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Abstract  Gestures are a crucial form of expression in human communication, particularly in do-
mains such as virtual human interaction. In this field, speech-driven virtual human gesture gener-
ation technology acts as a core enabler to enhance the interactivity and immersion of virtual char-
acters. High-quality virtual character gesture generation holds significant application value in film
and animation production. To address existing technical bottlenecks of weak semantic association
and insufficient control-lability in current generation methods, we propose the gesture synthesis
method integrating cross-modal semantic retrieval and diffusion model. First, we construct a
multi-modal gesture database containing text descriptions, audio features, and 3D motion param-
eters. Second, we innovatively design the Hierarchical Contrastive Semantic Retrieval Mecha-
nism that adopts a dual stage architecture combining primary feature retrieval and semantic re-

trieval, significantly enhancing cross-modal alignment accuracy. Meanwhile, to further enhance
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the noise robustness of the retrieval mechanism and avoid retrieval errors induced by audio noise
and text ambiguity, we introduce the momentum distillation strategy. Through model distil-
lation, we strengthen the feature extraction capability and generalization ability of the retrieval
model, which substantially boosts the accuracy and stability of cross-modal alignment. Further-
more, we develop the diffusion generation model that achieves text-prompt-driven style control
and unmatched gesture generation through cross-modal attentions and Prompt Adaptive Atten-
tion Normalization (PAAN) layers. To address motion sequence transition issues, we propose a
weighted fusion strategy and progressive denoising mechanism for diffusion models, effectively
resolving unnatural gesture transitions. To comprehensively verify the effectiveness and superior-
ity of the proposed method, we conduct systematic quantitative evaluations on the publicly availa-
ble BEAT dataset. As a widely adopted benchmark dataset in the field of virtual human gesture
generation, it can objectively reflect the generation performance of models. Quantitative evalua-
tions on the BEAT dataset demonstrate the effectiveness of our method in key metrics: our meth-
od achieves a Fréchet Gesture Distance (FGD) of 9. 160, the Diversity (Div) of generated ges-
tures reaches 12. 77, and the Semantic-Relevance Gesture Recall (SRGR) is 0. 205. In qualitative
experiments and user evaluations, our method achieves significant improvements in semantic con-
sistency and motion naturalness of generated gestures: the human similarity score of our genera-
ted gestures is 24. 9% higher than that of LivelySpeaker, and the semantic appropriateness score
is 32. 7% higher than that of GestureDiffuCLIP, demonstrating stronger expressive power in
terms of semantic expression accuracy and motion naturalness. This performance gain stems
from the collaborative design of multiple modules in our study, which effectively breaks through
the bottlenecks of existing generation models in cross-modal fusion and motion controllability.
The Retrieval Mechanism provides precise support for cross-modal information alignment and ad-
dresses the disconnection between semantic and motion features; the diffusion generation model
guided by multi-level attention balances the stylistic diversity and semantic accuracy of gesture
generation, and the introduction of the PAAN layers enables the model to flexibly respond to the
stylistic demands of different text prompts; meanwhile, the motion transition optimization strat-
egy further enhances the coherence of gesture sequences and avoids unnatural issues. Our method
can accurately capture the core features of gestures corresponding to long-tail semantic content,
and exhibits excellent performance in semantic matching accuracy, motion naturalness, which
significantly enhances the reliability of gesture generation in complex scenarios.

Keywords  gesture generation; hierarchical retrieval; contrastive learning; diffusion models;

momentum distillation
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TR & R XEEH 15. 343 9.22 0.111
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A YRR T, XAE B PAAN J2 RE A 2% 42 TF XUAR



1134 it (=

2 4R 2026 4F

RORE HAREE T B & R s sh$h g a) i, X sk
SEEGUE BT T AR SO Y A AR B X T RIS 7Y AR AR
o T i T RS VR ER A AR AR
4.5 RRMESH

R F A ST T — 2 kR,
AT AE — S SR B < 8 56, MOCCA i 45 AR 45
P AR BE L B o R 2B 0 TR A 00 L (H BT
i E LT HERMANRIE ST RAEAE., X
S OGS AU A TH NS R A ) 5 L T S R G N ) T3
BF A 2RORE B2 R B, AR T il 3 2 ), 3R AR
TR FR A ik (] T I A AT A ), LR AR A R
TSR 8 T 1 A SCHE SR A 2R A B 1 9 A 1k
— EUR A e PR e 7 sy SR ] T ORE S T
B 33X 23 KR 52 ) 1SR AT iR ek, O B E Ak R AR
ou S 2R E R A R AER TR RS
T DG BE AT A 4 T 25 1]

KRR T AR Z B e ax 2oy BRVE, — i <=9
J& - 1 A 363 RN Z R 1, 53— T TH 22
SIATEL 2] 5 A B, AR vF A 3 8 ) L id
it SRR P AC HL L 2 ) T R LT SE A
PEAE T AW, Ak, Rk TR B 4k B0k al bk R
5 A R B A R A R Be I UE 5 2 A
BLI 046 2R B (9 T 35 7 Be i A7 DL I B £ Ak PP Al O
LG R (=N N i~ 3 i O e 2 3 = R )
FRAE WL IRE 22 1 19 2 HR G e A 5 [R) Rl ALY T
MR CEE R A A T SRR, DR e ELRS HE T LR
K5 HART E RN T HE,

5 & iF

ARSCHE T — PP 2 T B B TR S R 5 & A
R Y = 4 T35 B[R] A ROHE S . 3l i 20 J2 X e il
SR AL S BUSCAS 8 S B2 B 2T
SUR RIS & 2 RE 151 1P BB R A 5 A
R B Z AL T s 1, B 208 i 4 5 J R B 2R
AR =4 TR, SRR A TS ik
1596 T BT S R i CUR G AR AR b B T ELA
T T 1k LR A RAE S AR SR IR XS AT
P57 T R B A

SAE AW FEAE T H L TR AT T — 2R
(EAT A 7 — 2 Jr BR AV < AR SOH 2 1) 22 B2 T 30
KW T 2 BOE LT H 5 0T I 5
AT AT R LG 2 A0 o AR 2R R (0 50K 2R 58 L3 S Y
oK oAb, MR AA OGRS R R I R

W LA =KD W R R ER R B RS AT 22
AR Z IR R ik — LY T AR
HUAE RIS BT I R e R 3Rk,
DI i 2 W IR TR Y5,

2 % X #

[1] Studdert-Kennedy M. Hand and mind: what gestures reveal
about thought. Language and Speech, 1994, 37(2): 203-209
[2] Cooperrider K, Wakefield E, Goldin-Meadow S. More than
meets the eye: Gesture changes thought, even without visual
feedback//Proceedings of the 37th Annual Meeting of the Cog-
nitive Science Society. Pasadena, USA, 2015: 441-446
[3] Galati A, Weisberg S M, Newcombe N S, Avraamides M N.
When gestures show us the way: Co-thought gestures selec-
tively facilitate navigation and spatial memory. Spatial Cogni-
tion and Computation, 2018, 18(1): 1-30
[4] Friedman A, Cafaro F. From thoughts to interaction: desig-
ning controls for video playback gestures with embodied sche-
mata//Proceedings of the Extended Abstracts of the 2023 CHI
Conference on Human Factors in Computing Systems. Ham-
burg, Germany, 2023: 146:1-146.7
[5] Delamare W, Silpasuwanchai C, Sarcar S, Shiraki T, Ren X.
On gesture combination: an exploration of a solution to aug-
ment gesture interaction//Proceedings of the 2019 ACM Inter-
national Conference on Interactive Surfaces and Spaces. Dae-
jeon, Republic of Korea, 2019: 135-146
[6] Wagner P, Malisz Z, Kopp S. Gesture and speech in interac-
tion: an overview. Speech Communication, 2014, 57: 209-232
[7] Kopp S, Wachsmuth I. Model-based animation of co-verbal
gesture//Proceedings of the Computer Animation 2002 (CA
2002). Geneva, Switzerland, 2002. 252-257
[8] Neff M, Kipp M, Albrecht I, Seidel H-P. Gesture modeling
and animation based on a probabilistic re-creation of speaker
style. ACM Transactions on Graphics, 2008, 27(5): 1-5:24
[9] Habibie I, Elgharib M, Sarkar K, et al. A motion matching
framework for controllable gesture synthesis from speech//
Proceedings of the ACM SIGGRAPH 2022. Vancouver, Cana-
da, 2022:46. 1-46.9
[10] Yoon Y, Cha B, Lee J H, et al. Speech gesture generation
from the trimodal context of text, audio, and speaker identity.
ACM Transactions on Graphics, 2020, 39: 1-16
[11] LiJing, Kang Di, Pei Wen-Jie. Zhe Xue-Fei. Zhang Ying,
He Zhen-Yu, Bao Lin-Chao. Audio2gestures: generating di-
verse gestures from speech audio with conditional variational
autoencoders//Proceedings of the IEEE International Confer-
ence on Computer Vision 2021. Montreal, Canada, 2021:
11293-11302
[12] Alexanderson S, Henter G E, Kucherenko T, Beskow J.
Style-controllable speech-driven gesture synthesis using nor-

malising flows. Computer Graphics Forum., 2020, 39(2):



5 1

FIRL A A B BESTE SO R 5 400 D B R = 4 T35 5 5

1135

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

[24]

487-496

Yi H, Liang H, Liu Y, et al. Generating holistic 3D human
motion from speech//Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition 2023. Vancouver,
Canada, 2023: 469-480

Rombach R, Blattmann A, et al. High-resolution image syn-
thesis with latent diffusion models//Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition
2021. Nashville, USA, 2021: 10674-10685

Chen J, Liu Y, Wang J, et al. Diff SHEG: A diffusion-based
approach for real-time speech-driven holistic 3D expression
and gesture generation//Proceedings of the IEEE Conference
on Computer Vision and Pattern Recognition 2024. Seattle,
USA, 2024. 7352-7361

Zhang Ze-Yi, Liu Li-Bin. GestureDiffu-
CLIP: Gesture diffusion model with CLIP latents. ACM
Transactions on Graphics, 2023, 42(4):1-18

Ao Teng-Long,

Zhu L, Liu X, Liu X, et al. Taming diffusion models for au-
dio-driven co-speech gesture generation//Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Rec-
ognition 2023. Vancouver, Canada, 2023: 10544-10553
Yang Si-Cheng, Xu Zun-Nan, Xue Hai-Wei, et al. FreeTalk-
er: Controllable speech and text-driven gesture generation
based on diffusion models for enhanced speaker naturalness//
Proceedings of the IEEE International Conference on Acous-
tics, Speech and Signal Processing 2024. Seoul, Republic of
Korea, 2024: 7945-7949

Li L, Li W, Ding Q, et al.. Gesture generation via diffusion
model with attention mechanism//Proceedings of the IEEE
International Conference on Acoustics, Speech and Signal
Processing 2024, Seoul, Republic of Korea, 2024 8316-8320
Yang Si-Cheng, Wu Zhi-Yong, Li Ming-Lei, Zhang Zhen-
Song, Hao Lei, Bao Wei-Hong, Cheng Ming., Xiao Long.
DiffuseStyleGesture: Stylized audio-driven co-speech gesture
generation with diffusion models//Proceedings of the Interna-
tional Joint Conference on Artificial Intelligence 2023. Ma-
cao, China, 2023: 5860-5868

Zheng Rui-Kun, Liu Geng-Xin, Hu Rui-Zhen. Semi-super-
vised Character Animation Style Transfer. Journal of Com-
puter-Aided Design and Computer Graphics, 2025, 37 (5):
821-831 (in Chinese)

ORFi 3, XUBK K, §15E2. 2 0B A 63 m R T &, i1 5
BUA B 8231 5 B 2422 1), 2025, 237(5): 821-831)

Zhang Ze-Yi, Ao Teng-Long, Zhang Ying, et. al Semantic
gesticulator: semantics-aware co-speech gesture synthesis.
ACM Transactions on Graphics (TOG), 2024, 43(4): 1-17
Yang Z., Li L., Lin K., Wang J., Lin C. C., Liu Z. .
Wang L. The dawn of Imms: preliminary explorations with
gpt-4v Cision). Ithaca, USA:. Cornell University Library
(arXiv) , technical report: arXiv:2309. 17421, 2023

Tan Xu, Chen Jun, Liu Hong, Cong Jun, Zhang Chao, Liu

Ying, Liu T Y. Naturalspeech: end-to-end text-to-speech

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

synthesis with human-level quality. IEEE Transactions on
Pattern Analysis and Machine Intelligence, 2024, 46 (6):
4234-4245

Liu Hong, Yang Xin, Akiyama T, et al. Tango: co-speech
gesture video reenactment with hierarchical audio motion em-

bedding and diffusion interpolation.

2410. 04221, 2024

arXiv preprint arXiv:

Devlin J, Chang M W, Lee K, et al. Bert: pre-training of
deep bidirectional transformers for language understanding.
arXiv preprint arXiv:1810. 04805, 2018

Guo C, Zuo X, Wang S, et al. Tm2t: stochastic and token-
ized modeling for the reciprocal generation of 3d human mo-
tions and texts//Proceedings of the European Conference on
Computer Vision 2022. Cham: Springer Nature Switzerland,
2022: 580-597

Babuskas I, Baevski A, Conneau A, et al. wav2vec 2.0: a
framework for self-supervised learning of speech representa-
tions//Proceedings of the Advances in Neural Information
Processing Systems 33: Annual Conference on Neural Infor-
mation Processing Systems 2020. Virtual, 2020. 12449-
12460

Radford A, Baevski A, Conneau A, et al. Learning transfer-
able visual models from natural language supervision//Pro-
ceedings of the 38th International Conference on Machine
Learning 2021. Virtual, 2021 8748-8763

Li Jun-Nan, Selvaraju R. ., Gotmare A. , Joty S. . Xiong Cai-
Ming, Hoi S. C. H. Align before fuse: vision and language
representation learning with momentum distillation//Pro-
ceedings of the Advances in Neural Information Processing
Systems. Virtual, 2021: 9694-9705

Huber P J. Robust estimation of a location parameter. An-
nals of Statistics, 1964, 53 (1): 73-101

Bishop C M. Pattern recognition and machine learning.
Cham: Springer, 2006

Roy A, Saffar M, Vaswani A, et al. Efficient content-based
sparse attention with routing transformers. Transactions of
the Association for Computational Linguistics, 2021, 9: 53-68
Bird S, Klein E, Loper E. Natural language processing with
Python: analyzing text with the natural language toolkit. Se-
bastopol: O’Reilly Media, 2009

Fellbaum C. WordNet: an electronic lexical database. Cam-
bridge, USA: MIT Press, 1998

Honnibal M, Johnson M. spaCy 2: natural language under-
standing with Bloom embeddings, convolutional neural net-
works and incremental parsing. https://spacy.io. 2017

Gao T, Yao X, Chen D. Simcse: simple contrastive learning
of sentence embeddings. arXiv preprint arXiv: 2104. 08821,
2021

Yang S, Wu Z, Li M, Zhang Z, Hao L, Bao W, Zhuang H.
Qpgesture: quantization-based and phase-guided motion
matching for natural speech-driven gesture generation//Pro-

ceedings of the IEEE/CVF Conference on Computer Vision



1136 it (=

2 4R 2026 4F

and Pattern Recognition. Vancouver, Canada, 2023: 2321-
2330

[39] Liu H, Zhu Z, Iwamoto N, et al. Beat: a large-scale seman-
tic and emotional multi-modal dataset for conversational ges-
tures synthesis//Proceedings of the European Conference on
Computer Vision. Cham: Springer Nature Switzerland,
2022 612-630

[40] Bhattacharya U, Childs E, Rewkowski N, et al.

Speech2affectivegestures: synthesizing co-speech gestures

with generative adversarial affective expression learning//

WANG Xin-Yi, master candidate.
His research interests include virtual hu-
man gesture generation.

LIU Shi-Guang, Ph. D. , professor.

His research interests include computer

_ graphics. computer animation and virtu-

al reality.

Background

This study focuses on the task of 3D gesture synthesis
for virtual characters, which resides at the intersection of
computer graphics, multimodal interaction, and digital hu-
man technology. 3D gesture synthesis aims to automatically
generate natural and semantically consistent 3D hand and
body motions that synchronize with input modalities such as
audio speech or text prompts, playing a crucial role in appli-
cations like virtual reality interaction, animated film produc-
tion, and intelligent digital human services.

In recent years, with the advancement of deep learning,
3D gesture synthesis has evolved rapidly. Early methods re-
lied on rule-based systems or motion libraries, which lacked
flexibility and struggled to adapt to diverse scenarios. Statis-
tical models later enabled probabilistic generation but suf-
fered from limited diversity. More recently, generative mod-
els including GANs, VAEs, and diffusion models have
shown promise. However, existing approaches still face crit-
ical challenges: difficulty in capturing low-frequency yet se-
mantically important “long-tail” gestures, unresolved style
conflicts between multimodal inputs (e. g., mismatched
emotion in audio and text), and unnatural transitions be-
tween retrieved and generated gesture segments, leading to
compromised semantic alignment and motion naturalness.

To address these issues, this paper proposes a hybrid

framework integrating cross-modal semantic retrieval and
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conditional diffusion generation. First, a hierarchical cont-
rastive retrieval mechanism with momentum distillation is
designed to accurately retrieve semantically matched ges-
tures, tackling the long-tail problem. For unmatched ges-
tures and transitions, a diffusion model incorporating multi-
level attention and Prompt Adaptive Attention Normalization
is developed to enable text-driven style control and resolve
multimodal style conflicts. Finally, a masked resampling
strategy ensures smooth motion transitions between seg-
ments. Experiments on the BEAT dataset demonstrate that
the proposed method outperforms state-of-the-art baselines in
metrics such as Fréchet Gesture Distance (FGD) and in hu-
man subjective evaluations of naturalness and semantic rele-
vance.

Our research group has laid foundational work in this di-
rection. We previously conducted research on 3D facial lip
movement generation for conversational avatars, where we
focused on synchronizing mouth shapes with speech audio
while preserving natural facial expressions. Additionally, we
explored 3D gesture generation for dance performances, ai-
ming to create motions that match musical rhythms and cho-
reographic styles. These prior efforts provided critical in-
sights into multimodal representation learning and data or-
ganization, directly informing the hybrid framework and

component designs in this study.





