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Abstract: With the continuous 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 transformation represents a paradigm 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 in platforms like Second Life to today’s Al-
driven agents that integrate language understanding, emotional intelligence, and physical embodiment within immersive
environments. It systematically examines the core technologies underlying modeling, real-time driving, and rendering,
and provides an integrated view-of how multimodal data, including speech, facial expressions, gaze, gestures, and physi-
ological signals, can be perceived, fused, and generated for coherent and lifelike human—machine interaction. From the
perspective of modeling, we analyze the transition from traditional 3D parametric models to neural implicit representations

such as NeRF and 3D Gaussian Splatting, which achieve high-fidelity reconstruction and photorealistic rendering while
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maintaining real-time performance. Recent breakthroughs in 3D Gaussian Splatting have enabled rendering speeds exceed-
ing 300 FPS on consumer hardware, effectively bridging the longstanding gap between visual fidelity and interactive respon-
siveness that previously constrained practical deployment. In terms of motion and expression control, the survey highlights
the role of multimodal fusion and diffusion-based generation, which enable synchronized coordination between voice, facial
animation, and body motion, thus improving the naturalness and temporal consistency of interactive behavior. We eriti-
cally examine the evolution from rule-based animation systems to end-to-end neural approaches that jointly model cross-
modal dependencies, reducing the "uncanny valley" effect through better temporal coherence and emotional authenticity in
generated behaviors. Rendering technologies are reviewed from both physically based and neural perspectives, emphasiz-
ing the balance between visual realism and latency constraints in real-time deployment. Emerging hybrid approaches that
combine explicit geometric representations with neural detail enhancement show particular promise for achieving both physi-
cal plausibility and computational efficiency in resource-constrained environments. Furthermore, the paper proposes a uni-
fied system architecture for digital humans composed of four hierarchical layers: perception, fusion, generation, and exten-
sion, each responsible for multimodal sensing, semantic integration, expressive generation, and cross-domain adaptabil-
ity. The perception layer integrates heterogeneous inputs ranging from microphone arrays and RGB-D cameras to emerging
physiological sensors like EEG and EDA, establishing a rich foundation for contextual understanding. Within this architec-
ture, the integration of large multimodal models (LMMs) and large language models (LLMs) enables digital humans to per-
ceive complex environmental and emotional cues, reason about user intent, and produce personalized and empathetic
responses. We demonstrate how in-context learning capabilities of modern foundation models allow digital humans to adapt
their communication style dynamically based on interaction history, user demographics, and situational context without
explicit retraining. Representative technologies such as neural radiance fields, real-time diffusion speech synthesis, and
emotion-driven dialogue generation are analyzed to demonstrate their contributions to achieving high interactivity and
immersion. Particular attention is given to latency-critical components where sub-200ms end-to-end response times are
essential for maintaining conversational flow and user trust in real-world applications. Based on this synthesis, the paper
identifies current challenges including latency optimization, 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 thermal budgets and power availability. Addressing these
issues requires advancements in lightweight model compression, edge-native deployment, and cross-modal consistency
learning. Novel techniques such as neural architecture search for modality-specific subnetworks and dynamic computation
scaling based on interaction complexity offer promising pathways toward adaptive resource allocation. The future trajectory
of digital human research is expected to move toward deeply integrated affective computing, multimodal reasoning, and
socially adaptive intelligence, ultimately enabling human—machine interaction that is perceptually natural, emotionally
grounded, and ethically trustworthy. Critical considerations around digital identity, consent-based data usage, and robust
watermarking mechanisms must be addressed alongside technical development to ensure responsible deployment at scale.
By summarizing the state-of-the-art methods and mapping emerging trends, this study provides theoretical insights and prac-
tical guidance for developing the next generation of real-time multimodal interactive digital humans, with wide-ranging
applications in education, healthcare, entertainment, and collaborative robotics.
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Fig. 1 The Evolution of Human-Computer Interaction
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Fig. 2 Qualitative comparison on head avatars(Shao et al. , 2024)
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Fig. 3 Binding of Live2D facial texture(He et al. , 2025)
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Table 2 Real-Time Digital Human Driving Technologies: A Comparative Overview
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Fig. 4 The overview of the MoDA framework (Li et al. , 2025)
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Fig. 5 ASH Method Overview(Pang et al. , 2024)
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B B HARBURAEA LA IR ] 29 S PERE

L IE A Bl 28 T G 103 o) 2 ) 2 AT 3D
W 975775 o Kerbl 52 A(2023) #2119 3D-GS i 1]
BT ER R N 5 T 25 G T e, SEBL
T WA A TE G R . 7R IE LAl [, Pang 8 A
(2024 ) 2 i ASH (Animatable Gaussian Splats) , B ¥X
v 9T SRS 1 FH T AT SR Sl A A, G AT 5 TR
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ASH ¥4 i35 B 2 880 A S TEAR AR 9 UV 238 (8], 38 3 2D
A BRI 2827 ] Y235 e 50 Js Pk A BRSBTS 30 30fps LA
LA SERTTE Y . TERTILA SRS A BT S 82
Bsp P RV G2 i e 9 2 O T DDC A HDHumans %5 5
Bio WAL, H UV SHUL W SR SEASACH) (1) A
FSRT S i S B A 28 A AT 4 ) SOTA T

R AFRE I ECT I LA i E 2L € )P 3 L I
A ARG OT R . L5 NeRF I B IS
MR A TS  ELASE B E ST, Chen %A
(2022) 42 H1 i Relighting4D T ¥ M\ 3 368 A 43t v 52 30
A NRBGH A BTG %07 K v 23555 N
PRk GRS 8 RS A S i RS A R
BRDF #5574 | 5280 4 B 0] fife B 0 06 R Sl . il i 51
N\ S5/ I B 51 56 RS L DU 0 AR T4
FNIEAEG IR EE T 1) H A0S — 8k

BRI T SR T B ST Y R R L AT
— S A TORS B B ASE  E ' R T 45 5 W B S
PE 7 T HLA R A R RO A A% 4 AR R R
At R e DA FH e 5550k M2 R, 2

r Q-I Voice Activity Detection

L T g RWKV MFCC CNN
DFSMN  Silero VAD
LSTM Transformer

F =1 CNN LBP FACS
/ L=~ MPEG-4 FAPs

Iy 7 RGB-D Camera Inertial Sensor
— - i
L~ Nonlinear Feature Extraction
Image Segmentation
. Random Forest Classifier
Non-invasive EEG
Intention Prediction

BHE

G sueure  (QueEere  [Z) mues

T2 0 2 1 T G T 2 5 2 ) 22 AR R B LA
SN ARFAE , S B T 85 00 A AN B OE IR 2R 1F R B R
HAA A, HA SR 09 A 24 5 5E BV, (HAE SR A
AT AN AFE PR R . BEE U A S B BR
(0t B, W25 A AR K LS ROR b I 22 TR B
i/ ASRBIRG S AN, A BN LRSS,
AT NS G B P — S0 SRE s A% B v
HEAE

3 ZEEXRNTERHFARY

3.1 B@ERESR

30 2 X5 2o A A T Ak Y R 2 SR R A T G
Fe AR BBEAA T, A SC 485 —Fh sz i 22 7 X 2 B
AEFEARE R, SR E Gz ERUZ
FHRRZE  E 6 UrR o %50 2T TXT 5 B &
Gu A Ze M AR, B AE FR G0 HiL IO T S B 22 B A
AR SRR SCRE A | SR I A i A R = AR
P A SRR AR

BERME
@
& 10 orse
REEME
L]
i
SRR @
BREES
MER £
rEeE
Fonerm

K6 RS 3 B AR AHESE

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

3011 BHIZ

RS BB N IR R, B2
ARG XML 5 AN EAT G5 1R ST
% o EESEEL A SRAC T AT A1, R AR B
ARG 5 A AT B . AR FE T AT o i
TR TR BB R 1] 5 0 BT TR U DA S LA
PO TR R I A4 .

T B Z AR AE BT AN O E TE]

HER A, T o A SC A BRBE T . R AR TS S A
Il (voice activity detection, VAD) 77 7% H Atal 55 A
(2003) 4 i , A I 70 FH BE 5 b Fn 2 58 AR AE PR~k
TIE S I it s RS I, (ELZE R P BRI T B i M 2
B J5 B9 5% ) e TR Ty 1%, 1l HMM . GMM (gauss-
ian mixture model) 5% , A& FH7E Z FEAL I 50 T 05
SEME . AR Bl TR ) R R, Zuo N
(2023 ) #& H FF DFSMN (deep feedforward sequential
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HIGHEL, BHE, BER, B, =F
SREEMNTERBF ALZIR

memory network) [Y) VAD R4t , Jf-ik— 0 & J& 24T
551 SCVAD. Oy 92 AR AR g A4k B, AR ATTR A
RWKV AU Z5 4, A R HIAR R GE R o 7R ik i B
J7 T, AR IR A% A5 1% R B (Mel-frequency cepstral
coefficients, MFCC ) 4% AR (Basak &5 ,2023) [ 20 42
AR LR I, 22 AT 2 S o 3 UM Y
R, 7R T MFCCH AR M 4b B # , Hoop
AL TR RO TAL B ST T R BN T | e A
3F (R L AR e 0 B A A R AT B 1
FORFIE o TR, 22 ve XURE B | e M 8 i DA &
VAD Fij i (Chen 45, 2024) (1 Silero VAD) 2 #¢17 FH
T g5 AL AT TR N, AP TR 3R 85 Y
BRI,

FUME., SMbisyr
>0 =014

.|||||||II|.|.||||."| Bﬁ%&;ﬁ)‘f‘ﬁﬁ
HERS

5 BEAEER
g (DcT) BxtH(Log)

MFCC $5{iE
DA i ol i e
El Cs)

K7 MFCCH AR (Basak 47 ,2023)
Fig. 7 MFCC Technical Process(Basak et al. , 2023)

201, AR [ N AN 5T A sk R FH g 3]
Uiy 1) A 28 P 28 1578 4N T CNN |, LSTM (long short-
term memory ) 5, Transformer [ 3t 20 22 4 , X 46 7 7k
RERETE L2 AP0 I ] RUBE N 58 i & i By
5 SCURAER I EL UM (Yu 58, 2025)

T PRI 5 R BN AR - R v 43 B
RGNS LA S H A, 52 G I A
DO PR IBOCHARAE Ao T &R J7 1 , 3D AR
38 S R EEARBLIR D R AR RCGB SR EE(F B IR &
CNN 5 J& i — {H #5 X (local binary patterns) 4F fiE
(Dong,2022) , SEPLE Z4 PR EE T B9 AN BV s 2 A 5
PO, NTTE B 285 28 .55 55 b DR s A B2 S e M
55 I [T 17 R A3 ok A 0 T 8 2 7 BRI (action

units) , 45 4 FACS (facial action coding system) Ay,

MPEG-4 FAPs %55 1 (Yang 25, 2021) , K FH P %
1 SRS GIRAS . RGO RER T, X e
THE R = RS A B AR M 5 5 2 o U A U1 T
A5 FAE A AR B A S 52 A

SR NLVHIL S TR ko SERURIMINEELRIEE HI YN
R F e, LB P SEFE AR, B,
Fiorini 55 A (2021) #2 Hi i i fill 5 RGB-D AH#L 5 7] 2

AR AR th 24 SEAR T gl i) H A=
W, WIE ], Z2 B8 RA e A U T
AR A CanBLES AL T F P T T, X % 22 T 34
N LG U o AR IR BIRE BE . 5 LRI AT, Mo &8 A
(2023) T 254 A ML A5 AR T R4
fik = FE A2 shAli B 7 i, Sl T AL AN A 1S
PG 0 52 B35 20 25 10 52 I g B 45 92 45 5
S, AE T ISR A 1 250 T 0 e S8 B = kG B T34
P, i —20 L, Xue 58 A (2022) B9 TAE /R T 45
BRI Ffih S AR 5 ) 2R RG TR,
FL3E T AR R PR RHAE SRS LR AR A3 22 SE L T
Xt 2 F N ERE R 93% , 1Z U5 B 31 T ks
& SRR A

F AL 42 1R - 2 RS A 22 5 28 i R A At
T B ) N S S AN, AR R A K
EEG 54 T LATE RPN (8] 43 B3R T A bt i i {55
(Zhu 55 ,2024) {5 B 500G S5 A0 BRABL AR 5 2] 4326
. RGURBHETE ] R AR A0 B S/ 2 i T
RSB ERAE X OB E A BRI T
TRAER A SR E . E—2 b, 25515 S AL
HEAR B 5 4326 (Khan 25, 2022 ) 1 52 i &b 2% 7%, 15
HLEE 1 RE S 2805 Bl LS S WA 1 48 2, S8
L AN L2 AR B 52 AR G0 10 RIS E A

SR PR BT N2 R R
B ve MEERMGEEA D WA E L &R0 2
RS BRAR 528 R A PR3 B 2S5 T OCHEIEA
3.1.2 @A )2

HEZHEZL B FEANRG T, G 25
SR A 500 E] TAEM L AR5 . %
JE DTN B [ SCAR MG A AR A R
BRSNS IR A5 B, ISR FH 2 Rl & 3R s Ay
AR DA RS 1) — SO Fn B M

H T RGBSR S SRS E,
5% #3805 MR R RLE 2 ORI AT AR
BRERENNBSIRE, WA ZH8RA kK
PR AT 23 R RRAE il G SR G il B R TR 2l —
J% (Ming-Hao %5,2019) . LA #4351 46X =285 1k
1) A S A R S R A T R G 3R

1. FRIEG Al Ao e LR 2 SRS L B
TE 2B AR A BB 2 11, K AS TR BRES 19 R 4
B o O AR I RRIE LA A — R B — 2R A
FRVENBII A . LRSI sE L |
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g ek MR MR A 2

PHEE B 2 FRAE ] B (A SR P B — A Y
M, PR T 2R RIAE S (H AT RE R B K
S, AR AT AR

T < 38 R 2R IR AL A 2 S I RRE
E 0% VR B0 45 A5 25 1) 2Lk (R 5 s s AR B
ExR.

Fe s N PR RRAE 1)t AH TR, REAZ TR AN
IS UM B E R B X R AE () 4 B AR 2K
B o

KR VERL A - 38 gk AN BUR R B R S HE A
[FIRES Z A A8 HAF B, O B 25 (R A5 R4 Fn i SOOCHK .

2. PSR DR B RS B ST e R 4 R
iy G/ W Wl i e N S R N L SR A ]
o 2 ) P S 45 T (Baltrusaitis 25 ,2018) o 8 LAY 2k
T A TR MG AL 5 5L MABCT- 3k A 2 4
%A

PR 2B R ST PSR A5 R A TR
it , VR ARAT 5 R S A 200 Bl 4 A R R A
R

TIASCF 3535 < 4 AN [ A2 ) e O 4 SR e BB o
TR 15 8N 25 A R 45 5 .

A R A BRI PR 25 R b B
A S e () 2 B 2 SR AT R R

3. HRTR 9% il A 38 2k AR R ) oK AN TR AR
FIRFIE (S BT Rl A , SE SIS A1 B s K
o TR MERIG RGN ) 2, £
B G 2 2] Dy TR N T 2 4% (R A 7 Tk
Gk pE AL 45 ,2024) .

LN%E ) ik Gl R ) — P R HE A
VAL B AR A, B RS B R A B S 38—
AR s, O R A MRS R
B BT B R AN AE SR, BRI By 2
BT AL R R

BE TP 2 W 28 B Rl 7 < R Rl 28 I 245 1 i
K2F T HET1(Gao %, 2020) , B A RIS S (0K 047
Al o LAY 7 A G GAN I B S L il & 5
Pio GAN W] AR B ey ot S8 (1) il 6 (A5 sl A T
B AL RS 20 2 M PG AN RIS ) E B, 42
BUCHAME B .

3.1.3 AERMJE
AR SR S A B A RIS AN RGO

N A, H B R R Rl B R i ) 2R
B BAR R B AR I i se R L AL 4
SERPE L HAAME S TR, FEZ)Z T, SUAR A R R
VERFEREERTY , AR IHIE LR IK 515 B AL 1 1Y AT
55 s WA R AB SR AL RS AR I 2 ) DA WT B
S5 2R TR IR0 AR E SR )y R
(Mehrabian) BB 58 £ BH , 76 A BRAS I 1, A A6 Al
NE IR 285 B i B AN U 1 5 N 25, T 2 30
HIE SR EE S EE S HENEm . B
T LT SCEIURERE B 2005 7%, 188 REE (A
Vo AT 055 ) 38%, i A A B (v T A
Jie A SV %5 ) W) 15 3K 55% (Mehrabian, 1971) . X %
MAEBF ARG D AR E S B SEn 5 E AR B
BT T2 B i B R

L. FARIE T A i . A SR 1 7 42 B (natural
language generation VEIHOE SR LRI 5B
A OCHEER Y o IRBEHYKFER LLMs /A4 hAE J) L BE
% E S B 0 R A G S B L BT SCRIUER I A AR
W U, Lan %8 A (2023) i 742 H K ChatGPT il
ABmECFE AN, T NREETARESTT
SAXIE 5 2 H AR T, G T B GRS AR A T %
JAR I SR BR o 33X — 4R T T 28 B RG24 , (15K
5 NFETED P A B REA8 AR B2 AR A I 1
N o FEMEEEAE -, Brito 55 A (2025) i — 2048 H AL
FTREAR DREAR LA SRR A5 22 A LR e, fef R AR
16 B AR E T AR G R P BB OIS PR — B0 S R IE
BT IE AL T SR A S R SGE B iR
{85 7 NAE RN T b R B R s AN A i 5 X
o Coll & A (2025) #& ) e F N ZHh 22 A (19 A i
R e R R S BN SCUEALHRIARZS A L (5T
UNGORT SR T N = RS U8 O Y10 R X )
THRHE . SUHEIR, AIGC 78 [ 4R 1E & A= i b iy
AR i, 57 N Re e k17 58 2 2 ) Z2 B8 X
T, Al T GRS 5 R 5 (Wang 45, 2024) , TR T
WHELH AR SIREAAEE, BRIES
AR TE DA B — 114 SCAR O 28 1) Z2 4 B3 A S5 AL A
AR BB 2E B (Xu 55, 2024) , BN HE S B A
] R B R A8 ) R R 5 [

2. 1A R (text-to-speech, tts) : 155 A2 AL
R JR AR B2 v ST B A T DG B, AR O
5520 FARIE T A BB H Y %) SCAR 5l SRR
EeAb o AR i HEAT I BB ) i A5 5, A
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MR, HaiE, AR, B, FE
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TS BAECF N Y P Z (8 ) SE i TR 5 A8 B, ISR
PR R TR E T RGUAETE & i b 2 T 3 AR
Mg 17 3 J3E 5 IR o B TR AR R L 5 LLMs Y
K A AR IE LT PFH S5 S 8L 58
T3, T Ay AR, A8 AR R A 14 i 38 i v DR LR
FRAESE . AR, LAY B A (diffusion model) A1
VEIC (flow matching) A AX3% 19 A AL 78 TTS 1
8 TR . DIiff-TTS B (Jeong 45,2021 ) i 12 £
P A S S0 R P I A A 1Y) i SRR $R T
TR AR5 AT P RapFlow-TTS (Park 45,
2025 ) W) | FH —E P33t VL L (consistency flow match-
ing) 76 /D A0 HE BN AR s I i TR S T I
SR R P X SRR R TR
BRSPS | I A vy 1 T R, Sy S B
TR TR

TESIN A2 BT ARAE IR 5 9 XA i B
BLFSE )71 . SyncSpeech (Sheng 25,2025 ) fifi 1] T 3
T 05} FE HE IS Transformer B AU TTS 2844 , 2B T XC
AR By A5 T 08 R 20 A A AR O D B SOR
token Ji5 BIVA] 5 2l 3% & i i, 0O AR T AL HE R
(first-packet delay) , i 7 ¥ 2E BURE RS 5 b IETE 5 8L
RISCI OB B F2P A2 H5 o ehh, T
BRIz AN S H AR, CosyVoice3(Du %%, 2025)
I A TN R F IR PO S 2 AT 551
Sy BT B TR U R R S UM AR A
SSRGS — VI HHELE, S TE 26T S ARk
TR FEREA I AN, IR T O 2 A (dif-
ferentiable reward optimization, DiffRO YWLERTF T8
AR S N b — Bk

T AR AR R B OR E E  BL s R I AR
HEZAEF 3D RGBT S T
BCAIL 42 T & G U BT i S AeE M s 5 — 0T K
FERAEHY 5 AT 55 24 2 SIS SCIR Sl 1 ik 5
PR F A, T SN M LL S T S U TTS A5
AR S S PERE 22 5, 6 3 MAS T I AR R ARSI
TR 4% 0 7 4 VS R (real-time factor, RTF) |
FERHE RBR .

3. RGBS AL AR R T, R A
Az AR R R A B SRS TR A A
FAR ELSE H BA S SRS 9807 A sh B g R
MRZ AT 55 o T SCER — 58 A 210 B IR S 3R
BRI SIAELE AILE] , LA RARHE R X 58 B SR B

) A, R AT AR IR A A R S e
AR5 T PR

O A AIALDE A BT, B M T X B0 N R
SEEM S8 S s vk g o LA TR =
MPEG-4 FAP 5§ Ekman () FACS 25 bRl , ¥4 52 e 215
IR AT TRREBIE T, ESCP L, Blendshape
(Condegni 45 , 2023 ) Z& PR AR A 2 b 2 VAR A —Fh 32
TR T 5 AT A N

f=s0+ iwk(sk - So) (10)

s, AP RS s, HFRRAG w, WAL . 2R
Ji IR AR T B ARE L SR 2L 3h &

Wt , 3D Al A2 T MG ARRL (3DMM ) b i i JE
A (A FLAME ) J8 A 2507 N T ifs 22 17 1 2 B S i 1
ARFEA o 38 3 A R | R Y R 4R (i
FaceWarehouse , FaceScape ) , iX SEF I SC I T By 5
FNG 0 RULE B SR A, AT EE T 1 A LR A 1Y
JUfRf PR ELBEFN A SR o ML F BIFSE ik — 2D
o] FAG IR , RIS IR AR A S B 2= H PR BT,
T3 AL T TLARDAH AL A Do A% 75 8 | 25 448 i (2D—
3D) WS A B Bl 2 19 445 0K 51 (Bao 55, 2024) , H:
Hh s R B R A I i 0 37 A S RE B 7 45 40 7 1 [+
IS IS S R PR R . AR IR B~ T
125 CRE ) 2 4 BB 2219 285 CNN FIAJE 2R 4 22 9 2% 4l
GRU) (Vilchis &, 2022) 8 ) " 2 i T 24 A HEZE
Hh, R  2D G AT b R 1 TR Sl AR T
FEA 25 S E o 1) 1) 3D AR AR |- DLSK Bl H ]
HB 2 A i (Ou 55, 2023) o [AIE, AR ALAS 5414k
BHZHN B, g G Tl RGB S A3 55 &
PAJE (inertial measurement unit) 1% 5% 4% 19 0] ZE 8
45, ] S BN AAL RN BRI S SCT S, S B
AR

FAGIENAE A IR C I NS B B AL — 4L
TR R AG BT R — B 2l 28 25 13 38 2 ik
2% AT PR AR FEAE D TERTE S DOy R B 1A
AL F RS T “ R A R " G it
3.1.4 )R

TE 2 R3S 92 52 B U807 AR SRR h 3k
JRJZE B AERT RN Rl 55 A U R T AN T 5 R f
e N R Al A ar i |l OME Y s B
UTAER 27 AN T X — R T 2 RaRR, Hrp
L BEIK R 4t (multi-agent system , MAS) A5 7 s 45
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(model compression) K &R B aR A Bl (vetrieval-
augmented generation, RAG) . 5 % 5 /K Bl (digital

watermarking ) J& 4 MU AR

*3 KRMIEFTABEBEARI
Table 3 Technical Comparison of Representative Speech Synthesis Models

RTF (4b 2
iR FIEIBA Fisf T /5 At L Jey PR
)
FF ConvNeXt Y

ConvNeXt=TTS
(Okamoto % ,2024)

Transformer—free ¥ii 2 ¥ TTS
5 VCHIAL, 454 WaveNeXt
FET A, SIS FRAE F 1 o5
B AR

R T H AU TTS, R 0.1 (U T

0.05

S JE M, LE Transformer 24 3
%5 A U LT Hiki-GAN
5 JETS; AR i 4544
éjﬁ#

AT AT R R ELICI R 3L

FireRedTTS-1S il text—semantic—acoustic  fitt)~0.3 e oy v .

(Guo%,2025) P ELIALSE B (B F'g;j{;};;gf;gfﬂ
T S AR o) TR
T AR5y B Y i 25 (varia-
RaturalSoeech tional autoencoder) [%) ¥ £ 3if; BT E R NS TS U
(Tafl;’i%/ 2024) TTS B AL, 42 H 0] B3 40 B K - 0.013 1) i 1 A IR R 22 5 $E T
’ T 5 e 2 AL, B SR A5 RETN
5 KEE LGB E =S
T Consistency Flow Match- N . .
RapFlow-TTS ing PO DL B ELTTS  BIA MERR IR . (T 2202 I
. . c 0.031 H R T i BB 5 57
(Park ., 2025) S B Pl L T
pre DG S BT A
MUK AER TTS, 2T Tem- s
’ TR B 7

SyncSpeech poral Masked Transformer, [F] 0.05~0.08 igﬁggz 1EIE1_" E z/;*i;g{

(Sheng % ,2025) e AT Gy 0008 PR s AR
” LR
i)
FEF VITS(variational infer-

Speaker Transfer TTS ence text—to—speech ) -Gl & TNV . 2 e
(RoBERTa+VITS) RoBERTa SCARHFAEAGBEIE A 0.021 fﬂ?ﬁ;ﬁ gjf Zﬁzj ;fﬁ
(Zhang % ,2024) TR TTS, R FHIE VR IR 63T o I

PN =R N ERLI AT

HERATTS PR ;S TTS, SR A LSk PO R N A T TTS;

(Jeone % .2021) Ak 50 sk e, SR SE 0.035 T B Tk 5 R T TR
g A 1 [ A HE %
FTF Flow Matching 55 Con- - ) e -

F5-TTS VNeXUV2 R F A TTS, ;Iu[ ’jg ;ffi;i{i E;;E;
(Chen%,2024) %54 Diffusion Transformer 5 ’ fm eI T 2 DL

. N R PR
Sway Sampling 7 fi%

RO F EBE -
RO R 2 LA
Y518 Rz A s 555

GPU B PRFF R &

A A SO, ok
HE R

BT

PRIy Jo e Ao 57

AR B 1 SCAS -1
token XF FF A ;
I TN 15 22 55
UK

PEFFHC

AR XS S T H 5
eI 2 UGRA

AT IR T s T 2L
FFHEER 5 i =2 0o
S R R AR AY X
il

MAS (1951 AR5 AT T 538 A A 0%
5 EER A AR S . FEREIIBNSE AU 2
150 A B A FR B T MAS 7T LS o 22 €49 T 5
b IF e 5 52 BAT: 45 10 4 A 2 5 1 E )
(Ospina-Bohorquez 25 ,2021) . 3% A% i H07 A M

SR HRTE AR DR REARIE T IR BB RO AT R AR (AR

BEAT R AR RN AT B AT 55 43 BE, DT S
PEOT H AR BUREAR 2 BRI Se3d N i, 76 R 8 75
FLAVE eI, 228 BB R Y 5 A T AR s B
5 2 . A 3h ik 1A 55 8 2 2 AR b [R) o ok
(Ospina-Bohorquez %5 ,2021) , iy J 24 5 B ITI2
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MR, HaiE, AR, B, FE
SREEMNTERBF ALZIR

5 R s , A5 50 F 48 S 0 R J2 4 0 Ak
TE AR R TN S . REE B AR H 55 T
K, WA LEARTIFE AR AE i a8 AR 1B 1T o 6
PR, W WA AR BT R R IR AR IR G
K B AL (B AR AR 25, 2022) , E— A O WF T 0 8
T 5% 5 AL 22 #9 (1N MobileNet . ShuffleNet . Efficient-
Net) LA K 4 26 B R 48 2% (NAS) |, BERS 25 & 45 s i 1
FEPE A S48 20K B2 5 RCR I BT A, NI AL
FEECENTEN B S se i FH B (A 77 3 (Li 5%,
2023).

BRIGZAh , RAG 3 S0 KA i S5k id 12 5
HPERAESECREEA S & e TR AN 1 5
S B ROME S Rk . 5 A G A BB R AR L
RAG A 75 AE it A8 v 2 2546 2% 15 1) 0 i B A DG 1Y
AN SCRY , I3 TR AR PN A R AT A RN [ g b
“LIHE G B S — B AT B WA (Lewis 4F,
2020), HAESHOCICEEYIAE RE R T5 A R Al
B N BB SR B AR 3 T i e, L
& TR P AR 0 I E Rl (Kim %5,
2024) . LA, B 3% N RAG HE 4R IR 7] A 4 1) 81 42 2
JETE TR R — R R —Z 3R Z (Al RG]
e, o0 22 H.F G A UL IR0 5 o A e 1 e i
B

BT ED I DA PN 2536 BRI A B PR T80 AR
CRPIR T E At TR TE R MR S 2 3D AP
i AN AR, A B T RRAL OR3P 5 S ek
M (Malanowska %5 ,2024) . i#F— 1 & e A 145 3D
JKENFEAR , T RENETE NeRF 5 3D 25 379 5 452 357 780 4
BaE JREZE N IR BCFE AT (Wu 55, 2024) , B {2
-5 43 kb i) JSPE 5T IE WA

ST, RAG  MAS 5 AL A0 FE 7 /K B 43
SR AR EME SRR ERE M S AT
PE DU B S B AR PENE . e A1 IE R HEsh B
NN sl 1 g 32 2l AR o] {E RS R
BB IOy e, MR BT Tl ST TR
()75 Mo FHBEAE T 22 2 IR B F A
3.2 NG

AREERGI T ARSI 28 B A AR
TRIERG J B2 AT R T — > A2 Rl
2 A2 A R 2 A AR SR . AR
F L BAZ A T PR EAE B SR RS
5T RN S AR TR B RS 5 R

AL 1 A 2 A AR D S B R GE ARt 1
AN (IS TSNS C TN R R S ST BUR SR (1R A7
FAERTIG R Z 2GR B T RS E R
(R GE—FRAL LS P[RR, A R T 1 B A A EE i
T SC— B0 s AR RN SE B A SRS B R 3R
W AR A TS B R S Bl A A A
B AT KRB 58 R S 8P A H 4
TSR IE R IR S SRS B LR A RE T .
PRS2 R GERISMHE 55 A 54 11, R AH T R S
E e Y8 NNy B e U NINPS R
PR AS 5 BT A T R RAE SRR 7R T 23
SIS H A N AR AR, O Z2 R0 R R T
NRG St T HOR R =, d o 5 2L A 4%
PR vEREIL AL 5 N # e BE5E T B LAl . T
X R — Rl — R R R BT, REEEE T
Z2 YRR JE R A 3 20 B2 L i Y A A PR A, MR B
T NHLEE H i B e SR REAL " AR 1
oo HEZLAOAR O BT NBORTEZT (I AR
Lo R AR SE 25 1o S NP S S b v HBAR I T AT
2, 9 AR KA B A L RE ) 5 PR R BE ) Y
BT AR TSHE T

4 ZESINZTERBFANAGS

SRS S S A N R IE S A R 2
AW @i 8 g5 55 2 A au, e fie ot
NS E YR REA S UTR A7 T R34 AR A

TEHH Y b ey Nnl 584 i 0 52
Uil LI R, MR TR Gkl e 2 TR A
FUAR A B IR R > Bk D7 1 R
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