayEROFER, EHucBWwTo— Y Y 2ETE— FIZEKT53%
D CoT HIEZNIRZ TR LTz @AY = — THIEIZ BV, 2R TE— FTld CoT
DMK T 8 RA > MHIZ SN TED, HITIC X 2 EWAEMEREREN R
ENTze —H. B—=V Y IETE— FTIE, HERIED 0.04m FTIlX CoT 23F
6.5 R4 Y MEATWEHDD, ZHRLERIIIENIHEN CoT ML, LW
HTOREEPMENZ EBHLLE o Tz, KEKY = — THIE TIEFEE 51% O
CoT HITBXI R R X, HIIBEE LR L RIRFEICBWTe - ¥ JETE—
RWETH 2 Z e RnENnsz, ZHE, Rollopod-A D —VY ¥ 7ETE— KR
TERVE 7% £ TIZBWVWT, 2B TE— FED HFEHT10.2 R4 >~ MEW CoT %
R, BT 2ENERENZELTVWSZLIZLE2DDTH %,

AEHIEIC B NTIE, D WEcHE (ERE 7%) T67%. &b AFHIE (ERE
7%) T 63% ® CoT HIIBZN R R X /2. F72. Rollopod-A DF v 7 aE—
Yalizkbdu—0 Y IETE— NP, ERE % OBIRENEZET S Z AL
Motz ZOHENZ. BEFRICBIT A thon—) v ZaRy MAZR SR
WEHETH 2, 2T, BEIIZRICBT 2 — ) Y B TICEOBENC k- TEKR
ENBEDII L, ARETIREST 2Ry b 45 4.1 HiCHtAH L 7= o BKE) ) %
B = Y IHENICE T 2 A ZMA TVWE D TH L, 2o DRR
7 5. Rollopod-A ldma— 1 ¥ Z7EITIC & » TRE DRI BT 2 BEZNRE KiE
WWHBEETE 5 Z e PRI Nz, £/, 2K UGV @ CoT HIIEFIEE LT, B
HIFRTIREBINT VB HRA — U EHa Ry bD CoT HIEENE (50% ~ 83%)
WL BFERZ R L TWA Z SN IR o 72,

IS DHIED S, SRR T u—Y ¥V ETOMAS DOEE. NEHERRE
N3E L FERINEHIR N D AEHIE 2 BEN T 2 DICAERTH 5 Z e pndh
72o ZHUE, TERD KA —NATERIT Ry b 13 ER 2, FiieZliTaRy b
D CoT HIIFHEEZIRET 2D DTH 5, L L. FIKTIX Rollopod-A dDu—1
> ZHEATH DR E LM ICHED B D, FRCiEED 5 DEREIEICB W TH
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BEORMND %, o, RHRIIEERCEEY Z & OB ENRIRE 2 w526
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