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Abstract: Biometric recognition has become a fundamental enabling technology for modern digital society, serving as a
core infrastructure for identity authentication, access control, and human-centered intelligence. By exploiting intrinsic
physiological and behavioral characteristics, biometrics offers inherent advantages over traditional knowledge- or token-
based authentication mechanisms, including higher security, improved usability, and stronger resistance to impersonation.
Over the past decade, and especially since 2021, the rapid advancement of deep learning, sensing technologies, and large-
scale data resources has profoundly reshaped the landscape of biometric research and applications. Biometric systems have
evolved from task-specific, handcrafted pipelines into data-driven, end-to-end intelligent systems capable of operating in
complex, unconstrained, and large-scale real-world environments. This report provides a comprehensive review of the
development of biometric recognition technologies from 2021 to 2025, covering both methodological advances and emerging
application paradigms. We focus on major biometric modalities, including face, iris, fingerprint, palmprint, finger and
palm vein, body, gait, and person re-identification, while also highlighting the increasingly critical role of security, pri-
vacy protection, and trustworthiness in biometric systems. Face recognition remains the most widely deployed biometric
modality due to its non-contact nature, low acquisition cost, and high social acceptance. Recent progress has been driven
by innovations in network architectures, large-scale training data, and discriminative loss functions. Convolutional neural
networks and vision transformers have significantly improved representation capacity, while margin-based and quality-
aware losses have enhanced intra-class compactness and inter-class separability. At the same time, face detection and
alignment have advanced toward robust performance under extreme conditions such as low resolution, severe illumination
variation, occlusion, and large pose changes. Beyond recognition, face generation and synthesis have emerged as both an
enabling technology and a security challenge. Generative adversarial networks and diffusion models now support high-
fidelity, controllable, and even 3D-aware face generation, facilitating data augmentation, virtual humans, and animation,
while simultaneously raising new threats in the form of deepfakes and identity spoofing. Iris recognition continues to be
regarded as one of the most secure biometric modalities due to the high uniqueness and stability of iris texture. In recent
years, research has shifted from controlled laboratory settings toward less constrained and mobile scenarios. Advances in
iris acquisition include visible-light imaging, mobile-device-based capture, and near-eye sensing in VR/AR environments.
Deep learning-based iris segmentation and localization methods have greatly improved robustness against noise, occlusion,
and cross-domain variations. In parallel, iris feature representation has evolved from handcrafted binary codes toward deep
embeddings and hybrid models that preserve compatibility with traditional matching schemes. Synthetic iris data generation
has gained attention as a means to address data scarcity and privacy constraints, although its impact on large-scale recogni-
tion performance and potential security implications remain open research questions. Fingerprint recognition, as one of the
most mature biometric technologies, has undergone a significant transformation with the adoption of deep learning. Modern
fingerprint systems address challenges such as low-quality latent prints, partial fingerprints, distortion, and cross-sensor
variability through deep enhancement, minutiae extraction, dense descriptors, and multi-stage matching frameworks. The
emergence of new fingerprint modalities, including contactless fingerprints, 3D fingerprints, and optical coherence tomog-
raphy (OCT) -based internal fingerprints, has expanded the representational space of fingerprint biometrics and enabled
improved robustness against distortion and spoofing. At the same time, large-scale real and synthetic fingerprint datasets
have facilitated systematic evaluation and training of deep models. Palmprint and palm-vein recognition have experienced
rapid growth in both research and large-scale deployment. Advances in deep learning have addressed long-standing chal-
lenges in region-of-interest extraction, alignment, and feature robustness, enabling commercial applications such as con-
tactless palm payment systems. ‘Multimodal fusion of palmprint and vein patterns has further enhanced recognition accuracy
and security. In addition, progress in palm image synthesis and 3D palm modeling has opened new directions for data aug-
mentation and unconstrained recognition. Body-based biometrics, including person re-identification and gait recognition,
play an increasingly important role in surveillance and public safety scenarios where close-range or cooperative acquisition
is not feasible. Recent work has focused on cross-view, cross-domain, and long-term recognition under clothing changes,

occlusion, and low-resolution conditions. Deep spatiotemporal modeling, attention mechanisms, and sequence-level repre-
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sentations have significantly improved robustness, while also raising concerns about privacy, fairness, and ethical deploy-
ment. Alongside performance improvements, security and privacy have become central themes in biometric research. Bio-
metric systems are increasingly exposed to sophisticated attacks, including presentation attacks, adversarial examples,
template inversion, and deepfake-based impersonation. Consequently, substantial efforts have been devoted to spoof detec-
tion, adversarial defense, secure template protection, and cancellable biometrics. Privacy-preserving techniques such as
template transformation, encryption, and federated or decentralized learning are gaining importance as regulatory require-
ments and public awareness intensify. Ensuring that biometric systems are not only accurate but also trustworthy, explain-
able, and compliant with data protection regulations is now a core research objective. Beyond identity authentication, bio-
metrics is expanding toward broader human-centered applications, including human — computer interaction, healthcare
monitoring, behavioral analysis, and immersive virtual environments. This shift reflects a transition from “who you are” to
“how you are,” where biometric signals contribute to comprehensive perception and intelligent interaction rather than mere
identification. In summary, the period from 2021 to 2025 has witnessed rapid and multifaceted progress in biometric recog-
nition. Advances in deep learning, sensing, and data generation have substantially improved accuracy, robustness, and
scalability across modalities, while new challenges in security, privacy, and societal impact have emerged. By systemati-
cally reviewing recent developments across core biometric technologies and security frameworks, this report aims to provide
a holistic perspective on the current state of the field and to outline promising directions for future research and deploy-
ment. We hope this work will serve as a valuable reference for researchers, engineers, and policymakers seeking to under-
stand and shape the next generation of biometric systems.

Key words: Biometrics; Face recognition; Iris recognition; Fingerprint and palmprint recognition; Finger and palm vein

recognition; Person re-identification; Gait recognition ;. Spoof detection
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Fig. 6  OCT Fingerprint acquisition and reconstruction
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Fig. 7 Amazon and Tencent’s palmprint payment products
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SRR ZS ~ 05T £ BV 57 BN B A (Han

{3 53 'ﬂ, ok
RESE L

Market-1501 SYSU-MMO1 RSTPReid
(a) HRAS (b) A WG-41. 4k (c) XA-KE

| S ,,\“
[ w

inE== Fls

2 T
IR TTEWRER

2 2024;QuE,2024) .

Photo S1 S2 S3

Market-Sketch-1k
(d) =4

CASIA-B
(e) T4

Al
e

AG-RelD.v2 PersonX
(i) UAV/ T4 () MEAR/A IR
=R

Iﬁ
>

K15 A7 NFEPU] A SN AT DA Bk bk
Fig. 15 Appearance and visibility challenges in RelD

MARS PRCC Partial-REID
() ¥4 (g) AL (h) 1Y
e
1.6.5 HE SRR

T[] KRB B, Rel D AR5 328 ) 56 1 A5 TR 47
SRk . RF Ak IR IR R 2%
BEREALT 5 A6 T8 (Ye 45,2018 Hu 5%,
2022), WA IR I EHFEARE A TR
ALK R 3% (Zhao %5, 2021 ; Rao %5 ,2022) . £ i}
119 28 R Bl 25T H A SR 7P A i 5 S P =2 [ A F
7, #E 5 RelD i ) i1 2% 8 (Nikhal 5% ,2024) .
1.6.6 HdndE ST

R VEAR B EVERE , RelD 3 2R FH BT VL Fc bk
M2 YOS BEVE A% O T8 05 o B0 48 DA R 0] e
BBV e BRI I A GRS T ABLFRE
B M55 L2 /e il Market-1501 .MSMT17 .SYSU-
MMO1. CUHK-PEDES., MARS #1 UAVHuman %
(Zheng %5 ,2015; Wei 2§ ,2018; Wu 25, 2017; Li 45,
2017;Zheng 55,2016 Li %%, 2021) . ZFAALE IR
IR R T T B R AR T B PEAR TR B
1.6.7 ARELREHES

SRS AT AN FE U 1E S P S50 PRI )
R T KINB TR RSN . AR R SR TR
b 545N 2R S RS RS —1k1L .

B AL OR AP L S AT fige R 5 AT S PR A5 5 T B R4 1
RelD 7E LR UE M g i [R] e B A AT 30 28 n] a7 T+ AT {5
) TR IR
1.7 SHIRAFRIIK

AR — LR AR e B rh R Y
1z B MR CHR AR AP AE | SEE R 2 AR fim
KBV FRIER AR o A THE 80 I pE s
A=A A AR B AT AR R B I R S AIGE
B EESRAE T 8 MR FE AR W 4s A S TR e
2E A e B RS AR EE AL S0 7
T3 3E o v B e 2 o R M s 2015 B IR
LU A A 235 ) B R4S 38 S i AR L R K iy
I FRAE A6 2 AR 1 551 R OREF T 1 X 4
fit 77 (Shen %:,2024) .
1.7.1 AN R R k4

o B ARSI R K& T = A
BB BT N TR TR R A BB B 56 TR 5 3R AE
2 B B, DA R T 1) S 3 e 5 R ASERY il 4 1)
BrB. F i 2 O8N0 A e i IR SRR AR, OT
456 FE T 3T BN S T SRR AR 5 4y 2 Tk

5¢ R 91 (Han F1 Bhanu, 2006) , 5= %2 78 CASIA-B.
© v [ P % AR BT AT
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OU-ISIR % 32 % 50 s % oF Al (Yu %, 2006; Maki-
hara%$,2012; Takemura%:,2018) .

Bt TR R 2 ) B R PR B B 4k S = 4
RN DA S A L G54, 2525 7 51 gk A 5 st
25 HE R (Wolf %5, 2016; Chao %5 ,2019) . M5, )%
B AR SRAE 5 1] Jry BB ZE 46 82, 41 GaitPart(Fan
£ 2020) .GaitGL(Lin Z£,2022) GaitParsing(Wang
85,2023)  TEZ AR AR OIS T HE AR A B TR
KR

WA, W5 H AT 1) B s b AR
Gait3D .GREW Fll CCGR & B ¥i 45 R G % mj T & 7%
WEE T 2 AARL, NRZ A Re PP R T
BHLUE (Zheng 55,2022 3 Zhu 55,2021 ; Zou 55,2024 )
OpenGait HEZEHF— 20X F Tk 14— 285
B MR T s B AR AT R RN LS S s b A P BB L A
(Fan%%,2025) .

1.7.2 JETHA SR TR RHE

MRFE A5 A B 20 A U 5 ik vl 4 3T
B ANIE T RAEM S . L TR Jr vkl il i 4
B YNNC e TR S iR AR e e NN RS
iz B SRR ELAT B A ) B Ao R T R B R A
FE 1 (Ailisto %5 , 2005 ; Zheng 55, 2022 ) , {HAR #6125 Joii
RS A S E AR

T RAEM 7 M B BT 52 (RGBT L A4
il BT I B 6 I 2 2 25 A HRAE (Shen 45, 20245 Fan
85,2023)  1EAR BRI PRYERE [ B H, Bl
H B A ML Transformer ZEH 1 K
R BAEZ R L 5o S T R &R T
BT TR PR . BRI, LR IR AR A (W] B G A
HERR 5 3 5 TRV R % IR i A A R 3 Y 5 R BIURR
CCOR EHEE R Ge 501 T Z R b8 & X H 1 1k RE Y
SER I3 R T2 SR b R SRAE 22 gl 2P S
M2 T (Zou 55 ,2024) . BMACKE  BIRIL SRR 5
HMRFAE Rl A B SO R SR T T
1.7.3  AARBIAY s it

M U G A AR ) KRS b v e 38
FHRSE/E T KRB R A . GaitLU-1M JEifEdE i A
WoB X b2t 2T 7 B T A bR A 5 L i 2k
WSS, B E T NI S iz ke
(Fan%,2023) ., 7E38 HL 38 KRB J5 1, BigGait )
FH DINOv2 S5 I SR B 3 I 2 S R AE, I3 o) e o
GUL BRI L BT 5t SRS L T 5

£ FH R 26 K0 24 1 1 BB (Ye 45 ,2024) . BiggerGait i
— AR RN [F) 2 SRR BRI | 78 0 A AR b D i
B 5T R FR M (Ye 55,2025) .

TEZ AR5 T7 10, Jin 25 (2025) fil G 8T8 D5
NN RS2 5 ) =375 = ol W Yk i
GaitLLM & UK KIE F AR 5] AL, i a2
A—IBT WL SC A AL A B s B R
SR R AP ER T (Yang 55,2025) .

1.7.4 LRGN R R

A2 A TR ) R 3 AR I A AT A
22U AR = A T o ROHURE A Ar E
WSS S BRI R S e sh A iz AL R
J142TH(Fan 45,2023 ; Zou %5, 2024 ; Zheng 55,2022 ) .
e yua b, A MBS R AR RS R 5
SRR B N L B Y57 A s Wl 1 R D NG5 L R N )
FERIBIAY RIS, Bl G RAIR R F R
RTINS R BT W ERELR | IETE Sy
PRI I35 T 04 kg B A7 AR A58 19 T B (Yang
45 2025 ;Shen %5 ,2023) .

1.7.5 PSS ANE RGN CR

A ST NFERTE B MBERE S b
JEASG . W BEEERBHLOCH R —47 A, H
RelID T 5 A A0, T 20 25 1RO 58 K 1 12 2 A
A (Li%F,2023) , Bl HL00 RelD 1Y & J& , W25 4F 55
TE I A FRR AR 2% ) B B Wk IRl . CCPG Al
CCGR BB 4EAE G — VMU F XL T RelD 5428507
RAE RIS AL N R, F A B E
AP (Li45F,2023;Zou 55, 2024) . BEE R IR 5
BUN— 1R R G0 R, R RAT N T RG A A
S e S N B VRS B 2N U SN A A 1] ) N ¢ )
4 — SR e (Fan 55,2025 Yang %,2025)

2 EYEEIRANERE

A PR E TR B B A 2 Gl iz W, Y
B A T Z V@ 2 . AR
ARG Bl FBAF LT 4, ©N R — P B BLIL
i, A 22 A2 AT R Sh A X7 Do it X 3
L5 SR Bl Ay , A Gt P 4R B A R0 i AR X 5
R PR E RIS IY o, 32 Ak s ™ IR B A

A B R G LR A YRR R N e R BB R L W
N LA AL, BT A A2 A ) L i
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BT, B, =B, €8, 84%, FE, TUE, R, THHE, HER, =, WE, DEE, BB, iiE, §XH,

MéEFr, HBF, HRRm, HE, AEH

X B Pl BUIE XTI A8 B B RL PR 25 T ) G
SR H AR B A 20 A B 9K B R AE L X 1]
PRl A B | 22 MRS OB A B 5y ) ()Y 2 R
WA T T — & TR A AR
IR U 22 A TR R A%
2.1 ANRiR5IRE

NIR B R G 123 E G, &4 £ N —
Yy PR B, T O B W HE s R S5 B0 B B A Bk
%, B A AR Al A ST 4336 7 1 e — R AR
A v, 5 I 48 I (Presentation Attack Detection,
PAD) 255 —iB B 4% 4% 0 H AR S 50 G AR 5 A
B AR S AT BN AR 3D 1 L 25 4 B O s 1
I, BV AR A A P PR AR i

155 UE AL HGE B 5, MO 0 Bl i L% 3
Fr S8 A IR EE A 1 A I (SRR Bh 1 B
TE) KA AR %0 PG Ry SR B R A A
FRAA R, B 2RI P T S R o 1
AR NG W) PSS $0F 0 58— 45 DU (Unified
Face Attack Detection, UAD) £ AR Wiz 4=, B 764
L FHBEAY | [R5 B AR G S ey | e LR AE A 2
SEMERTL, N X A MR A B0 o
2. 1.1 SR

A A2 X A8 Sk L A PAD SR 2 Bl il
A7, F P 5E 2 IR (Pan 25, 2007) | 3k #5 5
(Kollreider 5% , 2007 ) 45 &)y V45 41 1 44 5 J5 2L 5% m) 0
T FH P LA B W sh A o TR 2% > T, Bk s
WA TAFAE , U Masna 55 A (2011) A LBP 4341 i
AUHL, Wen 256 A (2015) 3 F K5 2 B A, Boulke-
nafet 55 A\ (2016 ) £ B 22 5l {4 23 [A] R ik 52 T+ 1
TR R P R AR e S o

W2 SR 5 CNN R F 0, Yang 25 A
(2014) 50 H | A PAD 403 . J5 22058 51 Ak
Bh Wi B A5 5 4 HORS 40 05 (KRR AE 40 Atoum 25 A
(2017) H 4= 4 B 26 000 B % B2 T8, Liu 458 N
(2018) 45 B IR 15 B 5 BIE 5 AR R Y — kil
T W B vz o AR T R i e e s I i g o

R PRI L7 AL RE A I (W)L, AR 5T 3 1E R
AR 2F ] R AL A0 38 R B o R AR Tk 4G
H, Lin 58 A (2019) FHUR BER I 45 BRFEIRVEREAS T L
THE, Qin 55 A (2020) 51 A JT2¢% > 52 B AL PR S
I Bk 5 85 3z Ak T Jia 5 N (2020) 38 55 AN X
BRI 2% 2] B TH AR S B | Jiang 55 A (2024) 2

R IO BRI AEAE SR 4 7 PAD B FHIA A

2 RS KM T B PAD [ 9050 -1 75 D ) e A1
By Liu 55 N (2024) AL CLIP AR SC A S /R GE )
SIEER S SR ARG ; Jiang 458 N (2025 ) $2 0 B HRE
SEJHESE R AT AR 45 A LR B S 1R
THXF v P L 3D T L ARG N
2.1.2 NGB i kil

N B B 3 A6 0 H 300 DL CNN $5d 3K h A
B2 X h £, Rossler 2 A (2019) ¥4 & FaceForen-
sics++ B PR LA ST FEREHESS Bz b MEAN I . JR 4k
W55 5% m P BRAR R S5 RRAE A AL : Afchar 25 A (2018)
H MesoNet 43 #T 4 WL M2 7 5 Li 58 A (2020) $2
FaceX-ray 5 £ A fill & 31 5 5 Qian 58 A (2020) H
F3-Net #2445 5 3 5 Zhao 25 A (2021) 5] A £ 3k 1F
pewap LSz L Wi

G XoF G 8 1) Sl AS AR, D 5% SR A A 28 — 3
P 55 18 CHRHIE : Haliassos %5 A (2021)  LipForensics
W56 S8 I 5 1% — B ; Zheng %5 A (2021) F FTCN
TR 738 3 5 4 ; Haliassos 25 A (2022) #2 ! Real-
Forensics , LA H Wi 27 ) 3 818 1

IO Ko R A T 5 A AR R A O SR
M 242 - Shiohara Fl Yamasaki (2022) FH H 1R & B 1%
(SBI) 5k W& 7= J & i B4 32 T2 1k 5 Wang 6 A
(2023) HI DIRE %37 52 3L Bi0RE 784 A il o9 25 B U8
Zhang 5§ N\ (2024) Gl ATE F LA, #E 8 Z R P
ORI Gri
2.1.3  EEXT LS EC T g — R AR 7Y

T BRSBTSy R R BOZ AR
JE 98 & R EEXGHPE 7 % - Thakeal 55 A (2023)
PhygitalNet Jil /> Bp 28 5 i # ; Deb %5 A (2023) H Uni-
FAD i it 2 1T 55 2% 2] JR MUK & 2R ; Fang 5 A
(2024) #4 7 UniAttack Data B8 42 I 32 1 2013042 98
FEZL s Liu 55 A (2025) #E 8 KA UniAttackData+
LACITE

AT R R G- E SRR SR A TR
2G5 Ab BB AE SR - Zou ZF N (2024) F La-
SoftMok. CLIP i Bt S 5 1iF 25 7] 5 Xie %5 A (2025)
SUEDE HE 42 4ifi $2 38 FH 5 55 & Yo #710F 5 Liu 55 A
(2025) 4 1 43 2 P2 78 G0, Li 55 A (2025) JH FA3-
CLIP 358 58— HE 7

R PETHAR A S B A RR L F R E S IA
25 N e 5 SCAH B - Jiang 25 A (2025) F GRPO %%
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W T84 Az 2o AR 2S KRR HE PR BE 7 5 Tan 25 A (2025) 19
3 Veritas HESL , 38 2 A58 2B HHE HE R 2 (L 2 B0

] i — 25 Fl A YRS 8 O 1 S A RRAE
LA R AT A FH AT 5 AR i 22 S HE B BE ) e SR
PR L, AT SRR AR A AR S IR T 1) . RR
SR A LA T A R ) G — A AR A
JE N2 A AT A T SR 4
2.2 MIFRIRSIZRS

TS T AR ARG 00 2 T SR R ) O e 2 4
B, A% O S 3 A A W A B A B Bh S B SRR H)
TREAR 750 TG A AR ER , FI6 A Oh s A5 AR i 2o F
Po(F5,2024) . Bl UL IR BITE 4l 2B R RE
PN A 37 5 Ko, HT BT B 57 S R AR L 3D SCHR B
GAN A5 BT JIE 25 e o TF BER Wi P-4, 7t Sk B B
ZEAS: , DRI B4 32 AP | S A A T ARG T R AR

P AR 2 Ry =2« BB AAR (T BT JEE
SR SO BRI IR BE 46 ) Sh A B (5 1 2 R s
JECRR AR ) B R AR (CGAN 45 A= 710 18 38 B4 i
FBE) 7 R B 7 A Je R R A A

H Al 32 e 7 2 S B2 4545 CNN (Tapia
4 2022 ; Gautam %5 ,2022) . ViT(Sharma 25,2025 ) 45
TRBE 4 2 B 5] AXFH2% 2] (Yadav 55, 20215 Pal
45 ,2025) (i & ) AL (Chen %, 20215 Fang 45
2021; Jaswal 55, 2024 ; Wang 45 , 2026 ) 55 5 i £ T+
fig. Dhar 5% A (2022) $2 ) 241 55 5 > HE 42 [R) e i
A7 AT BT A ARSI R BSR4 TR R 1 S R
B ZAT 55 FE 10, B AR TR R

IS R B0 [ = ) 29 W80 % i |, Yaday 45 A
(2025) 4% i} MID-StyleGAN HE 42 A 1 22 38 2 BB
Kim %5 A (2025)42 1 PGLAV-GAN #2 7H i i B
Boyd %5 A (2023) $& H SR AL 17 58, ¥ 0 i e s
[ AR A S

LE b PR A I AU s B RS T
SR ZARYEA R TR ST i AR R R
P ANy
2.3 USRS

B & 15 SOR BITE 2 355012 v B0 4G A
R B R GE A ) A L G AEOR L TTIREET I

BEClT P 22 N4 Ry - SRR AR | 5 A5 IR A LA

PN R LS #5571 T, R T LS S R FR A0
X rBEST .

Liu 55 A (2021) $2 H 42 Jr) - Jay A A5 8 T o 4G 0
B2 R KR 1L 0% I, P SRR R 2. 28%  HLK %
91.19%, . T B A 7 1k 29 10%. Micheletto % A
(2021) K¢ T 4G il A 38 SCERAIE 22 56, 38 1o 4o 7
PR DL 28 S I R B B 2 3 3 B VR Rk i R #2713
RETEYERE . Wijewardena 55 A (2022) PFA% & PR, TR
JE 48 OB H AT AR S B T, R A R
FGT HA & T BT ) 5 . Fei 55 A (2024) £ XF
TR B REBREEARAE 2t L S TR B A
B G NG IEE . Reza 25 A (2025) 45 Y 5 1%
JEASHESE | I FH TSR 4 B0 2 1 5k Ry R AIE , SR Mo
FUE{Y RSN

A BCBUEE D7 T, Grosz 46 N (2022) £ ) Spoof-
GAN, & JNHE 0B R AL 5 25% JELUh H S %t | Bl
A PERE IR FR . Wone 28 A (2025) 194 WLF5 80K
By %, A MG VL e P RE 3 B SCHR 80, 2806k
AT 3255 50%.

Sun % A (2023)4F %F OCT #8 8r e i , 45540
Fe 80 N AR SOR R FLARAE SE BURS MEIX 235 Liu
N (2024) 48 H /NI IE A2 1G5 A Bh s 2 , @ilA A
WUE B AR AR E fl ki S e I )

2.4 EgURFRE

GO L A AT (E R R HRAE AN
By & NP b DRl 5 0 1 e = S | D= SRR N i
DU B 54T B SR 3D AR T 55 Wy B o 5 R0k R B o
BT e, HEAR T D3R A Xl s B 2 it
FIRCES AR AR s AE AR, O R 5 1 A B A T
W PR L
2.4.1 FELEHGE Y SR

B GO Bk R D ) 1 A R B 5
i "t TR A SR AN AR 5 O A R R A
PHRIWAT R o BRI TTREAIS (Jak W B, s o3 9F
YR (R O 52 2 153K 79. 8% ) FITEE I
3D FTENSEARAR T, Yoxd R G A ™ Bk AR w301 B
T B3 BB S U EMRIR B 43 ir 5 2 B W)
FRIERL G R AR

AR B 030 oL 47 4 LD AS 9 AN 25 S S
Rl Yao 55 N (2022 ) #4 8 R FURT 2 S0 o0 B 45
P2 W3R Ak B D i S BR TE R Jn Dh s =R iz Ak
fiE 71 5 Ren %5 A (2024) 42 M B 3 45 4iF B £ 7 1
(FES) , i i 25 B 5% A8 4 Rp i 34 98 K 3 18 0 356 50
P43 5 Liu %6 N (2025) 42 1 HFSRA #ERL A Bl AU5s
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Hry | AR 5 £ 2 A DGR IX 3 DX, B A M R

RS B EARFE 0 DK I R R L Rl G A0S
EHPKRRAE . A0, Fan 45 A(2024) BTG R 5,
[Fi) 20 SR 4 2 0 55 3T 21 A1 25 e K PRG35 K 5 Waang
S5 N (2024 ) 38 52 WU A ZR G P IO S RAE 5 Bh A AR
PES A E SRV . H T, 75 S BR N 1 3E 4
BUNRSGE D, s 27 5 W ik Amazon One %
AR GE, BRI WO 5 I AL AMBAR AT R
O H K SR G A Rl 3k P AR S YRR , 52
LT e R I A T 5 SO VR S0
2.4.2 FELOWLCE S P

W A% Rt i ) BB A | 3 SO 2R G T T i
TR Y SR AR A = R, R B AR
PR B L« Zha 55 N (2023) 38 o8 78 FFAE 45 0] 7
INVAR A Bl A BORUREAR | J50 B8 455 1Y 45 4 1 5 Yang
S5 N (2023 ) F1) RS I8 S5 AR, AAE i G A Al R
LA A O LA F A, SR A SRR AR A . 2R
Ueifi if 2551 % B FRFAFE AL , Yang 45 (2023) #5755,
BRI P i R S R R S T P A A R 5
() SRR , T B4 W AR & B EE 7, R R A
AU

g b R SRR Y B R AR D B
BEXSPUINAZ O R AR B , HATSE T 4878 R GeME
S5V, SISl T R [ A PR N SRS S R AL ] A B
TRAP AR T R A, AT TH 3 SO R G L 4
K-
2.4.3 FELEAAARI

B2 SR B AL DR AP B A% J2 R B 2 T
w77 W ORA W R AR LA At 2 2
4 BV it -, JC 12 30 ) i B OGRS TR
FEARSTBAR A B 5 AT S HEZE A TR By
PIRER.

1% G2 B AL OR A7 LA AT $08S 5 I 285 A e AR A A%
O T AN P ARG A A2 R AN, TR i AT R
HE . Leng % A (2011) 5| A 4 S LU ALAE Ry ]
U B , 45 5 WU 45 28 ML 38 9 22 2V 5 Leng 55
N (2012) #t—2 4 PalmHash Code ZRASHESE , 4L
e Fh 5 52 A M SF 7 . Lin 58 A (2024) Y PalmSec-
Match 75 %8 M UG B 205 0% B 5 22 20 BR &%
SEPRRRAL LR AT, 0 A I PR

Wi PMETHR R SR A, B T A T 1 43
A KB AT HESR C R 8O B AL R 1 T i

Ty 1l o 27 ) SRR A N S A B A kg
Tt ER . Cui % A (2024) 4550 H T 8hik 45, S0t
PMEVIZE ; Zhang 55 A\ (2025) #2413 b HESE , fift ok
B o0 A5 AS 34 10 B 5 Shao 25 A (2023 ) 412 H BRI R &
22 G A g, HESh R SR

ZE b A BRI I DA B S N 2 e s A
o3 G E HE, AR RGBT S LR S 5
PUECHE T FHASTT UL, b e 1 B 22 4 S5 R RA Y
CEEEE
2.5 FEKRAIRE

R T IR B M B R 17 B v A [T
L2 4 3 FAD TG 25 W PR A Pk R . TRUABE 7R 1Y
PR AE T AT G O T Sy BRI K e
F-Bto AT EFR Bk 2 i
A R4 T T ST
2.5.1 AR S

IR GE A Sy e K I8 P 3% A e P BRI T
KB (0 ] B AEAR 228 XoF i Ik 1 i 260 22 B 0k
d A AT BN R G, T BORW AL, &
B AR FTED | HL B TR, N SE T GAN 1Y
B B DA K Rl 3 v ) v O B 3l B
AEVRIL A 1) 2 A2 0 AR ARG I 55 A SR 38 0 B AL

PR B AR AR 1 A2 T T, T R A 1 48
P HIERE TR SRS LR, A T ik
U BRI = 1 085, Vorderleitner 25 A (2023 ) #] JH
GAN 1 121 BHFHE AR & s s i HE A . Wang %A
(2024 ) W) & 134 B ASAZ AL , #2408 52 b T3 5 Hogl
REMGZ B AR S B S R 1Y 52 0 A 22 57, il
T EAST RS 43 BT A A R G IR ), AT A B T
O EL IR T ) A AR AR

[ROWERAY '=piidE G e S e G B2 R SR (1 €
TG G 1k 5 — B B 28 . Wang 55 A (2022) 45
WA R R G, A RS S5 sh 745 A BRARAE X
A3 TG A s G SO 7 P, Schuiki 85 A (2022) i 1
O3 B R B TS I E B 2, Ashari 55 A (2021) %
T 22 RO By B4 O 1 SR 3 , b AF Ashari 458 A
(2023) 42 H 3 F B 5 Z M ITEAL vk . &F 3t ATIR
P, Kim %5 A (2025) 42 ) FGFNet 7 55 804 e 7 o
fh52 , Hafner 55 A (2025) SE PR 15 15 g3 A S K6 )
Mu 55 A\ (2024) £ H IR 2% 2 J5 ik, ZE ORI B B R
(14 [ 4 T B fE 1 R
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2.5.2 PRt

PR AR R T — A 2B A IR 1 4
JOR A o A% O T s X A 5 5 i AR X L2
BTNl , 0 S T UR BE AR A R R
XA T B S A Y () % O DRI, (4L 52
{5 ARG - B A M LA 225

BERXTBUREAS 18 A 5 B AL, B 58 3 1E 2
N T HRREE BRI IERRAE 2 [ E X . Yang 58 A
(2024) BE T WU A 0 45 AR AIE , 25 il 3 B X T
1% s Nguyen %6 A (2023) 25 & i L B 1 5 WGAN-
GP Sk 30 H] B (14 @ s Kim 55 A (2024) 42 Hi DCS-
GAN A UK 20 B Tk RIS, A B A1 2 B AL 550

T X6T B 1) XS BT 21, 977 0 91 =X T A B0 A A
WG 7] F s gL S &= 2T . W% A (2023)
P2 AdCL HE 22 2% ) R R A 5 Li 55 A (2023) 9
VeinGuard HEZL 1] 3 BR % B AL 80 ; Fei 5 A (2025) 38
ik A P 4% A3 B B M R K S0 Kim AF N
(2022) 454 SVM 4L 580 B B d5e /M, B TH A5 7R
XA 137 A
2.5.3 BRI RIS RS

JE e = PR AIE — LT S 045 T I 0 A R 3 ) IR
Wz , BRIt , ) e EL A AT SR PR A RT3 P ) 2 A A Al
BRWFFE AR o AT IOH A PR A2 0 B A T A7
fitg 283 AR B () FRRAE T IR R AR R AE , 2 ASEA SZ i, ]
D3 5 B AR e 2 SRS IR AR O S A . 7
gt B b, RGNS T BoAr ] 09 R4 12
IORIAE B A R T EXT

FE N S B A A UL T, AR A B
FH L PR IE 5 AR B A A TR P b, DA S i 2
ARG E S A . Ren 58 A (2021)%f RSA Jif
FHF & ik B2 1% 5 Gizachew 28 A (2025) #2155
T2 AR R R T %5 Xie 58 N (2025 ) i i B A5 4
TE WG R B AR 5 Nayar 25 A (2021) T (&35 52
B R

TR il 3 PR ST A0 1 A B it R R PR i AL
P, 8 T RRAE (7 B L 5 IR VE o Shao 5F A
(2022) 3 if Y5 ¥ Bl S g 7 Dk £ . 5 Khan 55 A
(2024 )W TR T AIL 1 5 | A TAREE PR 246, S 300 i 1) 0ty )
(RESIAN

FEAS ] 396 AR e 5 ] SR AR R U I, TR
TR IC I 39 1) FE AL SR AR R 9 A8 4 R Li SN
(2025) 42 1 AE L PRI J5 5, Abdullahi 55 A (2023)

T 2 [ B R R AE AH OGP, Aherrahrou 45 A
(2023) 5 AR AR 5 B S B E AR Y, Wang 55 A
(2024) $& 4 CFExpressRoute W 45 SZ AR AR (1) A 1] 4%
BV S TR

WA, Z RS RS 5 U AR 42 38 AR O
PR T RRE A EEAT o Lee 55 A (2024) I H %
Jik AN L2 B A LA G 2R | SR IS AL A5 58 A S AR
SEFFAE . El-Rahiem 55 A (2022) 42 1 1330 €]
T ok (4 VR BE il 2R 4, Singla 55 A (2026) 3 1o
RFAIE 24 7 R0 B 0 B 1 — B A OR 1 AR I AR A B
NG
2.6 TAERANPHREEEHR

TE SR E T, RelD REAMGE K mAFE,
WA AAETT TR S B AT CnT By | Al i ] 4 g )
FEVES A MM BISEX — HAR, S HTHFIE 3220
Pt S AR AR 5 T Gl ) £ 8E 5 Al R
G/ VAR IR 25 B R KU 12 AL, DL S B A DA X2
(BB IRIR & B 5 B B AL O 25 07 TH e T

X HLBCHIFTE N o3 S A0 e i A R A T
i, R PR el AR R HE 2 s 3271 T
Wy H375 ] St P (Wang 55, 2020) 5 528 5 3 A O
WFSEH RelD MR i27 ) 2248 38R T LB A8
B (Bai %, 2020) . B5HEAY 5N, nl WO - £04b
RelD i/ T & B B HESR 5 5 (Yang 55, 2024)
BT UG AL Y B 6 0 5 Dk 45 IR 5 B AT 5
TARAAT PR (Gong 55 ,2022) . L Z R S8 B 1)
R ] 224 R R M J5 125, AT AR g A iUl
Wi bEAS , JCits 8l IR JE A8 (Wang 55, 2021) .

Je 10k P RelD BT OB RS AR | fih 2 #5150
TF DA T 7 AR 28 0 5 B ) T I By 7 5, shAS BB s
13 3 R AT SCRFE 512 B R L5 B 0z A i Bt
(Sun 55,2023 ), Xof W (14 B 080 75 75 JC [ 2 28 5 bR 28 1Y)
BUSES , US55 ok e 5 A R 45 SR 1) S i QK

5 5 S P A T I SR AR AR DL 5 ) 19 B RA i
% AU B 5, RelD-leak DL RS AR BLEE 43 A M #% Sk 1)
AR 8 B PEAG I Y B AL M 6 XU (Gao 55 ,2023)
g A B R XU PEAS S AL T Se 40 A

TERSAL PR AP o o 5 R Gevg H = 1D, AR
I 1o “ R ORUEAT: 55 AT B 2 T 40l w3 M S50
FHAR:” . FEEMEZ T, AT 2440 5 B Oy e 25 41
PR HE SR REAS A= AT T A R 1 P 44 42 B 1R, OF
Aok B 7 S AR 0 I — ik ok R R I b UL
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PR Z R AT AT TR B 53 B 1 2% i B 42 AL ASE R0 AR B %
AR T R WK B Ay ) 7 AR AU (Shen 45
2024) o BT R WA FHAE s A4 (1, 4R A
TSR0 “Th B0, A6 LR BR RE A (B AH ) 5 1
K F W R AL B e S0 15 8., N ZEBRFA R4 5
RelD 7] R 22 (B HRAS 5P 4 47 7 (Dou 55, 2022) .
PixelFade (Zhang 55,2024 ) V)38 o W 5 5 | S (4 9 0 2%
AW KA T N BRAE AL AL A 30 AL s 0 M s 14 41
R, A S A R e L o e D IR (] o i BRI 24 B
T BZAL RelD #5111 ] G

WIZIER |, BEFR N RelD £ %k 7 7] 434 %
T (0 P R 1) 0, 48 1 T Sh 25 R 4 A LR A Ok
W% (Zhuang 55 , 2020; Wu 55,2020 ) ; ¥ it 454K 46 H
FRIUERAN A A A S R R AL Skt R
(Chen 5 ,2022) 5 B BUL BN 5 A S ARAABL, BE S22
T TR R A RN (Wang 55, 2026) , X 1
PN F A TR T FSURA 113 XU ( Ahmad 45,2023 ) o

SR, 264 ] {5 RelD #F58 © M 3 80—
R N7 56 Y R XURS ik B R A AP U 2
() R GACHESS Gl & TS LIy I S B AL DA
H5ZuK A F B . RARIZ IO R R
R, SR AR R B e A ME S A B 04 [R) B Sife A 78
[ER RN T NERHIE = S5

3 EWRIER EAM N H

A YRR IE BT B4 (A ME— 1k RS Tk S T R
il RS TR BR T B 01U 3 5 i ok i B NS
V% KRB A 5 A5 P B LA BORIE, S 244 A
FHPARAE T 40 B . IS BRI 1) e B W )
WKAE , A= P AE B R T 38 1o 85 27 ) A S B (R 3
Tho ARTERETEANFRINTHE BN S YR AR CHIL
A LRIV A v A FTT  J BHC An ey B £ 4 g
FA R B, TR) Aok P 5 AR % ot it 8 o A S B R S5
W ZE , R A R DR ) 55 B AR (S %
3.1 A¥RE
3011 FETIRBUBFINAC A A

& SR Ry S5 AW AR IR 22— AR GaA% O
MBS T H BV SR, B E R EE
(B LR B e R TE A5 15 R T8 B RRAE , 3 2
BAHTFRSCEMW T [, 7885 A1)
ANT AR A BB e REFR 8% VR B 45 B% Bh &0 55

Z P o B S B BRI A PF R o IAFoR
WFFE 4R 8 SO LA .37 5 1) Z2 R BT I
A SO A 3D Wy AR AR R R o B A 4 i A
Yy JEBL T 18 B RGPS S

3D T 245 IR e AREAO A A0 AR BE) J2 ALAE
HAAR R CE R TR E e . AR iR
FEZLN Al e AR R R N U R S ]
LA s MR TR EERY

Roll Q
(D

'; Yaw

Pitch \

B117 T840 B E SL(Roll-TR %% , Yaw-Mhifli , Pitch-fff 7))
Fig. 17 Finger angle definition (Roll, Yaw, Pitch)

He %5 A\ (2022) #2 H 24155 CNN 4244 i B
) FAR AR TR e 80X I 53 B KA 2R )
VU RAT 55, FIL AT 55 100 A it F DG 1 8 A4 310G 2
VT I T A5 54285 5K 1R A R AR SRR K
P2 | B 2SI AL AT 2 4 iR 25 6. 67 RATIAA
7.1° JREE A 9. 1R HEAN T, B R T AL T L A A
FBEERGEG T AR S THRERT £
3D FH5 A BE (0 ks BEAR T, FLBGUE TR R S
(55 ppi) NI , W FHLER Sh i s St T
AR,

Duan 55 A (2023 ) iff — 25 5 £5 “ X AR B Al 37
X —28 B A% K e S B AR A 2% o i T
38 3 3 AR BURAE R S O S AR T,
I FH B 2 2] 29 FORRAE 40 A1, B 4 AR 5K 48 S80S
WA T 3D A X i A AR Rl A T A8 X A R A
CRPE UOR—BU 8, SC5e 28, HAR X
i fA MAE 3£ 9. 14° R fA 6. 01° VR 5% 411 8. 41° , 7F
3D WIARTHE % 28 HAT 55 v L S0 U [ 5 e 152 22 247 ik
FERT I T L ARG O B S APLAE B
HAR A ) 2 e

T3 — 20yl ad H A 45 3D FmAR AL, A
2D $8 B EMR 5 3D B AL ) OG5 o5 UL JE SC B S A
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I, B SR Y B A e S S M . Duan A
(2022) 4 i JE~7 > HESR | i e i it T W B B 1 3 252
g SCEMGCS PE I B $0 8, o A T4 3D R M AL
DR Be i 2 78 80475 435 3D A B VL,
MBS R 22 DA T 3D B3 . 1% ik T KR
PR B fE/ NEAR S S T AR IERE , SR FE
V- 35 ek 1R 22 10. 74° AR 8. 25° AR fA 7. 38°
PG THRG B, X R SOB A8 5 Bz ROIR 28 4 B 38
SF RIS R o HAZ O ELAE T B 2 bR i Bs 193
SRR T RIAT TS AT R T b S R AR
LFER AN BTS2 — . Liu %%
A (2022) 2 Hi B4 PrinType $6 50T PR, 18 15 “H8 8¢
DX 35/ B (7 R S 4 e ) REL B, ke TR SRR AR A
(ELILSE VR B RET38) SCFHi ANERR A . %
F AN AR I 1) Y 8 S0 A2 I VE Ay i A 2 3
PO T HE AR X (FE 22 FE I 45719 55 ) Ry 1) 42 B
Wesf it T TR AR PR
SR R o 1% AR A SIFT B3k S B 4 X ok
HEVCTD , 2565 ge i HiE & i as R AR A 1% 22 . 7E VR
Yy rp SE P14 29. 56~34. 22 WPM B i A BE
KRG IEDRZRACT 0. 8%, HANFr i 78 T8 s F
RN B, TOTR AN A A, H SRR/
BB B bR S R AT A & L VR I
o Bl il

K118 PrinType WUR FEEUE AR A Jm 15 SEBE MU /R 14
Fig. 18 PrinType Miniature Fingerprint Sensor Layout and
Keyboard Mapping Diagram

3D WA HEEE (I VR/AR F AR R JE % CAD %
T2 [ i (DOF) ¥ il , F8 SOV AR FRIE N 2 4
JEBRAE AL T RIREHF . Yu S5 A (2023) $24H Print-
Shear £ R , A48 SCIEIMG b 42 BORE 1] 9 1) 2 g TP

AR WSS S 3DOF 47 il 154> 5 3t i PR3 T4 A [ 4 ik
DX, m] 4 5 2 6DOF #8645 Cie %+ P-4 ) . ik
s A AME I, DU S A8 SO R o A S A HL L A
3D XHEAE S5 A T AL el i A, 3DOF igH% AT
%5 52 WU [B] 45 4 14. 65% , 6DOF 4= # 4% 1T 55 5¢ U
[ 465 19. 79%, H EMGAAHE R, HAOEEAET
MR SOB AL W e Se kSRS b, SE ™ -5 — 1
WAL H. e T A58 2 T30 10 2 20 5 1 il &
[ B

BRSO (W REAR B2 ) Z FR TR 5 37 5%
3 oK, T E BRI B A 22 BT 3, 48 SUL AR 4R
B BTt Ry e AR A T AR R R T R . Xu FEA
(2025) $& 1} FingerGlass £ AR , i 45 B0 % Sk 4% 0% 4R
JCT R AR MR B B, 38 o CNN+LSTM 1o 26 15 A5 1 31
THE S5 428 9Rh TR 3l IR 3 ekt . mdi) .
PN T 50 5 T A WLl o 8 RE AR B 4 il
54 (I Y (i J U0 SOR R A, 523 96%
DA b A T R0 v 3, SCA iy A 2 A 00 b
12. 7257, WA N A )4 73ms o FLRIHT S 7E T T
SEH BRI S E—— A T 1R A (AL
itk g XS ) | sk A (g A 25 [BIA PR ) |, FingerGlass 1Y
0 A AR BT B NI T2, T 3R T % ik
gt Bl A A R, D REMR G A0 e A3t
TR H S

P19 NG IR 1 BIF 5 R R 845 5 A SR

Fig. 19 Important nodes and literature on facial
expression recognition research

T8 BURFEAE N HLAE B AU R8T 0L, T8 1
& SUUH T B IIE R AL G2 A A, 38 5 42 45 S ]
B S (5 B R E SRS MU R S )2,
P T - S i) ) o B ST L L K R
MBIRZ O IRAAE T+ — RS H R H AR 188U S
THREAE R RIS AR T I 27 2 A s R4
A ERENE , SO AL 48 SUHL A AT JC 4 ik A 45 281
£, JOTT WM G =R AR RS Y L 8 SRy
TERME—4E SR AR Ry 2, PR T 22 B A IR 22
o Ak, BEE TR B R 2 BSR A H:
MR SR B A B — SR B H 2 Y5, sk
PR N BB A G B A AR 2 1 45, N AR WA 1
S A ST AT 4 S LSS L o) B R AR B
IR [i) 82t
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=, TMBE, RxH, TAH, #Ees, =me, E, DEE, BiHEx, itE, X8,
MéEFr, HBF, HRRm, HE, AEH

1 ‘i‘“\
L= &= 1 =@
osien & B-B-0-% . ___§ V=
e 1..;;,"»1‘ & ;}‘=n=\ - | —
—_— e = B-8-8-%
[ i B-%=-2-% o
@ ® o = ettt e e AR === === ‘=== o
1= BRRBIAEI TS Ca en ta ta S OSRMIH oy = s T
! WU ; Li%, 2017 [ o ETFVITRE SRS i
égl (Matsugu®, 2003 ) - & . . (Behzad®¥, 2021) - i E
TR 3| AFAFRINE S @ @ @@ o .."'. 1=
(PadgettMICottrell, 1996 ) 2 1hi 8
R R L T IR By = R 3EFTrans former BUFHA LA A P 2 B B ML 2 2 e LS
(EkmanfIFriesen, 1971) (Mpipris%, 2008) (ZhaofILiu, 2021) (Behzad%, 2025)

3.1.2  ABERA IR

NI A5 TR 452 AR IR AR s ) FE A 5
Tl Bl THEALLE AT & R, LA R B4k
NIRRT T8 A SCRARAIE , 8 725 S YR R AR AR
KB 4ERAE  JFE— 2D R B =4 LT 2N
filt A LA B 5 R AR P R 0 B . e — o
o AR BIFERIERE ) e 512 itk BE R38R
BT BERT, FHOE R T anE 19 s h 4 =
A3 S TR R Rk 4 -

eI R TR 0 R A B B 9T 2 B R 4
AT SRR IT . 1996 4F , Padgett 5 Cottrell (1996)
U AN T2 M4 5| ARG RBIUTE S, WIRE#
2T RAE DT W I BEE T AR . B, Matsugu
AN (2003) 1) FH 2 AU 22 X 45 00 A7 e 1 0 28, SR
T2 N 2% AE B8 AT 55 1 AL ; Ranzato 58 A
(2011) ik — 25 R FI R J2 {7 & W 2% (Hinton 45, 2006 )
2] ZJRFRAE MESh L B S RGP I AR
e TEIL IR T, BFSEE IR R R 25 F94
AT BRI UR BEAR & o 40, Ding 458 A (2017) 2 i
FaceNet2ExpNet , i it} H#A% FaceNet (5 )25 1 28 701 [
1) HE 243 A1 Ok 24 o FER ¥ AF 25 8], DT 42 7 40 531)
PERE

fifi & A 5 Transformer 7£ 22 28 00 4T 55 H 19 A%,
1, NI A5 RS 16 5 A R3E B = I HL]
DA ) 52 2% 04 TR DX . Huang 58 A (2021) 42
H 25 E TR MRS AL T 2 715 Transformer 1Y 745, 5K
B MARG )2 S5 H 3 g )220 S 22 RO AR . Xue %A
(2021) Y TransFER M 2851 A 223k B & ) £ 5545
BB, (AR B 17 35 1 3R AR DG B X I A O R
ORI 6 1 FRAE o Li 58 A(2024¢) $2 3 1) FER-
former W 7£ 2207 B ik A TR & TR B LUK 544 40
WA SZFE T, B CNN 5 Transformer A L4575,
R IR T A UM SR AL T 5 5Ly A 1 i o
UE S

YTy JR PR A Y A A O T 5 B RS [
AV B B A FRAE DA R U R A7 B A,
177 % (Liu 4§ ,2022) 2 R ] LSTM %45 CNN 2 ViT
P2 T e FEAE LU PR B Wi )P e R . BEE
Transformer 45 44 it % & , Former-DFER ( Zhao #1 Liu,
2021 ) 7E W 4% H 43 531 k) 2 25 1] 55 5) (8] Transformer 3,
SIS 25 () 45548 55 R TR ARCHS 114 36 G A, DA b 2
TS VUM AE ST o AT IAFSE (Tong 55, 2022) #f —
A A W2 2T 51 ARG DR 40, ) R
BETCHRZE I S 0] SE R B ShVERAE . 40, MAE-
DFER (Sun %, 2023) 7 VideoMAE HE 42 K Hf |- 14 %
Ja i —4 51 3¢ H. Transformer ( LGI-Former) Z A% £5 ,
A ShA R EE# H bR, i 7E R 25 R AERE J) R
1 RET .

SR AR S S AR T RAFiEE A
ENMIRE S 2 26 SRR RS2 T4
=2 N B PR RS 1 JLAT S5 44, 0k A DR
BUR] B OB R AR . 5 T AE 40 Mpipris 58 A
(2008 ) 1977 15 3T SR MAR R A3 fiff — 2 NIz 1) 15
R N E 5 Zhen % A (2016) 15 % it ) 248D L)
WURTE AR IK ) FRAG A e . Bl A LA TR B 2 T 1Y
K, Chen 58 A (2018) £ 111 FLM-CNN, i 3 7¢It J&
BB G ANAERAE L) BCRFER SEm , 32 8 T =4
IR PR RE A, DFER (Li%%,2024a) W) 2K A LT
PointNet++F 053 32 M 2% , 52 W B 7 55 F A% FRAE 1Y) i
L DL i 0 RR AR 09 B 0 P o e, L A
(2024b) FEF TGk - )i "=, 78 R FAE FH A
PR R YN8 €7 e A R [ = W = A = ]| E2/ R
TR 2 HAMES , B E 8T T = 4e RN UG

T = 4B B b S An R RIR AR
Btk BAFAEAR I, Z AR B UM T 46 Ak 208
P HAZ D B S S = 4L PR b
L) 22 25 T N Li ZF N (2017) 1 HE 22 R
VGG16-M 73 HI 2 MU S B IR EE 3 0] £ 5 T R 45 4L
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MRRIE R TEIE B e Rl LI T 026 B B
FIRLHI 51 LLSE H s AR 1Y T )Ry 8 DX, 2
DA-CNN(Zhu 55,2019 ) 38 1o 25 [8] 7 75 7 3 55045 25 ]
PMESRNE . SHTERCR S PERE A I F- 4 , OGF2Net
(Lin 55 ,2020) 5% HI X3 3 Ak BRE B 5 T U 4552 , OF
TEJ5 IR & T2 25 R AR T S — T,
Sui 55 A (2021, 2023) i — Z 5 TAETIAZE T 5 5
(R 25 K S 5 , 30 2o 4 AT AL 1) 5 A Jeg 38 A7 DX Iy At
EAETT  FFNet 5 AFNet ¥R T RAF IR & MR

TR, A SR U 5 IO i 452 U AH
L85 OB 1] - Behzad 55 A (2021) E 1KH
Vision Transformer 5| A% AT 55 , il i XF Z 4L /i RGB
5 U B HEAT R ARSI, IF AR SR 5 =5 70
fem TBARE BN B, BT T AffectVIM
(Behzad %5 ,2025) , 6 CLIP(Radford 4% ,2021) 5] A
55 U, 8 3o B A A L 2 ) ) 5 MR AR AE 5 1 L
a3 A AR B A R 2 ALRE T o 20, Li 55
N (2025) 1456 BUR S 5 = B W53 32 Transformer
FESE i ok P B SIS E 2% FI 3R /s AR i SE B Al
h =4S RS ARG UM B ARk &R SR AL T Y
Gy
3.2 EfFRR
3.2.1  FET G RAR A AL BE S0

> % (heart rate) | /0> %A% 5 M (heart rate vari-
ability ) FIFIK % (respiration rate ) 554 FREE bRy o
AR ik 4 A RS R SRS B, T UMUK
I (Photoplethysmography , PPG) H1 il 15 . 1% 4t PPG
I 5 ARG A2 fioh 2 %, T 3 T A R AR 174 L 5 I
% ik X 4= B {5 5 (remote photoplethysmography,
rPPG) W H AR AR 2 LM 4 e 8 B A a3
SR AT FE RN B, IR A B S I
T L 28 REUBKARE IR A 1, PR P 48 A5 3K Al 2 1 8 B
JoR DXl AT o 9K 5 | P L Kk 50 T 7 A ) 55 ) 20
A4k, PR A2 M AH N Y I 2 1 K i (bloodvolume
pulse, BVP) {5 5 i A A Hlg b5 . SR 1T rPPG IR 5
1R AR, L 5 32 313k W0z 3 OGRS AE S5 R 3R
AT, Gl 3 ok B 0 O A B I 1) 2 B
TZAIEE U E R

KU tPPG AE FRE S5 M 0 o 2 TR SR
SAEITEM T TR ARE . —ROmE R
IrEHOR A E 5 43 H (Lewandowska 45 ,2011) il
ThS7 53538 (Poh 45, 2010) , 26 77 41X K] A RGB

SHEEESHAEEBVP Y. BT
B R S AR Y A 0 e 4 ) A e, AR ME T AR
{145 CHROM (de Haan Fll Jeanne, 2013) . POS (Wang
&£ 2017) F PBV (de Haan fil van Leest, 2014 )4, X
Ly TR I A T BRI 2 (L)
REAT PR, FE 2 A T R 7T, (U AR Bl Aok B AR
5552 F 37 50T Tl = R L R % 5 5 T HER
ETRE.

Bl VR 2 2 1) R R BF5E N B R T T
2245 1) xPPG J5 1,2 > DA T S0 81 A P 5 Y
Ui 3| g B 55 o AR TAE 32 B T S ARl 22 R 2%, 151
41 : DeepPhys (Chen il McDuff, 2018) 2K FH X 43 37 4
FRE B 7 W 45, 43 0 B Bz 2 R AE (i FH I — 1 it
25) AN RAE (F FH )5 4R RGB i) |, I3 i i & )
B 3 07 3R A T 2 i A B 5 1 T DX
PhysNet(Yu%%,2019) & X fifi ] 3D-CNN EL4% A 546
TATH AT HE B 25 R IR, 35 A 7L Pearson AH IR 2L
P BRI, SEBL T RSHA Y xPPG I K & i AR A4 11
- 44.0 % s RhythmNet (Niu 25, 2020) ¥R T 56 M 1
P4 2 B A BAF 5 B 23 18] (STMap ) F5-fiff F 2D-
CNN bR =X o 3k 26 )5 vk A A% G2 J VA e D =
PERE LR T — s #2050 CNN (1Y Jay & 2% 52 7 R 1
TR AERE EAC I P ARO8E ¢ R IR

e P R N (NERE s W I NN g e
ARG LIRS IR R .

WeAB22 3] J5 1, PhysFormer( Yu %5 ,2022)5| AT
A 1] 22 53 Transformer 2244, 1 42 Jay 14 22 07 AL i)
LK BB B i) 25 KO OC & o PhysFormer++ (Yu %5,
2023) i3t — 4% FH SlowFast XU 11473 5 b 21 F& 3
PR B AR , IF38 50 28 SO ) S BB il o
SR X} Transformer A0 H KA 3 41 B 8 — R 02 4% 3
BRI, B bR 25 28 S AY (SSM) 1) Mamba ZE A5 B
HAR M5 2% B A R AR A5 6 ) I R S A
RhythmMamba (Zou %5 , 2024) i i £ i ] K J¥
Mamba 152 Hxt K- 11 Jo] S04 =X kA7 AR A 2 B 1
1 . PhysMamba (Luo 45 , 2024) | 42 H i 8] 2% 43
Mamba B2 5 SlowFast XU AEAE o Wi B 24 2] I il
LS P RN I I i §UE e 4 € M T R
s 5 [R50 sk B A BLE 5 (A0 ECG 5L PPG) FiCXY i
IR BSHIE 18 R IS AS ey By HL U S

B 5 B B U5 L AR T fPPG 4 32
P X7 . Gideon F1 Stent (2021) T WK B X Fe 27 )
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(contrastive learning) 5| A tPPG 403k , fiff FF 45 % 1l fisf
(B35 P 1 55 e 5 E AT 25 . Contrast-Phys (Sun 1
Li, 2022) $& T 3 F 10245 X b i 0 W B 2 > v
R 26 36 SRR S Y TR)— A0 AT A (] s 255 A7 1Y)
vPPG {55 i BEWL A IEFE A 75 RRAE 25 8] thRiaE ,
e HAS [T F A5 5 7 B Ry B R AR X6 26 R AIE 25 (]
PR , T2 2] rPPG 2RA4E . Contrast-Phys+(Sun Fl
Li,2024) 7E IR -4 R W0 T 55 MBI 2Rk
AE A% 1) 43 T FH sl M (A b 28 B0 2R A T U1 25
SiNC.(Speth 55,2023 ) W) 35 = Ja HA M FnAy BRAS 5 1) 5
MBI, 8 A AT A BT I AR D) iRl B
T A A PR DA R ALY R T ek i O 25, R
rPPG {55 o WF5E 3 i A A TR 1) o B R R 2 T
rPPG M (AT A7 . PulseGAN (Song % ,2021) IR
B T M 46 5 A rPPG 458, % CHROM {55 5 1k
7 5 W DUAE LS A KA Y . Dual-GAN (Lu 5%,
2021) H H SR BT 0 28 280 - BVP-GAN 2 > )k
By A B FLAH BVP I BT MBI 5, Noise-GAN 2% >J g 7
G341, WA GAN A B 0 L SEEL BVP 508 75 (14 R R AE
fi ¥ . PhysDiff (Qian %5, 2025) 5% FH 9" B RE &Y 1] 19
rPPG 155, If-38 1 2l 25 1 5 w4l 32 +PPG (5 5 1Y
BRI 2 W AR AR AIE

ARG TR PPG 1E 556 FE B T
PEREARN LW 5y — B EZR A R il — oY G TE
(ST, G2 A RGBS LA RGB FliL
ZLA IR I8 AR LT AR R Rl A U . UDA-
tPPG (Wu 55, 2025) £ i1 38 i 22 #f i 1) RGB A 4 fill
A LA HE 5 AR A% SOG4 0F R 1 «PPG T Pk BB .
Evidential-phys(Ge % ,2025) £ X} #0455 RF Rl 4, 5
AN 2 P BRI S 25 Ak 45 B AT SR M AOE
N o FusionPhys (Ying 45 , 2025 ) 2 £5 #0551 5 41
CIANE Z RS LG, Sl AT A 35 0 R A B AR
Hess gt gl Ay 2, AT M M B TS A AR
W B — M3 fif Sy 22128 B RS

T 1) 22 RE RN I FH 7 3K L rPPG B AR TE AR WIF 5% o
WH R Z R 8, iz shE e kAR SR R A,
A AR A oy X6} i) 5032 2 sl v ' BE BT A A KA
Fhasia] o 155 ULl 2 T B, B A T
BN D Gert 2 DAAEAR S Rk A
AR Z AT 1PPG AR BLAE TR R (A A 119 I 1t 14 e
SRR RS BE L X 0 R AR S A Il
SRR DG AR BRAR AR , HORS B A AT S5 0 1 I 1 AN 5

O o KPR BRAL A PPG R K BT B IR 5
— R, NSRS S 05 B A A B FA%L
it , — Lo SO A SV S FIAE ik R B (5 S, a0
] DA T 24 Ak A B8 7 W0 000 (2 B B 031 8, ) o B
rPPG {55 & 51 40 rPPG FE AR % 2l R E 1Y
Hm .

3.2.2  FEEH AR

COVID-19 Ry A T2 H ¥ T AW B A7,
A fb X AR O AL DA 2 4 BB . 5
G ER K RIS T 0 I 2R 1) A BRSO S Y
Vst IR AE A, B e — B0 AE B 3 DA TIE | (B Wi
SR T R B AR B,

A 3 B W 5 5 O A T, AR A SO0
T2 4 i bk UG b 26 0 i W BN ) 2 S5O E R
PLSEBLAE =2 A SR f R BT Al . Somkunwar %5 A
(2021) B XFRETE B 277K, 4t 17— AR i I 82 4G
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