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1. INTRODUCTION ( #&&% )

MEER

AEBEBEAERYIBHNAGHE ( Physics-based Character Animation ) -
EABREENEE - B% - REMNEE - (MR - =8 - RIRFEMEF)
HEBEERIEERM (Versatility ) -

WRERAEREE A RIRIE FEEEM ( Reusable Skills ) -

IREAE

25 BUER M P ERANIAR

@ R Z2EZEF - 2S5 BERRA ( Skill Embeddings )
Q@ EHIRE R — RIXBEEARTGE LT

HEFERIE MEEERBRYE - BIIBEZOEE -

FEZHkE : 5308618 ( Mode Collapse)
“EAEERAMUET - NPC Beefemil BB OEER RV EEEE -
B .
- REBERNZEE
« HKRZEXIR ( Reinforcement Learning exploration reduced )
- EFBEFRIEAE (Sub-optimal performance )
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1. INTRODUCTION ( #&&% )

bt 9% Ehidk
LIFMRZURBA DREREE - SeciciiZ BEIRIGEERE
AU IR ) BRI FH*H BE 35 l ( Skill Control ) BASREEIRER ( Strategy Learning ) **HE 22248 -

FIEE

P EXIEEZEFIZE ( Hierarchical Skill Controller )
- Ol RRYIE E BRI EE ( forehand, backhand, smash, push...)
- Bk % Mode Collapse

RIS EEEHELS ( Strategy Learning Framework )
- REEEREREBER (RF/AF ) BEEERE
- RIE ARG BEE Al SRIRERE

ERIRIEEBR
-Al #1 Al ( Agent-Agent ) 1258 > RIRESREZHHHERIEY
-A¥E & (Human-Agentin VR) — OJEHRFESIEIEE

ERTEHEFREER
& https://jiashunwang.github.io/PhysicsPingPong/
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2. RELATED WORK
2.1 Physics-based Character Animation — X E&{EE2ZE ( DRL) tfIci=me g zxs -

HAER

nBE=
RYEERSIAARBCHE - SEEEFEBTAEEF - [Hodgins 1995; Laszlo 1996 ]
B

B iMER E{E ( Trajectory Optimization )

— ?ﬁﬁ%@%lllﬁ% BB IWENEREE - [de Lasa 2010; Mordatch 2012; Yin 2008]
-BU#&3%E ( Sampling-based Methods )

— EFFFZEMERAR - HELEBZA/ - [Liu 2010, 2016]

ERE : EEABALRET " BIZREL, - BRNAE

xR EH{EEE Deep Reinforcement Learning, DRLAYHIR
-?Rléjtfllmhﬁ}"“%ﬂ ENBEEEBAE - [Liu & Hodgins 2017; Peng 2017 ]
B R
AEATEHEEHSFR
ot REER D BITE TG &
EERGEANAEIT A
tE - DRL 6L A4 3R &= A 5580 £ il -

BRSNS ( Data-driven ) EnZEtE
Peng et al. (2018) #E i DRL-based ###& - ERERFHLEBZRIEFEN -
JE{BTF (A :
- EBREFARERE [Bergamin 2019, Won 2020]
. EWHESAREEILR ( EM’EH EZ) [Peng 2021]
TRB TR ZTRE

Industrial Technology
Research Institute

TERMN AR BER Z£IEERE - #E5 - MR ITRICONFIDENTIAL DOCUMENT DO NOT COPY OR DISTRIBUTE



=

CONFIDENTIAL

2. RELATED WORK
2.1 Physics-based Character Animation — EE81E2% ( DRL ) il ZAEYIREH -

o] B8 {F FRYE EN i BE ( Reusable Motor Skills )
THA R BN ER o EER F AN ES AL -
HIZHBELEBSEEHENBEZME (latent space ) -

BB EEIEE

AREES - IS EREAB[MERIEE ( Encoder-Decoder with Autoregression ) [Merel et al. 2019; Won et al. 2021
JKEER AR ( Spherical Embedding ) [Dou etal. 2023; Peng et al. 2022; Tessler et al. 2023]

JEHE S B4RIEEs ( Conditional VAE ) [Won etal. 2022; Yao et al. 2022

-[m =215 VAE ( Vector-Quantized VAE ) [Zhu et al. 2023 ]

JFHEMER! ( Part-wise Models ) [Bae et al. 2023; Xu et al. 2023 ]

ZEREIEAEERE ( Multi-agent Simulation )

KT R AR ETARREKEEE ( Table Tennis ) - B EMB X ( BIMEERER: - agents ) -
BEZERERNMREERAEREBSE (Kinematic Approaches ) [Kwon et al. 2008; Liu et al. 2006; Shum et al.
2008, 2012; Wampler et al. 2010] -

ATHATN HIRE R VIR R = BB IKER 5] [Won et al. 2021; Zhu et al. 2023; Zhang et al. 2023] -

Zhang £ A (2023) {e8EE R PEERIKENF -

FLUEB BT INEENE - BLUWIEENE ( Physics-based Tracking ) #E1THRIE -

AR ENEFEZRGISTTE -

PR - ZAAPHREEEBREETIFEREE - MERALSBEKRE -

ARRGE
BB 2N - AR A ENEEE BT B iR EIKZEH ( Motor Control ) -
IMEEIRIBEFEATKRVEE) - B2 B RAcEEIK B 1IZRVEIZERRES ( Skill and Target Selection Strategies ) - T RATARZERE
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2.2 Transition of Skills — @4k = RL ~ Option-based - TR SR AEEIR G X -

MREER

*Option-based Methods [Bagaria & Konidaris 2020; Jain et al. 2021; Klissarov et al. 2017; Konidaris & Barto 2009;

Sutton et al. 1999]

- BEEREE (Skill ) EEA—@E " EIE ( Option) |

. BREBEKFENENEHE (Sequence) - BI—EIBMWHITARRE T —EEIE
PR AR AOCE
sLee etal. (2019)

o IBH TEIREEE (Transition Policies ) 4 DUBIEEARISEE ( Primitive Skills)

« 5|A "#pEEEAIZE ( Proximity Predictors ) .

o RIBETN —1BEVIRRENIZIZE L4 TEE) ( Rewards )

sLee etal. (2021)

- A " #&IRARBEIERI{E ( Terminal State Reqularization )

- MERRIEBEAEIRNERERE - AR KIS ( Long-horizon Tasks )

1741 ( Behavior Trees ) /3%
EZRARREIIREEER [Cheng et al. 2023; French et al. 2019; Marzinotto et al. 2014 ]
Y AR

o fFRI—PEEREY " 4&ImAREE ( Terminal State ) , i

N—BEERAY T WIUAAREE ( Initial State ) |

o PDIBRBEEEIRBREIBIEE
SRIEREFEPROPE B
RIKBIR**SRE (High-speed ) EAExEM ( Rapid-response ) **£#%
Jr X IELEZ L BRTE E RV VI TAAR AR BB TK
[E I BEEEIR T VA DA FEES L SRR B B RE (£ 7%
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Ball control Imitation
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Figure 2: An overview of our method. Strategy action includes
the skill command and ball’s target landing location. Skill
action includes the target joint angles for PD controllers,
blended from the outputs of imitation policies.
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2. RELATED WORK
2.3 Human-Agent Interaction — VR IRIE A G BRI 5 SRR M HEEL -

MREER

BEMRAZSERER VR EEEIE %4 [Liu et al. 2020; Pastel et al. 2023]
— B ZREYBEEEAE F ( Physically Simulated Opponent )
EFECEMA :
- BREREE. WK - PR F VRER
«  ZEA : Eleven Table Tennis (2016)
— DrRTJE Al $4]
— BEEEREEE N RFHIREEIKIE ) - IFEBENREESE
i R
M5 GPU NN #E 2 I FiES X r0ED
— AWEEEEI E Z8YIEENE ( Full-body Dynamics ) RUERERS
— fEE O] 7E VR A\ $RBNEF4E4T ( Real-time Play )

SRt SR 5 10
« " ABBEEED ( Human-in-the-loop ) , #2 EREIR (XR) MAE
FRIE RSB BB G #)5ET]

[Brenneis et al. 2021; Li et al. 2022; Seo et al. 2023; Wang et al. 2023 ]

AIAFEAIZEE ( Contribution )

A NREAEEERE 2 SER—(E

B IBIE BRI ( Unified Physical Environment ) -

FEESREETT EmYIEHE) ( Bidirectional Physical Interaction ) -

T eEE R RIZ Y &1F ( Cooperation ) B1575 ( Competition) 1774 - T RITRER
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. . Universal
3 . M ET H O D OV E RVI EW \[ Mixer policy | ‘ imitation policy]7
/42t T—FERL B 2248 ( Hierarchical Approach ) - Skill-level controller
controller  |Strategy

H eI mEE Za0iEs B _ Skl
action =y =y action

REZEEHIZR ( Strategy-level Controller) N N
FeEE1EHIZS ( Skill-level Controller)

Ball control Imitation
policy Policy

REREEHIZS ( Strategy-level Controller)
UEHZEH 22 LA N ARREEREA

~EBERE B SRUAREE ( state of the agent ) Figure 2: An overview of our method. Strategy action includes
#FRIAREE ( state of the opponent ) the skill command and ball’s target landing location. Skill
TKRIAREE ( state of the ball ) action includes the target joint angles for PD controllers,
AEEH U —E T RESETE ( strategy action) 4 - blended from the outputs of imitation policies.

ZENFRE !

<EFERTEE (the skill touse )

IKAOFEHATEEL (the target landing location for the ball )

FeEE 1EHIZS ( Skill-level Controller)

RRAEE SIS A B3

-ESBERS BATKAVARER ( the states of the agent and ball )
JEIRES E P S I AU SRS B 1 ( the strategy action )

Strategy-level Controller Skill-level Controller

Figure 3: The architecture of our method. We train the skill-level controller through the stages of imitation policies, ball control

_u:b }%%U %% T%% }_Z‘E_t /_:E r ?ﬁ IEAE%}J 1/]5 ( S kil | aCt I O n ) B E EF‘ @ /é\ : ::lllgc}l,:i; a}l:;lzl:iiagg. :::1 (Il:sl.i?::tll.\lzl‘i:zi.g‘]\lft: :{:En ﬂll: E::::ii’;l;.VEI controller after the skill-level controller is ready and its
-f£ PD #=iHl2&8 ( Proportional-Derivative Controllers ) & B
EETEZRAE (target joint angles )
TR T
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4. SKILL-LEVEL CONTROLLER ( #XaEE+ZHl=: )

Universal
imitation policy

Mixer policy

Strategy-level Skill-level contr .
controller | Strategy Skill
action A\ action

Imitation
Policy

Ball control
policy

Figure 2: An overview of our method. Strategy action includes
the skill command and ball’s target landing location. Skill
action includes the target joint angles for PD controllers,

blended from the outputs of imitation policies.
TR
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4. SKILL-LEVEL CONTROLLER ( #XaEE+ZHl=: )

=PEERENAR 2248
4.1 E{HPEER ( Imitation Stage )
FAENEREVE R ( Motion Capture Data )

A4 K2 E R R EE ( Imitation Policies ) -
= Al BEBEIREEBIKENF -

4.2 KB ER ( Ball Control Stage )
HE—EREEEIILHERN " IXKERE ( Ball Control Policy ) .
ZE IR IRBEE AR BB AR REK -

— X = BEf=

4.3 ;Ba P& ( Mixer Stage )
FlaR TIREEES ( Mixer Policy ) 4
— RS RIS RE B A ME IR R EHREE -
BIREE - NG - SENIFEE -

=R EEE BT g3 ST E
EBERe i E B M TS TE e
WEETBE MG Ik EmZ EAAREHEUE
TR
"l o i

\
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4. SKILL-LEVEL CONTROLLER ( #:aeiE#ZEHlz: )
*4.1 Imitation Policy — £ & {F##E ( Motion Capture ) EHRlFIZRET -

BN
2= AlgE TBERIK, - EYIERBERIE PR T SEBIREGE -

B EAERIERE

EEMEERI D R ATERAE ( EF ~ &F - #iE - IRRF ) -
R EE B —ER RS -
-AERERBINR—E "BEBRAERRE e

R A0 A g

st ARG ( RE - UESF)

-z BEEE (BFES)

“a : Al FTTROENE ( BETAE )

IO 15 2% 24 3 40 EE 2 ) P00 1) =gl s+ Plogd s, ®

(1) B4 — 3 Al BIIE@A rhrtanen [ Ol Y (3) BRI — HEEE SR

Al (BB15ER ) B2 8512 D, HMSE . & TR -

BNEENES - B T LBILE, - BEIEH - BRI

L EAEFEEE LS B AR (F IR — B S T

(2) HHEE — 1 z EEFHE X Ep e B et 1) 108 (21550, — AR (A ol AR 1 B Bt 2 (210 ®
FEHEE — z BB fE T @ N [T e VR N

SRR 2 ), e (4) BEEE(L — REEBHES S s |

EEA Y 7 BEUTERI SRR B E IS (IEFHE - FFH ) 2R B P RIS A LS - B/ VLTS -

: R Al FERA—RIZEX -

LR Al BRI P RS AEEE T
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—RIFRBA

EINEATVB R —EST 2R

1‘§1E Al — 4H5RRE - #IFZRE -

= Al ARE "RAAL - EBE TBARITEK, -

B B HEAT TNEE EG a0 552 AR

IR ~ (1) "HER ., — REFRERIEEA BRI 0 - B A BEFEABA
RIS ERE R 2 (2) "BERBE, — 81z /L@JVE%:%{I:E’\J%’W% BEIEARNEEREZERMEN z OE
SRRV B R 23 (3) AT Rl ARG 5 - BIEE RS mEHENOBEBEE-BUESH
R EOMREER P~ (4) na Bt — [ EY?EEZ 1% 1% = Al EAEEME FEBBERIRB R

TRk
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4. SKILL-LEVEL CONTROLLER ( #:gelE =R )
4.1 Imitation Policy — £ FHENF R TE E R I AR IR N ECR -

ngp Ea i (ss) log(D'(s,s")) - d_i(s,5) log(1 = D'(s,s"))
i 2
+A§PEdMi (s,8") ‘V¢,Dl(¢)|¢=(sas,) (1)
21 (1) : ¥hiEsk ( Adversarial Loss )
BaY :
= DAl ERENE ) BR® "R ( Discriminator ) 4
— EEREFEEEE PG Y -
= EChE -
& GAN (ERENAER ) @ AIER "BAsF .,  MERREENWER  MEBLOMHEGRF
BR | AEZER -

I%Emﬁnf
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4. SKILL-LEVEL CONTROLLER ( #zgEE #ZHl2S )
4.1 Imitation Policy — £ FAgN Ei e E MBI AR AR -

max By () Eyri (1) 108 ' (2's,8")],

ql'.
- 1 - (2)
¢'(Z1s5') = Zexp(hgi(s,s)2)

AT (2) : #miEEEEI4R ( Latent Encoder Training )
BaY :
Y "BEEE, ziz izi B T EFFER (s—s') ) ZBEINEERG -

:::E o
E\IL‘O\ .

g —(EEROE ziz_izi MUK —BERFHFEE
Blgn TIEFHEE L - TRFALL F e

TRk
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4. SKILL-LEVEL CONTROLLER ( #:gelE =R )
4.1 Imitation Policy — £ FEN R IE B K I ARIE B IR

re = —log(1 = D*(st, st+1)) + Blog ¢’ (z¢1st, st41). (3)

2~ (3) : BENEREL ( Reward Function )

BHHY :

e "EEEBER , E T BE—MER ., -
MmERD

-%—IE EM’EE@E%TA%E — BRI -
F_ I8 BEESHEE R MEE - BEIHS -

I%B‘Zﬂvﬁﬁ:m[‘*
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4. SKILL-LEVEL CONTROLLER ( #zgEE #ZHl2S )
4.1 Imitation Policy — £ FAgN Ei e E MBI AR AR -

T
max By 2)Bp (e, z) [ )1 ()] )
=0
: . : : 2
Dgp (7' (-s, 27), ©* (+]s, 23))
—AniB, i EB_i._i i — -1 ,
D ar" (s)"z2~p(2) 0.5(1 - zzL)
AT (4) : X#ELBERERE ( Policy Objective )
BaY :
EEREING PR AN CAREE - B RSENESERME -
83
B ; {CEBE M EREER -
B¥ ML "ZBHRUEE, —BHEMABEEEEIEE—ZNEE -

TRk
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4. SKILL-LEVEL CONTROLLER ( #:aeiE#ZEHlz: )
4.2 Ball Control Policy — GlllAR Al ¥ Bk EE RS -

EAIBEE

CEREEAREKT] IR EE RS - BIEN B -

HAGEE

PRIERRS

s . HHEcAARE (BB - UE HE)

b : BKRUAREE (UE -~ BE ) A ~.

oy . BIES&RE ( Target landing location ) Wi (z"" |S’ b’ y)
ozi : FHEEBEEEL ( Skill latent code )

Nl T =

Mo Paddle Reward PKIASEAT BRI AT — RENHS

g Ball Reward KARCIEEBER - BEERS

rs Style Reward FFHBER — BEIHS

T(t) = wprp(t) T+ WpTp (t) T WsTs (t) TR EHHER
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4. SKILL-LEVEL CONTROLLER ( #:aeiE#ZEHlz: )
4.2 Ball Control Policy — GlllAR Al ¥ Bk EE RS -

= TE 32 Eh R 2X 4 8 — 2 (D12). 2O () — 0

(1) Paddle Reward Bk 22 & rp(t) = {exp( lz(t) = @ (8)[5); E‘\E in(?)

BRIH SR — RS 0, 75 I

( C(bp):O 1_%% ﬁiﬁiﬁﬁ% )

(2) Ball Reward IKE &2 &) ry(t) = 1+ exp(—4||zc(t) — z:(t)]|?), & Cup(t) =1 H Cy(t) =0
K EREFT m BARE R — BRI&S 0, N gyl

(3) Style Reward E){F 1§22 Bl
M BRI D SIEBIEREEA ry = —log(1 — Dy(sq, 8141))
HEHEA - ERHS - ’

INGS
—TEREBIHEIER
— #f# (Accuracy ) + ii# ( Smoothness ) + EE ( Naturalness )

TRk
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4. SKILL-LEVEL CONTROLLER ( #:aeiE#ZEHlz: )
4.3 Mixer Policy — B S Z 1 aciEhlzs - BIRBAEEERIE % mode collapse -

Al ELEEFE 8 T BRI (Ball Control Policy ) | #2ECfE55ES (Imitation Policy ) #E{T82Ek -
FR& - WA HE R (WIEF - KF...) -

5 L ELEE P USRS - B KA -

— R By b — (R BEAVEE R L N — (R REAREMEIRRE N 2 E -

A% RASE (Mixer Policy )
BT (AR

PN

s : FEERSIRAE (Agent State )

*b : ZRAIRAE (Ball State) W (Z ‘S b (5 )
5 : FIAEHEHE (One-hot (A% » FoRaa( FHUMRAEERFAE m\#m|3,0,0,Y

oy © BRHYEIESEL (Target Landing Location )

B
VR zy — 4RSS (TTu)
JREMEE @ (phi) — RIS R RERIE RG]
ThEEMES
¢ AT e E R AR ANE T e
¢ — HR — A RS (1)
¢ — N — HHE R EREE RS (1T1—TTs)
“HistErEEIES%ENS (Joint-wise Blending)
Al T DAEARERERT T S2gU | - B E VR T T R
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4. SKILL-LEVEL CONTROLLER ( #:aeiE#ZEHlz: )
4.3 Mixer Policy — B S Z 1 aciEhlzs - BIRBAEEERIE % mode collapse -

5
a=@Om(]8,24) + (1 —p)® Z&'m(' '8, 2i)
i=1

TR =25
a B1ZRE & A& ( Target joint angles )

u 8 FAtE 5 2REE ( Universal Imitation Policy )

i B HEE ¥ FERVIR(AEEE ( Skill-specific Imitation Policies )

Si One-hot A€ - 15 EMBE B8 4 RLUA
EOEE - EHISRERS LA

S
Al BENEB IR ABE ( BISRIER FERERL ) -
PEREBR - ALIRERE -

Y IEZ I EEEEFIE ( multi-skill combo ) -
TR BT T
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5. STRATEGY-LEVEL CONTROLLER ( FREgEZEHI=E )

2 Al BEFEITIRES T A TARSENE

AT - B 218K (Reconstruction Loss )
FAMREISAE ( Skill ) JNEE  FEUBEEMAFHSKE Al FREK -
HEIkIT 2 Uﬂ[@ ( Target)
A A\ B 5 L [
Eauéj\ gil A BR ks I FARRE jfs BKARRE b
L) ] ERRER o / 2
ligesst | 5B ( Bohavior Cloning ) L=>|lci — ceapert k|| + BxrDrr(Q(ulpk, a7) | N(0, 1))
k

12 E%%i0 : CVAE l
‘Encoder : 1FIR BRRK B AR AL B TEM £ z (8% u)
‘Decoder : I (151% FRGHTBIREEIT R e — " = .
gres il b E el s _J8 : KL ailZ#8X (KL Divergence Loss )

INEE :
?ﬂfﬁgﬁ%ﬁg « [R5 BEZM (latentspace ) B - EE -
PR TE - S - SRS TRERIE U (Fz) : CIDEZE Ler+

- u(Bz) Mz " BERESEOREESL, -
TR
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6. INTERACTION ENVIRONMENT ( ZE#hiEE )

SRR B MR RIBE B A ( Strategy Learning Approach ) -
78 e O ENIRIR

Agent-Agent Interaction (Al #f Al )

Human-Agent Interaction ( A% Al )

FAaRET Rk
ﬁﬁﬁ MIBEBEIRIE ( Physics Simulation) : Isaac Gym
HEBZIREE Unity + VREEE (HMD + F I )

G =R =2 AA FEHW
Agent—Agent MEERAE L] =K fnie R BUFHEF/ISIEUR
Human-Agent ASBEF VR B Al BT EZE%E‘ Al AE G ERENG R EHEEE

TRk
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6. INTERACTION ENVIRONMENT ( ZE#hiEE )

Agent-Agent Interaction

e O

WA Al g FHEEE -

—{iE "IRFHY Agent , - S5—(EZE "¥F (Opponent) | -

e N T R LR > R GRREE I HIES (Strategy-Level Controller) -

fEAY T TRREE AlE B 89

Random Strategy - e Ty T A 2 i b i At

Opponent BETE IR BE BATE Y EEAEE - B4 S A RE M EEEE N
R /\"ﬁEE | "Eg -I%I- s ++ L1 . N Nl 2 T L

Video Strategy Opponent z}%@ 20 PEARWIERE S A FEEA - BRABRITA AR RIS A B S BE )

BETR

BRI (Competition) : EEHY 'S | [MIEERHE HEELA -
“=1EfE (Cooperation) : B " prj[alEk |, AYRIEIGERME REEERA -
BRI SR ST RS P2 fTes - TR T BFEZREL (lterative Self-play) | 521E -

TRk
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6. INTERACTION ENVIRONMENT ( B&hIRI% )

VR BRI
EREE - ERERESE (HMD) - 35 VR EZEHIZR TE kA -
EHIFRZERBIMUE (g user ) EEABERIRIE

BERME

<Al B A\ #5pYEN Y32 5 &) ( Bidirectional Physical Interaction ) -
‘Unity BEEBIRPEZ: - Isaac Gym B EHIBES) -
EREH S KIERE o BIREETIkER

4R B

ERI O N SR G B ERl oh i — 0 B ERES -

fEF B Agent—Agent HH[E# ( Pipeline ) JII@”H@’“%J“ °
‘HmHEE " A-Al HII% ( Co-Learning ) 1 WEMRIRIR

TRk

Industrial Technology
Research Institute

TERMN AR BER Z£IEERE - #E5 - MR ITRICONFIDENTIAL DOCUMENT DO NOT COPY OR DISTRIBUTE



7. EXPERIMENTS

=

CONFIDENTIAL

7.1 Skill Evaluation — FE{LENEB A EBLEFEFRIR ( Discriminator Score, Skill Accuracy, Diversity)

o FHE Al TEIKEF, WERIR  KEMEERD
EfEmE ( Motion Quality ) :
FEBANE ? BRIESH H1EE ?
- {EFEFRIR ( Task Performance )
FIIS2EAAE ? BEsE B[Ol 463K ?

kit

Gl

ASE (Peng et al., 2022)

BB FRHIREE

CASE (Dou et al., 2023)

INAZK RS2 B2 2 RS FRA

ET M0 75 A2 Mixer Policy RIE£5E
Ours 25eR o EiEHlgs ( Skill + Mixer + Strategy )

TRk
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7. EXPERIMENTS
7.1 Skill Evaluation — FE{LENEB A EBLEFEFRIR ( Discriminator Score, Skill Accuracy, Diversity)

E{EmE ( Motion Quality )

Rz Skl BEE
Discriminator Score EFBREANEE NEESEER
Skill Accuracy T R EERY EE A AEHE RS H AR A
Diversity Score BIBEERE M Ak I R

Table 1: Comparisons on Discriminator Score, Skill Accuracy,
and Diversity Score.

%Wﬂﬁ’]ﬁ/ﬁiﬁzﬁﬁbfﬁa—ﬁ,m (+15.6% )
LIKINEE U%ﬁa—ﬁﬁﬁ (76% IEHE=)

ASE CASE ET Ours

Discriminator Score 1.62 2.28 495 5.72 . ENESIEMES (5 ASE S 30%)
Skill Accuracy 038 047 0.69 0.76
Diversity Score 6.13 6.05 732 8.01

TRk
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7.1 Skill Evaluation — FE{LENEB A EBLEFEFRIR ( Discriminator Score, Skill Accuracy, Diversity)

{E#% R ( Task Performance )

S4 1 ( Sustainability )
— I Ee B AE [0 443K
#ME (Accuracy)
— IKE BRE R B ER R b El

Table 2: Task performance evaluation. Our method can
achieve the longest average hits and the second best accuracy.

ASE CASE ET Ours

Avg Hits  9.54(5.94) 8.79(5.28  6.55(3.66) 10.93 (6.28)
Avgerror 0.28 (0.33) 0.35(0.39) 0.25(0.28)  0.26 (0.31)

TERMN AR BER Z£IEERE - #E5 - MR ITRICONFIDENTIAL DOCUMENT DO NOT COPY OR DISTRIBUTE

FMRREIEMYH] (19109 X )
HEEEHRE_ (1ERRET)
ET SEBREE - T 1EE

TRk
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7. EXPERIMENTS o

7.1 Skill Evaluation — FE(LENMEB A EBETFEFRIR ( Discriminator Score, Skill Accuracy, Diversity)

Ours

Figure 4: Comparison with other methods with four skill commands. ASE and CASE may use wrong skills as shown in the red
box. ET may terminate earlier to return to a preparation pose, as shown in the yellow boxes.

( ASE ~ CASE - ET ~ Ours ) EHEIEIKIE< MREN{FLLEE
#I1E : ASE ~ CASE #Jia+%8e ( AWl B FAIR FIEF)
=1E  ET REPAREE ()R] 5T )

FMRE — EFEE H IFhE TSR TRTEEE
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7.1 Skill Evaluation — FF{LENEB A EE{EFEFRIR ( Discriminator Score, Skill Accuracy, Diversity)

Competition Cooperation
6000 6000
= Ours = Ours
5000 - RL 5000 === AL
4000 4000
= €
3 3000 3 3000
L L")
2000 2000
- I I I I o I I
. W_ - . .
FD FP BD BP FS FD FP BD BP FS
Skill Skill

Figure 6: Skill command distribution of our method and RL.

T 77 A B —fz RL (Reinforcement Learning) B e b B AR P FAERREEES 2 -
MO - BERR TAI BIERGENMED, -

ABER

Ours ( XK ) : =eEERAIHFLT - NiERsE (FD/FP/BD/BP ) B -

RL baseline : RIFEE VD EFEE (B R A Forehand Drive ) - #/RH Mode Collapse I8 -
iR :

— HE B IRR MG EEEZENBERBERT)S -

MIEREEEEENE - TR
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7.1 Skill Evaluation — FF{LENEB A EE{EFEFRIR ( Discriminator Score, Skill Accuracy, Diversity)

Competition Cooperation

I
Pt
S

0.0

Figure 7: Target landing locations of our method, RL and
Human.

‘Human ( ABEEF ) BB HE - KIBEZE -
‘RLbaseline : EREPHEETEERE, (E—KHE) -
Ours ( AWK ) : B HEAHBBL - B rRLRIEZSERMEEFEY -

i :
— FAREE B IS Table 2 WEFERIBTEA -

TR M AR A R, B TSR - T
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7.1 Skill Evaluation — L ENEB ABE{EFERIR ( Discriminator Score, Skill Accuracy, Diversity)

N= P

EEREE ( Mixer Policy ) #i%2

HMEREAEREE NORSEE (@)
BINBIE — ¢ 1K ( 5 Ball Control )

RIBPEER — ¢ &S ( 58 Mixer Policy )

b

=+ =
=

A af
cREREEEE " RIAM , EREEREIR
K%‘ RE V)5S R EN1E Rt
BEEN (B~ I - ) FEEZEREE - IIIKEGA

{69 Al 3RS ;
BEES (BN )
FRAETERE (2R )

-ﬁhﬁm(ﬁﬂxfﬁ)

Mixer Policy + 73 E#EHI4518
— A IN¥EE % Mode Collapse - EBAREBENZIEEEIRIF -
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7. EXPERIMENTS
7.2 Agent-Agent Interaction Evaluation — #3588 SR IS EA 3 R R B RS = -

P (d AiSEEE (Strategy Learning ) fERIFRIFSE AV -
BRI (Competition) : Al BB T
AfEME= (Cooperation) : Al Bl 4ERFE A& H -

bhi A
VE Ry BB A e [EI ISR T —(E {4
sLEEE RS (RL baseline )

PACLEE R 7 AE A [FIEREE AR
¥FIEA! (Opponent Types)
RE 5N E AR S T8 7E

=
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EE P o 7F
] Random Strategy MEMERIR TR REBTE R, ( |ARAY ) -

| REE SR EE S (A
[ Video Strategy 024 R e 52 -

TRk
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7. EXPERIMENTS

7.2 Agent-Agent Interaction Evaluation — #58 SRESE3 g pR RU BB A5 2R -

Table 3: Strategy evaluation. We report the winning rates for

the competition setting and average rounds for the coopera-
tion setting.

Competition Cooperation
RL  Ours RL Ours

Random op 0.641 0.687 149 16.4
Video op 0.637 0.681 15.6 18.2

AOoREE RN

BRMNRIEEEE RFEABEES -

£ SIFENPEERESE (#SERBLE ) -
-HIMEHFHRAUERIFRE - RIFLRIBERERE

o

TREMHFER
’ Industrial Technology
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7. EXPERIMENTS
7.2 Agent—-Agent Interaction Evaluation — 1358 SRS B3 8 Bk RU BB A5 2R -

Table 4: Winning rates between our method and RL. The
opponent in parentheses is the opponent during training of

the strategy policy.
Ours (random op) Ours (video op)
RL (random op) 0.45 vs 0.55 0.47 vs 0.53
RL (video op) 0.42 vs 0.58 0.42 vs 0.58
FHEFL
R EENSHEPEEBLE (BXRE >05) -
ZCHE Y

iy F 2 T MRS, 2 T R R RES
Ours ZBEAEFFIZIE iEfE
— AR s " BERRBERF , (overfitting ) -
TSR

Industri lTh ology
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7. EXPERIMENTS
7.2 Agent—-Agent Interaction Evaluation — 158 RIS B3 R R BLRE = -

Figure 9: Agent-agent gameplay. Blue agent is applying our strategy-level controller. The red dot is the target. We demonstrate
four skills; the forehand smash is less obvious because the opponent does not deliver high and slow shots.

TRk
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7. EXPERIMENTS
7.3 Human-Agent Interaction Evaluation — VR &8 7RI AN FEHEI W E -

fnsE Al RIKEFE2GEHEE ABEE

AR IE A8 3RIF B H AR -

%Eig7ZEFE ( Domain Gap )

AN VR EHER A - RFEEE
BIERIRIETHNERBE AR -

HIEEZE "7 ( Finetuning ) o FEEEEHIZR -

Finetuning B :
= Al VEEHREES BT E ATTIKENZ -

H[|FS Pk =
1.7 FBA$E#E VR i Al BT E R BEE
2.:E Al RIBEARIKIBEED
1. B FERE& (Competition) : BEEL - KB -
2. B1EXRE& (Cooperation) : EBEIEEiZ= #1520 -
3ERHITNERSZHAKRER Al FIRERRERE - s
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7. EXPERIMENTS
7.3 Human-Agent Interaction Evaluation — VR # 8 7RI A FE R FE -

HRFRIEEE " HRWEIR, - B LA E 78%
1EEEJE’\IQ§*¢¢T - [B]& BSR -

'T/E I:H—LE LEX@J — :Fi/]@/\TEﬂ' 5.34
@IE}JE%%\ B FER 58% -

Table 5: Evaluation of human-agent interaction.

Initial policies Competition Cooperation

Winning rate 0.64 0.78 0.58
Avg hits 4.04 3.75 5.34

Al B3 "R + RIERE | SEHHEARBETHERS -
«5& BHZNHT 7509 SRS E B ,ﬁ TEAREEABEHIRE -
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7. EXPERIMENTS
7.3 Human-Agent Interaction Evaluation — VR # 8 7RI A FE R FE -

Figure 10: Human-agent interaction screenshots. A human controls a simulated paddle and the agent is simulated and controlled
by our method.

TRk

Industrial Technology
Research Institute

TRt et 2 ZIEEE -~ #BF - MR ITRICONFIDENTIAL DOCUMENT DO NOT COPY OR DISTRIBUTE



=

CONFIDENTIAL

8. DISCUSSION AND CONCLUSION ( &¥&#mEds4Sqm )

s g

= 5% < B Hormg e T S BREDAE B - =M (Scala IIty)

;%%-Wﬁui*gﬁﬁmwé RRIKERL L I e
+ Skill-Level : BB B EARMAIA - AR EEARER RS VR
« Strategy-Level : BERFKBRE - .

AR TEIARS ( Mode Collapse ) | B H{k# ( Data Dependency )

BT ALY Al - Al ¥ ASE TSI IS B 1E - EfEmESEFERETMER -

Al 2EFIIREBE - EEBERX -

#EEHE{E ( Physical Simplification )
KA T BIEEHIIE ( Magnus Effect ) 4 -
SKENIMIEARE - FEREEH -

%] 4t
s

A INZE N BER B RIZ AR BERV YRR RS RERS
R8N ZIRIE (A-Al > Al-Human ) -
EESSENEAE DD ERFTERE -

TRk
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Thank You

KRR —EB2 LIE - 27 Jiashun Wang ( £&IE ) 7% The Al Institute ( Al if%Ebt ) EZ BT -

Jungdam Won B3R E8 o
ERREEUG (MSIT - RIERIiTENEESD)
PREBRY IITP ( EMBEERMMREIETGE ) sTEX1F

STEREA

"AIEEMREETE ( Artificial Intelligence Graduate School Program ) |
(BWAZE - 51=45% : NO.2021-0-01343-004 ) -

UKRERAZICT (Bl ) Nsinss) -

B P45 BIELE Murphy Wonsick #8117 VR &4 -
LK Melanie Danver 3B #1T BAREZ ( rendering ) -
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