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Embodied intelligence methods for deep space exploration: a survey

Li Daixun, Xie Weiying', Li Yunsong
College of Communication Engineering , Xidian University, Xi’an 710071, China

Abstract: As deep space exploration missions continue to advance toward higher autonomy, longer operational duration,
and more complex environments, the traditional task paradigm dominated by ground-based teleoperation can no longer sat-
isfy the requirements for real-time, reliable, and efficient operations in lunar, Martian, and farther deep-space scenarios.
Under conditions such as significant communication delay, limited prior environmental knowledge, strict onboard resource
constraints, and high trial-and-error cost, future deep space platforms are expected to move beyond single-command execu-
tion toward integrated autonomous operation. In this context, embodied intelligence is gradually emerging as an important
research direction for deep space exploration. The reason is that it provides a unified framework for coupling environmental
perception, autonomous decision-making, and physical execution, which improves the adaptability and autonomy of explo-
ration systems in long-duration extraterrestrial missions. This study systematically reviews recent progress in intelligent
methods for deep space exploration from the perspective of embodied intelligence. Focusing on two central challenges—lim-
ited perception capability in highly unstructured extraterrestrial environments and insufficient autonomous decision-making
capability under long-horizon, high-risk, and resource-constrained conditions—the study reviews recent advances in deep

space visual perception and deep space embodied intelligence, and summarizes representative datasets, typical tasks, and
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evaluation protocols. For visual perception, the survey first reviews traditional image processing-based methods, including
stereo terrain reconstruction, visual odometry, photogrammetric modeling, and large-scale localization. These methods
established the technical foundation for early planetary exploration because they are grounded in explicit geometric con-
straints and therefore offer strong interpretability and engineering reliability. However, their effectiveness is increasingly
challenged by weak textures, repeated patterns, severe illumination changes, occlusion, and long-range cumulative drift in
lunar and Martian environments. The study then examines deep learning-based visual perception methods, which cover ter-
rain semantic classification and segmentation, cross-domain adaptation, and multimodal terrain understanding. Compared
with traditional geometry-driven approaches, deep models provide stronger semantic expressiveness and improved environ-
mental understanding in complex planetary scenes. At the same time, their performance still depends heavily on data cover-
age, annotation quality, training strategy, and sim-to-real consistency, while onboard deployment is constrained by limited
computation and energy budgets. From this perspective, the development of deep space perception is gradually shifting
from closed-dataset recognition accuracy toward robust representation, long-term adaptability, and task-oriented environ-
mental understanding. From the perspective of embodied intelligence, the study categorizes deep space tasks into three
major classes: autonomous visual navigation, autonomous mission planning, and autonomous scientific operation. On this
basis, the methodological evolution of deep space embodied intelligence can be viewed in three stages. The first stage is
represented by teleoperation-centered control models, in which planning and key decisions are mainly completed on the
ground, while the onboard system executes predefined instructions with limited rule-based local autonomy. Although this
paradigm has been essential for ensuring mission safety and controllability, its strong dependence on human intervention
limits its capability to support future long-duration missions in uncertain environments. The second stage is characterized
by deep-learning-enhanced local autonomy. In this stage, learning models are embedded into specific modules of conven-
tional engineering pipelines to improve terrain understanding, candidate path evaluation, risk estimation, target selection,
and onboard data screening, while the overall decision and control chain remains largely interpretable and verifiable. The
third stage involves multimodal large models and vision-language-action systems, which introduce higher-level cognitive
capability into deep space systems. By unifying multimodal observations, state information, and task instructions in a
shared semantic space, these methods enable cross-modal reasoning, task decomposition, dynamic replanning, and long-
horizon decision organization. The survey argues that such models are promising for future high-autonomy missions. How-
ever, under current engineering conditions, they are more suitable as high-level cognition and task-orchestration modules
than as direct substitutes for low-level planning and control. The study further reviews datasets and evaluation methods for
visual perception and embodied intelligence. Compared with terrestrial benchmarks, publicly available deep space datasets
remain limited in scale, annotation richness, and task diversity. For embodied intelligence, the challenge is even more
fundamental, considering that datasets must support temporality, interaction, and closed-loop evaluation by including not
only observations but also pose, action, state, and feedback information. As a result, high-fidelity simulation environ-
ments and digital twin-style benchmarks currently play an important role in supporting reproducible system evaluation. Cor-
respondingly, evaluation protocols are also evolving from static recognition metrics toward task-level criteria involving
safety, effectiveness, efficiency, robustness, and long-horizon reliability. Based on the abovementioned survey, the study
discusses several future directions for deep space embodied intelligence, including perceptual generalization in strongly
unstructured environments, trustworthy autonomous decision-making, system-level collaboration across perception and con-
trol modules, and lightweight deployment on resource-constrained platforms. In summary, deep space embodied intelli-
gence is emerging as a system-level intelligence problem shaped by extreme extraterrestrial environments, long-duration
mission chains, strict resource limitations, and high reliability requirements. lts future advancement depends not only on
improving individual algorithms but also on establishing an integrated framework that unifies perception, decision-making,
execution, validation, and deployment for real deep-space missions. This survey aims to provide a structured reference and
clearer analytical perspective for the further development and application of autonomous intelligence technologies in deep
space exploration.
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iy, BN R FE A BB A . BE— kT A
JHEAER T FIBRE T 45 1 L TAERRE R Z e
PEAT SRS AR AU , Xt o s S5 ik B R U TR
AR

PRI , e TR 2 ) B AL SE RO O vk B 2 4
Th T IR A BRI R e S 2 e i SCERARBE 0, I
SR8 TR Fh R 0 ) LA 5 1) 5 2 BRI AL AN
. HNRZEAL S 5 K, RRTTIE & it —
APTE R SR8 4T TP A0 B R . — 7T, A
PR KRR R s R HAT AR Z5 R AL e A
PR = A0 5 VE R L, ORI R FEALfE
BE R BHIE | 30 5 EAE JE S AT: 55 3 A2 rh R S
FOL 5 VRl 25 S e R SR 5 5 — O T, TR 25 R i
AT 4 P A A A AT RN T LA e 1 3 90 52
BRAGE IS 26, 3 R R I S SR 5 SR AN B HAT
BT 3 N ARG AR T — SRR T AR AT
PR o AR S I BRI ST 5 20N e 1 S 2R AT
55 B I TP A I IUDOE NV BE ) 5 R ST SR T, AT
Je 5 BB BE VRS 1k A4 R B AR B o e S ) B
Skath
2.3 RZHENBRHMBIEER TN ISR

S0 B T2 R s PR DN AL o SR D7 Y R 5 1) T
filh, FOAARE AR E I QL AT 55 7 o Y PRl 7R AR R R B2
EOE T RE O REE SYERE AL 7 20 S
AT S5 AL, TR BRI S5 1 0 Bl AR ICSZ ) 1 45
I A s A 55 TR DA RGBS IR sz FRAF I R L A
Tl A s S B A R, ELAE AR T S8 BRI 55
ZHENETTHAAAE I AN o PR, PS8 ) RN K
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PG Ak P ELA AR B B 4 IR g — T
IR PPN FE bR R | S 4 2l TR 28 IR 5 183
PR SR IR

2.3.1  HERENESE

HERVE N AR M EZ Hbr 2z — , HE
TSP A 3 R R TP 18 B AR B B A
ARE Y H Bk MG . I A BRLEE 58 24K
TN TF B AL IR, nrp BB R K A
(ZHF ok 4 ,2010) DL K 36 B B R M2 K5
(NASA) &A1 155 50 HE3 H BRENTE REAR , i A8
HbJE EEASERURRAE 43 B H A1 T S Al LI S, (L E 5
2 T AL A AT 55 0 R GiAR T

WEAE A H 3k F BRI RS AT 55 1 & e
— LA ) B BRI AT 55 B AR P IR B . Lin 5%
N (2024) 42 X H 3k B =300 5 4 S AR E S
WREEAR B 8 DL Rl AR T — R 245 IR a8 4L
PaAE , v SRS o) e SR = 4 S 2 A
155 o ZEEESE—E R Liksh T Ak T 2
AT 55 T B0 N 2 B4 1) 8L, Sk 52 2 SN 5 e 5 Ty
(IBIFFEFR A T G — DR i

WA, Ay G figp LS ) SRR A 5 1) [0 L, 350 7
S8 [ B ANE BT B by 2 B R B A . )
N, LunarSeg 48 4 F] AU A BR IR 5T A il 35 B
39 5 113 A7 X bR 73 59 RGB-Depth 14 (Jiao %5,
2025) , HF B ETE o Bk Sk 7E A Bk 50 R
)3 P
2.3.2 KEFEMNEHELE

AL H B, JORBRIAT 55 FF SR Rl T B Y
B TR A B R R R Y R A A B R A
AR E R M Z —. NASATT 25 R4
R HNF i K R BT % AL S R AR 1Y R 15
4 (Swan 55 ,2021) , kK B OF IR AL T FE Al
B A VR (Wagstaff 55 ,2021) .

FEILFEAN T, Tan 558 A (2024) i — 2 A & 1 1
AL AT 55 AR R 5 R4 i T 2280
JEARZ:, iz 1T HUE 43 2Rl SOt ot . %8
P E R 57 KRBT 55, A W58 T U B 2
TR AT R A il R A TR AR A 3 A 4R
(22K % ,2025) o Lyu %6 A (2023) XF K 2 % %
A MR AT T N TARE, 7] T o R E
B A DU B33 B DA, R TR 25 8 BRI i o 4 it T

LA A, — X B T AR R Y T B
AR ARGREE 50, T ) ) SRR KR I A R A 55
PR A A b BRI 2 L R ARSI R £ 61
SN EEEARHE T IF OIS & (Bickel %,2021) . 7EHLIE
JUE I ,NOAH-H (novelty or anomaly hunter-HiRISE)
Wi LA HIRISE 35 70 BRSSO SR S A T
I338 IR TR EE A ) O AR KRB R 5 8 I 7 5t
FR ) IE FH A (Barrett 45 ,2022) .
2.3.3  HAb= RAKS 07 BEE 4R

B A BRALK RS, — SR G 1R 5 T /N R AR
HAb R 2 RS B AT . AstroVision BRI
TR A ZM/NKAIR W EHGAEA R BOh £
A bR AR B AT T RE AR A I A i R ARz A A 5
(Driver 45 ,2023) o 1X JE R4 N 4R 2 At S 5
25 A AN [) TR 25 B 358 b 10 38 A R R TR 1 S 5
FHefilt

)i ph T TSR A B AR AS w5 B, A ADL A
Bt R SR RIS IUSE I B KA e . 3X
SRR R AERIR O 5 L 2 B 73 LA S i
Yy ialorh BAT A a] AR, (B H 5 SR
PRI 22 18] 380 22 e [ AT o A 1 AR 0
2.3.4  BEEFM AL I HE bR

B R A R A B8 BT 55, I v o SR
S8 SUEA LR PE 545 L B 45 Bk
155 R R HEA TR 52 o 78 MR 23 2R s o HIMTE 55
o, o3 R UERR R A 1R DL K A2 T L (intersection
over union, loU) &8 FH BIFA 845 , T4 A
TSN [v] M AR 28 351 B PR 1 BE T (Li 45, 2024) .

1 H ARSI AN f B R T 55 - 0K B (aver-
age precision, AP)FIH M) 3Z T IPAL R I 14 fE o
X 3 THT 111 S 00 A0 552 P A5G 1140 10 0 R 2R G, 4 B
() T3 DA K 35 B PR AR AF TR S b [ HoA
TR S AR BHORS B R R A R ZE B PP AR &R

ST, IO TR 2 RIS R AR AR A AT
55 783 i AVAR TR B 25 TG A2 B B A S A Ry
fiE o FBRAK R B SR AT (AT M L 4 T A
i S A AT 55 W oK, AR 23 PR Y 540 W 5 ) B
AFR . SRR AR AE—E R R TR
O U H R TR B2 2] O R AE R =S g b )
)T W20 TR R B AT S IR
BAE A UL LG — VAN AR ) E 2
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3.1 RERNESErRESER
RS PRI EL B8 B 2R 4 1 ) ) Bk kR B
A K A RS 175K, A Bir &1
A ARHN FLB AR SZ BRI A PE T, SEERE 28 X FR 5T
MIRFSLN B F PR S TSI T . AT 55 )2 1 ok
B RS BN H B e I F AR s —Be ) r R S, i
& M — R I E B H AT 55 A, B 2
ARS8 AT | I A K 38 LR AR b FRA T 1 A i
MR AT 55 DR AN P 3R 2 G B AN TA], ANk 2 s, A
TR BRMMT 5538 % T LIRS 0 A B8 S0 H &
55 FR DA K [ B2 3 R R 5520080
3.1 Rz A EE 0

F A0 S TR 2 R DN L B BE R G i) S
1155, He B Am 2 (400 25 78 Bl = =K A1 s 5 A
FReL T35 4 SCRF B LT AKHE A B e JR A B

7158 IR SE R A7 S AT 2 4 B8 Bl (CE RN
BOAITE,2009) o 7R BRFIK R SFAR LS M ML R R
HR PR 530 TR M AR | B 3 A BE ML B
IR SR AF AR A B4 ) L, A G MRS o e Pl A 7k
RS S 7 SO LU @ T . P, B R
SAVUAE 55 5 PR 45 T S I AR IR S £ L X
Jo] Bl PR A TR S W, DA TG SRR AR B 4
B PR A A Ko Sl A AT O o XA S AE K
BRI A K A AT EAE 55 b B AR 2
Je 85 5 J2 AT 55 KUK A Ak AT 45 AT R 114 Al 2

- Lo
3.1.2  ZS H FAEFS K

TE 58 HEAS T RE I A REA L, PR 28 SRIAE 55
T RN A AR I E] RUBE A B 2 21 R
155 AT, B A AR 55 AR (P B 55, 2021) .
AL 55 AR AR B £ Al P 22 4R L K B¢
W e A Tl , HAZ ZRPMEA R IR T B A E 1
5SS AARZ RN R G BT IR A2 BRI G

F2 RTHENES ST AT
Table 2 Overview of embodied intelligence methods for deep space exploration
1545251 ik I Hodie ke I FHAES
Bajracharya 55 A (2008 ) MSE 2T KR 4 KEEEETA
Yu% A (2021) BN UR R > FIERE T EOBOR, FIERTE B e %)
Fu %A (2021) VR 3l ] F R EL R FERE S5 B R
i Daftry % A (2022) Bl JERNERIEOR ke
Verma %5 A (2023) SR G BT N R B Pa-ERE
Gao % A.(2024) VRIS 2 ) FUBREEI % FUERTE B e %)
Santra % A (2025) B 3 2 ) FER D7 EOSC SR AT RS
fHEES RE A (2021) R EEMR WS ENES\R L REE AT 55 BRI
Ak PPN (2024) L AR AL ) V2 45 D7 EUBCE YR8 AT 55 HLR
Estlin % A (2012) FR K Bl H 45 R A MER k2% A ghRkE B AR S50
R Francis 55 A (2017) KSR B H bR YA K AR H sh Bk WA T 55 P T
A Stefanuk Fl Skonieczny(2022)  H 4 2% 5 4 #a KRR G AT R FE T A bR
AR A (2025) R A ERZE 1 2 AT R )

TERZE RN Sy b, b Tl AR I RE Rl i 33
A R R AR AL T 2 A PRI B AT R
YIRS A AT S5 o i, 7 K R AR
55 b AL AR AR PRI L 2 TS T, ARy
PRI 45 BE B THAE LA S R 2 45 2 H A o

I, F AT 55 FLR B A 3 12 PR BT IR S HLAR AT
F1 R R R AT 55
3.1.3 R [ FREEAE

H SRR B R TR S S H B BE R e Hh R
UL BEAAATZ BUAT 55 28 | 32 52 15 R 4500 25 ok LA
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YEMVAT A B FE 58 B, WFE R AR HLIRE A X
AR E SORE XA A . TEUR S IREE IR S5
B ERAEHRT B BRI MO K DL PR 5 S A5 AN
B R S, R R 8 SR TR R R (S
4,2017) .

FH T Hb T PR AR TR 25 o T TG e 2 A SE A
Pk S0E 0 S BR A 1 AR 45 T 528 8k £ R
BN EARAT: 55 WU (I FL 20y [ 540, 76 K B A
i SR S AL A3 AT AR 55 v, R0 #5875 2 AE A RIS
FRESCHE T, A ESE U AR R, T i/ X 51
Fisk b T4 o A AR (R ST 45 ,2019) o XA SN
X2 B0 R 55 4 9 IR IR 8 0, X R e AR e
AOPHE T o =2k,

3.2 ETFERERNRTSRVESHE

FETRZS R B B, 52 FR T3 ae ) AR I
TRV DA SN T8 e A B, PR 25 i 1 7 e B O
T R G, B R T LA A I O A% O 1AL e g
TR AL AT BRI 55 MR AR T A B e
SRR PSR S pl b A R o S8 R, BRI B AE A
PSR T Bl A A e B UG T R A EE A R AN T
REE SR . X R il e R0 7 BRA R ERNNAT:
F AR B T Tz N IR TEORBRAT 55 VR R S
Al PE DT AR T LR (R AHEAR 45 ,2025) .

LR f1 3 78 3 AR 3 R R — [l A —
P — T B—HAT " B P ERZE A, BT R 00 25 AR HUEA
BEEE I AL M T , 280k N T4 b 5 RS 2B s
il 5 4, P8 ) TR 23 38 17 B I A% PRI B AT -
DRI, 22 G0 A Y BE = 8 0 BT S T 42 il s, T % 0 4%
AN L BATIUE A4 R T 2B TEE S 440
KA AR (LA X 2212 B 4T 55 b oA g i ] bk
o an 0 1 kB Bl s S IKALER AT 55, LG 2 A
BRI T2 (Crisp %5 ,2003) .

R AR b TR E XU IR T 45 300 i B 7
IR PAEIE N B A 5T IR A 53 A ERE
1o Bt d Ak e AT AN A 2 (R
RS TEREE 251 T 3 50 IR LR S AR A N
S AN E (PR 2 5F,2020), X7l E K
N TR i B AT, B B A7 A Al MR
FIATIGEME . 3 I 7E I ik TR AN KR BRIAT 55,
KR T R AR R S U] [ S R Y 4 ) OR
W, AR BRE S 2 TR 25 A 55 1 AT & S it (35 RN 522
2006) .

SR, B 25 I AT 55 [ BF A2 2 PR 8588 R AT 55
JEV A R i | A 450 3 47 ek H RS R (1 Ry IR 30 3 il B
T, TR A IR A A B A8 (R T TR A2 BR AN R T
527 BRI R, 3 A S F5 4275 6 | 8 P4 1 S o) S A
(g 45 ,2016) o HU AR TR 45 1l e
PIRXF HEZ5 A IR B v () 28 & A8 Ak, 5 5 R BUT 55
G N o e o PN 11 o N o o W S S
TGN T AN 2 2% 2 HAR TS5 i ik = G,
LI I BE ) A 4 A7 21 B 2 BR ] ( Bajracharya 45,
2008) . SMARE AL GETR A BRI R 7R AT 55 %
PR GeAs e Yy B A AR AR TREME,
SETRAS BRI e J8 iR v A BB B . L g B R
Hi T TR T 2856 FRE A, AR B 29 T8
WES A BRI 0t — B4 T, XSy 5 45 A
FE T2 ) R R A HL B R e A B T ST
S ARSI,

3.3 EFREEINERERVEEHE

FHAE A% G0 18 4 3 P 5, TR 2 > WK 3 14 )
BB H T H B SR R A AR AR R A AT 5 TR A
RIVHTHE T B2 S B i A PRI 45 SCHR PR, S0
XN R e R SR AT RE T A R . X T
P38 F AR R AL G 5T 55 4 BEMESR (i 4N 22 4 24
SRR 322 5 b T P R A L2 S AR RN
TARHER T B 28 55 B, (3000 #4876 SR 35 7 S A
VS PEAS S #RAE B AR T 248 TR Y [ 15 0 e
Jro BRI S RS I ERS B R i
SR ER R R ) SRR, R A E R
()28 GBI B A, O e T i SR IR 4 ] R AR S
FE T ATV A TR LR
3.3.1 FRETWEINA FE S-S5 K

£ H B F TS5, DGR G — T 1T RE Lk
TGRS I, 51— 7 8 8 51 AE s 3K 50
R DA 3 M nT AT BT ) . LUK B AR 55
J ), 2 AR N (2024) 3 it 6k KR = Uk U
(unscented Kalman filter, UKF) F] FH 57 28 57 % 0] 18 45
TR HR 25 38 A 75 S IR 25007 3ol N A S
Bkt 50 R, 1) o Bl XS5 AT 3 X A B4k
AL AT BT R A 5 A B SR s e, I Hh B
O35 A AR S B R AL, DA TR R MY
PEAR ORI BEALA T 541 (Ono 4%,2016) . X —By
BRI U 1 R < 27 S B 5 T IR B i, A
PR AT IR Ge Rl 45 il ok A4, PR B A 34 1) T
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P AT R 5 T b

RS GRINAT: 55 B EL AT M0 5 2 R 5 Kk e
Rk, T BRI A 4 RS BRI S 2 H AR
AR, AL GEAT 55 IR = BE AR T 5 B &R 4, ifi
TRIE 2 2] (05 ) AT 22 PR 80k o AN 2 2 114 348 7 A B
Xif SR EB AW Y B Ak 2] o R BT AR L B
T 3R SR B S S B R i A AR T AR R
fli FE N .t — b TR 2% ) B IE AR B 40k
SRR BRI T, A 2 > B D48 R I R ol
T2 G v sk R . AR U MLNav HEHL , 560 38 X
LA S PR AZ B R AR LR R A T 2 )
SR, 38 2 AL A 2 20 R AR EA T A U HE R S
i , DA T U 2 pes A A B4 o BPA 1 30 P 8, 2
o R K] 255 R I e i 22 4k (Dafiey 45 ,2022) o 2540)
Hi, Abcouwer 25 A (2021) $2 Hi T [i1] IR ZE AR R 2
2 & A AT vk T SR e e A
REARHLI B BE RT3 R 4H . R TR R B T SR
T B IHERRAE - 2 S BR84S b b
717 2 76 TREHE 22 Y AR FEUIN o 5 4 Bl A €, T ) 7
TR o

FE  H BRVRR T, — B BT T IR PR 2R il
o525 27 T 5 TR R A ) AR LRI, L HAE A
BR52A G T A R ST A
W, Yu 28 N\ (2021) T 1] H 3K 42452 22 4 2 0O s
) i > B AR R 9, 8 A F A 3k SR H i b
TE B 0477 ELERSE S DS A A 2 0 ) i S )
AR S s Hu S8 AN (2021) 3k — 2 223 P VR o Al 2
SSEA BRZERIEI A =SS AR . 5 LR
b 5 ek 3 % th g oA 4 5 92 AL RE 0 A EE 1) A
Santra 55 A (2025 ) #1115 s 18 37 5 )1 25 ) S 000 0 s
TREAT R 202K A R FrdE . o 2 bva =X
1558 2R AR Ak Ak 37 5 v B A RS A 1 33 N T
RS R ARER Ry 58 H e B AR 0 L 5 5 85080
A, FLAEZE G e R T DL R i it e 5
PE 7 AT ME LA A2 70T RS T AR R . [R5k
Pl >3 2R AT T2 2 T ) A BR A4 & BRI 3R
W& . Gao %5 A (2024)$2 H 1T 1] H 3K 2R A8 25 ] A9 I
AL 2E TR Oy 2, R e s I L AR
TR B 1 1SR A RCR S P A H

SRR E R E RS H E S ST S M
SR s SR P I 3 B AR A ) B B Bl
AR THRRIBOR , AT G BB b 42 {1 5 2L B

PRSI et . (B, BT kA st — P 5 6 =5
(6, 491 G HC N e AR A 5 L B 5 880 A L 7
R 2 TR A2 5 4 A B R D T 7 R = 4 —HE SR, HLAE:
55 FLRITEAE DS N 5 1 R G U], anAeT i A A A 55
EHR R RS0 T2 0 P PR RE
3.3.2 FETEHEAR A FR e RAE

H ERFA R E RO T IR AR BE S 722 1] Ak
NN TGO T E SRR E B A, IRk
4% OB | DT 4 T+ B ) ] g Rk 277 i . L
IR R AR OASIS/AEGIS R 51 T4E (Estlin 5%,
2012) , HLALA 22 > REMR o0 b o LA, S B
A1 S 5T H AR B 3R 00 500 B b,
S TEPATATIME 55 Y RN RE RS B 2 O RE =M
R EE . BEE RGN, AEGIS JH T4
57 KR ChemCam AL FHHALIY A 32 H AR BT 2F
NP2 AT B, BB T IR 0
T HE 7 5 WL %% (Francis 55, 2017) o 3% — B BL
RHEMEAE T AEA AR SR S5 B A4 T
b SR A 3 T A 7 TR AR AL
R 5L O L R A 0 e Y R

UTAER , R 2 M gt — 0 HE Sl A F R RN
TR BT S5 MRS Y H AR SR . PR, Tk
BRIEL A A K 5 o BB E Rr gk i 2, i
Furlan %5 A (2019) F1] F 45 BURR 28 9 45 (convolutional
neural network , CNN ) SE I KB FRBE T 19 5 1 A il
5038, S SR AR B AR AF B 5 Kuang
SN (2021) £ H T ) AL SRR BT 1 5 43 51 )
ZEHESR A B TR 8 T T B BB R RE ) .
S L T [ D= o7 B N RS o B V) €S
Fih 2G04k, Marek Al Nalepa (2024 ) £ H 1 7] 17 &2 4
B A T g 3 S R B 2 T R B A A i S
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HR T SR AK S T 17 Rk AR
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SR TR BE A U 5 1 ] 1 S R 5 T e s
fifi %€ . Stefanuk F1 Skonieczny (2022 ) £t X} “ 4 %3 5”
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REBFEIEATRE S Fr o , MG 845 18]
SRR A EREPITR S HARRER

3451



3452

PEERBEF ik

JOURNAL OF IMAGE AND GRAPHICS

Vol. 31,No. 10,0Oct. 2026

SRR KBRS 5 HIR ARG LT 55
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A AR T i 8 8 58— 1 1 L3 [a] P 52 B R —
R —HAT7 Y DU, RIS LA A AR TE = A X 225
WL AE 55 H AR 5 PAT AR kAT B Uk SR G 1
B, TR B 9 J2 Uy A F2AT 55 26 1S D SR
fiE ) (Driess %,2023) . WA JEMTEE %05 I 1EIR
2R QU AT AL TR R A (B PR AR BE ) i A B AR B
BLIAE, T T — AR BRI A R R 2B
TR

g 2 s 72 B B R e IR v, 2R
P BT TR W 7 1515 R — 2R 2y R AR
R Gl DR R RS SR S i A 2
T LA 3R] 6] A v ol AR L g B A Y B
EHERIRE ), NI 7E B — 5 R P [ I 52 Ji 7 R 25
55 73 ik 5 SR A A T BE 5 O — 2802 i ) i AL
w—iE S —shIE( vision-language-action, VLA )R
BRSO A AT B 4 R) 1) i fER AL AR A
A5 WL 55 1 5 46 4 R Ha AT AT s AR R 51
(Zitkovich 55 ,2023) , iF—2Hb , Fe TR0 A= 5l 5 8)
T EE AR B R — S E AR R AL T = HE 38U 7
¥, B OB A HE D R ORAT: 55 i AR 5 20 BRI T
SEIL MR ) B ) 2R T AT SRR A, DT
TEPRAF AT Pk B [R) I T R GExt S 2R AT 55 BRIk 5
204 g 77 (Brohan %5 ,2023) . 3% 465 F H B HESL
B R 7l 5 I R geiuat: B2 DR AL
ARILAT 55 FL, T 2 DA 4 PR A 428 AT HR 8 Lk

2R i
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RAS AR E s PR 55184

(a) RS EL B RERIRIN SALSHIN

LS55k
THER "
AWEREHIREAL | aT i a1

(b) Z3 IR ST F A

FHERS

I
WS- | ShfEE [ TS
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Fig. 2 Overview of embodied intelligence model
((a) multimodal inputs for deep-space embodied intelligence
model; (b) hierarchical multimodal language model ;
(¢) end-to-end vision-language-action model ;

(d) end-to-end world-action model )

M3

T[] L KA 55 A, P 2% . DA M e i 9
— SRR TAE . B4, Rodriguez-Fernandez 55 A
(2024) $ 0 78 5 B ALE Ry L K e B AVE 4 10 B9
R DB R BRI 48 S S e S A
AR S, (i FLRR A AR 0 T P 4 2 T RGeS i
AT HATHRAE RS, TR A a7 5 IR RCR
Maranto(2024) #F— 205 ) T3 AL KRR RIAE S | H RAsE
HUE R 0 R i 1Y) v S AR B 55 v X A 0 BT 55
TP Al AR S SR RE T, JT 4R S AR 55 B R
P& T, PR A O OB HE R s PR IR k. X
FWFFER BT, AR S5 A m E AN 5 T A
AR AR 25 .

TEAT BRI A7 5o, 208 R [m) b Jre 1
O A2 i R A S SR MR R RV . B T H R
KRR B R AR A A AL RRAE , AR A LA B A2
PSR A A AR X LR R 221 1 1 I 1 S5 KUK S5 4%
AL —18 5 BB RE A T8 o A SR TR 518 U8 ] ke
() JE B R] 2, O SR S e PR SR R S
Cheng 55 A (2025) 12 Hi 22 B 25 KRR UK 5l A 2246 5
RGP0 —iH S BB T A 52 R R T ik
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BT X ZETR A AAINER T AR S U LS
(1 v LK« LRSS TR 8 it iy J= LA 5 DO 2 4
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LRAORE , SR B S i 4 [ £ RE IR
RAERAZE R P B 208 . B, XA
RERSTE L — 1 323 ) b b PR WL RS RS
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{55 18 B RE J7 5 Rl , PR 2 8 15 &2 BR L A T FiAg,
AT RT X T IE R = R R RE S 7
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RZSATE 55 1) i H 3 AR B0 1) 4 R ) 8 ARG oK
(Beard, 2024) . M35 MR, X A aE ) 193 SOF
AR BR T B R S REHE T ), T AE 48 55 R0 4% 1
Xof K I A 55 i I 1) A 55 ZHLZLRE ) i R G 7K
AL R R A R A LI S5 AN [R] B B2 6] 2 B
BT AR S AR A 2L

P KE , SRS RE Y SR i T
A {2 AR BTN B 2 A 55 B | RS 40 HE R
PR ZURE T3 55, 17 A 0P 2 2 1 B B 14 L
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