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Abstract: With the continued evolution of artificial intelligence, 5G/6G communication, and multimodal interaction tech-
nologies, digital humans are rapidly transforming from static virtual avatars into intelligent agents capable of real-time,
natural, and emotionally resonant communication. This transition marks a broader shift in human-computer interaction,
moving beyond scripted responses toward context-aware, adaptive systems that can perceive, reason, and respond with
human-like fluidity across multiple sensory channels. This paper presents a comprehensive review of real-time multimodal
interactive digital humans, focusing on their conceptual evolution, technical framework, and key challenges. We trace the
historical trajectory from early non-interactive virtual characters on platforms such as second life to today’ s Al-driven
agents that integrate language understanding, emotional intelligence, and physical embodiment in immersive environ-
ments. The survey systematically examines the core technologies underlying modeling, real-time driving, and rendering,
and provides an integrated view of how multimodal data—including speech, facial expression, gaze, gestures, and physi-
ological signals—can be perceived, fused, and generated to support coherent and lifelike human-machine interaction.

From the perspective of modeling, we analyze the transition from traditional 3D parametric models to neural implicit repre-
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sentations such as NeRF and 3D Gaussian splatting, which enable high-fidelity reconstruction and photorealistic rendering
while still supporting real-time performance. Recent advances in 3D Gaussian splatting, including reported rendering
speeds of more than 300 frame/s on consumer hardware, have helped bridge the longstanding gap between visual fidelity and
interactive responsiveness that previously constrained practical deployment. In terms of motion and expression control, the
survey highlights the role of multimodal fusion and diffusion-based generation in synchronizing voice, facial animation, and
body motion, thereby improving the naturalness and temporal consistency of interactive behavior. We critically examine
the evolution from rule-based animation systems to end-to-end neural approaches that jointly model cross-modal dependen-
cies, reducing the uncanny-valley effect through stronger temporal coherence and greater emotional authenticity. Render-
ing technologies are reviewed from both physically based and neural perspectives, with emphasis on balancing visual real-
ism and latency in real-time deployment. Emerging hybrid approaches that combine explicit geometric representations with
neural detail enhancement appear particularly promising for achieving both physical plausibility and computational effi-
ciency in resource-constrained settings. Furthermore, the paper proposes a unified system architecture for digital humans
consisting of four hierarchical layers: perception, fusion, generation, and extension, each responsible for multimodal sens-
ing, semantic integration, expressive generation, and cross-domain adaptability, respectively. The perception layer inte-
grates heterogeneous inputs ranging from microphone arrays and RGB-D cameras to emerging physiological sensors such as
EEG and EDA, thereby establishing a rich basis for contextual understanding. Within this architecture, the integration of
large multimodal models (LMMs) and large language models (LLMs) enables digital humans to perceive complex environ-
mental and emotional cues, reason about user intent, and produce personalized, empathetic responses. Modern foundation
models also support in-context adaptation, allowing digital humans to adjust their communication style dynamically accord-
ing to interaction history, user characteristics, and situational context without explicit retraining. Representative technolo-
gies such as neural radiance fields, real-time diffusion-based speech synthesis, and emotion-driven dialogue generation are
analyzed to illustrate their contributions to interactivity and immersion. Particular attention is given to latency-critical com-
ponents, for which end-to-end response times below 200 ms are often essential to preserving conversational flow and user
trust in real-world applications. Based on this synthesis, the paper identifies current challenges including latency optimiza-
tion, multimodal alignment, semantic coherence, and emotional authenticity. We highlight the fundamental tension
between computational complexity and real-time constraints, especially when deploying high-fidelity models on edge
devices with limited power and thermal budgets. Addressing these issues will require advances in lightweight model com-
pression, edge-native deployment, and cross-modal consistency learning. Promising directions include neural architecture
search for modality-specific subnetworks and dynamic computation scaling based on interaction complexity. Looking
ahead, digital-human research is expected to move toward more deeply integrated affective computing, multimodal reason-
ing, and socially adaptive intelligence, ultimately enabling human-machine interaction that is perceptually natural, emo-
tionally grounded, and ethically trustworthy. At the same time, crucial issues such as digital identity, consent-based data
usage, and robust watermarking mechanisms must be addressed to ensure responsible large-scale deployment. By summa-
rizing state-of-the-art methods and mapping emerging trends, this study provides both theoretical insight and practical guid-
ance for the development of the next generation of real-time multimodal interactive digital humans, with broad applications
in education, healthcare, entertainment, and collaborative robotics.
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Fig. 1 The evolution of human-computer interaction
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, 2024)

Glx)=esp| =5 (x-S (x-p)|  3)

Ao, R m bt SO 22 5E M S A [A] R

()4 H T NeRF 56 TR FRYE G2 1 28 W3R 5A - 1Y
DGR XS 25 (] v e B2 R A A0 R B AT RR), LA i ¢
PR, 3205 1 K B S B e B ) R 1A L (HL G
A4 %5 4 R A N 22 2 I FI ML (multilayer perceptron,
MLP) B, 5T RS, HLAE S s LA 45 (n
Kre WG RS FRRIKRETIZ R, MLz
L) FR T it b A v i B ) R
N ERIKUAE A JRERAL BT X B AR L S
HMIL, Tos U G AR GT, SR T I YRR s [

SO Jr 8ty 5 AR 1Y SR 4 RE ), A HLRE S K
Tl s 22 I e A
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2)TE BRSSO, ARG B 2 L]
JUIT S5 IR FERlE L BAR B B0 1 U B2 (H 28080
RAESGA G ZR S . Ye 58 A (2022) 2 H Y Faster
VoxelPose /2 $L 7Y 1) Z2 4L I8 il B 45718 - X T o 240
Pl 3D 1A Z R AR T o T A2 #5523 2D SF- T, I
H &5 #0) 2D-CNN (2D convolutional neural network )
HEAT SRR, TS Hh S 4 1 3D 233 . HOGHE
B BILR AT DL 5 B A R R pR R AR

L W . 5
_ (xy) _ (xy)
L= > Y|y - A
i=1j=1

S H ) O ELSLR 2D L B g A SR
LYR3D BB xy VI — Btk R EES
NZEFSAGTE BB I3, (B AR 2 P01 A
M Z T, T RS AR A= i AL & T
it 3 3 77 V5, 2 D7 R AT Y T A 7 2 R R 4l SR
GBI, &l 5 A A LI FT SMPL-X (skinned
multi-person linear model expressive) 3t 25 B9 UV I
P, S LA DR 0 R DG L S A, O AT TE Unity 4%
4 BlazePose (Kim 25 ,2025) SE L SC iz s [A) 45, 4k
M7, W27 A 58 2 e A AT A AR L] — Bk
AR,

3)TEIB B G AT . PR EHH
FWET . Xue 5 A (2021) 2 H1 9 mmMesh F 222K %
A ARSI P TR R AR 2N 2. 47 em,
REAS ST SC I (R, SALSE TR L R T
ST RAE SO G AR FA RS B BA L H2
FR T 2K Y o3 BRI PR RE

4)TE MRS 4015 &A% 518 . Drivable 3D Gaussian
Avatars (Zielonka 55 , 2025 ) 4 #=55 7 J5 18 4 A DU [ {4
TELEHE , AR RAE IR Bl 3 5 M 4E AN S8 S T
T PR 5 B AR/ IRRE A Sy 2 ), O SCRe B 2 )
i, 7518 L E S S Oy kI T A
YIE S

(4)

ST, Tove e M BES LA i 81 3 £
il i e REREUR BT, SRS T IR ik
LU, X BRI T AR B R T80 AR TRl
AELATS Tl B A - B Qs B THER T BSR4 4
ZALRE T L L Bh A5 92 58 B 5 N I ] — 2k
8o ARBRMIFET AT REE T HE—UTIRGHESR,
PR SR 1S R IR R 2R (K
B + RGB) SRS FI B 4 ), A s 22 H R0 A
T BE 3 18 S5 A 7 R T

2.1.2 2D #MEHA

FHAL T 52 2% 14 3D #E AL, 2D AL PR L 315330
o I HE , 7R S A B A N TR I G B
TANTEA O IO SE 2R Sk ) Y, Bl
I FHC 5 VD3R ) 3D B ke G I SR A R
PR TE & X BT, X R E e —E T L BEE
TR (H R T S TR OCEE A (landmarks )
Z ) Y 5 A AR IS 1 B O 4 AEAE 30T RO T
FREEAEAS [ 98 %5 7] f (Pham %5, 2024) . Ry i iR Bk
JRIBIR T A ST 4 T 3 A i A AU R
TR R8T T3 1%, DA R 8% 5 T o — S AR RV R
BRI (R L 2D 21 (Pham 55, 2024)

[, TR T EL )z B HES) 1 2D @ &
J& . W58 % 38 % Lh Krita(Hietamies , 2024 ) ZE A% 2
B AF A 4, 7E s B OpenToonz | Blender 5% Godot
SR 15 v e — 2D T A R 5 gl im0, AT =
R e A 0 Y R S IE

Live2D HARNE Ry —Fh o o280 ARTT 55 A e e
J5 %8, NHX 7% h s 5 52 28 1 3 0 e R e i
B RTE . O A2l i 7 )2 2D BB AL 2R
3D B JLARIAZSE , DT 7E AN U6 58 5% 3D #2175 150
T E E A . TIPS A 3D AR A
CTEAREE” BUEL, He %5 A (2025b) B UOK 3DMM F £k
Pl & AR % Live2D B, 42 S H T 2. SD A (4
1 1% & B IR (blendshape) Z BUALHEZE . K 3 &
Live2D [ #RSCHRGEE , HARTT & , AT A4 X4l
R IR B8 ) M7 e 3 SR EsgFE il KP4
% x T EH AL y ML scale, ZEUX B8] 5 —IH—1k
2 [-30,30], AT i — 4L AT R Joy R 07 S ik o
PATR P TC e Ay B 5 Ze M AR, ARy

F=F,+30B, o =0, 0, o] (5)

KA, PR R, B, AL 3 o, R HERT
R, N T N R PGE A T 0, WA T
— ML 10 7% G Qe 18, 280 i & i 4R
FIFH 4 2 MLP 75 T BAH S5IR ST R R Bz 2=
B E VWS o IR BT I 2D SCBE R, RIS 7
2930 s P4 o 3 o 1 2E B Oy — B0 B A T2 1Y
Live2D #A), Az il 32 & 00 T LA/ INis 3 1y % 48 5
T rigging 8¥ prompt JK Bl T FE

FE N HJZ T, Saraswati 58 A (2023) B iF T 2 T
face-tracking [ Live2D X 8l 4% % : 3 i VTube Studio
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THELEAZ S T AR S AE | JF S2 I Wi 22 2D MK A2 TE
SR AE IR B % 55 ; Safitri A1 Wibawa (2022) I J%,
Ly b 75 T A7 I SCAR G 2R (U Cenderawasih & 80H: |
Melanesoid ik 8 Fl 1% 58 S AR R 25 )M A T 5 T
Live2D Cubism [ Z £ fk. jZ #l YouTuber ffi (% (Erum
Jaelynn) B, g dE 3 KA B HUE S QIR S 4t
T AR BT ARG

GAN Iy 5l Ak — 209" e 1 2D ALY RE ) .
StyleGAN 38 i fift A8 78 78 25 1) S B 1 o Joit e ) 1
S . HAE FFHQ 3K CelebA-HQ %5 KRR G 4
£E 11 StyleGAN B (A AAY S FR KUAK IR & 5 B PR HF
it BE 45 A 6 i F — B 10U 25 (contrastive
language-image pretraining , CLIP) 3% B SC AR BK 5l i) A
I G 4, E PG IS 5 548 52 AT 55 vh R B AT UL Y
5 71 (Melnik 55 ,2024) o fieilt , 2 T BB BY 9 SOAS
FRAFAE B S B BFFE T 1] o %R DT R BRI AR
P FIR TR = Hm A U nT Shmi A i 2D #f (5,, JF 38 i i
BT A2 2% SOAR B A, Gn e AL R B 0 €0 I o 55
P, A5G R | T 1Y R A e A T b4,
— b, BF5E H K S Live2D & ARKit (He %
2025b) IRA ARG A, (AR AR BT 5 L dufEse
BN R M NV 2PNz

R IE SR JHE FeHi TR
e e &
il Es Wi TR

(a) IR ELCH B D RE R (b) FIZIRACR

3 Live2D H#BESEE (He % ,2025b)
Fig. 3 Binding of Live2D facial texture(He et al. ,
2025hb) ((a)facial feature texture and binding effect;

(b)lower level facial effect )

IEAh, 2D 5 3D EAEH R AR LU N i
AP H A A 2D HERTTE TS AR A S N A2
b EHRARERH A= 3D JLAT(E B AR
AL AL T BRI BR . T 3D @ RLAERS
PR B AN B LA 45 5 S ASRCR U HE T R
i BT G . R B R mT RE 2> (B 1] TR 1

54 E B AMUR RIS A R RIBR M. 2D BERTAT
DIFEAR B R A5 T Pk v G Ik 4 7 S 52 55 171 3D
AR U] R A B AL TEORS A () 20 15 R B SRR IXREAYTR
G FA BIERCR S R AL Z RBP4, e 3h 5L
TN T2 1 S A g FH 4508 T .

2.2 KBEPIRBIIE AR

TE AL 52 AT N R Gih, S2 i iR 3l
S H SRS T A% AR R TE A I 2 1R
AL TUN R S I ok SN E 2 oG S ¢
85,2025) . AT EARIESIE RIE 5 LS
FERH LISk iR BRI 2 AR IR AT IR 5 5
Ak i 22 A S A, DT SRR IR 25 v e iy
M2 BARE . T LA, 38 2 XS [R) 9K 3 % A2 11
4 536 B st AT TR ) b .

AATE LRI T AR S 2R R SR Bk B
L i R AR RS R, IR R R &R
JiTml .

2.2.1 FETHEESM SRR )

PRI SIE I BIK 2y PR A T 0 L S BRI BT, TR
N IARFE b 5 4 32 Sy o R By A £ 45 S
A IS DE 38 Ak AR P WS A RO I Y B A
RGBS

1) SCRIRS) , SCARIK B )7 vk Pk R 32 2 A T
SCFRAR A 5 5 SR AR R AN, Liu 88 A
(2025b) #2 H (4 VividTalker #E 22 1) F 4% & AL B R 5
PE RSN G ff il SRS (R A FF 0 Sz Ak 7
WA Z R . M2, ChatPLUG (Tian 25 ,2023)
Bl 3 DO 348 58 P A S0 L K R R R 5 NS AR
AT T A B, SEL T R SORAEN A R Rl R
FERE YRR 55 0 1o 2E 3R 22 ()7 EAU T . FEARIE S
11 R T , GestureCLR (Ali 55,2025 ) i 1 X L2
SRS F R B —iE LA 48T TR L
— M AR S RS A RIS . 55— 24K
FeME TAE TeCH (Huang 55 ,2024) M 25 4 Mg 1R 5
SCAREEIR , ST (R 3D AR EUAR 5 A IR Bl , R 3
TICARB AR P S 5 R IUTERE T B A2

2)EWERSN . B AR Bl 7 AR R R R R A
TE Can & & Vi B B ) AR R R R 26 5 T 4 B
SIE TR R B A AL, R 2K
ORI 9K 3y, 40, Zoric 55 N (2011) 3 T ot 5 /R AT
K (hidden Markov model, HMM ) £ 0 T 455 75 A= 1% 17
AR SR SERAG o ST TR IR IR SRS
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e (EXME LRI FAF IR G AR A . RE 227
ERSIASRTE T HAREE B0, Li 55 A (2022) £ Hi 1Y
FAAN 5 BU7E R 8 — Btk 5 il 5 52 80y T 2 Ak
S, H AR A TE AR 3R WA {5 1 LU (peak signal-to-
noise ratio, PSNR) | %% ¥4 #H {8} & (structural similarity
index measure, SSIM) | ¥ & 43 i H 52 J& (Frechet
inception distance, FID) LA & & i 1 OG iR &) 55
ZH SRR EIE TG s B R TR 2 R AR
T 2D S, A L A ORI 3D AU K o
13D J7 vk WP 9T H U 1] g 1 Il 25 St
o Pan 2 N (2025) #2 Hi B9 VASA-Rig HE 4L i i
Latents2Rig 15 L% 2D fif A LG 22 MetaHuman rig 2
B, 9B T 40Mi/s 1Y e O LT PR S, 4 o 1 IR AR

HIEH MR I . Song 5 A (2025) (1) TalkingStyle
HEZR D038 o R XURS 185 Sz gl DR B AR s
I, e — 2D S TR AR A E R . e S
Shm A I, LiZE A (2025b) 1 InfinityHuman > JH
R 40 1 A SR 5 TR AL, S8 1 KP4
(> 60 s) 5 BT i s ] 20 5 3400 5% L T2 58
HY5.

UTAER , 1 2% S I M P A A9 AL, Lia
55 N(2024) 1) EmoFace #4175 Bbn % 5 E MUK A AL
SEPL T 3D RN BORE BRI, O 8 25 O A R T 4
HIRR . S5IERIET, Lin 58 A (2025) %) CyberHost | £
FHER Y By HOHE 28 5 IX Sl i ) ML) A R 2 e 1
A B gy A B AT B R 5B SR R

F2 BFAZRIEINRAI L

Table 2 Comparison of real-time digital human driving technologies

Byl SR B AP FEARNE S L JR B

Liu % A (2025b) . I ey e X

g Tan A0 S ;ﬁjf”ggfﬁffﬁ S T 0, S I SR ;;;;g;fﬁﬂl
T AEAQRS) ) e DOTRMERER e

Huang % A (2024) -

Zoric %5 A(2011)

Li %% A\ (2022)

Pan % A (2025) e e WUNBURIREERES) o TR A B A
B AR 5l Song % A (2025) g]‘?; (‘rjﬁg‘ U PHL Y Transformer, SZF ;?ﬁzyprifiifgln s TH Iz LA, 3D

Li% A (2025a) PETENIET s 5 4 B 5 im ARG SR 2 B

Liu%§ A (2024)

Lin % A (2025)

Chan 5 A(2019)

Wu %5 A (2024a) N ,

R KA P AR B — RN ol iy AT o K

gy SmohinFAQ019) b oo e 5 IEERARE, T %g;

Liu %% A (2023) ’ 2 ’ R i - Pk %*‘r’éﬁ;@

Adiya %5 A (2024) - =

Wiles %6 A (2018)

Zhou %5 \.(2023)

Saffaryazdi % A (2026)  SCAS (i . ZHEARAEE VB BAZ2ES, B AKR, BMEL, AT
SRS Chen %% A (2025a) g A BE A A AR, RBER in- TRrZ gy, AT A5 K, mik 5]

Li%E A (2025a) e context i F 5 sk T AT A0

Li % A (2024)

SR E  E R B i © RN B S ke
FTF Y5 Transformer A9 4 BTS2, {H A 52 B ML
b 5 SR Iz A6 5 B i A 2B T AT T I PR A

TERLSE IR BN 7 THT o 55 T8 10 S ) 9K By o 4
WA AL R B R SO B KB B A5
AR EARLE . FEMSEIK B Y SEEFJ7 75, Chan
Z5 N (2019) 2 H R FH DG B A S ) R0 4 52 2

PRV ST A 2 H AR A5 b, I 3a 2 5000 AR 41 ot
AT 25 A — ) Jp — 2k, ik s HACR W
Wu ZE A (2024a) N 3# 157 Gromov-Wasserstein 35 25 2%
SR IR A s A B 1), O 5 1 A TC AR e LR 8 A=
ST AR AR T . A IR T OCHE R U
7 R BRI R B S A AR ME LU PR AR 42
JE&H . I, Siarohin 2 A (2019) 2R HI 1 i e
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AR ) 5 R AR AR BT T M X Sz 4k
e 71 fEMLIEAE I, Lin % A (2023) $2 4 Human
MotionFormer, 4% & Transformer 1Y 4 J&) 1 4 A5 55
BB Ry R, A U T KV Bh PR DL LA 2
1) ] 5

TE B[] — B A 7 T . Adiya %8 A (2024) XL
] B P4 FROAL T 22 ik 1 50 o) A B DL ) BSOS
el 2 WP A FE R B RS0 R N SRR E o FE A K 3
J5 1], Wiles % A (2018) 1Y) X2Face W $2 44t T 5t fb
) BB TR, Y R R H ISR A S R,
JEIL T BB R ). REUORE s SR 3 7
BAEES B S EE R S i) p— 8ok BIGS T AH G
Ji& ABATS RS iy AN J5 12t 5 B VR R PE A a8 B
s A Ae R R .

S BB S I B By 2R G DR LB A R i L SR
TH M, TERCE NI 5 S b 4 3= S (B
HABAEAE 2 10 R BRI O B — iy AR (n S
A CEE R 45 5 S B R SO AN 2 HAE
SRS RN RIAE S BN, FH P A T SCEOR)
ol = 20T 0 N A S TS A A T AT
TR ) 1 Tk B SCAR S IR N A S 1R I A A
B ATH A7 A RIME , 1 A R 3 28 25 A28 A sl K B[] )
E 7 FIAT SR 25 52 i) IR 5 3K 5l 28 48 % — BOPE I P FE
X Ry FRAE R B, BAEES IR ol R GE G TR e A A%
BATAPEASS TR R, TN 2B RGN K&
JRHT 7B P
2.2.2 BT RS RYSE I 5]

BifiE N TR fig 5 KRR AR mUAsE AL (1) % J , ]
FEZARA AT SEIAIRAEIR |5 15 58 B AT 1 AR IR
SRR AR BRI . BA TR K B 35 A% I 4 T
e —JE e TR R ZRARK L B SO GBS
MENMREBSTER Q)R I PHE 7k ) —JEN| 2
TRTEGE— 15 2 1] A HE A7 i 3 i AL, LA DR/ MSE 2 ]
P F 85 - T — Bt . ROk E | anf] 7 4E
R RISy AT R BUAS 2 A HRUAS P, Y
T 22 A2 S s 50K 0y T M 194 % 0 PR R

TEZ BRI T, G — J AL AME 52 1 2
M. Zhou 58 N (2023) #2 th i Z B fl & 507 N &
GRiE R SOAR B S BRI G JA, S T T4k
PHEBR B -2 J5 AR 2R . R RSk AL
AT 3, B AN & A G R T 2R

S=G(R)|G. (R F) (6)
A, G IR SR BN E 5 i # (text-to-speech, TTS) ,
G, RN FHET bR SURRE F I8 & 5kE . R NIES
R F) i 11 SCAS o 007 R HAE T TR 5 ik
b« A5G ] U S B T, A TR B L BE
P . 5L GO N B 7 A R A
o, UG S IR TRl G 7 ik W RRR T I R 52k
BURAS o (HN G — B AR X — REATE
BAERE TS PEEE | Bl = 70 81— 8 23 (] Y )
I 2 S R TR 5 AL, A1 R 0 it 39 g P 2B 1 52
ARG S R, I A% 1 2 A0
R HIG RN AR E LR TR KL D5 2
EEIER G — ZBSHAL,

73 —J5 T, Saffaryazdi 55 A (2026) (B 55 58 4 5|
AR5 TR S AR B, LA T S i J%
BUNR R PE . A iT4% R EEG (electroencepha-
logram) | EDA (electrodermal activity) 5 PPG (pho-
toplethysmography ) 55 {1 4E 38 A= JURFAE |, JF 38 25 A
PR G . BARH

Py =@ Pigc + b pioy + e piac (7)
P, x elArousal, Valencel ,x R iR B 15 L 4E
Arousal S MR | Jz 1l b ~F- 21 % ¥ A4 15 28 0TS ok
JE , Valence 38U , WU 46 FH T AR 380 BR AR 149 465 5
PRI a,b, c IIEBS AT EEMTOE o XA SIS AL
B PR UE T 52 1 25 9K Bl 1 B e, 807 RS
Hp R I RO R T AT RE

e A IS, S B 2 AP A PR (R IE S P 1 O
. Chen % A (2025a) 2 Hi ) MIDAS (multimodal
interactive digital human synthesis ) HE 2265 K15 5 A&
RI5 A R A 45 G il TR EE 40 A it o
SEBR 64X A5 (8] R4, A7 2GR M 1 A I A 1Y SiE
R HAE G ARG B 1R H SRR AR, B

N
p(Caxlvxza”'axN):Hp(xi|cvxla'”axi7]) (8)
i=1

K, CFRINZBESFAF(UNE I L SOR) 5.8
S5 iR T E SRR o S5 B RIURS Sk I HELRAE
PRAIE 157 5 G 0 1 ] Fsf S R O 3, {50 AT
SCIR RSN . A2 R Li 58N (2025a) $5E H
MoDA HE 42 Fi| FH Z2 155 254 HORUHL 21 41 1Y) @il 5 5 W,
AR TR B 5 R Z R —F R i
& 4 BT 7R , MoDA HE R RE S AR H5 — I = 7% RMR . — Bt
B e HAB PR A5 5, Sk A Rl g R 0 2 DT Sk
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@
+ i 1 € G
EUT B WOMES (WT3k)

4 MoDA(Li%,2025a) HeE 4L
Fig. 4 The overview of the MoDA framework (Li et al. , 2025a)

BAI, AL EERG I R TR IR B ReA: L& Z AR
T 2 1 A AR Y Sk BB 3l , I SR AR B 1Y 1
PEAHC IS AR5 1. HIR G 280 i) 58 5 2
Transformer fill G AL , 115 32 48 AR08 78 SCHE X 35 )
s MR R R S AR sh A A A .

W AE R, 225038 KA Y B Ay S B 3K B 1 A% 0 o
Sun %5 A (2024) #2 1 19 Emu2 #5 7 J&2 B H 58 K Y in-
context %% >J BB 77 , RE 6 7E /D FE AR 7 55t v PRl e B
IS5 . HG—m | REYN 28 H RN

T
L =—ZlogP(yl
t=1

Ko, B AR Z RS T,y T — DT R
(SCAR AL token) o ZHL I PRIE T RCBY AT AEXS 15
thAR s BN SCHEAT S R R AR ZE A
M B 24 KN o [R]ES, OpenAl ) GPT-40( generative
pre-trained transformer 4 omni) 7£ 32 BR #0217
232 ms Y 1 e IO A0 AR 432 30 N 28X 4l 5 I I [ o
X R W RAGAITE b PR RS A5 A ) 2 B 3
R B N HINEE S . BB Z, GPT-40 Y
PSR BR A R[] I b 3 SCAS A A, s 1
AR ALY e Y SE IR R

ST AL S W % & PN E B 4 OB W) | B 7]
H #X , RITA (real-time interactive talking avatar ) HE 22
(Cheng % ,2024) & fi T —F 2 LAk 14 552 5] 2y 1 A=
WS . B AA A R A S LLM (T4 Jxt 3
Z%) L T B BT AR B+ ShASITVC S I A LA
SIS AR R AR, S 3 R AR T U B ) T R 2 ) Y 4
R, FIEHRAE TS e . SEgRuE T, A AR i

Y %) (9)

USRI Ko d A S S L I S G N 40 2 ) Db
AT ELIE R SR 3E

i 132 5 B F AR S50 ] 1Y JE 2e s
I AR A BT T5 1] o AS[R) TR AL AR A
IR RS0, Li 45 A (2024) #1 H A9 OmniActions R 4T
I LLM XS B L) IR A T 25 M A B
JEN A P T RERY S5 22484 . OmniActions 1A T —
FPCHT Y SR e e e R S A3 FH P e S
S B H A A2 B T AT A, AR T RE 1Y B4R
(AR IRAF I3 55) o X —RGEAMUEE T ATESL
bR R AL T N, 6 BE 32 S U T AR
SR TR LS i A AR BEAL AR B S

25 LTk BT 2 BIS 0) SE R IR B R IEAE 4
T3 I\ BAL— S R 3 B S RS VR BE Rl B A I
SR AE IR 37 A ik, DA T B I R 3 bR SO 5 T
MATBNE A . AR K g b T LAR 34>
T )i R AR R 5 A A2 gt — ik
FEIR 5 2) F)FHRAEALAY E R SCHESRAE 07 ST F 48
AT 35 5 SR TN 5 3) 44 A 24 1 e 5 PR B R 1Y
Ber N DASCHEBRYT R AV AR 55 s S PR3 55t
2.3 ERHEFEAR

& BTN SE IR PR 2B SC T RGN
B R Z — , BAR AR AR AE IR T 52 B s LS
REFASA AL RBOR . [, S vE Y /5 247 R
i ITERCR 5B Z AR A . AT K 5 S
PRV T ol 32 LS I Y e 5 1% < T ) B Vi G R
T 22 R 25 A TE U
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2.3.1 FEETYHEELT A

T W) B i Y (physically-based rendering,
PBR) 7 22488 75 58 B 3B AR FE P A0 52 B s
R - LI N e N T N T A7
e Uy E A o AR S5 B 22 ()T A7 7R W i 1Y)
A . Hong 48 A (2025) #& ) BEAM (bridging
physically-based rendering and gaussian modeling for
relightable volumetric video ) HE 2218 i3 25 & DU 4 (4D)
i 7R 5 PBR, A AU U T s S AR Y L AR
—BPEFURE 5 M R ) R, R e O B B
SIS G T A R R . O E RS
R R HDOGIRAE ) b UG SR, (H i B AR A2 2 1Y
Z W B Al SRR A R IR T AR R
PRI AN . AHEEZ T, Qin 48 AN (2025) 42 i 1Y
GauFace 27 J HA: A% TransGS i AL G 1T HL
BB 7 TR 7 5 R Ve e 2 ) AN 32, AT TE
Fo gy S I T B 2 v Y o R SN SR B, AR, 3%
5V v RE MRS PRI 2 ) v o TR P 9% 7 5 BRI R
Bl , HAEARARER A S A5t —2DRiE

FEREPFJZ T, Guo A8 N (2025h) £ Hi 9 Mobile-
PBR Sk HIZE 46 19 28 nm 5 i ZE 44, 4 300 (] v s 5
YHDOCLGR RS G IR SRR SRE K EL
PLEATT, BEAR T B 3w T S AR A . RO R
FETE T RERI LG 5 S (B AR i R S B, R
PEA e LU FCl P 6 o R NS A iy
T, Wang 55 A (2025 ) #2 H ) PBRGAN A1 42 i T
X Light Stage FHHE , 7] BT H 2837 5t BIE R
AL I BER ORERE JE RN vk 2k 1) £ 1 PBR 803,
FEGIASORG R AR T AT . 207 48T T AR K
RR Z2 RV AEAE 40— 0 A0 e A2 A 1 ) 3
HEWTE EADFTEA R EHAE B 2O Y = T 5 5
FEEARRE o 541 Rossoni % A (2024) 4% PBR 5] A
B PSRN = OIS IR U R D i S VL RE /N IF S S i Lsid 4
4 B LSS M BT S HOT 2456 3607 BRI 1A, fli i =
TEARDGHRFNTS 52T RS ™ A 5 R Bl 5 — B s
G B FIERIE S5, AR ECAHCAS R A i B (0, 1 A 5
8 Y77 20, 78 XR (extended reality ) 3 5% H 19 A1 50 fil
A R W B
2.3.2 FETHZ M HE YTk

B P 28 0 205 T G F R Y R AR RO N
J R B P AR T T e ) SRR o (2
85,2023)  AHEST B T WA E e 5 1, AR TE

T I 2 ) Wy AL, e N Z A Kb A
B2 2 s i LA 5580, IR AEAE AR SO R AR
& LSRR A

Mildenhall 55 A (2022) i H} (1) NeRF #5375 5t 145
Ry S 1) TLYE (5D ) 557 pR AR, LA s TR 7 & RO A
Jr T RN B S, v e S BR
AR B I 107 1 8 UCIE B, SR 5 e Rn]
PRt T et 4 3D JLA] 55 400, kit T X 3D H A
SRMT , LT MLP 19 I 28 55 £4) Xof e A1 4 15 %2 35 g
AR, A U G o i SO LA TR RN 45 A
T, S 3O P RORAR T, M LA R SE R A BT K .

RIS A N AR, Peng 55 A (2021) #2
Neural Body, ¥ SMPL % fb \AR#IHI 5| A NeRF HE
20 JEA TS BB TR T S WL s [ 3 R
025 (B A WS Se B 1z sy A ) A AR T
SIS —EUE R, S ] RO N Qe gt T YE
B HATS 32 BRFARBURFE R , i G IR vy, o vk 52
PLAHF M

N LR THHOR WA TH IR IR R A b &
RGIR G MR . Habermann %5 A (2023) #2 H 9
HDHumans 7 YR i 3CAR Y A% 5 bl 284 5 37 S
B E AT P 5| AR AE LA TER (]
FARR 23 B A A TUART , SEEBRRL ) G58 . %007
TEAE 4 K 43 HEAN AT AR sy B 6 PR, BT e — ot
ATh s BORD , AR IR S AR ME . Lin 55 A (2021) $2 1 19
Neural Actor WIPKF S 38 B by Jmy 30 S SR AE , SR Bl AR
W23 (8] B Y NeRF, SCREFF & SMPL AT M5 Y AW
U, (B HARBURAEA LR SR T 29 SE P RE

L A Bl Ao 8 T T [ S I Y S T 3D i
TS 9779 o Kerbl 55 A (2023) 42 i} 9 3D-GS (3D
Gaussian splatting) i ] i =X & Wi i sk s 3 53¢, Of
56 A e, SEE T TR AR B TE G R
TENLFERE I, Pang %5 A (2024) #2 3 ASH (animatable
Gaussian splats) , 7 R i i Sk iz FH T Al 3K 3l A
PR AN E] 5 TR . ASH K 30 5 B AR T A
BB UV 23 [ 8 5 2D 5 BRI 265 27 ) 2 25 21 5 i g
PE B WL, SEBE 30 Wi/s LA b A SERHE Y . 8B LA
5B A BT 55 v I SIS A e o o S T
DDC #1 HDHumans 5575 % o tL41, H UV 240
I SARF SO A A ) B ERASE , Jh 2 i S I e 2 A AR
L1 SOTA (state-of-the-art) J5 %

BRES S A 4 H oh o6 IR T2 P IR 2 A2 B
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BENRGIZ LT K o L5 NeRF KGR
M A& AR g7 LSS E AT 56 . Chen il
Liu(2022) 4% Hi ) Relighting4 D 14 1 M3 38 4045 52
BN N LA AT % Do i 235 53 i
Mg GERS B RS RG4S A ER
1 BRDF A5 | 52 B0 #v] figf BE e R i o 3l
LA B /N 21 9 AR T O 3 32 R RAIE T
BT NTEARDG RS T ) R 5 — 3k
R T, 5L T30 SER T g gy ks o L]
— SRR RS B EEAR, 6 R AT s 1k 5 g B S

B AES

PEJ7 T BAT 2 D0, (ELE H O 2 B T R R
A FHRECE eI P S 20R . M2 b, %
TP R 4 v Y7 ik 2~ 2 A R LA
EANUURRAE , SEBL T s LA RS DG IR 2R T A e O
LA A, HA R 0 A Sl Ak 508 B, (EAE SR A
AR T TS A AE DR o B o S A5 PR
0 H B, W25 A AR LSS RO L Y 22 AR S
/e RRAIRG S AN, A BN SRS H
B N SRR B B — S0P SRR 5 R A B T
AR

El5  ASH(Pang%§,2024) ik HE %
Fig. 5 ASH method overview(Pang et al. , 2024)

3 ZEEENTERHF ARG

3.1 BERAEZ

T 3 R 22 RS A B AU ) R SRR R G
BEARMTRA ST A SC 4, —Fh et 52 B 2
SRR EHER, & BAZ BS Z ERZ
AR A 6 TR o %5y Bt T X A8 H &
Ge 52 R VERAL | 15 1 28 GEME N X S I AR S
AL HE SRS TR SRS | AR A B LA R v U
I PR A R
3011 JBHE

TEZ RS B A F NRR R G5k b, 8 )2
HRAHE X ANERER T 5 N PAT WA BR R 5 i#br
%5 o EOESELASRAS H BRI R A WO AR B
NG 5 A R B A o AR TR A O3 S T
Y THT AR 5 A BT T AR DL R LA
A RREPOR IT A4

DI R o BRI BT T AMUOE TR
SIHERA 3, B A S I AL FRAE Oy o LBy I 2
K M (voice activity detection, VAD) J5 ¥ i Atal FlI
Rabiner(1976) #& i , F| FH B it bb AR 58 R A5 75 2

R UE S BT i SRS (EL T IR P BRI T 8 R P A
2% FfJS ORI [ GE T AT s HMM & ST TR
A 1R (Gaussian mixture model , GMM ) 2%, DI THE
AL R T RRENE . AR B TR 7 T 1Y
K JE , Zuo % N (2023) #2 i B2 T DFSMN (deep feed-
forward sequential memory network) i) VAD R 4 , Jf:
P — 20 R N Z AR 551 U VAD . 52 BRI SE 38 it
AL A AT R RWKV #8870 45 4], A 204 il A 7Y
TEIR o TR O T, 2K 5 48] 1 2 A (Mel-
frequency cepstral coefficients, MFCC) £ R (Basak
%5,2023) H 20 2 AR LR 212 W, 2451
2 S T E U A S 817 AR T MFCC £
AR LB, o5 Tl 5 o i b B 73
T 78T BRSO FH v A G ) A R AR 4 DR X B
SR AL IR NI B U TR R AR o R]INE, 22w XU
51 R A B % F A VAD T3 (Chen 55, 2024)
(40 Silero VAD) B ] T iz 55 Ml e A1 Tl %5
N, DR TR P IR B S

HE— 25 b, AR R [ N SIMIF S 5 i R i 1)
S (9 o 28 I 28 AR, A T CNN LR 1 C A2 19 45
(long short-term memory, LSTM ) 8Y, Transformer H9 Jiit
AN, IXSET7 L RENS £ L+ 22 AP GO0 i i 18] ROEE
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™ ~ ™1 Voice Activity Detection

LO 1 RWKV MFCC CNN
DFSMN Silero VAD
LSTM Transformer

CNN LBP FACS

r-
7 ,_©J MPEG-4 FAPs

1 RGB-D Camera Inertial Sensor
— &

L4

Nonlinear Feature Extraction
Image Segmentation

. Random Forest Classifier
Non-invasive EEG
Intention Prediction

ERIZ

C smenrn Q) wom

B'MS

FHERES
A
Og 0w
PR
N @ Wt
R _
PR 2 A
o] R
TRE
|E| S Fo xerm

K6 ARSI A 0 A AHER

Fig. 6 Framework of multimodal real-time interactive digital humans

TN 43
srPesEr
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.. =

WEEES
i F

L ]
nt i |-
! [ L lr
|

0|
L
B

MFCC 23

B al/s

EHURIZAS
(DCT)

R
A5 (DFT)

HERRBE
ilE s

BUni# (log)

K7 MFCCH AR (Basak 45 ,2023)
Fig. 7 MFCC technical process(Basak et al. , 2023)

WS8R R Be R 2 B AE 38 B A 2 H )
(Yu%%,2025).

2) T AR U R AR . AR e
BEAFAR S AR BT AL E AR, SRR I
i DX SR 4R BOC BRI A o TSI T 1, 3D K
WU A PR B AR AL ) 25 R4 RGB SR AR &L, JF 45
4 CNN 5 J5y i —{E P50 (local binary patterns ) F§fiE
(Dong,2022) , 52 B4 = PR A5 T 1) A BRIV A2 452 15
PO, INTITTE B S A2 B b R ok B S R e
5 M R] AR, 2R R ok G ) 1T 5 80 5. JC (action
units) , 45 & FACS (facial action coding system) ¥,
MPEG-4 FAPs Z: 45 i (Yang 25, 2021) , 6 JH 7 i 6
T SE A RS . TR AT ERER T, X s
TR R B R A BIAR M B A5 5 = S PR R AU T
flr AT AR BB A% S e 1l

3) TP AR 2o S5 A 8 B A
N FRE, L P S8FEA3EH,, filln,
Fiorini % A (2021) 48 i 11 @l & RGB-D AHHL S 1] 28
B AL AP Fh 2 AR T30 A 0 H A0
Yise, SWFEIEN , 2RSS BB A BURTHEAR
[ A CHNBL RS A T R T ), % i 2 F- 34
o P R OIRS B . S IEIRIES, Mo 558 A (2023)
BT B B AL AL IR 42 T AR s
iz Al 7 vk W TS AL SE A IS R R S
ST B 2 0 S B G A 5 4 A S e ARG
T MBS A5 18 25 A T A RE S8 B R kG B T3] iF
— b, Xue 55 A (2022) B TAE /R T 456389351
T il ) RN 5 1 2R A 7 48, HGE R
LRAMEFFAE SIS BEALAR PR 285, S T X i 4
PR 1 93% (R IR, A 8 FE T ks BE I B
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PR

) MEHLEE AR, I 22 RS BT SR A 4
P —Ff B ) ARG S PR TE AR R A
i EEG 45 1T LATE 22 B0 9 A 18] 43 398 232 T it AT i i
55 (Zhu 55 ,2024) , i B SEBHE 5 AL B RIAL 25 2% )
Gy AN RGEREETE F P i AR H AN B B 1 2 i T
I 2 P s U R 2 RS 1O BT A A LR A
TORBARAER AR E . i — A, 25 AR S AT
b ERAF BB 4825 (Khan 25, 2022) (14 52 B b 2 7%
T2 AL 11 REGS G 4 2235 shd i R T 3 E A8 4
S G AN 2 A AL B R G B

SRR BN AR T N IERANZ R
e MIERAE B AL, W RS &2 1%
B PRAR 55 U2 1) A SR 38 B 2S5 T SR ILA
3.1.2 fAE)Z

LS ERBFEANRG T, G 2L
AN TRIRE A B 2 A 5 b TR) T A A S 4 s 40 o 1%
R TR A AR EMG EA AAEHE A J
i BE SEAN FIR A5 B IR FH Z Rl & SR s Fn 4
AR A AR B B —BOrE A M

H T LB EREE RN EBES ShREBE,
WF5E 38 H DR R A AlA 2 ORISR g AT ARAE (S
BRHERAEMNNB SIRE , WA 28 E kK
PR ] 43 R FRAE Gl R Gl RN R 2 il
3250 AT o BN 3 28 7 vk i AR Ji B 5 e 7Y
WA T R G IR

DFFIER A . R B 2SS T,
B AE A BUE A B 2 R AN RS 11 )R
LRBE S AR BUNRRIE LA 78— B R — A 25 A
() B AE N BRI R A o B WL A 1 L 4G P
E2 )16 I DA L A e

(D) PHZE . K52 ERAE 1) 5 ) B P il — A~ o
KAy, (R T 2SR R IR (B (H ] B8 S B4k
JE I HE BB AT A

(2) i o W ZRPEINAGK Fifh & 2B
FRE , RERS IR BRSBTS  (HL5 5 1 i A
BER,

(3)3ek . W BB HRAE ) AR T A, BEASOR
FMI B3 SUAR JBVE G R A B4 208 3 A R 2
SRR

(4) WLk PEal Ao gk it AR - R AR
PEAN RIS Z (0] A 28 AT S, IR B 25 (R 254 i L

KK

PN 1 S R A PN L VRS S Sl S
FB o e SO T AR R 25 RS R AR, 75
5 1 PR3 45 B (Baltrugaitis 45, 2019) o & UL o
TR R AL FE B VL BT 347 Fn 2 4048 5
A

(DFEE S B 2RSS P ok 25 Je itk 45
TRGETT, PR AR e SRR 2 0 sl 2 SR R A
27 5

) INBCER1E o A RIS S 1 e 5 25 SR e R
BT INBCE 3 A5 BN 255 DR 25 1 .

(3) ZHFE T . MRS ARSI PR 45 K
HR I 3 A e 1 2 B R T O

VBRI G o R AERIRIG ] R A R
FIRFIEAR B TG, SIS 1S 1 15 B 58 K
Bro HTIRE S BRI A kN Tz, &
B G 28 2 2] 5 vk RN IR T 2 4% R Rl A O T
(IR PR 55 ,2024) .

(D) 2R ik il 2 2] — L WoE )5k
N A NS e 2 e A R L N e N R R AR
| e e e N S N o1 L O 3 B A A L e N e
SRR (AT E R NAESEE, HAER B/
BT R

(2) TP WL HyfalG 7k . R 2 W 4
58 K2 2 BE 17 (Gao %5 ,2020) , A [RIAR 25 1 2k
PEATRLA o F UL 7 1AL HE GAN I & 7 AL il il
BT, GAN AT LIA: i ey o i 9 il 5 PR sl i
M 78 5 1AL ] D) RE 0% o) 25 M PPA R R B ES 17Y) HE 22
PERICEAME S
3.1.3 ERE

Az BUZ R S 28 B A SR N R G L
PS50 1170 = N S e = e PR T U 2 e )
SR BAR B B N RB, IR s R B B4
SEEHYE L AR S TR, 1EIZ)2 T, SOAR A s e
VERFEREERT , AR IHIE LRI 515 B A& 8 1Y AT
5 s W E A R BN AR RS AL ) 43 5 DT i
S 2R TR IR0 AR E SR )y R
(Mehrabian) A 52 R W], 76 AN BRAC I T, ARG At
N %5 25 B 1 R A AN U 75 N 2%, T 32 B
HIE SR SIEE S HEN . B
T LB T SCEIRE NG B 2005 7% 18 5 FEE (CAniE
IR ) & 38%, ML SE B (A R R 1

;4:};
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WA B0 VE 45 ) W & 3k 55% (Mehrabian Fi1 Diamond ,
1971) . EERMEEF ARG, ARE SRS RS20
SRR TR B R A R

D) ASRTE A s . A SR H 5 A2 i (natural
language generation) F e & SCBLIE L Rk 558 H. ¥
A OCHEIAYY o ZBEHREE LLM (9 2E J5RR T , BEf%
e S0 b A U SCEE BE | 1R SCRBURR Y A AR TR
A Lan 55 A (2023) 5 42 HiH ChatGPT fill A
AT N, (8 AR T 3 RIS 18
XS AL HRE ST, S 1AL G MRS AR R T
AR, X —Ir BRI T A B R RIEYE
NAETH XS P A REAS AE 1 22 FEAL Y T8 75 MR 6
FEBEIERE -, Brito 5 A (2025) #F— 25 $2 R FH 4
A DREA LA B AR S 22 A AR R (RS A
SRS AU AR P B TR A — B AR AL . XAl
T EAALHGE T SCAR R LAY R S0 STME bl
FNTEA I 22 B J 3 R 1P AR T8 75 AR
Coll &5 A (2025) 4 Hi 5 T A\ 2807 28 4 1y A il 28
R R 5 B SCE LRSS & TR
A8 T 5 i AN AR A8 % BT L I RRAR IR PE AL Y 32
H A . 5L FIEF, AIGC (artificial intelligence gen-
erated content) 7E A SR 15 & AE 0P A I A T4 i
B N RERS HEAT 5 42 J 1) 25X 1, Rl 5 17 Je%
P45 5t (Wang 1 Zhang, 2024 ) , I H& FHE 5 28
HEHRMESTURER, BMORE, BRE T A
B IE B — B SCAS 25 7 ) Z2 448 3 RS SR AR A1
AL BEAE B (Xu Al Zhang, 2024 ) , iR HE S BT N
SE 1) R L 1 28 L OGS R 5 1

2) i85 A R (text-to-speech, TTS) o, 1%
JIUASE B S A 822 v S S B A S Y DG B EA Y, A%
OAESF 2R F AR TR & AR U e ) SO B SRR
MEFEAL N B AR it HBAT T B iE a5 5,
AT S B N5 P 2Z TR S TR 5 28 B, 105
e PE e B4R UUE T RGEAEIE & 2 ey B 2R
J& W O SR A R B A AR L S LLM
(0 T8 A HOR TE NS T PHE 5 2 80 ny 1%
G5 )5 1, T Ay AR A8 AR Ry Ao 114 i 30 i 2 O L
A AESE AR, LAY R R (diffusion model ) Fl
W VE L (flow matching ) 48 36 14 A= AL 7E TTS H
WA T BERE . Diff-TTS KR (Jeong 2, 2021) i i %
Mg g™ S ok 5 S S0 DA R P 81 A R AR 1Y) i 8 AR, 42
T T A SRS P ; RapFlow-TTS (Park 4%,

2025) W A1 FH — 3P it PR L (consistency flow match-
ing) 7E /DAL HEFR AR e R, SEBL T
i S R XA R R T RS
AR BN | o A vy 1 [ L, Sy S P 3 I A
THLS S TR

FESE A2 B s ™ ARSES 5 w20 A sk B
B Jr19]. SyncSpeech (Sheng 45,2025 ) i FH 1 &
B 7 HE 5 Transformer 1B TTS 4244, SEI T 3C
AR A5 T A [ 2D AR TR RO D e SOAR
token Ji7 BV A] i 2l 38 & 10, RO AR T 3 (L B R
(first-packet delay) , i 15 & £ B AE WS 5 L liE 15 & L
USSR BRI R H" o Ak, S fETHE
AR BZAYES ASREE, CosyVoice3(Du % ,2025)
WA /NN R 2T F AR BN A5 E
AR B B U A U AR U ST
FRAGE—INHHER, SC TIEZIE S B8 (5
TR EREATE G AR, I A AT RO S R A (dif-
ferentiable reward optimization , DiffRO) HLl #1715
B AR S AN —2E.

T AR AR R B AR T S R e PR L AR
W ZERN 3D G e — T i YRS R
BCATL 4 T & G A e S AR s 5 — T T, MK
FERBA 5 AT 55 24 2 SIS IR Sl 155 Rk 5
PSR T Iz A . A T ST T LY M AT 3R TTS A A
AR AR R S PERE 22 5w, R 3 RS T I AR AR
TR A% 0 7 1 SE I R (real-time factor, RTF) L
Lo FHANH SRR

3) RGN A AR . A R, R /B
VR A R SRR A H S 5 il 2 B i A 5 A
o E SR ESE H B AL R A\ sh AR
WAYRLOAEST o 5 271 A A B A SE a5
() ZRAE B A AL, DA AR AE SR X 22 B F AR BE 1Y
KBHAEFH L PR A 5 4 DA 020 A 2R 6 At B AR
THE S T EEPR

C A LB A BTV B O T X B AR S
AEI S Bk 5 e a8 . FOEUAE AT R 0 2
MPEG-4 FAP 5 Ekman /) FACS S5 bRifi 16 52 24 £ 1%
oA TR S E R oT ., 7ES5BL |, Blendshape
(Condegni 55,2023 ) £& 14 #5751 2 M 24 AR () — Fp =
TR %8, HIEAIE A

=5+ iwk(sk - So) (10)
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®3 RKERMIESF

BRRER AR b

Table 3 Technical comparison of representative speech synthesis models

Ay FEAR

RTF (b #f
s [) /5 A P JaIBR

)

FLF ConvNeXt Y Transformer—free
Uit #) v TTS 5 VC B8 | 245 &
WaveNeXt 75 5 , 52 B 45 B 45 14
) o AT AR

KA FBALZ TTS, R H text
—semantic—acoustic i B BE i VT
BC Bl 22 Ui i 5 A, S S
KA

T8 53 A S Y 4 (variational
autoencoder) 1) 3y ] ¥y TTS FL Y ,
& 1 AT o i N S e A2 AL
i, BB S AN K LG
i 2 5

3L F Consistency Flow Matching %)
PR 5 R ECTTS, 5 AGH B — Btk
LY I T A JEE S

ConvNeXt-TTS
(Okamoto 45,2024 )

FireRedTTS-1S
(Guo%#,2025a)

NaturalSpeech
(Tan%%,2024)

RapFlow-TTS
(Park %5,2025)

XA FE 3R TTS, % F Temporal
Masked Transformer, [f] 4 A= 1 it
A Ghazlah )

SyncSpeech
(Sheng 4% ,2025)

F£ F VITS (variational inference
text—to—speech) It fl 4 RoBERTa
SCAFRAE I 3035 A ERS TTS, $2 7+
AR Y N TR N E By VA W]
PSR TTS, R AR S
SRR, SEMAR EAE | T
A

3£ F Flow Matching 5 ConvNeXt
V2 [ HE [ [BE TTS, 25 45 Diffu-

sion Transformer 5 Sway Sampling

e

Speaker Transfer TTS
(RoBERTa + VITS)
(Zhang &5 2024)

Diff-TTS
(Jeong 5% ,2021)

F5-TTS
(Chen %,2025b)

0.1t
i) ~0.3

(ZWiEH

0.05~0.08

AR Transformer 0 ) i g 1o

213 4% & =T
005 L N TS s TR E S BT A
P S R AL L 5

G

AL AT R T G A
A T XE 50 7 /N
PEHE ; LI FEREAREE
R DI 3

GPU B I K 5

AT BT AR e,
B Y PR DR 2 s T
B

s A Tk
T 5 Fik ) %

0.013 .
i

S IR L5 2 25 2k
W 4R B R
RIS T

o

0.031 PR A e o e X 5

MRS B 1Y) SC A — 1T
& token X 5 5

X B A R 25 A
Uk

A HE R AR 5 R R
i A TR s g XU
ESTIINS

FEA P3G AT B AR B
# s RoBERTa 34 58 SCAN ) A HFH X
AR

0.021

PO B T O TTS 5
0 B 5 R I T 4
il S %

0.035 HAFAM IS FF T
' HESR T U
e A 8 2 5 B
FF AR K 5 5 A
5 ) 5 R 1 56
B

I 25 5 4 B34 78 %4 A 4%
0.15 RS 2 IEE 2
o ih A TE P

Kb, sy N PERE s, BARRNG ,w, WAE . It
K7 AR R B MELLR I LA 23

b5 3D AR NSRS (3DMM ) K HC i i I
A (W FLAME ) Bk 207 N 2 18 3242 19 F i 4
A FEA o 3 A A R | s B ) B a4 (i
FaceWarehouse \FaceScape) LSRRI ST T By 5
PN W BLAE B SRR, AT B T 1 A LR A 1Y
JUI PR BRI BRI . TEUCHERE b BFoe it — 0%
] RN IERS , R AR A AT WL 2 BARECTF A
T3 WA LT TLART AR BL i) 0 A% A2 46 | 55 48 ) (2D—
3D) WS L B s 2 19 245 3K 35 (Bao %5, 2022) ,

Hh s BB X A 1 iy 20 37 E S R B8 7 (A 45 48 1 1 [+
IS Bh ARG R ARG . AR RIE 7
125 CRE 1 2 4 BB 22 1) 25 CNN FIAJG 25 il 22 90 2% 41
GRU (gated recurrent unit) ) (Vilchis %5 ,2022) #) 72
7 20 AR AE SR b, 32T A 2D R/ A
U TET AR SR B TT , IR 25 5 S HR s ) 21 3D £
@AY b LIRSl T A 3h i Az i (Ou 45, 2023) .
[F) o AR A S5 AP AL R Sz i S, AN 5 TP
RGB £ 1% 5 15 4 M & 5. JC (inertial measurement
unit) 1% 8% 4% 1Y AT ZF R 40, ) SN R A MR R SR
15 L5 ST B, LB AR A
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RAG IR A B CTE U S b B A — 4
F IR RGBT B — e 2 28 2 80 ) 8 2 ik
2%, HETPRA T EAE RS S B R RRE B
Iz AL HARBE ST “ R A RO " i
3.1.4 HEZE

TE 2B 2 32 B A8 A SRS b, 30
JJZ BN B Rl 5 AR UZ AT AN S S A R, il
Ko NEA Rl Al AT il mT M i i O e
ARk, 2 AL T X — R4 T 2R, Kb
EA LN XN (multi—agent system, MAS) A5 R & 45
(model compression) | fi 2 34 i 4 B (retrieval-
augmented generation, RAG) 5 % 7 /K Bl (digital
watermarking ) J& 3 B AR

MAS 5 I A B AT 1 BSR4 U L)
HAWEN A HRES) . FERENELSE HH B I 2
M) 10 45 52 24 S AS PR 8 v, MAS A DL3E o 22 ff 6355 T
55 Wb I ok SR S AT 55 19 o0 A U 5 B LRI
(Ospina-Bohérquez 35 , 2021) o iX ASAXA# %0 7 A
B SE AR AR S U E R RE AR, IE BRI
REAT N H ZR0E AT 3l 284 55 20 L, AT 52
BT H AR B REAR S BRI SE . AN, 7 R S
EURERERE I, 28 AR Y 51 AT A s EL A A
WEE 30, A sk AT 55 B 26 F0 2 4 € B [) TSR
(Ospina-Bohérquez 55 ,2021) , > F P #2443 BLYTIR
SN AT AR P 1A

I [ IS, A T 4 b 0 e 2 A R B AL S
TR PR TR S . B R AR £
K, QAT AEAR I FE MR ZE Y B A EAR e 1B AT U O
SRR W WL R B AL 2 R IR G
R R4l (BRR AR 55 ,2022) , #F— 2B MBI i0 k J
T %% AL 8 #) (U0 MobileNet , ShuffleNet , Efficient-
Net) L K A 25 2B #4538 & (neural architecture search,
NAS) , BERE 45 G 5 SRR F S8 2R T 5 R0%
Ry e AT v, DT R 6 45 507 AT N A 3 8 g
I AR ) S0 (Li %5, 2023)

BRI ZAh , RAG il 1 b KA 1) S5k 12 5
SAERAESBUNR AL & | TEFE AR A
S IR Sl . S ARG Al R R LA L
RAG nJ 75 Az i F v g 28546 - 5 [l el v B2 AH 5G4
SRR SCHY , I B TG 3R N 28 AT 4 BR (] 2% b
“LIvET G, B S B AR WM (Lewis 5%
2020) . HAESHOCICHLRIE RE 7 55 A BE T, Al

G YN ST NS TS FSIN R CIIA [ B2 %7 p -y =
i T AR kAR B R Rl 5 (Kim 55
2024) . AN, AN RAG HELLIE n] AR JJE ] U 4g 2= i
TR R —HP K R —Z2 PR Z R R G Uk,
2 H. RGP BRI ) RIS AL

BT K BT DA PN 2896 B £ R T K07 A
AR, B e EMR Y % 3D B
G AT BRI, A B T OB 3 5 B ks
Il (Malanowska 45 ,2024) . ¥F— 1) & ik 4345 3D
IKERH A, BEMETE NeRF 15 3D 1o Hr it 5 26y 740 e At
Ve YA SR AR B N B8 (Wu %5 ,2024b) , B R 25
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