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Abstract: Objective Co-Speech holistic motion generation aims to simultaneously achieve expressive gestures and pre-
cisely synchronized facial expressions. These two tasks have fundamentally different natures. Gesture generation is non-
deterministic, representing a one-to-many mapping where the same speech can correspond to various natural motions requir-
ing high diversity. Meanwhile, facial expression generation, especially lip movements, is deterministic, representing a
one-to-one mapping that requires precise correspondence with phonemes and demands high accuracy. Existing methods
face three critical limitations. First, employing fixed architectural designs, such as unidirectional conditional flows,

imposes rigid task relationships and hinders models from capturing the true dynamic connections between gestures and
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expressions. Second, using manually designed static loss weights cannot adapt to the dynamic changes in task importance
during training. Third, over-relying on minimizing differences from ground truth data leads to gesture overfitting and sup-
presses diversity. These deficiencies force existing methods into unavoidable trade-offs between facial synchronization and
gesture diversity. This research aims to develop a unified adaptive framework that autonomously models and dynamically
balances the relationship between these two tasks through learnable uncertainty mechanisms, simultaneously satisfying the
dual objectives of gesture diversity and expression accuracy without manual intervention. Method We propose a novel
diffusion-based framework leveraging uncertainty-based multi-task learning for adaptive task balancing in holistic motion
generation. This represents the first application of uncertainty-based loss weighting to speech-driven holistic motion synthe-
sis. Our core innovation treats gesture and facial expression generation as distinct tasks within a unified framework , allow-
ing their relationship to emerge naturally during training. The framework employs a denoising diffusion probabilistic model
operating on concatenated gesture and facial expression representations. The architecture incorporates shared features,
including WavLM audio representations, word embeddings, speaker identity, and timestep encoding, alongside task-
specific features like Gaussian noise vectors and seed motion sequences, to capture both commonalities and distinct
requirements of each task. Cross-local attention mechanisms capture long-range dependencies across timesteps and modali-
ties, while self-attention layers refine task-specific patterns. The key innovation introduces learnable parameters represent-
ing task-dependent homoscedastic uncertainty for gestures and expressions respectively. The total training objective inte-
grates the losses of both tasks, dynamically weighted by these uncertainty parameters. This formulation automatically bal-
ances task contributions, as larger uncertainty values reduce penalties to encourage diversity , while smaller values increase
penalties to enforce precision. The uncertainty parameters are jointly optimized with model parameters, enabling the
dynamic discovery of optimal task weighting without manual intervention. Result Comprehensive evaluations on the 76-hour
BEAT dataset, featuring 30 speakers and a 98/16/16 data split, demonstrate significant improvements. Our method
achieved the highest gesture diversity (52.5) compared to MambaTalk (51.6), DiffSHEG (47.4), DSG (48.5), and
CaMN (43.2), with the best semantic relevance score (SRGR: 0.324). For facial expressions, we obtained the lowest
Fréchet Distance, outperforming MambaTalk, DiffSHEG and SAiD. Ablation studies confirm the critical role of
uncertainty-based weighting, as removing it decreased gesture diversity from 52.5 to 47.2 and increased facial FD from
9.18 to 10. 5. The learned uncertainty parameters converged to weights of 0. 506 for gestures and 0. 494 for expressions,
demonstrating autonomous task balancing. Applying our mechanism to DiffSHEG and MambaTalk improved its gesture
diversity from, validating generalizability. Qualitative analysis shows our gestures exhibit substantially greater diversity
than baselines which closely imitate ground truth. User studies with 17 participants evaluating nine video groups confirmed
overwhelming preference for our method across gesture diversity, facial synchronization, and overall quality dimensions.
Conclusion This research presents a novel adaptive diffusion framework successfully addressing the fundamental challenge
of simultaneously achieving precise facial synchronization and diverse gesture generation. By introducing uncertainty-based
learnable parameters within a multi-task learning paradigm, our method enables automatic optimization of task relation-
ships, eliminating manual tuning while achieving superior performance in both deterministic expression synthesis and non-
deterministic gesture generation. Experimental results demonstrate significant improvements in facial accuracy (FD:
9.18), gesture diversity (52.5), and semantic relevance (SRGR: 0.324) , with-user studies confirming enhanced real-
ism. This work provides an effective solution for creating lifelike virtual agents and opens new research directions for holis-
tic motion generation through adaptive multi-task learning. The codebase of the paper: https://doi. org/10. 57760/sci-
encedb. j00240. 00175.
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generation task

q(xeo) — N(xl; ﬁxoa(l _ E[)I) (2) jj\:; %:‘ﬁE %ﬁﬁjifff?ﬁ WaVLM(Chen
o B 85 ,2022) BEHC 1133 4E M S ARRRAE Z,0 2K A crawl-
Ao, =TT (1 - B) % (1 - B R BURBL 300d-2M #% A (Mikolov 2 ,2018) [ SCAHEE Z. (300

1.2.2 Mg
By it B B AR B
W, UNF -
pg(x e ) = N(x, : ;,u,,(x,,t) 3 (xt,t)) (3)
AU N 225k T R o) Ao v S ) MR R A
x, PR B ER E R «,, % v, BB IRE
ARSI 0 AR R AR 45 2 55 e RO T
A BE R NI ARIE B w0 TEARSCHY 5,
LT (Tevet 45,2022; Yang %5 ,2023) , A< SC 1
W3z 2l WA = R Ho 5% A (2020) H IR A 93T
€00 1)o RMRBIH G AMEFS «, B [E] 2L ¢ 0 AF
cHAFTIRIZD x,:
xo = Denoise(xl,t,c)
1.3 HHE%RES
AR SCH AR L SR 55 55 2 RO RRIE R 48—
Az BT BRI AT L DT AE Tty 2 %I 555 SR Y
[ ) 52 3% B3 3B 3l i

R A — L R E R, I x, T

(4)

Y ) S5ERHIEDHE S B B 96 411 Z,, ntis T 1
SRR R G B B A ID—h A 5 5 5 3
384 HE MR A Z,, W ULIE N FRE WRHE . 1 JE] A
—— it MLP 4t Ry 384 4 & Z,, 5 2,456
B Z,, A B0 R P A T A
155 R AL - e Jia] dE—— e BT MR 75 e 48l
B4t Z, . (FHOK 2, . (R, HEHD
iz SRR Fﬁm Mo ﬁ'%ﬁ I——H(GT) T
B (AR 30 Mt ik 2 1 J2 Ah B K 96 2 1) 2 7, (F- )
1 Z, (R, DAORFERT B35 ST HEIF 51 5 B 2R iz 3l

Bk,
1.4 4$5{EfERD
FRAEE i B E U T AL R DL B AR R AR (8] (1)

KA LR R E s . &R —
PG HIE 2,0 20 2 o | S0 i (Kitaey 45,
2020) 44, e 85 I 1] 25 A9 R ARG 2R, (AR AR
RERS B LN SOC R . A EE T ——iiid SRVFRRAE

SRR A PSS 25 PN TR B R S £ L (Vaswani 45, 2017)
© h[E KR KL AR



PEERBEF ik

JOURNAL OF IMAGE AND GRAPHICS

RAEIHRAT 55 e IR, 3 3 R PRk 3t OC 12 o 24
g3, WG o T A RAG LS . AT SR E 1)
il B s ok N7 A PR RS Y RRAE 0 R BB Bl A
1155 #h ek B S AEERE -
1.5 AHEMEERK R

A 0B IE 3 A O B AFTE PR F 2R R
— g R 18 1 AR A B 5 i AT 55 18] OC & (4
DiffSHEG 14 B[] 2% A i 45 T80 50 175 R AiE 12 A T34
AR, BRI T TR A AR R AR, el T8
] %) T S A SR AN i TE kA I e R AT 5% E R
PER SIS . 3k 27 Bl LA I T3 (AR E 1)
AN ERRAE (Ve ) X PIME 55 A o 25 57

R DRI — R, A S5 1 e T S R 4%
Wt T A & AR AL - T i AR E
R (—3Xof Z2 RS ), T T S 2 5 A S B 7 PR 118 (— %o
— W) o Sl AR BT RRANAE 55 O RN R] AR S
D7 AR o AT 2R S ARH E SR £ R A
DEHYAT: 55 - i s

AL S5 Huber #5125 (Huber 55 ,1992) 1155
O 15 2%

L. = EA_”N,](W)JN[I_TJ[HuberLoss(xo - 9/6:)):| (5)

95 Kendall 25 A (2018) Y5 B, A U5 A
A B o, Ml o, R FRAE S A0 E e, A 2
BHZSINAL Y At ok .

co=1tr !

+
total 2 gesture 2
20 205

Lexpre.vsion + log ( O-1 ) + lOg ( 0-2 )

(6)
K, o, o, 73 5 R T HMFAGAT 55 10 [7] J7 22
AN E N o X R E AR AR B AN E T S
BamIoss Ko X% ISR IE T R
o E 23/ NXE AT 55 A R AL 1/(207), FRVFEE R
(TN J7 25 LB Z2 R 5 58/ o (LI 3% K Ht 2k
AUEE, 5 AL B AR o A IZAT 55
AN E TS BCS BAL S EOR A itk TR A e
el Zrad B v B 32 R AR AT 55 T o . -
PN FAE AT 5538 3 b =2 0 R AE O AR B L (0
5 A WA 25 LUk AS A7 5 1 1 B 1) 5 O
o, Fl o, VE R R LRE R {32575 AT 55
A8 o SRR R TR [ O &R . SER R B A
22 2] B AL EL & (o, XTI 0. 506, o, X1 0. 494)
FRIIE R T ARG A BT 22 57, E X AN TS

A1 O [ s A2 1 0 ) 2 4 R A 2 R 1Y

2 SLIGZERITHE

2.1 LIEE

A SCAE BEAT (Liu 5, 2022) %k 9% 4 (Body-
Expression-Audio-Text) | #1732 55, 122 204 4 & —
A 2 RSB Lo P RE S T3
Wit. B E R A 30 A UETE AR 76 /NS BT i sl
VRSP B |, 0 32 POFE = BA U R AR
SRS RN, BEAT 84 T B iksh 1/ i %
T EASURN SCAS AR5 18 G A U IR S 3K B s A R
BT B[R0 T RN S A

AR SC ISR CaMN 5% 78 A AL 114 1] 25 5 /95 31 /i
RAER] A FL , B2 4.6 F1 8 (7 id i A P8 A B,
R A TE Nk 8 98/16/16 4~ A Bt 43 TIAE M VIl /56
RN AR o B Be R A He 2L — 4 B, IR LA
30fps MIMTFETEAT . MUEICHE B 300 20k 150 Mt iy B
AT YNGR o Aoy RIVTAR T 1H 5 =45 A4 il
B A SR 45 B 5 SAID (Park %%, 2024) . CaMN (Liu
& 2022) . DiffuseStyleGesture (DSG) (Yang A
2023) . DiffSHEG (Chen 4§ , 2024 ) 1 MambaTalk (Xu
4 ,2025) AT AL . GO AR SR T PR SR Ok
PPASBIAY AR N 25 PR IR R . AR SO il Y B
A~ RTX 4090 GPU #EA7 145, 118 180, 000 ¥k, K
/NR 200, X T A B, A SCOT A AR e i
FOR A SRR A ST EHN R B A &
T K LS IO 8 SR
2.2 iFEIERR
2.2.1 FHAR

FGD(Yoon %5 ,2020) (Fréchet Gesture Distance )
6T FF DI S A 25 v ) 4 i A Al B S T34
AT Z B AR AR . AR SCHEIINZREE L5 B
YIZR T VAE LIS N A5l e e s i 4 B

Diversity(Li %5 ,2021) (ZA£44% ) i 1[5 51 =2 8] 1
ST O R R A A T AR A

Beat Align(Li % ,2021) (73X 5% ) {#f A Cham-
fer P B PPAL T34 S5 A R 2D 1

SRGR (Liu %%, 2022) (Semantic Relevance Ges-
ture Recall , 15 SOR DG T 3552 9% PEAL FH 115
SCHHSEAE N Z APk

© h[E KR KL AR



ER R, ZFiE, g, Piges, R
ATESWENEENEESHE BEN Y BURE

2.2.2 ARSI AR

A5 1R F SAID (Park %5 ,2024) (Y6 bR A 1T
A1ty 1 T P 0 A ) A e

FD(Dowson 55 ,1982) (Fréchet Distance) HL3 i
I AN EL S blendshapes {E7E W 7E 45 [8] FR R 4345 o

WinD (Dimitrakopoulos 45 2020) (Wasserstein
Inception Distance ) i 2 B SE A1 A= B AE 434 2 0] 1)
Wasserstein i 2 .

2.3 EESW

but sometimes..

‘tlaa ER Y ‘CC“".AI uuuuu a0 af inuil iiiii!i!ii

L{14)

22 20 »0 »a

I like to play on the Internet...

fi

5856 58 s& 5
I CaMN DSG

i At AR A

il

FRVEYV RV NS

DiffSHEG MambaTalk ES'30S

K3 RSO T3 s RS AL AR R HE

Fig. 3 Comparison of gesture generation results of our method with other works

ARG IVEAS T A ARG R, X
P B, AR S5 k5 CaMN (Lin 4§, 2022) | Diffus-
eStyleGesture (DSG) (Yang 45 2023) . DiffSHEG
(Chen %§,2024) #1 MambaTalk (Xu 45 ,2025) #:47 H
o N TUE AR R AT AR, A SCUT ¥ DIffSHEG
SAID(Park 4%,2024 ) #l MambaTalk ¥£17 FL42 o

X T T HBEA N, AR SCEL 90 AN B Al H
A R HERATE IR BETAL e R, i 2 R o — By
0 PIT A P Y S VR IR B — 1 % T R — B i T, AT
S AFE S VE. 3 1 FiR , DIffSHEG ) FGD
R A AR, 33X 100 I B 5 b TR B ) OB o, iX 25 B
SRBUE R AR o an SR bk B B,
WAl 25 7= A Bl e SR S AR A . 2R
SCA B K 3] 1 e g 19 22 1 (52.5) AT SRGR
(0. 324) , Ui B SCA AT A R Z2 0 1 sl VR I HX
SRR A TE L, FCDEMTHR WS SHS
FR—XTZ MR Ul ] SOA BB RUAT B 432 4k
PE N2 FLAH Y 0T et AR e (R A

X R A A ok B, T LA B & —
FEME BT 55, DRI R — B A i 0 X6 ) 1 R
FEAR IR 1Y, DRI TS DA 1 AR R v
HE M, MER2 PR, U AL IR 2 K FD
{E(9. 18) , 3 156 B SCAS 7 1 A= B 1) THI S 22 175 1 A
E%F’? H i BAH .

RLLLLS L BIE T 5 TR e Y ) LT

&1 FEBEATVO LWFHEEREETME

Table 1 Quantitative evaluation of gesture generation on
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Fig. 4 Comparison of expression generation results of our method with other works
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